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Abstract

This Ph.D. thesis is concerned with the investigation of structure-preserving, spatio-temporal discretiza-
tions and temporal semi-discretizations for approximating PDEs with gradient flow structure. We are
considering evolution problems on the space of probability measures equipped with some optimal trans-
port distance implied by a family of cost functions that include in particular p-Wasserstein cost s — % |s|”

S

and flux-limiting cost functions like s =y (1 —4/1—|2] | for |s| <~. We will investigate variational

formulations to receive a one-dimensional Lagrangian scheme, a multi-dimensional Eulerian scheme with
entropic regularization and a temporal semi-discretization of order two with entropic regularization. We
show preservation of qualitative properties of the PDE under discretization. In particular, non-negativity,
free energy monotonicity, mass conservation, comparison principles, etc. . In each case, convergence to a
solution of the PDE with vanishing discretization parameters is the main result.

Zusammenfassung

Diese Doktorarbeit beschéftigt sich mit strukturerhaltenden Raum-Zeit-Diskretisierungen und
Zeit-Diskretisierungen zur Approximation von partiellen Differentialgleichungen die eine Gradienten-
fluBstruktur besitzen. Wir betrachten dabei insbesondere Probleme auf dem Raum der Wahrschein-
lichkeitsmafle mit Metriken die durch Probleme optimalen Transports bzgl. einer Familie von Kosten-
funktionen gegeben sind die insbesondere p-Wasserstein Kosten s — % |s|” und flussbegrenzende Kosten

E2

s y(1—4/1— 5

for |s| < « beinhaltet. Wir untersuchen variationelle Formulierungen um ein

eindimensionales Lagrangesches Schema, ein mehrdimensionales Eulersches Schema mit entropischer Reg-
ularisierung und eine zeitliche Diskretisierung der Ordnung zwei mit entropischer Regularisierung zu er-
halten. Wir zeigen, dass einige Eigenschaften von Lésungen der PDE von den Schema erhalten werden.
Insbesondere Nichtnegativitdt, Monotonie bzgl. der freien Energie, Massenerhaltung, Vergleichssétze,
usw. . In jedem der drei Fille ist das Hauptresultat die Konvergenz der Approximation gegen eine
Losung der PDE mit verschwindenden Diskretisierungsparametern.
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Chapter 1

Introduction and Main Results

In this thesis will consider schemes for approximation of solutions to the following family of non-linear
parabolic equations

Op =div [p- A(V]u(p) + v+ w* p])] (1.0.1)

where p is a curve in the space of probability measures on an open set Q C R?. Here A : R? — R4
will be a — possibly non-linear — map given by A = V(c*). c* denotes the Legendre transform c*(z) =
sup, (z,y) —c(y) of a cost function ¢ : R — [0, 00]. u,v and w will be internal energy potentials, external
potentials and interaction potentials respectively. These functions are subject to further hypothesis in
each chapter.

To motivate the schemes we will be investigating, we will start at the JKO-scheme or minimizing
movement scheme (c.f. [23]) which is a well established scheme for temporal discretization of solutions
for equations with gradient flow structure. Incidentally, possesses a gradient flow structure on
the set of probability measures on 2 w.r.t. a suitable optimal transport distance T, ,, equipped with a
time-step parameter 7, for a free energy functional £.

We will give a short sketch of the JKO-scheme for our equation and introduce T, ; and &€ in
the process. Assume p, is a solution of this equation, then the JKO-scheme defines, for a time step 7 > 0,

a sequence of approximations pS") of p.(t) at times ¢ = n7 by inductive solution of

P € argmin 7T - (p, " V) + E(p) , (1.0.2)
P
where T¢ ;(p, pt) is an optimal transport distance between two probability measures p, i on € for cost ¢
with parameter 7 defined via the minimization problem

. T —
Ter(p,p) = inf // c (y) dy(z,y) . (1.0.3)
vEl(p,p) JJ 2 T

II(p, 1) denotes the set of all transport plans from p to p i.e. probability measures v on € x Q with first
and second marginal p and p respectively. Furthermore £(p) is a free energy functional of the form

£(p) = Joulp) +v+wxpdr ifpis z?.c. w.r.t. Lebesgue (1.0.4)
400 otherwise
where
1 ifm=1
u(s) = um(s) =4 fg(fz nm (1.0.5)
m7_15 ifm >1

—_
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and slog(s) is assumed to be continuously extended to [0, 00). Furthermore v and w will be an external
and an interaction potential assumed to be C2(R%). Note that (1.0.1)) can be rewritten to read

Op = div [,0 -A (55”
op
5E

where % denotes the first variation of £.

Our goal is to actually calculate approximate solutions. But applying a naive discretization in space
using some constant mesh to arrive at a fully discrete scheme will result in a scheme that is expensive
in each step. This can easily be seen by the encapsulated second minimization problem T, , in the
minimization problem that is to be solved in each step. A main goal of this thesis was to consider
schemes that, already as temporal semi-discretization, do not suffer from this problem and therefore the
corresponding spatio-temporal discretization do not suffer from this problem, too.

One possible way of completely getting rid of the minimization in T ,, which is examined in Chapter
is to consider equation in one spatial dimension. Then the inner minimization problem is

explicitly evaluable and the infimum amounts to
-X
“(§)> d¢ (1.0.6)

Te,r(p, 1) :/Qc (Xp(f) -

where X, X,, are the inverse cummulative distribution functions of p and u respectively. This is explained
in more detail in Subsection As we can see, this new form does not involve any minimization
in the optimal distance any more, leaving our JKO-scheme with one minimization only, which can be
calculated in each step with a reasonable amount of effort. This method is utilized in Chapter [3]to define
a Lagrangian scheme for finding approximate solutions of . The family of cost functions considered
therein is quite general and includes also particular cost functions that result in becoming the
one-dimensional p-Laplace equation

or Rosenau’s relativistic heat equation on the line
10)
Op=0y | p——=l | . (1.0.8)
2
p? + [0zp|
The second way to handle the difficulty of the two nested minimizations of the basic JKO-scheme is to

apply the powerful machinery of entropic regularization. Replace T, with the corresponding entropic
regularized optimal transport cost, which consists of adding the e-scaled negative entropy

H(y) = //QZ v(z,y) log (v(x,y)) d(x,y) (1.0.9)

where H(v) = 400 if v does not admit a density w.r.t. Lebesgue, of the transport plans v in the optimal
transport minimization problem:

. T —
Tie,re)(pyp) = inf // c (y) dy(z,y) +eH(v) - (1.0.10)
YEI(p,1) JJ 2 T

Then combine the two minimization problems in (1.0.2)) in one minimization problem involving the first
and second marginal (P;)x~, (P,)x7 of a probability measure v on Q x Q in the following way

~™ e argmin U"_(v) (1.0.11)
YEP(QXN) ’



where the argument of the minimization problem is given by

v i=7e | atwion (5 a4 (P + Tpen (B)pn) . (1012

e(Z=Y

Here K. ;(z,y) = -2 and 1,(p) is the indicator-function that amounts to 0 if p = p and +oo
otherwise. This minimization problem can then be solved very efficiently in terms of Dykstra’s projection
algorithm and the so found minimizer gives us our sought for p(™ as its first marginal. This procedure
will be considered in detail in Chapter [4] where we consider a family of flux-limiting cost functions,
explicitly including Q = R?, in particular including Rosenau’s relativistic heat equation

Op = div pL . (1.0.13)
p* 4 1IVe|l

Finally, in Chapter [5| we want to apply entropic regularization again, this time to a temporal
discretization of by means of the backward differentiation formula 2 (BDF 2 scheme for short).
The JKO scheme can be considered as a BDF 1 scheme (or backward Euler method), and in this spirit,
we can define a discretization for approximating solutions to that can be considered to be a BDF
2 scheme. In finite dimensions, the BDF 2 scheme results in faster convergence of the approximate
solutions than the backward Fuler method. This is the reason why we consider an analogue of the finite
dimensional BDF 2 scheme. We want to illustrate how to arrive at this BDF 2 scheme, coming from the
finite dimensional backward Euler method.

We start by considering a gradient flow in R?

& =-VE(z)

in the energy landscape of E : R — R, a convex function. Then one possible way to find an approximate
solution to a solution of this gradient flow would be the backward Euler method. For some time-step size
7 > 0 and initial vector z°, in each step the equation

_ n—1
=%  _ _VE(a)

T

is solved for x to receive 2™ as approximation for a solution curve w, : [0,7] — R? at time x,(n7). This
equation can be considered to be the first order condition of a minimization problem. x™ solves the above
equation if

2
|z — 21|

2" € argmin + E(x)

zeRd

holds (c.f. (1.0.2)). Now this backward Euler method can be viewed as the first of a family of backward
methods called backward differentiation formulas. The recursion problem of the second one reads: find
2™ such that

3™ — 4$n—1 + xn—Q
27

— —VE(@") (1.0.14)

holds. Its first order condition is then

1 2 1 _o2
x”Eallgefl;mTO’x—x" e L - a2 )—i—E(:c).
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Now taking this over to our case of probability measures with the optimal transport distance and our
functional £ corresponding to (|1.0.1]), we arrive at the following recursion

1
2 € argin (Ter (o)) = {Ter (o~ 50)) +£00). (1.0.15)
p

Finally replacing the optimal transport distances again by entropic regularized ones, we arrive at the
scheme that we will refer to as entropic reqularized BDF 2 scheme

: n n— 1 n— n
pt") € argminT <T(c,r,s)(p(r L) = Ty (0872, >)> +&(p) (1.0.16)
p

for approximating solutions to ([1.0.1). This is the scheme that will be investigated in Chapter
In each of the above cases, our main result will be the convergence of a sequence of approximate

solutions. Let us describe the plan of each of these chapters and their main contribution as well as the
plan of proof a bit more in detail.

Chapter

In [32, |34], Matthes and Osberger applied a one-dimensional Lagrangian scheme to the (non-linear)
Fokker-Planck equation initially suggested by L. Gosse and G. Toscani in [22|. In the first chapter we
pick up this concept and extend the results from quadratic cost functions to a family of quite general

cost functions, including p-cost s — and flux-limiting cost s — 1 —4/1 — |5|2 , and as was already
mentioned above, this choice of cost will include the ¢-Laplace equation and Rosenau’s relativistic heat
equation in the family of equations that are investigated.

518l

The main result is the convergence of a fully-discrete approximation in terms of inverse cummulative
distribution functions to a solution of . Additionally, monotonicity in the free energy functional,
non-negativity, mass conservation and comparison principles are shown for the approximate solutions.
Numerical experiments and in particular a numerical convergence analysis are also included.

The proof of convergence consists of steps that are standard in the analysis of gradient flows by means
of the JKO-scheme. First we establish the existence of a minimizer, then the Euler-Lagrange equation
of said minimizer is calculated and by the a priori estimates we arrive at the classical estimates, giving
us enough compactness to pass to a limit with our approximate solution by means of an Aubin-Lions
argument. Finally, passing to the limit in our Euler-Lagrange equation will show that the limit curve
satisfies (|1.0.1) in a weak sense. Non-standard, however, is that we will step from the formulation of
in terms of probability measures p to the formulation in terms of inverse (cumulative) distribution
functions (IDF) and all these steps described above are then taken in this IDF-framework.

Chapter

McCann and Puel proved in [36] the applicability of the JKO-scheme to flux-limiting equations including
Rosenau’s relativistic heat equation. In particular, that an approximate solution obtained by means of
a JKO-scheme converges to a solution of a flux-limiting instance of . After Cuturi introduced in
|16] efficient solvers for the entropic regularized optimal transport problem, Peyré demonstrated in [42]
their applicability to solve efficiently the minimization problem in an entropic regularized JKO-step. We
prove the convergence of an approximate solution obtained from an entropic regularized JKO-scheme
to an approximate solution obtained by an unregularized JKO-scheme by means of I'-convergence. A
description of the numerical scheme and numerical experiments are presented at the end, in particular
involving a non-convex domain.



The plan of proof in this chapter was to show that the functionals W7 . admit a I'-convergence limit,
which turns out to be the functional that is subject to minimization in an unregularized JKO-step

to) =7 [ e (F5) e+ E@p) 4 (@) (0a1)

T

Consequently, the minimizers of W” _ converge narrowly to minimizers of W7, and their first marginals

converge in the same way to minimizers of the unregularized JKO-scheme. The main hurdle in showing
the I'-convergence was the construction of the recovery sequence needed for the ,lim sup“-condition. The
construction consists of several involved steps and is surprisingly delicate.

Chapter
In (33} 43] the BDF 2 scheme introduced above in (1.0.15)) was presented and analysed and just as in
these articles, we will consider this scheme with cost function c(s) = % |s|>. As was already mentioned

above, this scheme can be considered to be a higher order version of the JKO-scheme. As in Chapter
we want to allow for the entropic regularization to be applied to this higher order scheme, so a recursive
sequence defined by is considered. Proof of convergence to a solution of in the limit of
vanishing time-step and entropic regularization is the main result here.

As in Chapter [3| the proof follows the standard steps for proving convergence in the JKO-case, but
this time we have to overcome additional difficulties. In particular, the negative distance in
will on the one hand obscure the fact that the argument of the arg min in is in fact narrowly
lower semi-continuous in p. When this lower semi-continuity is established, it will lead to the existence
of a minimizer as easily as in the JKO-case. On the other hand additional regularity of the entropic
regularized optimal transport distance is required to receive the Euler-Lagrange equation. This is again
due to the negative distance appearing in the scheme. Both problems will be solved by decomposition of
the entropic regularized optimal transport distance, a decomposition which the author was advised of by
Guillaume Carlier.



CHAPTER 1. INTRODUCTION AND MAIN RESULTS



Chapter 2

Notation and Preliminaries

2.1 Function spaces

In this thesis Q C R? will denote an open, connected domain with Lipschitz-boundary. Further restrictions
will be stated in the corresponding chapters.

Let us begin with some basic notation. Let f : X — R and g : Y — R be two functions on some
spaces X and Y. Then we will denote with f @ g the direct sum of the two functions (f®g) : X xY — R
that is given by (f @ g)(z,y) = f(x)+ g(y). Define ® accordingly as the direct product. Furthermore the
usual definitions of weak- and weak-*-convergences are used. Let us now introduce some function spaces
and their notation.

Continuous functions

Let C(Q) be the space of continuous functions f : Q@ — R, C(,R?) the space of continuous vector
fields € : Q — R?, Cy(Q2) the space of continuous, bounded functions, C,(f2) the space of continuous
functions with compact support in €, C*(Q) the space of k-times continuously differentiable functions
and C*°(Q) = ey CF(Q) as well as C°(Q) := C(Q). Define Cy(2,RY), Co(Q,RY), C*(Q,RY) and
C>(92,R%) analogously for vector fields. Combinations are to be defined as suitable intersections, for
example C(Q2) = C.(2) N C>(£2). The space of continuous functions and its subspaces are to be
equipped with the uniform norm

[fllo = sup | f(z)| .
e

The C*-spaces are equipped with
ey = D 10*fllo -

|| <k

Again the definition for the vector-field spaces is to be made accordingly.

LP-spaces

Denote by £? the d-dimensional Lebesgue-measure on the domain Q. We will call a function f Lebesgue-
measurable iff the f~1(A) is measurable for every Lebesgue-measurable set A C R. For p € [1,00) the
LP-norm of a Lebesgue-measurable function f is defined as

1y = [ @) at(a)
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where we will usually abbreviate d£%(z) = dx. For p = oo we introduce the set of essentially bounded
functions L>°(£2) with the norm

£l Lo @) 7= ess sup [f(2)].
z€eQ

LP(Q) denotes the set of all Lebesgue-measurable functions with finite LP-norm.

LP(Q) is a Banach space for every p € [1,00] and for p € [1,00) its dual is given as L(€2) where ¢ is
the Holder-conjugate of p given by the equation % +% = 1. We define the corresponding spaces LP(£2, R%)
of p-integrable vector fields analogously.

Functions of bounded variation.

For a given open domain  a function f € L'(Q) is called a function of bounded variation iff

V(= sup{ [ o) divew)de] € € CEEEY, gl <1} < o0
(c.f.[21]). The set of all functions of bounded variation is denoted by BV () with the norm:
1 5vy = 1) + VI, Q).

For open sets 2 C R? the set BV (2) is a Banach space.

Sobolev spaces.

We say a Lebesgue-measurable scalar function f is k-times weakly differentiable if for each multi-index
a of order k there exists a function g® : Q — R lying in L*(K) for every K C Q compact such that

/ fop(a) d = (~1)l° / G P(x)dr Vi € CF(9).
Q Q

In this case g% is unique and we denote ¢g* = 9%f. Then for k € N and p € [1, 00] the Sobolev space
Whp () is defined as the set of all Lebesgue-measurable functions f such that 0% f exists for all multi-
indices |a| < k and

Flwesiey = (17 + 32 1077 ey )"

|| <k

For any k € N and any p € [1, 00| the Sobolev space W*?(€2) is a Banach space with the norm ll-llvye.0 () -

Bochner spaces and convergence in measure

We will now consider (not necessarily continuous) curves u : [0,7] — V in a Banach space V' with norm
|-1l,,- We will call such a curve simple if it is piecewise constant on a finite decomposition of [0,77] in
measurable subsets (c.f. [29]).
We say that a curve u : [0, 7] — V is measurable iff there is a sequence of simple curves u,, : [0,7] = V
such that u, (t) — u(t) in V for a.e. t € [0,T]. The set of measurable curves will be denoted M(0,T;V).
We say a sequence (uy, )nen in M(0,T; V') converges in measure therein to a limit curve u, if and only
if

lim £'({t € [0,7] ] [lun(t) = u(®)]y > }) =0  foralle>0.
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We will say that a sequence is relatively compact in M(0,T; V) if each subsequence possesses a subsub-
sequence converging in measure in M(0,T;V).

Furthermore for p € [1,00) we define the Bochner space LP(0,T;V) as the set of all u € M(0,T;V)
such that

T U
Il (I Ty ae) ™ ifp e 1, 00)
UllLe(o,1v) * )
esssup; o, 7] [u(t)lly,  if p= oo

is finite.

The space of probability measures

Let Q Cc RY. We define the set () to be the set of all probability measures on . The subset of
probability measures admitting a density w.r.t. Lebesgue measure are denoted £29¢(Q2). Usually we will
not distinguish notationally between a measure p € £%(Q) and its density w.r.t. Lebesgue, except when
the identification is not clear from the context. Let T : Q — Q be a measurable map, then we define
the push-forward of a measure p € 2(2) as Typ given by Tup(B) = p(T~*(B)) for all measurable sets
B. Consider the product space 2 x Q = Q2 and the projections P, P, : Q2 — Q given by P,(z,y) =z
and P, (z,y) = y. Therefore, given a v € 2(Q?), the first and second marginal distributions of v can be
written as (P,)47y and (P,)xv and we define for p, p € Z2(Q) the set

(p, p) == {7y € P(Q®) | (Pa)gy = p, (Py) Y = 11} - (2.1.1)

Let p, p € 2(£) then the product measure p@pu is the measure (pu) € Z2(Q?) defined by (p@u)(AxB) =
p(A)u(B) for all measurable sets A, B C . Note that for p, u with densities , m this implies that the
density of p ® p is given by the direct product of the densities » ® m, making this notation consistent.

The notion of convergence we will consider in &(Q2) will be narrow convergence of measures. That is,
for a sequence and a limit pg, p. € () we say py, converges narrowly to p., pp — px, iff for all bounded
continuous functions ¢ € Cy(2)

im [ (@ (o) = [ ola)ap.(a) . (2.1.2)

k—o0 o)
Since for bounded Q the spaces Cy(2) and C(Q2) coincide, the notion of narrow convergence can be
adjusted in that case.

2.1.1 An extension of the Aubin-Lions theorem

We will specify Theorem 2 from [45] to our needs. This will be the main tool in Chapters 3| and [5| to
conclude convergence. Let us define two objects first, that will be needed in stating the theorem.

Definition 2.1. Let V' be a Banach space with norm ||-||\,. Then we will call § : V — [0,00] a normal,
coercive integrand if

1. § is measurable w.r.t. to the Borel subsets of V';

2. the map u— §(u) is lower semicontinuous;

3. the map u — §F(u) has compact sublevels in V.
We will call g a pseudo-distance on V w.r.t. § if

1. for all u,v € F~1([0,00)) the equation g(u,v) = 0 implies u = v;
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2. the map (u,v) — g(u,v) is joint lower semi-continuous.

Example 2.2. An example for a pair § and g that satisfies the above definition if Q is bounded with
V=L"(Q), is

— fQ |p(l’)|m + ||Vp(x)||m dz  ifpe Wl’m(Q)
$(p) = .
+00 otherwise

and g(p, 1) = Ta(p, p1).
The result that § and g are indeed a pair of a normal, coercive integrand with a compatible pseudo-

distance was shown in [26] (18] and [§].
Now we can adapt Theorem 2 of [45]

Theorem 2.3 (Extension of Aubin-Lions). Let V' be a Banach space with norm ||-||\,. Let§ : V — [0, o0]
be a normal coercive integrand and g : V x V. — [0,00] be a pseudo-distance (c.f. Definition . Let
(ur(t))res be a family of measurable curves u, : [0,T] =V such that

T
sup/ Flu-(t))dt < oo (2.1.3)
TeJ Jo
and
T—h
li (t+h),u, (1) dt =0. 92.1.4
timsup [ g+ ). (1) (214

Then (u;) is relatively compact in M(0,T;V).

2.2 Optimal transport

We want to give a short introduction to concepts from optimal transport we will be dealing with in this
thesis. To that end we begin with stating the optimal transport problem of Kantorovich followed by
the corresponding dual problem. Then we will consider the transport problem on the line, which will be
central in Chapter (3] followed by the entropic regularization for our OT problems, which will be central
in Chapter [4] and

2.2.1 The optimal transport problems

This thesis is concerned with different aspects of the optimal transport distance. We want to introduce
here the Monge problem, its relaxation, the Kantorovich problem, state some general results concerning
existence and then move on to the properties of these on the real line as well as the entropic regularization
of the Kantorovich problem

The history of optimal transport began with Gaspard Monge, who proposed a problem in [38]. It
reads as follows.

Definition 2.4 (The Monge problem). Let © C R? and p,u € P(2). Then the Monge problem of
transporting p to p with cost ¢ is to minimize

/ e(z — S(z))dp (2.2.1)
Q

among all measurable S : Q@ — Q with the property Syp = p. These S are called transport maps.
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We stated the problem here in more generality than Monge, who only considered ¢ = ||-||, and
dimensions 2 and 3. The Monge problem was long unsolved, which is due to its constraint Syp = p
which is non-linear and therefore complicates the matter as is for example pointed out in [46].

Up until 1942 little progress was made w.r.t. the optimal transport problem and no progress in the
question of the existence of a minimizer at all, when in [25] Leonid Kantorovich looked at the problem
from a linear programming point of view. He arrived at the following problem, nowadays called the
Kantorovich problem.

Definition 2.5 (The Kantorovich problem). Let @ C R? and p,pu € P(). Then the Kantorovich
problem of transporting p to p with cost c reads as follows.

Teo(p,p) := inf //Q z—y)dy(z,y) - (2.2.2)

~YEI(p,p)

The set Il(p, p) C P(Q?) was defined in [2.1.1)) as the set of probability measures v with first and second
marginal p and p respectively. These v are called transport plans. Let us furthermore denote with To
the particular Te with ¢ = § H||§ and an optimal transport problem refers to the Kantorovich problem.

The following is a well known result for the optimal transport problem which shows existence of a
minimizing transport plan. A proof can for example be found in [46, Theorem 1.7.].

Proposition 2.6. Let p, € Z(Q) and c : Q% — [0,00] a proper, lower semi-continuous and bounded
from below. Then the Kantorovich problem admits a minimizer.

Sketch of proof. First, v — (c,v) is l.s.c. w.r.t. narrow convergence since ¢ is. Furthermore II(p, )
is tight, implying narrow compactness. The bound from below on ¢ implies a bound from below on
~v > {c,v) and then we can apply the direct method of the calculus of variation to conclude the existence
of a minimizer. O

2.2.2 The Dual problem

Let us state the dual problem to our Kantorovich problem above.
Definition 2.7 (The dual problem). Let c,p,p as in Definition . Then the dual problem is defined

as

D(p,pu) :=  sup /¢ ) dp(x /w ) duly (2.2.3)
$HECH(Q)
d»BY<c

We can make this definition plausible by a short calculation. Let us express the constraint in the
Kantorovich problem, v € &(p, ), in a variational way:

if v € T(p,
sup /¢dp+/¢du / 6@ pdy = 7 € Mg )
dHECH(Q) 400 otherwise.

Now assuming we can exchange inf and sup, and denoting with M (Q?) the set of non-negative Borel
measures on 2%, we arrive at

Te(p,u) = inf // (x—y)dy+ sup {/qbder/wdu/ qb@t/)dfy}
YEM(2%) J/ Q2 D PYECH(Q) Q2

= sup /¢dp+/¢du+ inf // c(r—y)—¢p@pdy.
$PeCH(Q) JQ Q YEML(92) J) o2
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Now as soon as ¢ @ 1) > ¢ somewhere, v could concentrate more and more on a neighbourhood showing
that the inf results in —oo contradicting our sup. Therefore ¢ B < c is letting the inf-expression vanish
and resulting in our definition above.

Let us finish this part by stating the connection between the Kantorovich and the dual problem which
holds under quite general assumptions (c.f. |2, Theorem 6.1.1]).

Proposition 2.8 (Duality). Let ¢ : Q2 — [0,00] be a proper Ls.c. function. Then
D(p, ) = Telp, 1) -

2.2.3 One-dimensional optimal transport

Considering optimal transport problems in one dimension admits some special features not found in
dimensions two and up. In one dimension, the problem of moving, lets say one probability density to
another one, can be described procedurally. The optimal way consists in starting from one end of the
real line and, as you move along, you pick up the particles of g and put them, also coming from the same
end of the real line, where the next particle of p is supposed to be. As it turns out, for the families of cost
functions considered in Chapter 3| this description always yields the optimal transport plan rendering
it independent from the cost function.

Since this part is preparing for Chapter we will restrict ourselves here to I = [a,b] a compact
interval and probability densities that are bounded from above and away from zero, i.e. p € £%(I) such
that its density satisfies p + i € L>=(I).

Consider some p € Z(Q). Then the cumulative distribution function U, is defined as ff dp(z) and

the corresponding inverse (cumulative) distribution function (IDF for short) as X, = U, ' : [0,1] — I
1

Since the density m of our u is bounded from above and away from zero, X, is a.c. and X L = X,

holds a.e. .

Proposition 2.9 (Adapted from Chapter 2 [46]). Let p,u € 2%(I) with densities bound from above
and away from zero. Let ¢ : R — R continuous and strictly convex. Then dvy(z,y) = (X,, X, )4 dL(x) is
the optimal transport plan of Tc(p, 1) and consequently

To(p,p) = /[ e () X0 de

holds.

This in particular means, that in the one-dimensional case, there is no minimization problem to be
solved in T, since the optimal plan can be computed in terms of the IDFs of p, u. Chapter [3]will rely on
this fact to arrive at a numerical scheme that does not suffers from a minimization problem encapsulated
in another one.

2.3 Entropic regularized optimal transport

Adding an entropic regularization penalty to the original OT problem, we arrive at the so called entropic
reqularized OT which will be central in Chapter [4] and This regularization admits some very nice
properties. In particular, in fully discrete schemes it allows for highly efficient calculation of the minimizer
by means of Dykstras projection algorithm with Bregman divergences (c.f. [42]).

The entropic regularized optimal transportation problem stated below is related to the Schrodinger
problem as was pointed out by Christian Léonard in [28]. The connection of the entropic regularized
problem to the unregularized problem is investigated therein as well.

As a possibility to receive efficient solvers for our JKO-schemes, the entropic regularized JKO-scheme
was introduced by Gabriel Peyré in [42] and then analysed in [§].
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The entropic regularized distance

Definition 2.10. The entropic regularized optimal transport distance for some cost function c is defined
as

Tee(p,p) = inf //ﬂz z—y)dy(z,y) +eH(y) . (2.3.1)

~YEI(p,p)

We want to define the relative entropy, also known as Kullback-Leibler divergence, here, too,

Hw | n) :/Xlog (i) dv (2.3.2)

if v << and 400 else. Here (di—;; denotes the Radon-Nikodym derivative of v w.r.t. 1.

As with Proposition we want to state the existence of a minimizer in (2.3.1) and give a short
sketch of the proof.

Proposition 2.11. The minimization problem in (2.3.1]) where c : Q2 — [0,00] is proper, lower semi-
continuous and bounded from below, admits exactly one minimizer.

Sketch of proof. The proof is similar to the one of Proposition 2.6 Again We begin with noting that
v+ {(c,7) is Ls.c. w.r.t. narrow convergence and so is H(y) = [[,. h(y)d(z,y) by Ls.c. , convexity
and superlinearity of h at infinity. Consequently, (c,v) + 67'[( ) is Ls.c. too Furthermore, when € is
bounded, H can be bounded from below. Now, (c,v) can be bounded from below, too, II(p, 1) is tight,
and consequently the direct method of the calculus of variation can be applied. Finally, noting that
v+ {c,y) + eH(7) is strictly convex in +, since (c,~) is linear and # is strictly convex, we can conclude
uniqueness of the minimizer. O

Remark 2.12. Note that it is, at least formally, just a matter of a simple calculation to see, that for
v € 29%(02) with density G, i.e. dy= G - dL*

//92 clx —y)dy(z,y) + eH(y / G(z,y) (c(x —y) + elog(G(z,y))) d(z,y)
= 6//92 G(z,y)log (IM) d(z,y)
=cH(v | Ko)

holds, where

c(z—y)

Ke(z,y)=e = . (2.3.3)

With this consideration at hand, it is easy to see an alternative definition of the entropic reqularized OT
distance as

T: (pp) = inf eH(y|K.). (2.3.4)
YE(p,p)

Note that we, slightly abusing notation, denoted with K. the measure on Q with density given by K (z,y).
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Chapter 3

1D Lagrangian Scheme

3.1 Introduction and preliminary results

This chapter is based on [47], the joint work of the author with Oliver Junge. It is concerned with
the convergence of a Lagrangian numerical scheme in one spatial dimension for solution of equation
. The scheme itself will consist of a spatio-temporal discretization founded in the formulation of
the equation in terms of (pseudo-)inverse (cumulative) distribution functions (a.k.a. quantile function)
which we will abbreviate as IDF.

The main result consists of two parts. Both results state that an approximate solution calculated
by means of the spatio-temporal discretization will converge to a solution of for vanishing mesh
size. The first convergence result concerns a family of cost functions that resemble p-Wasserstein cost
s+ 1]s|”. The second convergence result will rely on additional assumptions to show that the result
then still holds even when flux-limiting cost are considered.

While proving the convergence results we will receive additional properties of this discretization that
it shares with the continuous flow, like entropy monotonicity, mass preservation, a minimum/maximum
principle and flux-limitation in the case of the corresponding cost.

In the final part of this chapter the discretization is applied to some problems and additionally a
numerical convergence analysis is appended.

3.1.1 Restating the problem

Let us restate (1.0.1). We want to find approximate solutions for the non-linear Fokker-Planck equation
with no-flux boundary conditions in one spatial dimension

Op =0, (p-Al0,u'(p) +Vv' + (W' xp)]) in (0,T) x [a,b]
p(0,-) = po in [a, b] (3.1.1)
Ozp=0 on [0,7] x {a,b}

where A, u,v and w are specified now. We begin with the families of cost functions that will lead up to

A.

Definition 3.1 (p-Wasserstein like cost). We will call a cost function ¢ : R — [0, 00) p-Wasserstein like
if it is even, strictly convez, with c(0) = 0 as well as ¢ € C*(R) N C3(R\ {0}) and satisfies the following
bounds.

There are constants o, 8 > 0 such that

als|? <¢(s) < Bs|” (3.1.2)

15
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holds for every s € R and where we abbreviated
c(s) = sc'(s) . (3.1.3)

Definition 3.2 (flux-limiting cost). We will call a cost function ¢ : R — [0, 00] flux-limiting if it is
strictly conver and even with ¢(0) = 0. Furthermore it is assumed to have a proper domain of the form
c YR) = [—v,7] for some v > 0 the flux-limitation (or ,lightspeed®), its derivative is assumed to be
diverging at the boundary

lim c(s) = £oo (3.1.4)

s—ty

as well as ¢ € C°([—,7]) N C3((—~,7)) and it satisfies the bounds from Definition with p = 2, i.e.
there are constants a, B > 0 such that

als|* < &(s) < Bs|” (3.1.5)
holds for every s € [—v,7].

Before we can specify A, we have to introduce the Legendre transform. Though we will only need it
as a result for functions on the real line, let us state this definition for functions on R<.

Definition 3.3. Let f : R — R, be convex. Then the Legendre transformation f* : R — R of f is
given as

f*(y) := sup (z,y) — f(z). (3.1.6)

zER™
Legendre transforms of differentiable convex functions enjoy some useful properties.

Proposition 3.4 (Adapted from Box 1.12. in |46]). Let f : R — R, be convex and differentiable. Let
V[ be furthermore a C*-diffeomorphism. Then (Vf)~! = V(f*) holds and V(f*) is monotone in the
sense that for all x,y € dom(V f), the domain of V f

(V) ) = V() y)z—y) =0
holds.

Now we can go on with the definition of A.

Definition 3.5 (Specifying A, u,v and w). The maps A: R = R, u: [0,00) — [0,00), v: R = R and
w: R — R are assumed to have the following properties.

1. There is a cost function ¢ : R — [0, 00] satisfying either Definition or such that

A=(c"). (3.1.7)
2. u is defined as (c.f.
_ Jslog(s) ifm=1

3. v € C3(R) is conver.
4. w € C3(R) is convex and even.

Assumption 3.6. The combination of ¢ and the two potentials v and w are subject to the following
restrictions.
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e If v and w are mot both constants, c” has to be bounded away from zero i.e. there is ¢’ > 0 such
that
c'(s) > " for s#0. (3.1.9)

This restriction is due to (c*)’ being no longer Lipschitz in general, if this prerequisite is not met.
The problem (3.1.1)) might not be well-posed as soon as there is a potential (external or interaction)
involved.

o If c is fluz-limiting, O, po, the weak spatial derivative of our initial data, has to be bounded.
Examples 3.7. We present three PDFEs arising from choosing certain parameters and potentials.

o Let ¢ € N with g > 1. Then choose p € (1,2) such that 127%’17 = q and pick m =3 —p > 1. For
any constant external & interaction potential, the equation becomes the q-Laplace equation already

stated in ([1.0.7))
8tp = 8z(‘azp|q . azp) . (3110)

e Let p=2 and m > 1. Then the equation is a Fokker-Plank equation

1
Oup = 02" + 0u (V') + Oulp(W %)) (3.1.11)
o Let
2
1—4/1-12 <
c(s)=1" i for lsl < (3.1.12)
+00 elsewhere.

Then we recover, for m = 1; v,w = 0 Rosenau’s relativistic heat equation already introduced in
(L.0.8) (c.f. f44))
Oxp

Op =0, | p—— (3.1.13)
VP2t |8zp|2
Remark 3.8. The equation (3.1.1) can be written as a transport equation
Op = div (p - V[p)) (3.1.14)

where the velocity V[p] = A[0:u'(p) + v/ + (W' * p)] consists of a non-linear diffusion term u, an external
potential v and an interaction potential w.

3.1.2 Variational Formulation and Discretization

We will see that solutions to our PDE can be approximated by minimizing movement sequences in the
energy landscape of £ where, for p € 229¢(Q) it is defined as

E(p) =U(p) +V(p) + W(p) (3.1.15)

and where £ is taken to be +00 otherwise. Here the internal, external and interaction energies, I,V and
W, are defined as

Up)i= [ wlp@)ds Vi) = [ v@p@de Wi = [ sewi - ppw ey . G110

[a,b] [a,b] [a,b]?
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with respect to the optimal transport distance (c.f. Proposition .

Te (p,u) = inf / c(z —y)dy(z,y) (3.1.17)
YE(p,12) J [a,b]2

Now rewriting these functionals w.r.t. the quantile function X, we arrive at the energy expressed in
terms of IDF which reads as follows:

E(p) = / U*(agXp)d§+/v(Xp)d§+ //W(Xp(g)fxp(g))d(g,g). (3.1.18)
[0,1] [0,1] [0,1]2

Here u,(s) = su(L).

S

Concerning the optimal transport distance (c.f. Proposition

Torlpi) = [ (6,06 = X,©) de. (31.19)
0,1
Finally we discretize the X piecewise constant on a equidistant mesh {0 = &p,...,& = 1} C [0,1]
of strictly increasing values {; = £ receiving strictly increasing vectors x = (a = x¢,r1,...,2x = b)

representing a discrete X in the following way

k—1
x> X(€) = > ot 1) (6) (3.1.20)

=0
where x has to lie in the set X ([a,b]) defined as
Xi([a,b]) := {x = (w0, x1,...,25) ER* ™ |a=a¢g <21 < - <ap =b}. (3.1.21)

furthermore we also represent the derivative of X by a piecewise constant function

k—1

x5 0eX(€) = > 021 e, 1 (€) -

i=0
Applying this discretization to our functionals we arrive at the discrete minimizing movement scheme,
which is our fully discrete scheme.

minimize x — ®(7;x" Y x) (3.1.22)
where
O(r;x" Y x) = 7T (x, x4 £x(x(™)
= 7T (), %) £ US(0) + V¥(p) + WX(p)

with

k-1 k k k

U*(x™) = hy, Z u*(émgf)l); VX (x(M) := hy, ZV(.’L‘En)); WX (x(™M) = hy, Z I, ZW(LEE”) — xgn))

i=0 i=0 i=0  j=0

and

k I(n) o I('nfl)
TZ‘T(X("), x("_l)) = hyg Z c| +—— .
’ T
i=0

We note the following result concerning V* and W¥*.
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Remark 3.9. The convexity assumption of v and w imply the the following convexity for the potentials.
(VF(x),x —y) < F(x) = F(y)
for F either V* or W* specified in (3.1.18)).

Remark 3.10. A short remark on the choice of piecewise constant spatial discretization opposed to
piecewise affine discretization is advisable. Usually the IDF X is discretized in a piecewise affine way.
This way the corresponding densities are piecewise constant on (x;,z;+1) with the same mass on each of
these intervals. Anticipating the Euler-Lagrange equation, we see that the r.h.s. and the l.h.s. would not
fit together by non-linearity of (c*)’ when considering the discretized IDF. One way to circumvent this
problem is to consider piecewise constant discretized IDF, which is exactly what we do.

To simplify the expressions appearing in the following claims and proofs, we abbreviate the finite
forward difference quotient of our vectors x(™) = (xé”), e ,x,g")) € Xx([a,b]) as
o2 =

ox( = (5;6(()"), ce 595](;?1) where 53:7(;") = h
k

Furthermore we now define the second symmetric difference quotient as
(n) (n)

(n)
r. 1 — 2z, +
§2x™ = (52:1:5"), o §2x§€"_)1) where 52x§n) = i > =L fori=1,...k—1.
hi;

This way 5[5%(2)1] = 521:1@) holds.
We state a result allowing the approximation of the weak derivative of a function with the just
introduced finite differences. It is adapted from [20, Chapter 5.8.2].

Proposition 3.11 (Finite differences and the weak derivative). Let 6, = &, be the finite forward
difference operator in direction of space z = £ or time z =t w.r.t. to the step size in space hy or time Ty
respectively.

Let furthermore f : (0,T) x (0,1) — R be a sequence in LP((0,T) x (0,1)) with p € (1,00) such
that fi = fe in LP((0,T) x (0,1)) and 6. fi is bounded w.rt. |||l 10 m)x(0,1))- Then 0zfue — 0:f« €
LP((0,T) x (0,1)).

If 64 f = Oxfs and 6y fre — O fs hold, then fi — f. strongly w.r.t. LP((0,T) x (0,1)).

Proof. We will prove the claim for z = £. The proof for z = t is virtually the same.

By Banach-Alaoglu theorem and reflexivity, for each subsequence of d¢ i fi there is a subsubsequence
converging weakly to some ¢, in LP((0,7) x (0,1)) . Now let ¢ > 0. Then for said (unrelabelled)
subsubsequence and all ¢ € C((0,T) x (0,1)) with supp ¢ C [0,T] x [e,1 — &] we can calculate

/Qg»@: ki%/g%kf@
- klggo /Q Tk0¢ k@

- /Q 1,066

where we denoted the backwards finite difference operator as 65_ > used that g, is the weak limit of é¢ x fr,
integration by parts for the finite difference operator and assuming hj, < e to be able to neglect the
boundary-terms of the integration by parts.
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This shows that g, = 0¢ f« on [0,T] x (,1 — €) holds and by uniqueness of the weak derivative, the
original sequence J¢ i, fi converges to J¢ f, on [0,T] x (¢,1—¢). Since € > 0 was arbitrary, we can conclude
that these results hold on (0,7 x (0, 1).

Finally, if ¢ f — Ocf« and 6;fr — O.f. hold, as well as the assumed f; — fi, then f converges
weakly in W1P((0,T) x (0,1)) to f. and the Rellich-Kondrachov theorem implies the strong convergence
we stated above. O

3.1.3 Main Theorem

The main result concerning the sequence X}, approximating the IDF is given in the following theorem.
It states that the limit of our sequence Xy, is a weak solution to (3.1.1) rewritten in terms of inverse
distribution functions X:

X(t,§) = (c") {5%“1(35)((@5)) +V/(X(t,€)) +/0 w(X(t,€) = X(t,¢))d¢| on (0,T) x (0,1)

X(0,6)=X9 on (0,7)
(3.1.23)

where we additionally assume that X (¢,-) is a IDF a.e. on [0, 1].

Theorem 1. Let k € N, 7, > 0 be a sequence monotonically converging to zero and c a cost function
satisfying Definition . Let x,(co) be a sequence in k with

1. X(O) € X (I) (where Xy (I) is defined in (3.1.21));
2. The piecewise affine interpolation ofxgco) as defined in ([3.1.20) converges pointwise to an IDF X(9);
3. The energy Ex(xéo)) is uniformly bounded in k;

4. There are upper and lower bounds 0 < §x(9 < 6% such that 6x(*) < 6x,(€0) < 6x(0) holds for all k.

Let finally the sequence Xy, : [0,T] x [0,1] — R be the piecewise constant interpolation of the xén)

with initial data x( ) and the recursion .

Then the sequence X has the following properties. There is an unrelabled subsequence such that X
converges in L([0,T] x [0,1]) to X, € WL>°((0,T) x (0,1)) N C%*(0,T; L'([0,1])) for every q € [1,00),
where a = 1/p, 0:X, € LY0,T; W' ((0,1))) and p' = ﬁ denotes the Holder conjugate. The limit
X, solves the following weak formulation of :

T 1
- / / X, (1, )dhp(t, €) de dt
0

created

1
= [ [ (patoexn. ) v Onno) - [ w0609 - X001 ac) plr g dcat
0
holds for all p € C°((0,T) x (0,1)). Additionally the initial data are assumed continuously lim~ o X, (t) =
X© jn LP([0,1]) and X.(t,-) is an IDF for a.e. t € [0,1].
As already mentioned, a similar theorem can be stated for the family of flux-limiting cost.

Theorem 2. Let the prerequisites of Theorem[1] hold, except ¢ does this time satisfy Definition [3.2] instead
of Bl Additionally we assume ﬁmte bounds

—o0 < 2% < 2x(0) < 00 such that §°x0) < 52 ) < 52xO)  holds for all k

Then convergence to a weak solution of (3.1.23|) holds in the sense of Theorem |1l with p = 2 and the
miatial data are again assumed continuously.
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3.2 Variational properties of the minimization problem

In this section we want to lay the foundation for the successive section, which will show the crucial
convergences that are needed for the main theorem. First of all, we will show that the sequences x(™ are
indeed well defined. This is followed by the Euler-Lagrange equation for the minimization problem .

Finally we will show two estimates. The first estimate is a maximum-/minimum principle for the
forward differences %7() giving us control over u, %_’f“ and U/, (W) This bound
itself corresponds to bounding the probability density p itself from above and away from zero.

The second estimate will be a second comparison principle bounding the second order central dif-

(n) o (n) ()
x. =2z, '+, . . . . .
ferences 52x§") = ‘“h—lk“l which in turn corresponds to a bound for the spatial derivative of

p-

The second one is derived by a descent-in-energy argument in combination with displacement convexity
of our internal energy term U which corresponds in our IDF terms to convexity of &/*. This estimate
yields in combination with properties of v and w a bound for the r.h.s. of the Euler-Lagrange equation
and will guarantee convergence of the corresponding sequence of functions to some limit.

3.2.1 Existence and uniqueness

Lemma 3.12. The minimization problem has a unique minimizer
X = (Z‘O, Ce ,th) S Xk([a, b]) .

Proof. The set X([a,b]) is bounded in R¥*! and ®(7;x("~ 1), x) is continuous in X ([a, b]) and lower semi-
continuous in X([a, b]). Furthermore X ([a, b]) is compact, so there exists a minimizer X, = (2o, ..., Tk)-
x = x("1) generates a finite value in ®, so at each minimizer CID(T;X(”*U, -) is finite. Additionally, the
functional is strictly convex, since all summands are and 7 > 0, so said minimizer is unique.

Note that u, is monotonously decreasing and furthermore

inf  V¥(x)=:Y*> -0
xE Xy, ([a,b])

as well as

inf  WX(x) =W* > -
xEXy ([a,b])

holds by properties of Xy ([a,b]), v and w.
This way we have for j =0,...,k — 1:

C 2 (I)(T; x(n_l)yxmin)

2 TT§7T(XnLin,; X(nil)) + gx(xmin)

k—1 .’17(:1_)1 . .’E(n)
Zhi ) ue | e AR WE 3.2.1
* ; i (3.2.1)
(n) (n)
zV) — b—
> hius (Hl‘> + hi(k — 1)u. ( a) VX LW
h, hi
2" g
Zitl

This yields a bound from above for for every i since u,(s) diverges to +oo for s\ 0. O
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Now that we know that the minimization is well defined, we can establish the following result, which
is the standard a priori estimate based on x(™ being a descending sequence in the energy landscape of
&* showing that our sequence is indeed monotonously descending in £*.

Corollary 3.13. Let x("V € Xy ([a,b]) and x™) the minimizer of our minimization problem. Then
T (x™, x"7D) < x(x"7Y) — ex(x™) (3.2.2)
holds.

Proof. Plugging in the feasible x = x(™~1) in the minimization problem combining it with x(™ being a
minimizer and with T¥ (x("~1,x("=1D) = 0 yields the result after rearranging. O

This result in particular shows, that our sequence x(™ is monotonously descending in the energy
landscape of £.

3.2.2 The Euler-Lagrange equation

The Euler-Lagrange equation of our minimization problem will form a substantial part of the foundation
for our calculations. In the case of p-Wasserstein cost, the proof is straight forward. In the case of
flux-limiting cost, however, we have to make sure the minimization problem in some sense does not see
the discontinuity. Unfortunately this cannot be done a posteriori with the second maximum-/minimum
principle since the proof of the principle does rely on the Euler-Lagrange equation.

Lemma 3.14. In the case of fluz-limiting cost, the minimizer x\™) lies in

{x’x e X([a, b)),

mj—x§-n71)‘ <77’f0rj=0,...,k:} .

Proof. Let P := {z €{0,...,k}| ‘mgn) - xg-nfl)‘ = ’V’T}. We can omit the cases ‘xEn) - x;nfl) > 4T,
since they don’t occur at a minimizer. Let P C {0,1,...,k} and define a partial convex combination of

x(™ and x(" Y wrt. P as

7 %

PR ifigP.

K2

o {(1 —e)al 4 eV ifieP

We will now show that if P # (), then for a suitable € the partial convex combination x°¢ is a feasible
candidate with ®(7, x("~1) x°) < &(7,x("~1 x(™) contradicting x(™ being a minimizer in the first place.

We note that x° € X ([a,b]) for £ small enough, since x(™) € Ay ([a,b]) and X} ([a,d]) is open w.r.t.
{a} x R¥=1 x {b}.

Furthermore recall the behaviour of ¢’ at the boundary (c.f. Deﬁm'tion.

Define two index sets as follows.

Pt={ic{0,....k}|i¢ Pii+1€ P} and P :={ic{0,....k}|iePi+1¢P}.

We will consider ®(7;x("~ 1 x() — &(7;x("=1 x°) and we can see that, since x° — x(™ for £ \, 0
and since v and w are both continuous, that the corresponding expressions are bounded.
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Recall ¢ and u, are strictly convex functions in C(I), which allows us to calculate now only for the
remaining expressions

k
1 _ 1 _
mY e (Ll e ) —e (Rt o))

N T
=0

kol I(Z)l — 2 x5, — s
h N 1 3 _ N 3 K3
+ Ny ; u 7}% u <hk )
> ehy, Zc' l(xg - x(n_l)) 1 (x(") - x("_i)) + hy Z Us Tip T (59:(.”) - 53:(.”))
T 1 [ T [ [ hk‘, [ i—1

i€P

() _ e W
+ hu Z e (W) b (‘rz('n_l) - xEn)) + hy Z Us (W) k(2 — xgn_1)>> .
§ k

icP~ i€ePt+

.. . xirl—w? l(i)l—‘llf :E‘irl—a:(.n) :v‘irl—x(.")
By continuity, the expressions u. (T)’ Uy i Uy o and u, —H—— | are bounded
in € for € \( 0. On the other hand,

1 n— n n—
c ((xf — ! 1))) (wg ) _ g 1)) — 00 fore\,0.
T

Note that by continuity of v and w, the differences V*(x(™) — V*(x®) and W*(x(™) — W*(x?) are
bounded too.

So we know that, for € small enough, ®(r; x(" =D, x(") — ®(7;x("~D %) will be positive which is our
sought for contradiction. O

Lemma 3.15 (Euler-Lagrange equation). Let M, M € (0,00) and x"~Y € Xy([a,b]). Let x™ be the
minimizer of our minimization problem. Then it satisfies the system of equations

(n) (n—1)
Ti T ey x(xMY)) — x(x(m)) — * (x ()
- (@) [(vur™)) = (T™)) = (vwe)) | (3.23)
where
, (z{i)l—x(,n)) , <z(,”>—z(.")1>
u i i —u i i—
* hi * hi
x(5(M))) —
(V). -
(TPA), = vl
k

(VWX(X(”))) = 2hy ZW’(mEn) - xg”))

i s

(n) __(n—1)
for eachi=1,...,k — 1. Note that the above equation reduces to “——1—— =0 for i € {0,k}.

Tk

Remark 3.16. We will abbreviate the argument of (c*)' above:

u’ (533(”)) —u/ ((53;(.”)) k
(n)y _ _* ' * i1 1¢.(n) 1¢.(n) (n)
Q; = » —v'(x;") — 2hy JE_OW (x; " — T ). (3.2.4)
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Proof of Lemma[3.13, The functional ®(r4;x™~Y ) is continuously differentiable on Xy ([a,b]) = {x |
a=1xp<x <<z =b} with gradient

O, O(T; x("Y x)

1 n
= hyc' ((z]« - zﬁ&)) + ui(dwj-1) — ul(d2y) + hev'(2;)
T (3.2.5)

k
+hy Y e —af) - W ).
j=0

At our minimizer x = x(") this has to be equal to zero, and rearranging the resulting equation yields
(3-2.3)), using that the Legendre transform satisfies (¢*) = (¢/)!.

Note that we use that w is an even function, making w’ an odd function which allows us to combine
W/(xz(-n) - x;n)) - W/(Z'g-n) - xgn)) = 2w’(x§n) - xEn)) to achieve the final result. O

3.2.3 The discrete minimum/maximum principle

The minimum/maximum principles shown in this section hold in a more general way than we need.
Indeed we know that v/ and w” are non-negative since v and w are assumed to be convex. But for this
section we drop this assumption and show the minimum/maximum principles only for the assumption
that v,w € C?(R).

We will prove the first discrete minimum /maximum principle next. It bounds the forward difference
quotient of x,(cn) uniformly from above and away from zero, if we have initial data as described in Theorem
(4). This initial condition corresponds to pp being bound from above and away from zero.

Lemma 3.17. Let x"~Y € Xy ([a,b]). Let x™) be the minimizer of ®(r;x™ 1 x).

1. The first maximum-/minimum principle.
The following inequality chain holds for every j € {0,...,k —1}

(n—1)

i

e ™7 min 5%(”_1) < 5$§-n) < ™7 max iz
1 K3

where
. 0 Zf V/I + W/l Z 0
K = [RE—
e )i W <0
_Jo v +w’' <0
T (@)W i W >0
2. The second maximum-/minimum principle.
Let
Ry = (c*)” (v + w)
by 1= () - (7 + W)

with the modulation that for j = 2,3 K; is replaced by 0 if it is positive and the same holds for k;
if it is negative. The following holds for every j € {1,..., k—1}.
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o FLither (523:;”) <0 or

(1+ TE2)62.TJ§-”) + TR3633§-") < (521‘;—”71)

holds.
o Fither 5%;") >0 or
(1- Tﬁ2)52x§-n) + Tﬁgdxgn) > 5235;"_1)
holds.

Remark 3.18 (The global maximum-/minimum principle). The first max/min principle has a global
form. Inductively applying the inequality-chain we receive

This clearly bounds 6332(”) from above and away from zero uniformly in i,n,T, hi as soon as the initial
data are bounded from above and away from zero.

Remark 3.19 (The second global maximum-/minimum principle). The second maximum-/minimum
principle implies a global-in-time bound as follows. Inductively , we receive
(1+ TEQ)(SQl'En) + TEg(SxZ(.n) < (52335”_1)

(1+ TE2)252x§n) + 7R3(1 4+ TEQ)(S:Q(.”) + Tﬁgéxl(»"_l) < 62175"_2)

n—1
(1+ TRQ)”(SQxEn) + 7R3 Z(l + TEQ)Z(S.IZ(-IJFI) < (523720)
1=0

Now by the first maz./min. principle we can estimate 5331(»”1) < max; 63:1(.0). Then we note that the

reMaining sum 2?2—01(1 + 7R2)! is part of a geometric series, at least for T < %2 since kg < 0 by

definition. So |Y7 (1 +7E2)l‘ < = = 1 for 7 \, 0. So we can assume 3o (1 + TR2)! < 2,

1—TR2

therefore arriving at
52:1357’) < max {e*TE2 max 52:050) + 2R3 max 5z§0), O}
K3 K3

and

52302(-”) > min {eTﬁ2 min 629650) + 2K3 min 6m§0), 0} .

These two bounds, as in the first case, 52535”) from above and below uniformly in i,n, T, hi as soon as the
initial data are bounded from above and away from zero.

Proof of Lemma[3.17. We will only consider the bounds from above, since the bounds from below can
be achieved by the same calculations, mutatis mutandis.
We begin with a general result concerning the finite forward difference of the r.h.s. of the Euler-

Lagrange equation. Taylor’s formula gives us some vector ((p,...,Cx—1) such that

Ds(c*) (al})) = D [(c*)"(g) 5a§.j;3} . (3.2.6)
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Here D denotes either Id for the first, and § applied at i — 1 for the second principle. (; is some point
) ond o™
ik AN G -

The proof will now rely upon assuming that we are at i such that 5m§n) > 5m§") for all j (or 521,2(”) >
6295;-“) for all j), proving a suitable upper bound for (5.%‘1(-”) which then carries over to all x;n).
The first maximum-/minimum principle is achieved by the calculation (remember, ¢ is the finite

forward difference w.r.t. i)

between a

k
(5(11(.’7;2 =6 |oul(62™) = v/ (&™) — hy, Zwl(xl(-n) — xgn))
j=0

k
= 620, (62) — 6/ (2™) — .2 Z sw' (2™ — x;n))
=0

<0—v"5z"™ — w"5(™

= (" +w)ox"

where we used the monotonicity of u/, which translates the maximum of 63:5") in 7 to a maximum of
u;(éxz(-n)) in 7 and therefore its second symmetric finite difference is not positive. Furthermore the
positivity of 61‘5”) was used to estimate the terms involving v/ and w’.

Let’s consider again and we see, that if v/4+w” > 0 we can estimate —(c*)"(¢) (vi”—i-wi”)éxgn) <0
and if it is not, then we arrive only at —(c*)”(¢) (vi”—l—wi”)&z:l(-") < —W(ﬂ+ﬂ)6m§"). Recall, that (c*)”
is only finite, since we have bounded ¢’ away from zero in Assumption So let us define accordingly

R =

0 v +w’">0
()" (" +w") v’ +w' <0.
Plugging this back in (3.2.6) and using 0 < (c*)” < (c*)" < oo, we arrive at

szl™ — §z(nY

T

< —RK1 (ngn)

and therefore, for every j € {0,...,k — 1} we have

eE”c?xg.n) < eEchle(.") <(1 +ET)53:£”) < J:En_l) < maxa:gn_l)
J

which is the estimate we wanted to show.
The second maximum-/minimum principle can be shown similarly. But the terms will cause more

work which is why we will split them up in this calculation.
Again we begin with assuming that 7 is such that 52x§") > 6%;") for all j and, since otherwise nothing

is left to show, we assume (521'1(“) > (. By linearity, we have three terms to consider.
The internal pressure term can be dealt with as follows. Consider

(c)"(G) (Bl (02™)] = Sl (02)]) + (€)"(Go-r) (STut(02™))] = Ofut. (32{",)])
h3 '

We will show that the terms in the big brackets are smaller than zero and we will carry out the calculation
representatively for the left one.
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n)

By the assumptions on 62z ( we know 69601) > 533(”) Consider the following two cases

If (5:105_7_)1 > §x(n) then 6%z (+1 > (0. We can then apply Taylors theorem to receive

Sl (528 — ul (52™))] = u (&)%), — u!/(Gior) 6%t

(n)

where & > x> &;,_1 and therefore, by monotonicity, u”(¢;) < u”(Ci—1). Consequently

u? ()82l — u(Go)o%el™ < ul(Gion) (6%l - 6% <o

by our assumptions on 6%z (n and u” > 0.

Now if 5x("1 < 63:( m) thm implies together with 5x 1 < 53: ) and by monotonicity of u/,

ul (32)) — 20l () + ul (2

ol (62(")] = olul (0] = .

<0

right away.

Since (c¢*)” > 0 the internal pressure term is taken care of.

Concerning the external potential term, we have to make use of a discrete version of the product rule
of differentiation. We receive

8 ()" (G0 (@)] =8 [(€)" (G v (Gr)oal)
=5 [(e")" (G (Gimn) | da™
+(€7)(Gm)V (Gia) 0%y
> [(c*)"v") 62 + () - v" 8%z .
Here we used the lower bound on (c*)”” which leads to the finiteness of [(¢*)”v"’]" by means of product
rule and the bounds from above and below for (¢*)” and v respectively where we assume for the moment
that v/ < 0 which will be explained later on. Especially the usage of the latter bounds depend on our

assumption 5%5") > 0.
Finally, basically the same calculation as the one above leads to the bounds

5 ()" (i 5hk2w M el > ()W) 6™+ () w82

The main difference between the calculation concerning v and w is that we have to pull out Ay and the
sum by linearity first and note that the x§ m)
sum cancel out by definition of hy.

We define Ko and K3 as

1 are removed by the estimates on w as well as h;, and the

Roi= () (v + ')
Eg = ([(c*)/lvll]l + [(C*)”WN]/ ) .

with the modulation that for j = 2,3 &; is replaced by 0 if it is positive.
This explains the assumption on v’ above, since we can carry out the calculations above for v and w
together and then the particular part of v/ above will be played by v/ + w”.
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We plug these results together to arrive at

52z{™ — 2z

< —E252.’E§n) — Eg(sl'gn)
T

which can be rewritten as

(1+ TEQ)(SQl'En) + TE3§$Z(”) < (52335”_1) . O

3.3 A priori estimates

Note that the calculations below are more general than needed in the case of ¢ € C3(R). For these results
c € C%(R) suffices. In that case, we could simply retreat to the known consequence of the optimality of
®(7;x(» 1 x() in comparison to ®(7;x™~ Y x(»=1) which leads directly to

7T (x™ xn ) < gx(x(nh) — X (x| (3.3.1)

With this we can achieve basically the same Holder type inequality as below. Furthermore the second

minimum/maximum principle implies uniform bounds on al(.’rz)‘ and ‘(c*)' (ag’?) independent of N, k as

in Lemma[3.23 with p,p’ = cc.

3.3.1 One time-step

The special structure of x(™) as a minimizer of the functional £* penalized with some distance allows us
to estimate the distance covered in a step x("~1 to x(") in terms of the descent in energy EX(X("_l)) to
gx(x(n)).

Proposition 3.20. Let x"~V ¢ Xi([a,b]) and x™) the unique minimizer of ®(r;x™~V ). Let us
furthermore treat the fluz-limiting cost as p = 2. Then

- ~ x(") 7‘%(”_1) X ((n—1) X (n)
Thi Y € S oY) - e ™) (3.3.2)
1=0

holds.

Proof. We begin with the system of equations we received as our Euler-Lagrange equations in Lemma
5. 1)

K2

K2

x(-n) — x(-nfl)
hic' <> = (VUX(XW)) - (VVX(X<">))

T 7

- (V)

(n—1) (n))

multiply it by (z; —z; ') and sum it up over ¢ to receive by the convexity of £ which was established

in Remark[3.9

k L) (n=1)
Thy E cl| +—*+—1| = <v€x(x(n))7x(n) _ X(n71)> < gx(x(nfl)) _ gx(x(n)) ) 0
T
=0
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3.3.2 Multiple steps and the Holder type inequality

A corollary of Proposition[3.20is the corresponding inequality with several time-steps.

Corollary 3.21. Let m; < mgy be two integers in {0,...,N}. Let x'™) € Xy([a,b]) and x™ for
n € {my,...,ma} be a sequence of recursively defined minimizers of ®. Under the assumptions of

Proposition[3.20 on T the inequality

k n) (n 1)
Z e ( > < EX(x(m)y — gx(x(m2)) (3.3.3)

n=mi+1 i=0

holds.
Proof. This is a direct consequence of summing up the inequality in Proposition minding the
telescopic sum on the r.h.s. . O

With this estimate at hand, we can show the following estimate that will ultimately give us in-time
compactness.

Proposition 3.22 (Holder-type estimate). Let mq, mo and T be as in the corollary above. Let furthermore
t1 = mi7 and to = ma1. Then
’ 1 1/
h Hx<m*1> — x(m=2) H < (ty—ty + 1)V —— (5*(x<0>) - Ex(x(N))> " (3.3.4)
P Va

Note that the expression £X(x(0)) — £%(x(N)) is positive can be bounded from above uniformly in T and
hy by

sup EX(x(0) — g
k

since supy, EX(x(0) is assumed to be bounded and EX is bounded from below.

Proof. The proof relies on the Holder-inequality as well as the multiple-steps-inequality above. We receive

mo
thxW*l)—x(m*?)H 20 L xm _ xn-1)y
p n=mi+1 T p
ma 1/p’ ms 1 » 1/p
< L) _ (n-1)
_< Z T) (Thk Z 7_(x X )
n=mi+1 n=mi+1 p
(g :c<” D\ \ /7
(tg—tl—l—T)l/p —Thk Z Zc
n=mi+1 i=0
1/p
<ty — 1/p' % (x(0)) _ g% (x(N) ,
(ty —t1 +7) %(5( ) — £%(x )) O

Finally we want to bound the r.h.s. (c*)’ (a(TL)) and its argument al(-’r,;) of our Euler-Lagrange equation.

Lemma 3.23. Let 7, N be constants and x\™) be a sequence as in Corollary|3.21, Then

<7L)

oW < /B <sgp5x(x(°)) 5")

n=1 i=0

N k—
1
h ’ (”)’<7 x((0)) _ eox
TkE =< sng(X)L

1
n=1 =0

holds.
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Proof. Since by assumption ¢(s) > a|s|[” we receive by Euler-Lagrange equation the bound

k (n) (n—1)
Thkzz ‘ ak ‘ §7'th2 ( -z ><suP5x( (0) £
n=0 i=0

n=0 i=0

right away.
On the other hand, using the Euler-Lagrange equations and ¢(s) = sc/(s) we see

(n) (n—1) (n) (n—1) (n) (n—1)
n n Ly — & Ly =X RS
o) (") () = ( : ) : :c< - )

N k-1

TthZa (e )<sup5x( 0y —gx.

n=1:=0

which bounds

|s|p/. Applied to our case this

The assumption sc’(s) < 3s|” implies the upper bound s(c*)'(s) >
yields

1
=73

"B (St}ip £*(x) - 5") O

3.4 Convergence of the approximate solution

The limits that are ultimately important for us are the limit of the two sides of the Euler-Lagrange
equation for our approximations, stated in . The Lh.s. is an easy task, whereas receiving the limit
of the r.h.s. will be most of the remaining chapter. The reasons for this are first U is a non-linear
function applied to A and we do not have enough compactness to pass with the limit of A through
this non-linearity. This section will only find the limit of A; and state that U has some limit U, which
will identified in a subsequent section by means of the so-called Browder-Minty trick, a monotonicity
argument.

3.4.1 The approximate solution

The approximate solutions of our PDE ({3.1.1)) will be introduced next. To that end, let IZ.%) :[0,T] x [0,1] —

R with ZU% (£,€) = L((n-1)rnr)) (D Lie, €01 €).

Let 74, hi, > 0, x(©) feasible initial data and x = (l‘gn))ne{o ,,,,, ~y the sequence recursively defined as
i€{0,....k}

minimizers of ®(r;x(™=1 ),
Though it is notational heavy, it will abbreviate some definitions, so let us furthermore define the
map P mapping a sequence y = (yl( )) neto,....ny to the corresponding quantile functions
ie{ kY

k-1 N

Xy(t,6) =Blyl(t.&) = > > yMT ¢,

=0 n=0
Then we define the approximate solution to our (3.1.1)) in terms of quantile functions as

k—1 N

Xi(t,6) =Bt €)= 33 M (8,6) . (3.4.1)

i=0 n=0
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Furthermore let us define the approximate first and second spatial derivative of X} as well as the approx-
imate first temporal derivative and the argument of the r.h.s. and its argument of the Euler-Lagrange
equation

e Xk (t, ) = P[ox](t, &)

2 Xk (t,€) = P[6*x](t,€)

0 X (t,§) = Blo-x](t, &) (3.4.2)
Ap(t, §) = BlAKJ(L,€)
Vi (t,€) = (") (Ax(t,€))

where Ay := (aET,?) nefo...ny, c.f. (3.2.4) and Yy, is the approximation of the velocity U in our transport
? i€{0 k

equation reformulation (3.1.14)), hence the notation.

If the vector applied to B is too short, as is for instance dx, then the value at the missind indices is
to be taken as zero.
3.4.2 Restating the results

We will recap some results from Section & in terms of our approximate solution Xj.
The Euler-Lagrange equation reads as follows

0 Xi(t, §) = (") (Ax(t,€)) - (3.4.3)

Anticipating the convergence results below, we can say, that every subsequence possesses a subsubse-
quence together with limits of the left and right hand side 0; X, and U, such that in the limit

X, =2, (3.4.4)

holds on (0,7 x (0, 1).

Furthermore, the maximum/minimum principles imply the bounds
0< M, <0eXp <M; <o0 (3.4.5)
—00 < M, < 67Xy, < M2 < o0

where the different M do not depend on k.
X, is approximately Holder continuous, that is to say

Xt ) = Xilta: )y < (1 = tol +70)” \/z (%) - £xx™) 7 (3.47)

holds for all ¢y,¢; € [0,T]. Note that {/2 (£¥(x(?) — EX(X(N)))l/p does not depend on k.

3.4.3 Convergence results
Some convergence results can be received right away.

Lemma 3.24. We have, up to the extraction of the same subsequence in each case, the existence of
an increasing X, : [0,1] = R and the following convergences for k — oo where ¢ = p or q € (1,00),
depending on the regqularity assumption of c.

1. Xj — X, w.r.t. strong LP((0,T) x (0,1))-topology and X. € WH4((0,T) x (0,1)).
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0, X = 0 X, and 0¢ X, — 0: X, w.r.t. L4((0,T) x (0,1)).
Ay lies in a subset of L' ([0,T] x [0,1]) that is compact w.r.t. the weak topology.

Uy, lies in a subset of LP([0,T] x [0,1]) that is compact w.r.t. the weak topology.

Proof.

1.

3&4

X}, is uniformly bounded in L4([0,T] x [0,1]) for every ¢ € [1, oc], it has a subsequence that weakly
converges to X,. By the result stated in 2. together with Proposition |[3.11] we arrive at strong
convergence in LP((0,T) x (0,1)). In turn we can use a pointwise convergent subsequence together
with the uniform bounds to receive strong convergence in LP((0,7) x (0,1)) for each p € [1, 00|, as
well as X, € WH4((0,T) x (0,1)).

By the Euler-Lagrange equation above (3.4.3) and with the uniform LP([0, 7] x [0, 1]) bound on Uy,
from Lemma we see that 6, X lies in a set that is compact w.r.t. weak L?([0,T] x [0, 1])-
topology.

The sequence ¢ X, on the other hand, is uniformly bounded in L9([0,T] x [0,1]) for every ¢ €
[1, o0] by the maximum-/minimum principle, implying compactness w.r.t. to weak LI([0,7T] x [0,1])
convergence.

Now using Propositwnwe receive that the limits of ¢ X, and d, X}, are in fact the corresponding
weak derivatives of X,.

These are both direct consequences of the uniform bounds found in Lemma together with
N k-1 p/
v _ (n)
”AkHLP/((O,T)x(O,l)) = Thi Z @ik
n=1 3=0
N k-1 »
||€vk||z£p((07T)><(07l)) = Thy Z ‘(C*)/(G‘ETI?) .
n=1 =0

Indeed since we have these uniform bounds and p, p’ # 1, 0o, Banach-Alaoglu yields the results. [

Strong convergence of J¢ X,

Lacking pointwise convergence in 6¢ Xy, we cannot conclude strong convergence of this sequence imme-
diately. It will be the result of this subsection to establish this convergence.

3.4.4 Strong convergence of d; X},

To achieve strong convergence of §: Xy on [0,T] x [0,1] we will make use of Theorem which will
basically consist in three steps. First we will choose suitable § and g such that Definition [2.1]is met and
then we show that the preliminaries of Theorem[2.5 are fulfilled. Finally we conclude compactness of our
piecewise constant curve and then improve the compactness by the estimates we have already established.

We will use the definition of the set of functions of bounded variation on an open set 2, BV (€2) and
of the total variation Var(f,2) of such a function as was introduced in [17].
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Tightness w.r.t. §

Consider the functional § : L1([0,1]) — [0, oc] defined as

s {01 <)

Lemma 3.25. The functional § defined in (3.4.8) is normal and coercive in the sense of [45, (1.7 a-c)]
Proof.

1. normal: Var(-,(0,1)) is lower semicontinuous w.r.t. L!-convergence [21, Thm. 1.9].

2. coercive: Consider A, := F((—o0,¢]). By definition of §, A. C BV ((0,1)) and the BV-norm
of elements of A, is uniformly bounded by c. Consequently, by [21, Thm. 1.19], A. is L'((0,1))-
strongly compact. O

The above lemma makes sure that § is suitable. Now we show that §¢X}, is tight w.r.t. 3.

Lemma 3.26. Our sequence 6¢ Xy, is tight w.r.t. §, that is to say

sup/ F(0e Xy (t,-))dt < oo . (3.4.9)
keN

Proof. We begin with

T T
| st dt= [ VarGexae. ), 0,1))de
0 0
Ny,
=T Z Var(d¢ Xi(n1s,-),(0,1)) .

n=1

Now note that for every t € [0,T] we have that Xj(¢,-) : [0,1] — R is a piecewise constant function and
therefore its total variation can be calculated as the sum over the modulus of the jumps. This gives us

Ni k—1
Tk ZVar 0e Xy (nTk, ), (0,1)) _TkZZ‘ézz(i)l (n)
n=1 i=0
Nk k—1 (’I’L)
5m2 —dz;
S 3 ony |
= =0

Now our goal is to utilize the estimates concerning al(.? from Lemma To that end we see that by
maximum-/minimum principle, positivity and monotony of u”/ we receive a D > 0 such that we have the
lower bound

(53:5?1 dx gn) < D |u (62"

) - (5"
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Incorporating this estimate we arrive at

T Ny, k—2 5x(n1 S (71)
/ S((Sng( dt—TkthZ it G
0 n=1 =0 k
Ny, k—1 u’ (s (n))_u/ (517(”))
<DTkthZ LA
=1
N Ny,
<DTkth ‘+szhk "))‘
n=1
Nk
+DTkthth Q‘W n) :L';n))’ .
=0 7=0

Now the first sums are bounded by Lemma and the second sums are by continuity of v/ as well as

w’ together with the bounds on xl(-n).

This shows the sought for bound and therefore §: X}, is tight w.r.t. §. O

Equiintegrability w.r.t. the pairing g.

Now let Y € L([0,1]). Then we can define I[Y](§) := a + f(f Y (¢) d¢ where I[Y] € Wh1((0,1)).
Next we consider the functional g : L?([0, 1]) x LP(]0,1]) — [0, 00) defined as

&(V, 2) == |11Y] ~ 11Z)l s oy - (3.4.10)
Then the following lemma holds
Lemma 3.27. g is lower semicontinuous w.r.t. strong LP([0,1]) x L?([0,1]) topology.

P N ~ ~
Proof. Let Y} M Y and let Y = I[Y;]. Then Y;(0) = 0 and 0;Y}, = Y. This already implies that

Yy PO, ¢ yhere ¥ ¢ WLP((0,1)) with 8,V =Y.

Now consider two sequences Yy, Zj, converging in LP([0,1]) to Y and Z respectively. Then I[Y}] —
I[Zy] = IYr.—Zy]—a converges in LP([0,1]) to I[Y —Z]—a and the L ([0, 1])-norm is lower semicontinuous
w.r.t. LP([0,1]) convergence. O

Finally we show the equiintegrability w.r.t. g.

Lemma 3.28. The sequence 6: X, is equiintegrable w.r.t. g, that is to say

T—r
lim sup/ g (0eXr(t+7),0eX,(t)) dt =0. (3.4.11)
™0 keN
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Proof. First we establish an estimate concerning I[0¢ X] and Xj. Let t € [0,7 — ] and j(&) = [£/dx]

t+7)] — [[§5Xk(t)]||L1([0,1])
1

[[1[0¢ X,

—~

£
/ Se X (t 4 1.C) — 6eXp(t, ) dC
0

I
S—

dg

) . 13
Xi(t+r, 88y - X2, 280y /(5)/’f Se Xp(t 47, C) — 0 Xi(t, ) dAC
J

Il
S~

dg

k k

IN
S~

Xt v, 1) — Xu(t, 1) de

1
hi Jo

<Xkt +7) = Xl g1 )

1 rg . . . .
/ o [ Xt + 7, ) = Xt 7, 89) - (X (e, 2 - Xt 249)) ac| ag

DXk B = Xt EE | + (Xt + 7, 3) — Xi(t, 1)) /d o d¢
Jj=0 Jak

<3 Xk(t+7) = Xl 10,1 -

Together with the Holder-estimate from Proposition [3.23, this yields, for some constant C' such that

T—r T—r
lim sup / & (5 X (t + 1), 5e X () dt = lim sup / 186Xt + 7)) = T X (O]l 1 0.1y
™0 keN Jo ™0 keN Jo ’

T—r
pr— 1. -
3T1<%i1€1§/0 [ Xkt + 1) = Xl £1 o,17) At

T—r
< 3lim sup/ rV/PC dt
™0 keNJo

= 3 lim sup r/?(T — r)C
T\OkeIN) ( )
=0

holds, proving the claim. O

Strong convergence

Proposition 3.29. The sequence 6¢ X}, is sequentially compact w.r.t. strong Lp'((O7T) x (0,1)) conver-
gence.

Proof. This will be an application of Theorem Note that ¢ — 0 Xj(t) is a sequence of LP([0,1])-
valued functions. The functional § is normal and coercive in the sense of Definition [2.1] as was shown in
Lemma|3.25and Lemmal|3.27shows that the substitute distance g satisfies the joint lower semi-continuity.
Additionally, our sequence is tight w.r.t. § and it is equiintegrable w.r.t. g which was shown in Lemma
and Lemma respectively and therefore the preliminaries of Theorem are met. All that is
left to show is the compatibility of g with §.

To show the compatibility, let Y, Z € L'([0,1]) with F(Y),F(Z) < oco. Then |[I[Y] — IZ)\ 2oy =0
implies that I[Y] = I[Z] a.e. and consequently Y = Z. So Theorem is applicable and we receive a
subsequence of ¢ X} that converges in measure as a curve d¢ Xy, : [0,7] — L'([0,1]) to some limit curve
Y.
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Furthermore, since d¢ X}, is dominated on [0, 7] by the maximum-/minimum principle, we can enhance
this result, possibly by passing to a subsubsequence, to strong convergence in L¥ ([0, 7] x [0, 1]). O

Finally we have to establish a connection between the cluster points of §¢ X} and X, the limit of Xj.

Corollary 3.30. §: X} converges strongly w.r.t. Lp/([O,T] % (0,1)) to 0¢ X, the weak spatial derivative
of X,.

Proof. We already know that this sequence converges weakly to this limit, so the uniqueness of the limit
proves the claim. O

Since we will need it later on, we state here, that the strong convergence of 6¢ X}, can be carried over
the non-linearity of u, and u’, to receive the following result.

Corollary 3.31. Every subsequence of 0¢ Xy has a (unrelabeled) subsubsequence such that u, (8¢ X)) —
(0 Xy) and ul (8¢ Xy) — ul(0¢X,) in LP([0,T] x [0, 1]).

Proof. Since 6¢ X}, converges strongly, it has a subsequence that converges pointwise and by continuity,
this pointwise convergence carries over through u, and u’,. Now we see that the dominated convergence
theorem yields our claim. O

3.4.5 The limit of A;

In this part, we will show that the limit of Ay, is indeed unique and equal to O/, (O X (¢, €))—v' (X (¢, £))—
1
2 fo W(Xu(t, ) — Xu(t,€)) dC.

By the consideration above we will consider the u/, summands and the summands including v/ and w’
separately, by means of

ul (0 Xp (8, & + hp) — ul (6 Xp(t,€)
hi

- (VI(Xk(t>§)) + 2/0 W/(Xk(t7€) - Xk@?C)) d<>
: Zk(tvg) - Ak(t7£) .

Ak(taf)

To avoid ambiguity: Ay, corresponds to the quotient of v/, and A, to the brackets with v/ and w’'.
Proposition 3.32. We have the following convergences

1. A, converges w.r.t. L((0,T) x (0,1))-norm, where q € [1,00), to its limit

1

A1) =V (Xa(1,6)) +2 / W (X (1,€) — X, (£,)) dC .

0

2. Ay, converges w.r.t. to weak L ((0,T) x (0,1)) topology to the limit

Proof. To abbreviate w'(Xy(¢,£) — X (¢,¢)) in this proof, we will simply write w’(X — X%).
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1. By a standard argument, v/(X}) and w'(Xy — Xj) converge strongly in L9((0,7") x (0,1)).

Indeed since X}, converges strongly in L'((0,7) x (0,1)) as was shown in Lemma it converges
pointwise to X, and consequently, by continuity of v/ and w’, v/(X}) and w'(Xx — Xj) converge
pointwise to v/(X,) and w' (X — X} ) respectively.

Combining this with the dominated convergence theorem, the uniform bounds on Xj and the
continuity of v/ and w’ we arrive at the sought for strong convergence for v'.

We also know by strong convergence that we have pointwise convergence of the map

£ /0 W (Xi(t,€) — Xu(t,0)) d

to the corresponding limit.

Now using the dominated convergence theorem again, we arrive at the strong convergence for the
w'-part of A, too.

2. Since both, Ay and A, converge at least weakly w.r.t. L' ((0,T) x (0,1))-topology, Ay = A — A,
converges in the same way, too, and is therefore bounded in L? ((0,7T) x (0, 1)).

So we have on the one hand, by Banach-Alaoglu, the weak convergence of the finite forward dif-
ference of uf,(6¢X%) and on the other hand, we already know u/ (0 X}) converges to u’ (d¢X.) by
Corollary Applying Proposition now takes care of identifying the limit. O

3.5 Identification of the non-linear limit

In the preceeding section we have established some convergence results for Xy, 0¢ X%, Ax and Uy, some
only up to subsequences. In this section we assume that X} etc. are already non-relabelled subsequences,
such that all of the above convergence results hold. In particular, since Uy lies in a compact set w.r.t.
weak LP((0,T) x (0,1)) topology, we can assume it to converge to a limit J.,.

So far we have shown that our Euler-Lagrange equation admits a limit, but the limit of the r.h.s. is,
by nonlinearity of (c*)” still not identified. To identify this limit and therefore receive our IDF X, (¢) as
a weak solution of in terms of IDF we will make use of a Browder-Minty argument.

We want to sketch the argument first. Let x; — =, and let f some nonlinear, monotone function. We
suspect f(xr) — f(x.) but the convergence of zy is too weak to receive this result right away. Instead
we only know f(xy) converges to some y. Now the Browder-Minty argument considers

0 < {(flag) — fze —e2), 2 — (s — £2)) (3.5.1)

which holds by monotony of f for every e > 0 and z in some set Z. If we can show

limsup (f(zr) — f(axx —e2), 2, — (v —€2)) < (y — f(xs —€2),€2) (3.5.2)

k—o0

we can establish y = f(z.) as soon as ez converges for € \ 0 nicely enough to imply f(z. —ez) = f(x.).
Indeed we can in that case divide the inequality

0<(y— flo. —ez),e2)
by e and let € N\, 0 to receive 0 < (y — f(z4), z) which already implies

O:y_f(x*)
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if Z is big enough.

In our case the role of f, x and y will be played by (c*)’, A and U, respectively. Z will be specified
later on.

The monotonicity inequality we want to consider will be

0 < (") (Ak(t, €)) — (") (Ax(t, €) — e (€)))(Ar(t, §) — (Au(t,€) — e¥(€))) (3.5.3)

where € > 0 and ¢ € C*°([0,1]).
Since the above inequality holds for every (¢,€) € (0,7) x (0,1) we can integrate it weighted in time
with some non-negative u € C2°((0,7)) and making use of the abbreviation Uy, to arrive at

T 1
0< /0 /O (Vi (1,€) — () (A (1,€) — £(©))) (Ar(.6) — (Au(t,€) — ch(©))u(t)dedt  (3.5.4)

which will be our specific instance of -

In order to prove the limit (3.5.2), we will expand the expression. Expressed in terms of the sketch
of the argument, we will show limsup, (f(zk),zr) < (y,x«), Uminfy (f(x. — ), xx — (xe —etp)) >
(f(ze — ),z — (x4 — &) and liminfy, (f(zg), 2. — ) < (y, z« — €tb) in this order. Plugging together
these results and using subadditivity of the limsup then shows the sought for estimate (3.5.2)) or in our

particular instance

T 1
lim sup/ / (Vi(t,€) — (") (Ault, &) — ev(§))) (Ar(t,€) — (Ai(t,€) — erp(§)))u(t) dE dt
k—o0 0 0

T 1 (3.5.5)
< / / [0.(1,€) — () (Au(t, €) — e(€))] ctp(€)ult) dE i .
0 0

3.5.1 lim Supg <f(xk)7 iCk> < (y,x*>

This part will be singled out, since it includes the most work.
We begin with splitting up A = A — A,

T rl
/0 /0 (£, ) Ar(t, ©u(t) dE dt
T 1 - . )
:/ /ij(f,E)Ak(tvf)u(t)dfdt—/ /mk(t’f)ék(t,ﬁ)u(t)dgdt.
0 0 ) ;

The second integral can be treated easily, since 4, — A, strongly w.r.t. LP ([0,T] x [0,1]) by Proposotion
Together with the convergence of U from Lemma we receive a subsequence with

lim//%ktgAktﬁ t)dédt = //Q]tf Lt Ou(t)dedt
k—o0
right away.

To deal with the remaining integral will require more work. Indeed we will have a product of two
weakly converging sequences, which, without further structure, can not be expected to converge to a
limit.

We begin by applying the Euler-Lagrange equation (3.4.3)) to the integral to receive

/ / B (1, €A (1, €)u(t) de dt = / / 5, X (t, €) A (t, E)u(t) A dt .
0 0 0 0
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From here on, we will rewrite this integral by using its piecewise constant structure. The result will then
be subject to summation by parts, a convexity estimate and again summation by parts and we will arrive
at a integral which has a limit we can receive by the convergences we attained in the last section.

We begin with exploiting the piecewise constant structure

T 1
/0 /0 0- X (t, €) Ak (t, )u(t) & dt

/ /1 Nk 00 D) (500 (52 0 (¢, €)u(t) de dt

Tk by

n=1 i= 1
N k=1 (n) _ (n Dl (6 (N))_ a0 (n) nTk
x; ul, (8z; )
= hy, : / u(t) dt .

We will abbreviate the integral in the last line as Z := f{;ffl)m u(t) dt.

Now we apply summation by parts w.r.t. i, a convexity estimate and summation by parts w.r.t. n to
receive

— L hiZ,
n=11i=1 hk Tk
Ny k—1 ( )—6 (n—1
A Y2l
n=1 i—1 Tk
Ny k—1 (n—1)
g 72 U* (5$Z )th::
n=1i=1
Ny k—1
Zu _Zu
IR
n—=1i=1 Tk
T p1 Nk k 1
n t
S0 (52T (1, 6) (t+7) —ult) g g
T
0 n=111=1 k

where the inequality is justified by the convexity of u,.

Now as was shown, u,(d¢ X)) converges strongly to u,(0:X.) and since uv € C°((0,T)) the difference
quotient converges uniformly in k. Consequently we receive in the limit

lim// (0 X0 (t,€)) (HT‘“) ult ) = ul) g gy = // (0 X, (¢, €))Opu(t) dE dt .

k—o0

Now we would want to get the partial differentiation w.r.t. ¢ back to the u, again to receive by chain rule
a possibility to get our U, back. Unfortunately the expression u.(d¢X.) does not have enough regularity
to allow for that.
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But we can help ourselves by undoing the limit of just the difference quotient again. We receive

/ / (8¢ X (8,€))Dyu(t) dE dt = hm/ / (e X (1,6) = ( ulh) = ult =7k ¢ gy
= lim —/0 /0 e X (0 +T’“iz_L"*((SEX*‘(t’‘5))u(t)dgdt

k— oo
: Tt e X (t + 71, €) — 6 X, (1, €)
< lim /0 /0 L (5 X (1, €) - u(t) At

where we used summation by parts w.r.t. n disguised in t + 7, and convexity of u,.
Now since u/, (8¢ X (¢, €)) is weakly differentiable w.r.t. £ for every ¢ € (0,T) we can integrate by parts

to receive
T 1

k—o0 Jq
= lim/ /agu (0e X (t,€)) (+T’“’5)_X*(t’5)u(t)dgdt.

k—o0

Note that X.(t + 7,0) — X,.(¢,0) = X (t + 7%, 1) — X.(¢t,1) = 0 for every ¢ by construction of X and
the pointwise limit.

Finally we recall that deu’, (3¢ X.(t,€))u(t) € LY ([0,T] x [0,1]) and X. € WP((0,T) x (0,1)), so
the temporal difference quotient of X, converges at least weakly in LP((0,7") x (0,1)) to the equation
0: X . = 0, which holds in the sense of LP((0,7) x (0,1)) and which legitimises the last step

lim/ /agu (0e X, (£,€)) (t+Tk’§)_X*(t’£)u(t)d§dt

k—o0

:/o / Deu. (0 X (1,€))B. (1, €)u(r) d€ di .

3.5.2 liminf (f(z, — ),z — (z. — e0)) > (f(xs — v),e0) & liminf (f(zy), x« — ) >
<y> Ly — 5@

The inequality we want to show next is

lim inf / / A(t,€) — () (Ar(t, ) — (At €) — £b(£))) dE dt

k—o0

/ / A(t,€) — =0(€))e(€) g dt

Basically all of the work has already been done in the preceding sections, so all that is left to do is plug
them together to receive the above inequality.

Note that we receive the sought for result not only in the liminf but actually in the limit. Recall A
converges w.r.t. L ([0,T] x [0,1]) weakly to A, (Proposition . So we have established the sought
for inequality as equation for the limit as soon as we can show (c*)' (A, —ey) € LP([0,T] x [0, 1]).

[r[77 > |(c*)/(r)] by means of (c/(s))"" = (c*)'(s).

The assumption a|s|” < sc(s) implies p}%/&
With this estimate we receive

T 1
/ / @ (409 = (@) dat < 5oz [ [ 1At - vl agar
1 /
- ra A 7€w||ip'([0,T]><[O,1]) :
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Now since v is a test-function, ||A. — 5ngP/([O,T]><[O,1]) < 00 and consequently (¢*) (A.—ev) € LP([0,T] x [0,1]).

The final inequality we will show to identify the limit U, of Uy, is

T 1 T 1
lim inf /0 /0 Wi (1,€) (AL (1) — eb(€)) de dt > /O /0 W, (1, €) (AL (1, €) — etb(€)) de i

k—oc0

Lemma which states Uj, — U, weakly in LP([0,T] x [0,1]). Again we receive the sought for limit
inferior estimate as an equation for the limit since we already confirmed that A, —evy € L? ([0,T] x [0,1]).

3.5.3 Identification of the limit U,
Plugging together the above calculations we arrive at (3.5.5)). Combining this with (3.5.4]) we receive

T 1
0< / / 90, (1,€) — () (A (1, €) — e(€)] e(E)ult) dé d
0 0

which holds for every ¢ > 0, uw € C°((0,T)) with u > 0 and ¢» € C2°((0,1)). Dividing by € > 0 and
exchanging 1 <+ —1) we receive the equation

0= /OT Al[”*“@ — () (Au(t,€) — e (€))](E)u(t) dE dt .

Finally we send £ \, 0 and receive, since €1 converges uniformly to zero for € \ 0,

T rl
0:/0 /Om*(t&)—((:*) (At )P (Eu(t) g di

which then implies

3.6 Solution of our PDE

We will consider, as with the cost functions, two cases. The one corresponding to cost defined as in
Definition [3.1, which will be dealt with first, and cost defined as in Definition [3.4 which will need a
regularization argument made possible by our second maximum-/minimum principle will be dealt with
thereafter.

3.6.1 Solution of our PDE

We will now show that the limit X, is indeed a solution to our PDE in terms of IDF, that is to
say it satisfies a weak formulation of (3.1.23).

To that end we have to show that X.(¢) is an inverse distribution function for every ¢ € [0, T], that is
to say that it is non-decreasing and X, (¢,0) = a as well as X.(¢,1) = b holds for all ¢ € [0, T].

Consider the sequence X (t) for some ¢t € (0,7). By construction of X(t), we know X (¢) is non-
decreasing and that X (¢,0) = a, Xj(¢,1) = b holds, so X () converges pointwise to X, and the limit is
again non-decreasing. Furthermore, X, (t,0) = a as well as X.(¢,1) = b holds, too.

We have to show that the initial data are assumed X, (t) — X for t — 0. To that end, we will show
that X, is Hélder continuous as a curve in L'([0,1]). This will be a consequence of Comllary
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Indeed, written in terms of X, this inequality reads, for every ty,ts € [0,T] as

1/p
||Xk<t1>—Xk<t2>||Lp<[o,TD<|t2—t1+m|“”{f (X —ex) ™

Now we know on the one hand, that X} (¢) converges strongly in L*([0,1]), and that £ (X,go)) is bounded.
This implies in the limit the following inequality for every t1,to € [0,T]

X (t1) = X (t2) | 1o 0.7y < Clt2 — ta]'/?

for some C' > 0. So our limit curve X, is 1% = ijl—Hélder continuous as a curve in LP([0, 1]).

In particular this implies limy o X.(t) = X(© in the LP([0,1]) sense.
Finally we have already shown that X, is a weak solution of the PDE corresponding to (?7?) in terms
of IDF, or more explicitly we have shown that for every ¢ € C2°((0,7) x (0,1)) the equation

T rl1
7/0 /X*(t’f)atsﬁ(t,f)d{dt
/ / (% e *(t’g))_/01W’<X*<t,s>—X*<t,<>)d<) p(t,€) dé dt

holds.

3.6.2 The flux-limiting case

To prove Theorem [4 we will show that, given the prerequisites of Theorem [4 the flux-limiting cost
functions can be regularized to be actually p-Wasserstein cost without changing the minimizers of our

algorithm steps. The bound on (52x§f) we receive from Lemma will play the central role.

Let us assume c, x,(eo) are as in Lemma Then by the very same result, the bounds for §2x ko

hold for all 62Xk , too. As a first consequence, this yields finite bounds from above and below for a( k)

Indeed, by the properties of u, we receive

e [0 (5@, 5750w (5x©) |

if 02x(9 < 0 < §2x©). If it is the case that §2x(9) and 62x(9) lie on the same side of zero, one of the
bounds in the interval has to be replaced with zero.

Now since (c*)’ is monotonously increasing, we receive bounds for the discrete temporal backward
difference

My —2Mp — 1,

= (@) (al}) € [(©) (wExD)8xO) (&) (! (6x)52x ) |

Tk

again with the appropriate corrections if $2x(?) and §2x(©) lie on the same side of zero. So to summarize,
there are uniform bounds

C = (c*) (ug(éx(o))ézx(o)) >—v; and C:=(c*) (ul(éx(o))ézx(0)> <7

such that for every k,n our minimization problem in the algorithm can be narrowed down to a minimiza-

. (g1, — . . . . o
tion over x such that Lﬂi"h € [C, C]. This allows us in particular to regularize the flux-limiting
cost ¢ outside of [Q;“’ C'H} to satisfy Definition

This shows that the above results hold for ﬂux—hmiting cost as well, as soon as we have initial data
that satisfies the additional regularity assumption from Theorem
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3.7 Numerical experiments

3.7.1 Implementation

We perform the minimization of F : x — ®(7;x("~1 x) by a damped Newton scheme

pj = —HF(x;) "'V F(x;)
Xj+1 :Xj—f—hjpj, jZO,l,

for the gradient of F'. The choice of the step size h; in each step is realized by an Armijo-type heuristic,
i.e. we choose h; as the largest value from the sequence {1, %, i, ...} for which
x;+hip € (xeR" ! |a=2¢ <z < <y, :b,|xi—x£—n71)| <7},

i.e. such that the next iterate x;4, is still an IDF and has a well defined optimal transport distance in
the flux limited case.
A Matlab code for the following experiments is given in the Appendix.

3.7.2 Linear diffusion

We start with the case m = 1, i.e. the case of the Boltzmann entropy for the internal energy potential.
All experiments have been carried out with k£ = 1000 grid points and time step 7 = 0.01. Figs. and
show the evolution of an initial distribution with localized support over the time interval [0, 2] for
Wasserstein costs with p = 7, while Fig. [3.3] shows the same evolution for the flux limited case with ¢
given by , v=1.

In Fig. (left), we depict the Li-error of the computed density in dependence of the mesh size.
The error is estimated by computing the exact Ly difference to a reference solution on a grid with 10000
points, the same initial condition as for Fig. has been used. The experiments suggest that the error
decreases linearly with the grid size. To the right in this figure, the Lj-error of the computed density
(on a grid of 1000 points) in dependence of the time step is plotted. Again, we estimate this error by
comparing to a reference solution, here with time step 7 = 0.001. The result clearly suggests a linear
dependence of this error on the time step.

3.7.3 Porous medium equation

As a second experiment, we consider the case of nonlinear diffusion with m = % We choose p = % SO
that we obtain the g-Laplace equation with g = 12;?’1) = 2. Fig. shows the evolution of the densities

and the associated characteristics.

3.8 Auxiliary convergence results

3.8.1 Difference quotients and weak derivatives

(c.f. |20, Chapter 5.8.2])
Let fr, : Q — R be a sequence of real valued functions on a open rectangle Q2 € R?, 1, \, 0 a sequence and
let p € (1,00) as well as ey, ey be the canonical basis vectors. If fi is uniformly bounded w.r.t. LP and,

for some i = 1,2, §; fr(z) := Mlﬂrw(m) with Q. ; = {x € Q| x £ ee; € O} is uniformly

Tk

bounded w.r.t. LP(QY), then fr, — f« in LP(I) and 6; fi weakly, Ox, [« on Q.



44 CHAPTER 3. 1D LAGRANGIAN SCHEME

1.8 2
16} [~
—
% 14 = .
= 1.5}
A=t a
2 12t Y
- Y
g 1} ||
n | - +w 1
= 08¢ “ ‘
3 il
2 06 ‘J-M\I
=7 ﬂMM-Hﬂlll\\
= ! 0.5}
g lllllH-H‘i\lIl
g 0.4r lllIIIhH-\HIIlIIll
llllllilh\-ﬂﬂlllllll\\
llllllllll\H-IUIllllllll\
0.2 l‘lllllllllmu-l \IIIIIIIIII\\
; | mmnwm\ NN |
-4 -2 2 4 -4 2 4

T

Figure 3.1: Experiment: p-Wasserstein cost, linear diffusion. Left: Approximate densities u(t,-) at
t = 0.01-10%, k = 0,0.12,0.24,...,log;,(200), initial mass uniformly distributed on [-0.3,0.3]. Right:
the corresponding characteristics.

Proof. The uniform bounds of fi and J; f, in L? imply weak convergences of an (unrelabeled) subsequence
of fr, 0; fr to some limits f, : 2 — R and g : 0 — R respectively, in LP.
Furthermore, we receive for every € > 0, ¢ € C°(Q ;) and k big enough such that ry, < e

fk(a: + Tkei) — fk(x)

/ g(z)p(x)dr = lim o(x) dx
Qs k— oo Qe T'E
— _ lim / fk(x)¢(x — k&) — ¢(x) du
k— o0 Q. Tk
[ @l da
Qs,i
This argument holds for every € > 0 so the claim follows by uniqueness of the weak derivative. O

3.8.2 Strong convergence and Lipschitz-functions

Let fr, : Q@ — W be a sequence of real valued functions on an open 0 € R™ with values in some closed
W converging strongly w.r.t. LP(Q) for some p € (1,00) to f. : @ — R. Let furthermore g : R — R be
Lipschitz on W. Then g(fr) — g(f«) in LP(Q).

Proof. Strong convergence of fi implies uniform boundedness for every subsequence a subsubsequence
converging pointwise to some limit. By continuity of ¢ this carries over to g(fx) and said subsubsequences
thereof. On the other hand, fj being bounded in L? implies, by Lipschitz-continuity g(fi) being bounded
in LP and therefore, by the dominated convergence theorem, the pointwise convergence of said subsub-
sequences of g(fx) is actually a convergence w.r.t. LP. Finally, since f; converges to f.. all the cluster
points of g(fx) are g(f.), which implies the claim. O
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Figure 3.2: Experiment: p-Wasserstein cost, linear diffusion. Left: Approximate densities u(t,-) at
t = 0.01-10%, k = 0,0.12,0.24, ..., log;,(200), initial mass uniformly distributed on [—3, —2.4]. Right:
the corresponding characteristics.
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Figure 3.3: Experiment: relativistic cost, linear diffusion. Left: Approximate densities u(t,-) for t =
0.01-10%, k = 0,0.12,0.24, ... ,log;(200), initial mass uniformly distributed on [—0.3,0.3]. Right: the
corresponding characteristics (dashed: speed of light).
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Figure 3.4: Convergence analysis: relativistic cost, linear diffusion. L!-error of the inverse distribution
function in dependence of the grid size (left), and in dependence of the time step (right).
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Figure 3.5: Experiment: ¢g-Laplace (p = %, m = %) Left: Approximate densities u(t,-) for ¢t = 0.01 - 10¥,
k=0,0.12,0.24,...,log;,(200), initial mass uniformly distributed on [—0.3,0.3]. Right: the correspond-
ing characteristics.



Chapter 4

Entropic regularized relativistic heat
equation

4.1 Introduction

This chapter follows very closely the joint work of the author with Daniel Matthes [35]. The main
difference to [35] consists of the generelization of the free energy functional £ and therefore the family of
equations (4.1.1)).

4.1.1 General idea

In the field of numerical solution of transportation problems — like estimation of Wasserstein distances,
computation of barycenters, or parameter estimation — entropic regularization has been proven a versatile
and impressively efficient tool. Based on Cuturi’s adaptation of the Sinkhorn algorithm for “lightspeed
computation of optimal transport” [16], a huge variety of highly efficient methods for various current
applications of transport theory have been developed, see the recent book [41] for an overview. The focus
has been mainly on image and data science, but the ideas have been applied for numerical approximation
of gradient flows as well, see e.g. [42, [8]. Here, we develop this approach further to define an efficient
scheme for approximation of solutions to flux-limited equations of the type

dp+ V- [pa(VI[N(p)+v+(wxp)])] =0, p0,)=p" (4.1.1)

In that problem, the sought solution p is a time-dependent probability density, either on Q = R with
finite second moment, or on a bounded domain Q C R¢ with no-flux boundary conditions. The given
function h : R>g — R is convex and super-linear, the external and interaction potentials v and w are
positive, bounded and in C?(R¢) while w is symmetric in the sense that w(—z) = w(z) for all z € R? and
a: R — B is a monotone map into the closed unit ball B of R?. This implies the aforementioned flux
limitation, since can be considered as a transport equation with velocities a(Vh'(p)) of modulus
less than one. The expression (w * p) denotes the convolution of w with p

(wxp)(z) = /QW(w —y)p(y)dy .

Our primary example will be Rosenau’s relativistic heat equation [44],

Vp
Op=V- —_— |, 4.1.2
tP <P o+ NP |Vp|2> ( )

47
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which is with h(r) = r(logr — 1), v = const. = w and a(p) = (1 + [p|?)~/?p. This equation has
been analyzed in great detail, mostly by Caselles and collaborators, see [13| |3| |4] and references therein.
Schemes for numerical solution of have been developed as well, see e.g. [9], however, these are
very different from the approach taken here.

In the definition of the entropic regularization of , its discretization in space and time, and
the efficient numerical implementation, we closely follow the blueprint laid out in [42] for gradient flows
in the L?-Wasserstein metric. In order to make that variational approach feasible, we require a special
structure of a, namely that it can be written in the form

a(p) = VC*(-p), (4.1.3)

where C* is the Legendre transform of a convex cost function C : R* — R U {4+oc}. The flux limitation
is implemented by requiring further that C is continuous on the closed unit ball B, equal to one on the
boundary dB, and is +oco outside of B. As observed by Brenier |7], the relativistic heat equation
fits into that framework, by choosing C(v) =1 — /1 — |v|? for v € B.

4.1.2 Gradient flow structure

With the assumption on a, can be considered as a gradient flow on the space P(£2) of
probability measures on (2, at least formally. We briefly recall the basic idea in a language that is
suitable for formulation of our approximation later. We refer e.g. to |2} |1, |7, 37] for further details on
the variational structure of .

The potential of that gradient flow is the energy functional

E(p) = /Qh(p) + p(v+ 2(wxp))dz. (4.1.4)

And the respective dissipation D (p; q) for a given “tangential vector” g at p € P(2) — that is, ¢ € L*(Q)
is of zero average — is defined by

D(p;q) := inf /C(v)pdx. (4.1.5)
a=V-(pv) Jo

Here the infimum runs over all vector fields v :  — R for which ¢ = V - (pv), and equals infinity if there
is no such v. The integral in represents the friction resulting from the infinitesimal motion of all
mass elements in p along the vector field v; taking the infimum over v’s means that the infinitesimal mass
elements move in the least dissipative way to realize the macroscopic change determined by g.

A curve p: R>g — P(Q) is of steepest descent in E’s landscape with respect to ® if at each instance
to > 0, the derivative dyp(to) is such that the sum

D (p(to); ep(to)) E(p(t)) (4.1.6)

t=to

n d
dt
is minimized, i.e., the decrease in energy is optimal with respect to the induced dissipation. Assuming that

p(to) is smooth and positive everywhere, then a straight-forward calculation shows that the minimizing
Op(te) = V- (p(to)v(to)) is determined by the vector field v(¢p) that minimizes

v [ [Clta) + W () + v+ (w ¢ plt0))] V- (o(ta)0)]

In view of (4.1.3), this produces the evolution equation (4.1.1)).
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4.1.3 Discretization and regularization

To connect to the variational framework of optimal transport, we perform a time-discrete approximation
of in the spirit of the minimizing movement scheme [2], which is often refered to as JKO method
[23] in the context of optimal transport. For a given time step 7 > 0, a sequence (p™)22, is constructed
inductively: given an approximation p"~! of p((n—1)7), i.e., the solution p to at time t = (n—1)T,
choose as approximation p™ of p(n7) the minimizer of

povint [ ea)drten) + 18 - £ ). (4.1.7)

Above, the infimum runs over all probability measures v € P(2x Q) on the product space 2x whose first
and second marginal, denoted by X#+~ and Y #7, respectively, equal to p"~! and p. Further, c,(x,y) is
the C-induced cost of the transport from z to y in time 7; if € is convex, then simply ¢, (z,y) = C(¥==),
i.e., ¢ (z,y) is the average dissipation induced by the motion of a unit mass element with constant
velocity v = -*. The general definition of ¢, is given in Section In the language of optimal
transport, 7 is a transport plan from p"~! to p™: roughly speaking, v(z,y) determines the amount of
p" Vs mass at position = to be moved to p"’s mass at position y. The double integral in is visibly
an approximation of the integral in .

The difficulty in the numerical implementation of is to calculate the infimum of the integral
for given p"~! and p, and its variation with respect to p. A common approach is to go to the Lagrangian
formulation, using that the optimal + is typically concentrated on the graph of a transport map 7" : 2 — €.
This is extremely efficient in one space dimension [6, 32, 31], but becomes significantly more cumbersome
— and difficult to analyze — in multiple dimensions [5, |11} |10} 24]. Various alternatives to the Lagrangian
approach are available, including finite volume methods [30], blob methods [12] etc.

Here, we use the “lightspeed computation” of the optimal plan v by employing entropic regularization
to the minimization problem. Recall that +v’s negative entropy is

H(y) = /QXQG(w,y) log G(z,y) d(z,y) (4.1.8)

if v = GL? is absolutely continuous, and () = +occ otherwise. Adding this as a regularization inside
the dissipation term in (4.1.7]), we arrive at the new minimization problem

prs inf [ I ertemdrtan +euen]| + e - e, (4.1.9)

€ > 0 being the parameter of the regularization. Finally, we discretize the problem in space
by restricting minimization to Ps(£2), the set of absolutely continuous p’s whose densities are piecewise
constant on the cells @ of a given tesselation Qs of ; here & > 0 parametrizes the size of the cells @,
and § — 0 is the continuous limit. It is further admissible to approximate ¢, by a more convient cost
function ¢, 5. E.g., in the actual numerical experiments, we use a c, s that is piecewise constant on the
products Q x Q' of cells Q, Q' € Qs; this makes the minimization feasible in practice since it then suffices
to consider only absolutely continuous «’s that are piecewise constant on @ x Q.

In summary, for given € > 0 and § > 0 — corresponding to a tesselation Qs and a cost function c; s
— a time-discrete approximation (p™)5, of a solution to is defined inductively by

p"=Y#4", with " :=argmin&, s ('y‘p”_l), (4.1.10)

where, using the indicator functional 1q that is zero if @ is true, and 400 otherwise,

1
57',5,6 (’Y|ﬁ) = //QXQ CT,(S(‘Ta y) d"}/(m, y) + 67‘[(’)/) + ;S(Y#V) + LX#y=p + LY #vePs(Q) - (4111)
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4.1.4 Convergence result

Our analytical result concerns the joint limit of infinitely refined spatial discretization § — 0 and vanishing
entropic regularization € — 0.

Theorem 3. Assume Q = R?, and that p° has finite second moment. Assume further that h(r) = r™

with some m > 1.

Fiz a time step T > 0, and non-negative sequences () and (0x) of entropic reqularizations and spatial
discretizations, respectively, that converge to zero. Under hypotheses on the tesselations Qs, and cost
functions c,, 5, that are detailed in Section below, the inductive scheme in , with € = gy,
and 6 = Oy, is well-defined and produces time-discrete approzimations (py)>L, for each k. Moreover,

PR — p™ narrowly and weakly in L™(R?) as k — oo, for each n, and (p™)%, is a sequence of minimizers

We emphasize that the special cases ¢, = 0 (spatial discretization without entropic regularization)
and dx = 0 (entropic regularization without spatial discretization) are included. Further, we remark that
the choice Q = R? is mainly made for definiteness; the proof is actually slightly more difficult than in the
case of bounded Q. Also, h(r) = r™ has been chosen to simplify the presentation; the method of proof
would apply to any convex h : [0,00) — R with h(0) = 0 that has superlinear growth at infinity.

The proof is based on the I'-convergence of the functional in to the one in without
E(p™1), which is made precise in Proposition [I| below. That I-limit would be fairly easy to obtain in
the situation of regular cost functions, i.e., when C is a continuous and strictly convex function on all
of R%. In the flux limited situation that we consider here, the construction of the recovery sequence is
surprisingly delicate.

We emphasize that we do not consider the passage 7 — 0 from the JKO method to a solution
of the PDE (4.1.1). That kind of limit has been studied extensively, albeit rarely in the flux-limited
case. Particularly for L?-Wasserstein gradient flows, corresponding to C(v) = |v|? and to a(p) = p, the
existing literature is huge, and also covers much more general nonlinearities in than just h'(p).
The JKO method has been used to construct solutions to linear and non-linear Fokker-Planck equations
[40], to degenerate fourth order parabolic equations [39], to PDEs with non-local terms [6], to coupled
systems 27|, and many more. There are fewer results on a JKO-like variational approximation of
with a non-linear power functions a(¢) = [£|P~2¢, with p # 2; this includes in particular the p-Laplace-
equations. The corresponding theory of gradient flows in the L-Wasserstein metric with C(v) = %|v|q
(with ¢ = p’ # 2) has been developed in |2, 1]. Finally, concerning the situation of interest here, which is
with flux-limitation: the analysis is significantly more challenging in that situation, but still, the
limit 7 — 0 has been carried out successfully on the JKO-like variational approximation of the relativistic
heat equation in a work of McCann and Puel [37]. The techniques developed therein should apply to the

more general class (4.1.1)) considered here.

To the best of our knowledge, our result is the first one that rigorously shows the stability of the
minimizers in the JKO scheme under entropic regularization. In a related problem, namely for
with a(§) = &, ie., in the L2-Wasserstein case, the combined limit of 7 — 0 and ¢ — 0 (without
spatial discretization, § = 0) has been carried out by Carlier et al [8]. Also there, the I'-limit of an
entropically regularized transport is studied, however in a different sense, namely for fixed marginals,
and for quadratic costs, both of which makes the analysis much easier. We remark further that a joint
limit of spatio-temporal refinement has been performed recently [47] for a structurally different fully
discrete approximation of the relativistic heat equation in one space dimension, using Lagrangian maps.
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4.2 Notations and general hypotheses

Below, we summarize several basic notations and hypotheses, most of which have been mentioned in the
introduction in an informal way.

4.2.1 Domains and measures

In the proof of Theorem |3} Q = R%. In the numerical experiments, @ C R? is an open, bounded and
connected set with Lipschitz boundary. £% is the d-dimensional Lebesgue measure on .

For a measurable subset M of an euclidean space R™, we denote by P(M) the affine space of proba-
bility measures on M that have finite second moment (which is irrelevant if M is bounded). By abuse of
notation, we shall frequently identify absolutely continuous u = p£? € P(M) and their Lebesgue-densities
p € LY(M).

For a measurable map T : M — M’, the push-forward T#u € P(M') of u € P(M) is defined via
T#u[A] = p[T~1(A)] for all measurable sets A C M. Canonical projections X,Y : M x M — M are
given by X(z,y) = z and Y (z,y) = y. With these notations, the two marginals of v € P(2 x Q) are
given by X#~,Y#~y € P(Q), respectively.

The natural notion of convergence in P(M) is narrow convergence, that is weak convergence as
measures in duality to bounded continuous functions ¢ € Cy(M). For M = R™, we shall occasionally use
a slightly stronger kind of convergence, namely convergence in Wy (the Wasserstein distance is recalled
below), which means narrow convergence plus convergence of the second moment.

4.2.2 Wasserstein distance

The L?-Wasserstein distance between pg, py € P(M) is given by

1/2
W = inf —y|?d - - .
2(po, p1) (7@5\1”1\4) {//MxM |z —yl* dy(z,y) + txpy=po + LY#va

The infimum above is actually a minimum, and minimizers « are called optimal plans for the transport
from pg to p1. We use the following fact: if py is absolutely continuous, then there exists a measurable
T : M — M, called an optimal map, such that T#pg = p1, and

Wa(po, p1) = (/M |T(2) — x[*po () dx) - :

W, is a genuine metric on P(M). Convergence in Wy is equivalent to narrow convergence and conver-
gence of the second moment.

4.2.3 Energy functional

By abuse of notation, the definition of £ : P(2) — RU{+oc} in has to be understood in the sense
that if 4 = pL? is absolutely continuous, then £(u) = £(p) is given by the integral, and £(u) = +oo
otherwise. Since h is convex, l.s.c. and super-linear at infinity, the map p — fQ h(p)dz is is lower
semi-continuous with respect to narrow convergence.

By v,w € Cy(Q) the map p — [, p(v + (w * p)) dz is continuous w.r.t. narrow convergence. Indeed
the part involving v is directly by definition.

For the part involving w we note the map v — [, w(z —y) dy(z,y) is by definition continuous w.r.t.
to narrow convergence in 2(Q?) and the map p — p® p is a map that is continuous as a map from 2(12)
to 2(02). Here p® pu € 2(0?) is the measure defined by p @ u(A x B) = p(A)u(B) for all Borel-sets
A, B C Q. Consequently & is lower semi-continuous with respect to narrow convergence.
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The methods we present are suited to study general energy functionals of the form @D with a
smooth and convex function h of superlinerar growth at infinity. In the proof of Theorem [3| we restrict
ourselves to h(r) = r™ with m > 1 to facilitate readability. In the numerical experiments, we additionally
use h(r) =r(logr —1).

4.2.4 Derived cost function

We assume that C : R — [0, o] is strictly convex, continuous and bounded on B, and +oco outside of B,
with unique minimum C(0) = 0. For technical reasons, we further assume that C = 1 on dB. Then the
gradient of the Legendre dual C* lies in B.

The cost function ¢ :  x Q — [0, 00] is derived from C via

e (z,y) = inf {i /0 C(:(t)) dt

z 1 [0,7] — Q differentiable, z(0) =z, z(7) = y} . (4.2.1)

If Q is convex (e.g., = R%), then thanks to the convexity of C,

e (z,y) = C (y;m) (4.2.2)

4.2.5 Spatial discretization

We assume that for each § > 0, a tesselation Qs of 2 is given. That is, Qs consists of finitely (if
bounded) or infinite-countably (if Q2 = R?) many open non-overlapping cells @ such that the union of
their closures @ cover ). We further require that there is a constant r > 0 such that

diam(Q) < Vds and |Q|:= LYQ) > (r6)? for all Q € Q5. (4.2.3)
A canonical example for Q = R? is — setting r := 1 —
Qs ={0({i} +K)|je Zd} where K := (-3, %)d .

Accordingly, we define P5(£2) as the space of those p£? € P(Q) for which p is constant on each Q; € Q.
Further, Ps(2 x Q) consists of those v € P(Q2 x ) for which Y#P € Ps(2). We emphasize that the
condition is only on the y-marginal Y #~, not on the xz-marginal X+#, which does not even need to be
absolutely continuous. For convenience, we set Py(Q2) := P ().

For a probability density p € L*(Q), let

Us5(p) = {7 € Ps(Q x Q); X#y = pL}

be the subset of measures with p£? as first marginal.
Moreover, we assume that for each § > 0, a function ¢, 5 : 2 x Q — [0, 00] is given that approximates
the cost function c, as follows: there are ;5 € (0,1) with a, 5 — 0 as § — 0 for fixed 7 > 0, such that

|CT,6(x7y) - cT(x,y)| < Qr.5 for |Z‘ - y| <7, and (424)
1
cro(z,y) >1—ars + (ly — | — 7)2 for |z —y| > 7. (4.2.5)
Ars

Naturally, one can always take c. 5 = c,. Note that any ¢, s with ¢; s = +00 on | —y| > T automatically
satisfies (4.2.5)).
For brevity, we write ci, for ¢, 5, , and accordingly «y, for the constants o, 5, appearing in (4.2.4) & (4.2.5]).
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4.3 Proof of Theorem 3|

The proof of Theorem [3| immediately follows from a I'-convergence result that we formulate below.

Proposition 1. In addition to the hypotheses of Theorem @ let a sequence (pi)3, of densities py €
Po(R?) be given such that py, converges in Wy to some p. € Po(R?), and supy €(pi) < oo. Let furthermore
0, > 0 be a sequence tending to zero slowly enough such that

erlog(s; ') — 0 (4.3.1)
holds. Then the sequence of functionals E : P(2 x Q) — [0, +o0] with, c.f. (4.1.11]),

Er(7) = &L, e (VlPE)

I-converges in the narrow topology to ET : P(Q x Q) — [0, +00] with

1
e10) = [[enstan) dr(en) + ZE0H) +

Moreover, each & possesses a (unique, if e, > 0) minimizer 41 € T's,(pr), and a subsequence of these
minimizers converges in Wa to a minimizer 4 € T'(p) of E7(+; p«).

Remark 1. Note that , which is needed for Limsup condition, imposes no additional
restriction if the tesselation Qg is made of identical cubes, since then T's/(p) C Ts(p) if &' > 0 is an
integer multiple of & > 0, or is arbitrary if § = 0, — recall that the additional condition induced by 0
is only on the Y-marginal, not on the X-marginal — and we can replace (0) by a sequence (6},) with
dj, > O that still goes to zero and satisfies , and the recovery sequence vy, € I's; (pr) that we obtain
is clearly also a recovery sequence with v € T's, (pk)-

It is now easy to conclude Theorem [3| by induction on n. Trivially, p? = p° converges to p? = p°.
Assume that for some n = 1,2, ..., there is a (non-relabeled) subsequence (p;' )72, that converges in Wo
and weakly in L™(R?) to a limit p?~!. That sequence (p )32, satisfies the hypotheses of Proposition
since weak convergence in L™(R9) implies that £(p} ") = [|pp~'||7% remains bounded. Hence the
respective functionals &£ with py = p’,fl I'-converge narrowly to 7, with p?~! in place of p., and a
(non-relabeled) subsubsequence (7})72; of the minimizers converges to a limit 7} in Wy. It is obvious
that p? := Y#~" is a minimizer in ({.1.7). It is further obvious that for the subsubsequence under
consideration, the convergence of 4}’ in Wy is inherited by the marginal pi!_;. Finally, to conclude the
weak convergence in L™ (R?), possibly after passing to yet another subsequence, observe that the ;=
are minimizers of the respective £, that ||px |7 = E(pr) < EF (7 ") by definition of &l 5.co and that
&l T'-converges to £]. Alaoglou’s theorem allows us to select a subsequence that converges weakly in
L™(RY).

The rest of the analytical part of this paper is devoted to proving Proposition

4.4 Proof of Proposition

Throughout the proof, let a sequence (p)72 ; be fixed that satisfies the hypotheses of Proposition |1} i.e.,
pr € P2(RY), sup,, (pr) < 0o, and pi — ps in Wa.

The proof is divided into three steps. First, we prove the liminf-condition for I'-convergence: if
Yk € T's, (pr) converges to v, € I'(p.) narrowly, then

ET () < likm inf EF (k). (4.4.1)
—o0
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Second, and by far more difficult, is the construction of a recovery sequence: if v, € T'(p.) is such that
ET () < o0, then there are v € T's, (pr) such that 5 — v« narrowly, and

ET(7x) > limsup EF (). (4.4.2)

k—o0

These two steps together verify the I'-convergence of the £]. In particular, it follows that if 4, are
minimizers of the £ which converge to 4 € I'(ps), then 4 is a minimizer of £]. Now, in the final step,
we verify that each &£ actually possesses a minimizer 4, € T's, (pr), and that a subsequence of those
converges narrowly to a limit 4 € T'(p.), which then is necessarily a minimizer of £7(-|px).

4.4.1 Preliminary results

Before starting with the core of the proof, we draw two immediate conclusions from the hypotheses stated
above.

Lemma 1. The py have k-uniformly bounded second moments, and fRd pr(z)log pi(x) dx is k-uniformly
bounded from above and below.

Proof. By hypothesis, p, converges to p, in Wo, which implies in particular the convergence of pj’s second
moment to the one of p,. Boundedness of the integral is obtained by means of a classical estimate: first,

observe that rlogr > —%rﬁil for all » > 0. By Hélder’s inequality, it follows that

1 a
/ p(x)log p(x) dz > _dr / p(x) @ dx
R4 Rd

e

12 (L) (L)

which yields a finite lower bound that only depends on the second moment of p;. An upper bound easily
follows from the k-uniform boundedness of £(py) and the fact that rlogr < %rm forall > 0. O

(m—1)e

For the next result, recall that oy, = a5, are the quantities that appear in conditions (4.2.4)& (4.2.5).

Lemma 2. There is a constant C such that — uniformly for all k large enough — the second moment
of each v € T'(pg) is controlled via

//R ) (lz]* + |y[*) dy(z,y) < C(1+ L (7)), (4.4.3)
d>< d
and & is bounded from below as follows,
E1(7) > (v — Carer) // crdy + E(V 7). (4.4.4)
Re xR

In particular, £ is non-negative for all sufficiently large k such that Cagel, < 7.

Proof. On the one hand, with the same idea as in the proof of Lemma [I] above, we find for every
v=GLY® L that

o) = (14 [ (b arten )
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where

1
2d 1 2d+1
Cy = + // d(z,y)
rixke (14 [z]? + |y[?) ™
is a finite constant that only depends on d. On the other hand, using hypothesis (4.2.5)) on cy, it follows
that
2
// ly? dvy(z, y) // [+ (ly — 2| = 7)1y oy>r + 7] dv(2,y)
R4 xR4
2
<2 pPaeyrat [ sl (e
R4 xR4 Rd xR ly—z|>7

§2/ |x|2pk(x)dx+472+4ak// ci dv,
R4 Rd x R4

which yields
L, ekt e <a s [ aPa@arra ] awl. @)
R4 xR4 R4 R4 xR¢

In view of Lemma [] above, the second moment of pj, is uniformly controlled, and therefore

H(y) > -C (1 + ay, //Rdxw Cr dfy) , (4.4.6)

with a k-independent C. This induces the bound (4.4.4). The other bound (4.4.3) follows for all k such
that, say, Cager < 7/2, by re-inserting (4.4.4) into (4.4.5) and using once again the uniform bound on
pr’s second moment. O

4.4.2 Liminf condition

Proposition 2. Assume that a sequence of measures v, € I'(px) converges narrowly to v, € I'(p) Then

(4.4.1) holds.

Proof. Recall from Lemma 2 that £ is non-negative for k large enough. And if & (yx) — +o0, there
is nothing to prove. Hence, it suffices to consider a sequence () such that £ (%) converges to a finite
value. From , one directly concludes k-uniform boundedness of [[ ¢; dy;. Thanks to the bound
on ¢, it follows for every ¢ > 0 that 7;’s mass in |x — y| > 7+t goes to zero as k — oo. Thus, 7,
is supported in |z — y| < 7.

Define the continuous function € : R? x R* — R by &(x,y) = c(z,y) for [xr —y| < 7, and & = 1
otherwise. From (4.2.4) and (4.2.5) it is clear that c; > ¢ — oy, and so

// ckd'ykZ// (é—ak)d*yk:// cdye — ay ki)f// édv*:// c d..
Rd xR R4 xR Rd xR Rd xR4 Rd xR

So, by (4.4.4),

lminf & (k) > 7 // cdvy, + liminf E(Y#v;). (4.4.7)
k—oco R4 xRd k—oco

Finally, since the projection Y is a continuous map, the push-forwarded measure Y #+; converges narrowly
to Y#., and since r — r™ is a convex function and v,w are bounded continuous functions, it follows
that

liminf £(Y #) > E(Y#7.),
— 00

so the sum on the right-hand side of (4.4.7) is greater or equal to 7 (Vs |p«)- O
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T + /W
T+ ,/wk/2

(a) The density of 1 — 62 in R2. (b) The density of 98 (1 — 69) in R? for B = (+1,+1).
Figure 4.1: The two smoothed indicator functions used in Step 2 to cup up the transport map 'y,(cl)
displayed for d = 2. Note that the set, on which both have density 1 has been emphasized by an
additional black border and a small step in the grayscale.

4.4.3 Limsup condition

Proposition 3. For every v. € T'(p.) with £ (v.|ps) < 00, there exists a sequence of v, € T's, (pr) such
that v — v« narrowly, and (4.4.2)) holds.

For future reference, define 7, := Y'#,. From our hypothesis £(Y#.) < oo together with v, w being
bounded it follows that 1, € L™(R%).

Construction of the recovery sequence

In the following, let k =1,2,... be fixed. We are going to construct v, € I's, (p) in several steps.

Step 1: Modify . into vV such that X#'y,(cl) = prL? and Y#’y,(cl) =n, L%

To that end, let T} : R — R? be an optimal map for the transport from p, to pp in Wy; such
a map exists since p, is a probability density, and both p; and p, have finite second moment. Then
71(:) := (T}, o X,Y)#. has the desired marginals. For later use, define

S

Wy = (/d Tk () — 2| pu () da:) = Wa(ps, pr)s (4.4.8)
R
which goes to zero by our hypothesis that p; converges to p, in Wo.
Step 2: Decompose 71(:) into the sum of 2% non-negative measures 7,(62’5) — each of which fits into
(2,0)

the cylinder |v —y| < T after proper translation — and a remainder ~v,”" of small mass.
This is done with the help of several cut-off functions that we define now: for each 8 € {+1,—1}4,
choose 97 € C>(R?) such that
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e 0 <98 <1 and

ZﬁB =1 onRY
B

e 97 is supported on the set where Bjr; > —4; forall j=1,...,d.

Thus, each 97 is essentially a smoothed indicator function for one of the 2¢ orthants in R?. The label
corresponds the signs of the d coordinates in the respective orthant. Next, let 00 € C*>°(R?) be a smoothed
indicator function of the complement of the closed ball B, of radius 7 with the following properties:

e 0 < 92 <1 and \Vgg\ < 30.),;1/2,

° 92 vanishes on B, Jar/2, and is identical to one on the complement of B4 S

Now deﬁneﬁf = 98(1—60) for all B € {—1,+1}¢, which are smoothed indicator functions of the sectors
of the ball B, corresponding to the respective S-orthant (c.f. Figure|??| (b)). Note that

0h+> 0 =1 onR" (4.4.9)
B

For brevity, introduce further @g(ac, y) = Qf(x —y) as well as ©9(z,y) = 6%(x — y), and define
%532,/3) — 9571&1)7 7(2,0) — @271(:)-
From (4.4.9)), it follows that

%gz,o) i Z,yl(fﬂ) _ ,y](cl). (4.4.10)
B

Roughly speaking, 73> contains the part of (1) corresponding to transport with speed that exceeds —
by \/wg/T or more — the limit set by the flux limitation. The part ~(28) corresponds to transport that
either respects the flux limitation, or violates it by — no more than ,/wy /7 — in the S-directions.

Step 3a: Translate each of the 7,22’6) in y-direction to obtain a v3#) that fits in the cylinder |z —y| <
T — 5k
With

o) 1= 12(5k + \/ch),

we define 7,(63’6) =(X,Y - Ukﬁ)#'yl(f’ﬁ). The fact that fyl(f’ﬁ) is supported in the aforementioned cylinder
is not completely obvious, and is verified in Lemma [5]| below.
Step 3b: From the remainder 7}({2,0)7 define a measure ,yks,o)’ which has the same first marginal as

7,&2’0) and a smooth second marginal, and is supported in the cylinder |z —y| < 7/2.
Let A be a some smooth probability density on R¢ with support in B, s2- Consider the product measure

720 @ X on RY x RY xR, With (X, X + Z) being the map R x RExR? 5 (z,y, 2) — (z,242) € RExRY,
one easily sees that 7,(63’0) = (X, X + Z)#(V,(f’o) ® A) has the desired properties. Intuitively, on each
vertical fiber {x} x R? one redistributes the disintegrated mass of 429 in a smooth way around the
point y = x.

In summary of Steps 1-3, define

3 3,0 3,
MO O )
E
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Step 4: Project 7,(63) € I'(px) onto a v € Ts, (pr)-

For each Q € Qj, , consider the Borel measure 'y,? on R? defined by 'y,? (4) := ’y,(f)(A x Q) for each
measurable A C R%. Since

ST a2 = X# Y = L, (4.4.11)
QEQs,

it follows that 7,? possesses a non-negative Lebesgue density g,? € L'(R?%). From the 91?» we define a
probability density function G, € L'(R? x R?) via

~g2(z,y)

Gi(z,y) = W where () € Qs, is chosen such that y € Q. (4.4.12)

Our final definition of the recovery sequence is v := GrL% @ L.

Properties of the recovery sequence

We prove various properties of the sequence () that eventually allow to conclude (4.4.2]).
Lemma 3. v, € T's, (pr). Moreover, its second moment is k-uniformly bounded.

Proof. This is essentially clear from the construction.

First, 74 is a probability measure since the construction is a combination of push-forwards (Steps
1 and 3), decomposition into a finite sum of non-negative measures (Step 2), re-arrangement of these
components (Step 3), and finally a projection (Step 4), each of which is easily checked to preserve non-
negativity and total mass of the measure.

Second, the X-marginal of 7, is ppL¢, since Step 1 is made such that X#~y() = Tp#(X#7v,) =
T #(p L) = pr L9, and all further steps keep the X-marginal fixed.

Third, 7 has finite and, in fact, even k-uniformly bounded second moment. Indeed, since - is
supported in |z — y| < 7 (which follows from the purely geometric considerations in Lemma [5| below),
one has yi-a.e. that

lyl> = |z + (y — 2)* < 2Jaf* + 277

and therefore, recalling that v, has X-marginal pj L,

// (12 + lyP) dys < // (3Ja]? + 27%) do :272+3/ 122 (z) da.
R4 xRd R4 xRd R4

The last expression is finite, and is even k-uniformly bounded since the same is true for py’s second
moment, see Lemma [T} O

Lemma 4. There is a constant C such that
// Gr(z,y)log Gi(z,y) d(z,y) < C + dlog(s;1).
R4 x R4

Consequently, exH(vr) — 0.
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Proof. By definition of Gy,

// k(z,y) log G (z,y) d(z,y)
]Rdx]Rd

-2 . ( @ >1°g<g'|?c§x)> A

QEeQs,
- [ s @nog g wydo ~tox(Ql) [ o w)a
< [ ou(o)tog pula) do = diog(@) | pula)da.

where we have estimated |@Q| > 6¢ on grounds of (4.2.3]), and have used ([4.4.11]) in combination with the
superadditivity of the function s — slog s, that is,

aloga+blogh < (a+b)log(a+b) for arbitrary a,b > 0.

The latter is an immediate consequence of the monotonicity of the logarithm. Recalling Lemma [1| and
our assumption (4.3.1)), the convergence follows. O

Lemma 5. For all k large enough, the v are supported in |z —y| < 7.

Proof. The main step is to show that the measures 7,(63) are supported in |z —y| < 7 — §;. The function

95 is supported on the set
B ._ d. T ;
SP = {yGR ,ﬂjyjzled for all j, |y| §T+\/wk}.

We show that the translate S? — o3 is a subset of B, _5,. Observe that S8 is the convex hull of the
point of := — 128 and the spherical cap

S8 = {y € Rd; Biy; > 74ld for all j, |yl =7+ s/wk}.

Since Erﬂ/@ is convex, it thus suffices to verify that the translate of of, i.e., the point — (4771 + G'k) B,
and the translate of the cap, i.e., 8” — 0., belong to B, _ s,- For all k large enough so that o < 75,
the claim — (4d + O'k) BeB,_ 5, is obvious. To prove that also &SP CcB,_ 5., consider an arbitrary point
x € &8, Observing that

5'9622@%22(%\—2%) le]|—7>r+\ﬁ %
i J

l\ﬂ\\

it follows that
|z — owB* = [af* + o}| B — 208 -2 < (7 + \/071@)2 + do} — 7oy

Recall that k is large enough such that o < on the one hand, this yields that

i
da,% — 101 < —ETJk,
and on the other hand, we obtain

(r+vwr)? = (r = 6,)° = (27 + vor — 68) (Vaor + k) < 3r(Vaor +63) < fak
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In summary, we conclude that
2 2
ZL'—O'kﬂ| S (T_(sk) )

which verifies that &% — 0,8 C B, _s,.

By definition, 7,(627[9) is supported in the region where y — 2 € SP. Its translate 7,23’6) = (X,Y -

Ok ,6)#7,(62’ﬂ ) is therefore supported where y —x € S® — ;8 C B,_s, , where the inclusion is a consequence
of the considerations above.

This proves that each 7,&3) is supported in |z —y| < 7 — k. From the construction of 7y it is clear that

suppx intersects {x} x @Q for some z € R? and Q € Qs, only if supp 'yl(f) intersects {x} x Q. Since the

distance of two points in @ is less than & by (4.2.3)), it follows that v is supported in |z —y| < 7. O

Lemma 6. 7,22’0) ’s total mass does not exceed dwy.

Proof. Recall that |z —y| < 7 for v.-a.e. (z,y). Hence |Tj(z) —y| > 7+ /wi /2 implies that [T} (x) — x| >
Vi /2 for v.-a.e. (z,y). Consequently, recalling that 7,22’0) = 0% (T}, 0 X, Y)#,:

7}(62,0) [Rd X Rd] — ﬂ 92 (T (1‘) —y) dv«(z,y)
R x R4
= // L7 (@) —yl27+ /e /2 474 (2, )
R4 xR
= // L7 () 2> yer/2 A7 (2, 9)
R? x R4

:/ 117, (2)—z[2>wy /4 Pr(2) A
Rd

4
< — T () — 2| pp () do = 4wy,
WE JRrd

where we have used the definition (4.4.8) of wy in the last step. O

Lemma 7. 7 converges narrowly to 7., and moreover,

ﬂ Ck d"yk — // Cd’y*. (4413)
R4 xR R4 x R4

Proof. To start with, we show that ’y,(cl) converges to v, narrowly. Since both each 7,(91) and the proposed

limit v, are probability measures, it suffices to show convergence in distribution, i.e., for all test functions
¥ € C®(R? x RY). Since wy, — 0 in , it follows that T} converges to the identity map in measure
with respect to p., and hence also (T; o X,Y) converges to (X,Y) in measure with respect to v.. And
— 1) being smooth and compactly supported — ¥ (T} o X,Y) converges to ¢ in measure with respect to
~«. By the dominated convergence theorem,

// wdwi”:// wmfoX,Y)cwﬁ// b d.
Rd xR4 Rd x R4 Rd xRd
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Next, we show that also 7,23) converges to y:

// (,y) dn (2, 1) // W(z,y) dy> O (2, y) + Z// w(z,y) dy? (2, y)
]Rdx]Rd R4 xR4 R4 x R4

B
— // { Yz, + 2)\(2) dz} d’y,(cz’o) (z,y)
R4 xRd R4
= // Yz, x4+ 2)A2) dz — Y P(z,y — oxB)0P (x — y) | dyi2” (z,y) (4.4.14)
R4 xR4 R4 3
+ ZB: //Rded Wi,y — o) (@ — y) dy (2, ). (4.4.15)

Here we have used that, by definition of v#) from () in Step 2,

A2 =98 (x — y) (1 = 00z — y)) Ao (2, y) = 0% (2 — y) AV (2, ) — 9P (2 — ) A2 (2, ).

The integral in (4.4.14) converges to zero thanks to Lemma @ observe that the expression inside the
square brackets is a continuous function that is bounded independently of k. Concerning the sum in

(4.4.15)), observe that ¥ (z,y — o8) — ¥ (x,y) uniformly in (z,y) since ¢ is compactly supported, and
recall from above that 'y,(cl) converges to 7y, narrowly. This suffices to conclude that

// Y(x,y) dy” (,y) —>Z// U@, y)0 (x — y) dva(z,y) = // Y(z,y) dvi(z,y),
R4 x R4 R4 x R4 R4 xR4

where we have used that the smooth expressions 97 (2 — y) sum up to unity on the support of 7.
As the last step, we show that ;, converges to v, as well. For each @ € Qs,, define \I'kQ € C.(RY) by

QaE:L x
) |Q|/Q¢( ) dy

Note that there is one common compact set on which all the \IIS are supported. From the definition of
Yk, it follows that

//Rdxw (z,y) dylz,y) = /\I’Q =Y //R Ay (@)

QEQs, QEQs,
(3)
(z,y) AV (2, y) E // =Yz, y)| dyy” (2, 9).
//Rded p e ( )} v (T,9)
(3)

Q€EQs,
Now since the term in square brackets converges uniformly to zero as the mesh is refined, and since ~y,
converges to 7, narrowly, distributional — and subsequently narrow — convergence of 7 to v, follows.
Finally, in combination with the fact that — thanks to Lemma [5| — all the 4 are supported inside

|z —y| < 7, where cj, converges to ¢ uniformly by hypothesis (4.2.4)), the claimed convergence (4.4.13) is
proven. O

Lemma 8. Y#'y,(f) has a Lebesgue density 771(<3) € L™(RY), and 77(3) — 1. in L™(RY).
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Proof. By Step 3b, Y#W(?’ 0 ,gg’o)ﬁd for a smooth density 77,(63’0) € L' N L>=(R%). Moreover, for each

B € {—1,+1}%, the marginal Y#’yl(f”ﬁ) is a translate of Y#~(>#) and from (#.4.10) it follows that

V? + 3 vay®? = vy = nc,

hence Y #~(3#) has a Lebesgue density
0> < n(-+opB) € L' N L™(RY). (4.4.16)

Define further nf as the density of Y#(@gfy*); this definition is independent of the index k, since ~, is
supported in the region |z — y| < 7 where 69 (2 — y) vanishes. Obviously

3,0 3,
Zm, ) =20+ 3P (4.4.17)
B
In the convergence proof that follows, we use the dual representation of the norm on L4(R%):

1 llze = sup{/w 2)da; ¥ € Co(RY), [l o < 1},

where ¢ = ﬁ is the Holder conjugate exponent of ¢ > 1.

To begin with, observe that 771(3’0) converges to zero in L™(R?). For that, let v € C(R?) with
||| ms < 1. Then, with the help of Hélder’s inequality and Lemma |§| above,

//]Rdx]Rd vl)d (30 (@9) //Rded [ Rdd) @+ 2)Alz )dz} d'y,(f’o)(z,y)
<[, Wl

Next, we show that 77(3 CUNN f in LY(RY), for each 3, where q :=
Y € C(RY) with [[¢|| .« < 17 we have

i dy 30 < 4|

Lm’ LmWg.

m+1 < m; note that ¢ = 2m’. For

/ S ) = ™ ()] dy = // o [P = D)L T(2), ) — 6()O(,)] dre(0)
- // 9y — o16) — w)1Of (2. 4) do ,)

R4 xR4

L b= s @) — ) = 5~ ) (o)
< [ 10— o) — vl () dy

R4

i (/ [y = orB) Pl (v) dy); (IVefllioo /Rd T(z) — 22p. () dx>§

<[l @i - <>]dy+uwn O P
X

L‘m, wk
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In the last step, we have used that VH,/: = (1-60)V¥P —9°V6?, and hence ||V9£HL<>C < 4w,:1/2 by our
hypotheses on 69 and 97, at least for all sufficiently large k. The first term of the final sum above goes
to zero, since o — 0, and the translation semi-group is continuous in L?(R%); the second term goes to
zero since wy — 0.

From this, we conclude convergence of n(3 A to 77* in L4(R%), and in particular also in measure.

Further, from the bound (4.4.16), it follows that 77,53 ) i equi-integrable in L™(R%). Hence n(3 A, n?
also in Lm(Rd) In view of (4.4.17)), this verifies the claim. O

Lemma 9. Define ni, by ni(y) = [ga Gi(,y) dz, with Gy, from [@.4.12). Thenn, € L™(RY), and i, — n
in L™(R?). Consequently, E(Y #vr) — E(Y #.).

Proof. First, we recall two properties of the linear projection operator Il; : L™(R?) — L™(R¢) given by
y) = ][ f@Hdy where Q € Qs is such that y € Q.
Q

Namely,
() [Ts[f] = s[g]| ey < f = gllpm (ra) for all £, € L™(RY);
(b) TIs[f] — f in L™(R?) for each f € L™(R?) as § N\, 0.

Indeed, claim (a) is an easy consequence of Jensen’s inequality:

10517 = D09 Py = 3 (6]~ sl ) = 32 / 1][ Dlay| day
QEQs, QEQs,

< 1) - ow') mdy’] Q=3 1 = 61Ty = I = 6l g

QEZQ:% /Q []é | | QEZQ:% Im(Q) Im (Ra)

Concerning claim (b), we use that thanks to hypothesis (4.2.3)), arbitrary ¢’ € @ lie in a ball of radius 0y
around any given y € @

17~ e = 3 W= Mgy = 30 [ | (1060 = st |y
QEQs, QEQs,
QEQZ /[f £ — 1) dy] dy</||f FC 4 002y 2
S

The norm inside the final integral goes to zero as 0 — 0, since f(- + dx2z) — f in L™ (R?), uniformly
with respect to z € B.

(3)

To connect this auxiliary result to the claim of the Lemma, recall that 1,” — 7. in L™ (R?) by Lemma

above and observe that n, = I, [n (3)] Therefore,

e = el pm < T 05Y] = s ]l o + [ Ws [1] = mellim < 05 = mallom + 1T, [0] = 7]l 2o

tends to zero.
From Lemma @ we have the narrow convergence of -, and consequently of Yxv, = n, which passes
through [, ni(v + (w % n;,) dz and concludes this proof. O
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4.4.4 Existence and convergence of minimizers
Lemma 10. For each k large enough, E] has a (unique if e > 0) minimizer Y, € I's, (pr).

Proof. We use the estimates from Lemma thanks to 7 the £ are bounded below for all sufficiently
small k. And thanks to , the v’s in the sublevels of &£ have uniformly bounded second moment,
hence are relatively compact with respect to narrow convergence. Moreover, it is easily seen that &
is the sum of three convex (in the sense of convex combinations of measures) functionals, and thus is
lower semi-continuous with respect to narrow convergence. Moreover, H is a strictly convex functional
on I'(p), so & is strictly convex if ¢ > 0. This together allows to invoke the direct methods from the
calculus of variations and conclude the existence of a minimizer, which is unique if g5, > 0. O

Lemma 11. Let 4y, € T'5, (pr) be minimizers of the respective E]. Then a subsequence of (Yx) converges

in Wa to a minimizer of E7(-|px).

Proof. We begin by showing that the second momenta of the 44 are k-uniformly bounded. In view of
estimate 7 it suffices to show that & (9x) is k-uniformly bounded. But this is a consequence of
I-convergence: since £7(-|p.) is not identically +oo — for instance, £ ((X, X)#p. L p.) = E(ps) <
— there is a recovery sequence -y such that 7 (k) is bounded, and hence also £ (%) is bounded.

Consequently, there is a subsequence that converges narrowly to a limit 4,. Since X#y, = ppL? —
p«L4 narrowly by hypothesis, and since the projection X is continuous, it follows that v* € T'(p,). Thus,
by the fundamental properties of I'-convergence, v, is a minimizer of £7(+|p.).

It remains to be shown that actually 4. — 4. in Wy. It suffices to verify that 4;’s second moment
converges to that of 4,. The second moment of 45 amounts to

I ez | eranr [ wesPanz [ oo o
R4 xR4 R4 xR4 R4 xR4 R4 xR4
(4.4.18)

Thanks to Lemma

// ja? dry = / 22 () dz — / 22 pa () da = // 2 dr.
R4 xR Rd R4 Rd xR

Further, recalling the lower bound (4.2.5) on c; and estimate (4.4.4), we obtain for all sufficiently large
k that

N 2 . . 8k o/ .
// ly — z|* &9k §4// (ly — [ —7)" d% S4ak// cr die < &7 (i),
ly—z|>27 ly—z|>271 R4 xR T

which converges to zero as k — oo since £ (1) is bounded. In the same spirit, also

« VO 2 34 1 245
z-(y—x)diy| < +— |z|* dFx + ly — x| dy
‘//w_wzg-,— 2 R4 xR 2\ ly—z|>27

converges to zero. The continuous function |y — z|? is bounded on the set where |y — z| < 27, so narrow
convergence v — Y.« implies

Ik [ -ePa
ly—z|<2T1 R4 xR
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Finally, for |y — x| < 27, the function z - (y — z) is bounded in modulus by 27|z|. Since the 4 have
k-uniformly bounded second momenta, Prokhorov’s theorem yields

//yml<27x (y —x)dyp — //]Rded - (y — ) 3.

In summary, we can pass to the limit £ — oo in each term on the right-hand side of (4.4.18)), obtaining
the second moment of 7. O

4.5 Numerical scheme

4.5.1 Formulation of the minimization problem

Throughout this section, we assume that the following are fixed: a bounded domain Q C R?, a tesselation
Qs of Q with cells of diameter at most § > 0, see , an entropic regularization parameter € > 0, a
time step 7 > 0, and an approximation ¢ := c, s of the distance cost function ¢, which is such that ¢ is
constant (possibly +00) on each @ x Q' where @, Q" € Qs, and such that €(x,y) < co at each (x,y) with
|z —y| < 7. We assume that the elements Q; of Qs are enumerated with an index i € I, where [ is a
finite index set, and for each ¢ € I, a point z; € Q; is given.

We need to fix some further notations: indexed quanties u = (u;);c; are considered as (column)
vectors, quantities g = (g;,;)i,jer with double index as matrices. Below, we use ® to denote the entry-
wise products of vectors and matrices, [u ® v]; = u;v; and [g © hl; j = gi jh; ;, respectively. In the same
spirit, % and ¢ denote entry-wise division. Further, for a vector u, we denote by diag (u) the diagonal
matrix with the vector v on the diagonal [diag (u)]; ; = u;d; ; where J; ; denotes the Kronecker delta. For
the sake of disambiguation, the usual matrix-vector product is written as g - u, i.e., [g-ul; = Zj 9i,jUsj,
and u ® v denotes outer product of the vectors u and v, that is [u ® v]; j = uv,.

Remark 2. With the x; at hand, a practical choice for € that conforms with (4.2.4) and (4.2.5)) is the
following:

le?l) forallz € Qs y € Q;, (4.5.1)

¢(z,y)=¢;;:=C (

J
and extend & by lower semi-continuity to all of R x R?. The modified denominator T+ 6 has been chosen
such that € is finite on each 2d-cube Q; x Q; that intersects the region |z —y| < 7.

A density p € Ps(Q2) is the conveniently identified with the vector r = (r;), where r; is the constant
density on Q;. Now, if p € Ps(Q), and if v = GL? ® L? is a minimizer of &l s5:([p) on I's(p), then
G is constant on each 2d-cube Q; x Q);; this follows by Jensen’s inequality and strict convexity of H.
Accordingly, the set of all possible minimizers v can be parametrized by matrices g, where g; ; is the
constant value of 7’s density on Q; x Q;.

For notational simplicity, introduce the vector Is with [Is]; = |Q;| for all j, so that

059l =Y 1Qilgisr l9-Tsli =Y 1Q;lgi;-
i J
In this notation, the constraint X#~ = p£? then becomes ¢ - I5 = r, and we have

Hy) =D 1Qil1Q)l[g:5108gi 5 — gi5], EXV#Y) = l|Qj|h (Z |Qi|9i,j>1 :

2 J i



66 CHAPTER 4. ENTROPIC REGULARIZED RELATIVISTIC HEAT EQUATION

In terms of the notations introduced above, the variational problem (4.1.10)) turns into
. T.
g" = arg min (52 [\Qz‘”@ﬂ (gci,j + loggi,j) Gi,j — gi,j}
0,J

9=(gi,5)
+ E |Q;|h (E Qi|gi,j>
7 [

where 7*~1 = ¢g"~! . I5 encodes the datum from the previous step.

(45.2)

+ L(r<"1>—gﬂa>> ;

4.5.2 Excursion: Dykstra’s algorithm

In this section, we briefly summarize the concept of the generalized Dykstra algorithm that is the basis
for the efficient numerical approximation of Wasserstein gradient flows in the spirit of [42].

Let F: X — R be a convex differentiable function defined on a Hilbert space X, and let F* be its
Legendre dual. Below, we identify at each z € X the differentials F'(z), (F*)'(z) € X’ by their respective
Riesz duals in X. The Bregman divergence Dp(x,y) of x € X relative to y € X is defined by

Dr(zly) = F(z) = F(y) — (F'(y), = — y). (4.5.3)

By convexity, Dp(x|y) > 0. Further, let ¢1,¢2 : X — R U {+o0} be two proper, convex and lower
semi-continuous functionals on X, and consider, for a given y € X, the variational problem

Dp(zly) + ¢1(z) + ¢2(z) — min. (4.5.4)

In this setting, the generalized Dykstra algorithm for approximation of a minimizer z* € X is the
following. Let (¥ := y and ¢(® := ¢(=1 := 0, and define for k = 0,1, 2, ... inductively:

") = argmin [Dp (z|(F*) (F'(z®) + ¢* D)) + ¢py (2)]
rxeX (455)
g* D) = F/(x(k)) 4+ gD F/<x(k+1)),

where [k] = 1 if k is even, and [k] = 2 if k is odd. In the special case that F(z) = (z,z) and ¢1, ¢o
are the indicator functions of two convex sets with non-empty intersection, then reduces to the
original Dykstra projection algorithm.

Under certain hypotheses (for instance, if X is finite-dimensional), it can be proven that z(®) converges
to a minimizer x* of in X. The core idea of the convergence proof is to study the dual problem
for ([.5.4), for which the iteration attains a considerably easier form. We refer to [42} |8, [14] for
further discussion of the algorithm, including questions of well-posedness and convergence, in the context
of fully discrete approximation of gradient flows.

4.5.3 From the minimization problem to the iteration

In this section, we follow once again closely [42] with the goal is to rewrite (4.5.2) in the form (4.5.4)), and
then to apply the algorithm (4.5.5) to its solution. The Hilbert space is that of matrices g = (g; ;)i jer
endowed with the scalar product

(9.9") = _1QillQjlgi gt ;.

%]
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and we shall choose F' in (4.5.3) as
F(g) = Z |Qil|Q;19i,5 1og gij
,J

with the convention that 0log0 = 0 and rlogr = +oo for any r < 0, which has Legendre dual
F(w) = 3 1QillQsle,
,J

and respective derivatives — recall that we identify the functional F’(g) with its Riesz dual —
[F/(g)]m = loggi,ja [(F*)I(w)]%] = eXpWwi,j-

The corresponding Bregman distance is the Kullback-Leibler divergence,

KL(glw) := Dr(glw) = > 1QillQ;[gi;(log gi; —logwi ;) — gij + wi;],

(]

which is defined for matrices ¢ and w with non-negative entries. The correct interpretation of the loga-
rithmic terms is the following: if w; ; = 0, then the entire term in square brackets is 400 unless g; ; = 0
as well, in which case this term is zero.

Next, we rewrite our minimization problem in the form (4.5.4). As the reference density
& = (&;) for the divergence, we choose

f B exp (7%67;7]') if éiJ' is ﬁnite,
“d 0 lf éi,j = +00.

Thus 7¢;9:; = —eg;;logé&; j, with the convention that 0log0 = 0, but (—a)log(—a) = +oo and
—alog0 = 400 for any a > 0. The sum of the first two terms in the variational functional (4.5.2)) takes
the convenient form

T .
> [IQille\ (gcm' +log gi j — 1) gm} = 1QillQ;lg:; (log gi; — log&i; — 1)
i i

= KL(gl¢) = Y 1QillQ;l&.;-
4,J

Recall that KL(g|¢) > 0 by construction, and that KL(g|{) = +oco unless g;; = 0 for all (¢,7) with
¢;; = +oo. Neglecting irrelevant factors and constants, the minimization problem (4.5.2) attains the
form

g" = arg min [eKL(gl€) + ¢1(I5 - 9) + ¢5 (g - Ls)], (4.5.6)

where

0  ifr=r-b,

+o00 otherwise.

¢1(s) = Es(s) = Z 1Qj|h(s5), ¢5(r) = tn—1_p) = {

Using that for our choice of F,

[(F*) (F'(z) + q)]i’j =exp (logz;; +qij) = (x ©s);;, withs;;:=e%,
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Dykstra’s algorithm (4.5.5) translates into the following: from ¢(®) = ¢ and s(9 = s(=1) = 1, define
inductively
g(k) @ s(kil)

gD = @y (g®) @ Dy, s+ = o (4.5.7)

again with [k] = 1 for even k, and [k] = 2 for odd k, where ®;(w) and ®o(w) are, respectively, the
solutions to the minimization problems

eKL(g|lw) + ¢1(IF - g) - min  and eKL(g|w) 4+ ¢3(g - Is) — min . (4.5.8)

These minimization problems can be solved almost explicitly. Their respective Euler-Lagrange equations
are, at each (7,7) with w; ; >0,

0= elog Jig (Z |Qs |gm> . and 0=clog 220 4 ),

Wi, j

where the \; are Lagrange multipliers to realize the constraint g-Is = 7"~ !. After dividing these equations
by €, taking the exponential, and evaluation of the marginals, one obtains in a straight-forward way the
following representation of the minimizers in (4.5.8):

Hfl(]IT _w) anl
o) —w-di e\ */ d @ — di .
=g () i (2

where [H:!(n)]; for given n; > 0 is the solution z to the nonlinear relation
R (z
o (1),

note that the equations for the components of H-1(n) are decoupled.

Finally, a significant reduction in the computational complexity of the algorithm is achieved by taking
advantage of the Dyadic structure of g and s that is inherited from each iteration to the next: at each
stage k, there are vectors a®) | 3(%) and u®) | v(*) such that

g = (@® @) ot s® =u® gy®) (4.5.9)

Inserting this special form into (£.5.7)), one obtains iteration rules for a*), 3(¥) and u®), v(¥)_ that are
summarized below.

Proposition 4. Initialize a B(O =1 and u( ) = ugfl) = v§0) = v§71) =1 for alli,j, and calculate
inductively a® , B*) and u(k k) fork=1,2,... from
k k—1 . H;l (gT( (k+1)®]I ))@/3(’“)@ (k—1) .
a1 — o )j?ff( ) ka odd, (k+1) _ ( (Z’T.(a(k+51)®[[5) . ) if k odd,
& (BN GI;5) if k even, B @ pk=1) if k even,
wFHD) — ai(k) ©uth oD — g © vt
o alk+1) 7 - plk+1) 7

with the understanding that for odd k, one calculates o'*tV) first and B¢t next, and the other way
around for even k. Further, the quotient 9 o s interpreted as 0.

Then 9) produces the iterates ¢*) and s*%) of -
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Proof. We assume that ¢ = (o @ ) ® ¢ and s = u® @ v are in the form for all
£=0,1,2,...,k; we show that with a(**1) g+ and ¢*+D 4 +1) defined as above, g*t1) = (aFt) @
BHEFDY © ¢ and D = u++D @ v(k+1) satisfy the original induction formula ([{.5.7).

First, note that

g® o s = (o® @ Yo o (D o) = ((a(k) ou* D) e (B® o U(k—l))) Y3
Further, we shall use the rule that for arbitrary vectors p, ¢ and x, and matrices h,
(pegoh-z=poh-(¢o).
Now, if k is odd, then

=n—1
(b41) gty — T o alk+1)
“ ®F £ (BUHD © Ts) ©p
_ 1l o a® @) o (ﬁ(k) o U(k—l))
a®) @ uk=1 o (€ (K ©vkE-1 O T;))

7"”_1 > ) g(k) @ S(k_l) _ (bl(g(k) @ s(k_l)) . g(k+1)
1) Ts £ £ £

= dlag ((g(k) ® S(kil

In the same spirit, for k£ even, one shows that

A+ & 405 (o) & D) @ [ 5 & oD HH((E" - (o) o 1s)) @ BR) @ vk=1)
(5‘(04(16-1-1) ® ]I(S)) ® B(k) ® ,U(k—l)

@Q(Q(k) @ s(k_l)) g(k+1)

¢ ¢
Finally,
ki1) o ey @B @utm g0 @ k1)
U ®v = a(k+1) BT
(k) (k) (k—1) (k—1) ) (k1)

(Oé ® B )@g@(u, Qv d® o s e

(kD) @ i+ = = :

- (at+D @ g+1) © ¢ = g s

4.5.4 Implementation

Based on the discussion above, we introduce a numerical scheme for approximate solution of the initial
value problem for as follows. Choose a spatial mesh width § > 0 and an entropic regularization
parameter € > 0. Further, define a suitable approximation ¢ of the cost function ¢ that is constant on
cubes @Q; x @Q;, for instance as in , and an approximation r° of the initial condition, for instance
0= fo 0°(2) da.

From a given r" ', the next iterate 7" is obtained as second marginal, ryo= > |Qi|g;fj, of the
minimizer ¢g” to the variational problem or, equivalently, (4.5.6). To calculate g™ from r"~!, we
use Dykstra’s algorithm as shown in Proposition 4| above. That is, we calculate alternatingly the
scaling factors a*), (%) "and the auxiliary vectors u*) and v(*), using the iteration from Proposition
with 7 := r"~1. The updates of a*+1) w*+1) and v*+1) are obviously very efficient. To calculate
the term involving H- ' in the update for f**+Y we use a Newton iteration, which converges in few
steps. The iteration in k is repeated until the changes in a and S from one iteration to the next meets a
smallness condition. Then g;'; := agk)fi’jﬁj(.k).
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(a) The initial proba- (b) The density after (¢) The density after (d) The density after (e¢) The density after
bility density p(®). the first iteration p(1). the second iteration the third iteration p(®). the fourth iteration

P2 o).
Figure 4.2: A support of the density propagates at most with “light speed”. The greyscale possesses a
step from black (representing density 0) to the darkest displayed gray (representing the smallest double-
precision floating-point number greater than 0) in order to illustrate the support of p moving with
finite speed. The Iteration was performed on a grid of 400 x 1200 uniformly distributed gridpoints on
[1,1] x [-3,3] C R? with parameters 7 = 1, e = 0.5, m = 2 and lightspeed 1. As initial distribution we
used p(©) with its mass equally distributed on its support, a ball with radius 0.8 centered at (0,—2.8).
This way, the uppermost points in the support of p(®) have ordinate y = —2 and the propagation with
lightspeed can be observed over the displayed plots.

4.5.5 Numerical experiments
In our expriments, we study the application of our discretization method to the equation

\Y
0= o).

V14 [Vpl?

which is (4.1.1)) with the relativistic cost C(v) =1 — y/1 — |v|?> and the energy from (4.1.4) with h(r)
r?/2. Naturally, all experiments are carried out on finite domains 2, which are either of dimension d =

ord=2.

1

Finite speed of propagation

In the first experiment, we study how the flux limitation becomes manifest numerically. We consider the
rectangular box Q = (—1,1) x (—=3,3) in R?, and a discretization by squares of edge length 0.005. Our
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(a) The initial proba- (b) The density after (¢) The density after (d) The density after (e¢) The density after
bility density pY. two iterations p2. four iterations p?. five iterations p°. six iterations pS.

Figure 4.3: Evolution of a density around a obstacle. Grayscale as in Figure . The iteration was
performed on the remaining part of a 100 x 300, equidistant, quadrilateral grid on [—1, 1] x [—3, 3], after
the obstacle points were removed. The parameters were 7 = 0.5, ¢ = 0.1, m = 2 and again, lightspeed
set to 1. As initial distribution we used p° with its mass equally distributed over a small ball with center

(z,y) = (2,1.2).

time step is 7 = 1. The chosen discrete approximation ¢ to the cost function c is of the type , SO
in particular we set & ; = 0 if |z; — z;| > 1. We chose a (discontinuous) initial condition p(®) that is a
uniformly distributed on a ball.

Figure shows (from left to right) the initial density, and then the solution at ¢ = 7,27,37 and
t = 47. In order to make the finite speed of propagation of the support visible, we set the grayscale to
black for p(z) = 0, and to a gray visibly lighter than black as soon as p(z) > 0. Additionally, the support
of the initial density is chosen as a ball, positioned at (0, —2.8) and with radius 0.8. This way, 0 s
supported in y < —2 and the propagation of the support with lightspeed can easily be observed as the
support increases its radius by 1 in each step.

Motion around obstacles

The algorithm we used here allows for an easy implementation of impentrable obstacles in the domain.
The only thing that has to be altered is the matrix £. There the columns and rows corresponding to a
point lying within the obstacle have to be set to zero and components of £ corresponding to a pair of
points whose connecting line segment crosses the obstacle have to be recalculated (c.f. (4.2.1))).

In Figure[T7] we have realized a impenetrable box and a density flowing around it. Again we have
used the step in the grayscale to illustrate the support of p and again we can observe the finite speed of
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(a) Comparison between Linear diffusion and porous medium diffusion with parameter m = 5.
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(b) Magnification of the comparison.

Figure 4.4: The iteration for the same discontinuous initial data depicted by a solid line. The Iteration is
performed on an equidistand grid with 1000 grid points with time-step 7 = 0.02 and time horizon T' = 1
and entropic regularization parameter € = 0.04.

propagation.

Comparison: Linear diffusion and porous medium diffusion

The iteration can be carried out with porous medium as well as with linear diffusion. In Figure 77| some
features of the two different diffusions can be compared. The figure shows the result of iterating both
with the same initial data. Note that the iteration is already advanced enough that the fronts that can
be expected with flux-limitation and such discontinuous initial data are already dispersed.

Porous medium diffusion disperses the mass faster than linear diffusion where there is a high density
and is slower when there is low density which results in the lower density for our porous medium evolution
around & = 0 compared to linear diffusion. On the other hand, as can clearly be seen in the magnification,
linear diffusion disperses the mass faster for densities close to zero.

Finally, though it can not be observed easily in the plots, the support of both, the linear diffusion
evolution and the porous medium evolution, expands with the same velocity, which is our lightspeed.

Edge effect

Our last experiment is posed on a one-dimensional interval [0, 10], which is discretized with 1000 intervals
of equal length. The result in Figure [77] highlights an undesired effect at the edges: although we initialize
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“o 2 . 5 o 10 0 2 4 6 8 10
(b) The density after the first iteration p(1).

1.2
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(c) The density after the fourth iteration p(4). (d) The steady state corresponding to this initial vector.
Figure 4.5: The edge effect caused by the blurring with the Gibbs kernel. Iteration performed on a
1000 grid points equidistantly distributed on [0,10] with parameters 7 = 2, ¢ = 2, m = 2. As initial
distribution we used p? = 1. The horizontal, dotted lines are drawn at z = 0 + 7 and 10 — 7 and mark
the width of the edge effect.

with a uniform distribution (which corresponds to a stationary solution), the density becomes non-
homogeneous near the boundary points very quickly. In first order, the solution represents the second
marginal of the matrix ; since the matrix is “cut oft” at the boundary, there is a lack of mass near the
end points. The energy introduces a second order effect, which tries to compensate the primary effect by
transporting mass from the bulk to the edges.

This effect is the stronger, the larger the entropic regularization parameter € > 0 is; the pictures have
been produced for a “huge” value € = 2.
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Chapter 5

Entropic regularized BDF-2 Scheme

5.1 Introduction and preliminary results

5.1.1 Introduction

This chapter is concerned with well-posedness and convergence of an entropic regularized BDF 2 (Back-
wards Differentiation Formula 2) scheme, a semi-discretization in time which was, as an unregularized
scheme, introduced and analysed in [33] |43]. We motivated the derivation of this scheme in the intro-
duction of this thesis, also introducing the entropic regularized BDF 2 scheme , which we will be
considering in this chapter.

Our goal is to apply this scheme to the non-linear Fokker-Planck equation, i.e. ([1.0.1)) with A = Id.

Op = A(p(p)) + div (pV[V + (W x p)]) on (0,00) x Q (5.1.1)
n-Vp=0 on (0,00) x 99 (5.1.2)
p(0,-) = p° on 2 (5.1.3)

on some open, convex, bounded set Q C R? with Lipschitz boundary, where we denote with n the outward
pointing unit normal vectorfield to 9Q and p° € 22¢(Q) with finite entropy H(p°) < oo the initial datum.
Furthermore the connection of p to u is given by p(s) = su’(s) — u(s), so p(s) = s™. u is again defined as

in (1.0.5) where u : [0,00) — R with

u(s) = up(s) = {h(f) g izj i

m—1

and h is given as

(5.1.4)

h(s) 1= {slog(s) for s >0

0 for s=0.

In this chapter we assume v € C2?(Q2) and w € C?(R?). Furthermore w is to be even, implying

Vw(—z) = —=Vw(z). We will only be considering one cost function, that is c(s) = % ||s]|°>. The notation

for the corresponding optimal transport distance and its entropic regularization will be To ; and T (3 ; .)
respectively. Let us adapt (1.0.3)

1
Tor(pp) = inf // -
2 (P, 1) vel(p,p) Jf 2 2

0]

r—y
.

dy(z,y) . (5.1.5)
2
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and ((1.0.10]
2
-y

2

dy(z,y) +eH(7) (5.1.6)

T = inf
270 (P 1) Wehnp p //Q 3

to our specific cost c(s) = %Hst Recall the definition of the (negative) entropy functional H from
(1.0.9): Let v € 2(9?) be some probability measure on ? then

:ﬂ;WLMMQW%MN@w)

if v admits a density w.r.t. Lebesgue measure and +oco otherwise and define H(p) analogously for p, a
probability measures in Z2(Q).

Note that, as opposed to general cost functions, we can extract the time-step parameter 7 completely
from the entropic regularized optimal transport, after absorbing 72 in e (c.f. which assumes
e < C7?), by

2
-y

To, Jp) = inf
TT(2,r.e)(ps 1) T("/Eﬂpu //922 )

1 i 2 1, .,
= f a - d =34 7T .
T <7€11-[r%l’7ﬂ) //QZ 2 ”(E y||2 '7(-1'73/) + EH(7)) T €(p7 M)

T

dy(z,y) + 67%(7))

T

Analogously
7Ta,7 (p, // > e =yl dv(a,y) = *Tz(P O

Let us recall the recursion that was introduced in ({1.0.16)) to receive approximations p(T"E) for a solution

p(n7) and apply the just found possibility to extract 7 from the optimal transport distances. We then

arrive at the scheme we will be investigating in this chapter. Given a pair of initial data p(T 51), p$°2,

minimize recursively the functional

7o (p) 1= Bre(ms Y, 1, p) = — (Tﬁ(p, D) = T2 PV 2))) +E&(p)

in p over Z() to receive p(T"E) . Here & is again given as

E(p) =U(p) +V(p) + W(p)

if p is absolutely continuous w.r.t. Lebesgue measure and +oo if it is not. We recall the definition of the
functionals

U = [ wpla)de . Vi) = [ v@pl)de awd - W)= [ ple)wls () dyds

and the relative entropy from (2.3.2) which reads for v,n € 2(Q?)

H(yn) = // log< )dv(x y) (5.1.7)

if v << n and +oo otherwise. Here denotes the Radon-Nikodym derivative of v w.r.t. n. Again, this
is definined for probability measures 1n Z(Q) analogously.
Finally, with £%, the d-dimensional Lebesgue measure, we note

H(y) =H(v| L.
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5.1.2 The main result
Let us specify the recursion’s initial data, pS?Q and ps,_gl). They are assumed to be given as absolutely
continuous probability measures approximating p° in the Wasserstein-2-distance with order 7, that is to

say
T5(p\ ), 0°), T3 (01, p°) = O(7)  for 7,0 (5.1.8)
Furthermore we assume both to have uniform bounded entropy, and energy i.e.
H(pl D), 1), (L), E(P)) < C < o0 (5.1.9)

Definition 5.1 (The in-time approximation). Let 7,e > 0 be the time-step and entropic regularization

parameter, T > 0 be a time horizon and let N := f%} Let p(T 51),,0(72 be given initial data with the prop-
erties described above. Let furthermore T, > 0 be the time-step and entropic reqularization parameter.

Define the sequence p(;fg), n=—1,0,1,..., N with the initial values given above and the recursion
p\") € argmin 7 _(p) (5.1.10)
pEZ(Q)

inducing an in-time approzimation pr. : [0,T] — P(Q) for a solution of (5.1.1) by means of piecewise
constant interpolation

2 [0,T] = 2%(Q)  with  pr(t) = pi) forte ((n—1,7,n7]. (5.1.11)
Let us state the main result of this chapter.

Theorem 4. Let C be some positive constant. Let 7, > 0 go to zero in a way that satisfies
0 <e,ellog(e) < Cr2. (5.1.12)

Let furthermore pgg , p(T) be sequences of suitable approximate initial data in particular satisfying

(5.1.8) and (5.1.9).
Then the (p(Tne))n spawned by the entropic regularized BDF 2 scheme and p, . defined in Deﬁnition
have the following properties.

1. The sequence p(TE) is well defined, that is to say @7 m m has a minimizer for each n.

2. The sequence of approzimate solutions pr . possesses a subsequence converging w.r.t. strong L™ ((0,T)x
0)-topology to a limit curve p, € L™((0,T) x §2).

3. Furthermore p,. satisfies a weak formulation of (5.1.1): For every ¢ € C°((0,T) x ), p. satisfies

T
//p* (t, 2)0pp(t, ) da dt
0

—//p(p*(t,x))Ago(t,x)dxdt+//(p*(t,x)V[v(x)—l—(W*p*)(t,x)],Vgo(t,x» dz dt .
0 Q 0 Q

4. Finally ps is 1/2-Holder-continuous in time w.r.t. the quadmtz'c optimal transport distance Ty and

assumes the initial value p°, the limit of p( Y and p gwen above, continuously w.r.t. T, i.e.

lim T (p. 9 =0.
t{% 2(p(t)ap) 0
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The rest of this chapter will consist of proving Theorem[f]showing the well-definedness of the recursion

(5.1.10) in Section followed by some properties of the sequence p(TnE) in Section and Section
nally we establish convergence of p, . and show that the limit curve is indeed a solution of
in Section [5.6l So the first claim of the above theorem is shown in Section [5.3]. The last three are
shown in Section [5.6] .

5.2 Preliminary results

We will show some properties of T, now. First of all, taking the infimum in the definition is actually
a minimization, as was shown for example in (8, Proposition 2.3] and recalled in Proposition 77 in the
preliminaries of this thesis. Let us restate

Proposition 5.2 (Adapted from [8]). Let p,u € () with H(p), H(u) < oo. Then there is exactly
one minimizing v, such that

2 = z — | «(x, «) .
TZ(p, 1) —//92 lz —yll3 dve(z,y) + eH(7s)

5.2.1 Bounding T. with T.

This part is concerned with bounds for T.. We begin with two bounds that can be received by brief
calculations. Note that we will sometimes use the abbreviation

)= [[la =l drtan)

Lemma 5.3. Let p,u € 2%(Q) with finite entropy H(p), H(1) < co. Then we can bound T2(p, i) from
below by

T2(p, ) > T?(p, p) + eH(7:) > —elog(|2?)) (5.2.1)
where . denotes the optimal transport plan in T.(p, u).

Proof. Let us denote the optimal transport plan in the unregularized OT problem T3(p, 1) as .. The
inequality
TZ(p, 1) = T?(p, ) + eH ()

can then be seen immediately when considering that (c,7.) < (c,7v.) by the optimality of ~, and since
7. is a competitor in the minimization of T3(p, u1).

To arrive at the second inequality we will invoke T?(p, 1) > 0 and Jensen’s inequality together with
h being convex. Indeed

T2 (o) + ) 2 9] ] b3z ) gz )

> 921 [ 2to0) g o)

= —¢log (|QQD .
holds. In particular we note

H(p) = —log(|2) (52.2)
holds for every p € (). O
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Bounding T. with the block approximation

Bounding T. from above with Ty will need more work than the bound from below and a specific con-
struction. We will establish the following proposition.

Proposition 5.4. Let p, p € 22%¢(Q) N Llog L(Y). Then
T2(p, ) < eC 4 2delog e + T2(p, 1) (5.2.3)
holds.

Proof. Since we cannot use the unregularized transport plan -, as a competitor on T; to arrive at suitable
estimates because it has infinite entropy, we will, by block approrimation construct a specific s such that,
on the one hand, we can control e (;5) and on the other hand admits the limit (c,~ys) — (c,7.) holds in
a suitable order of §. This construction has already been used in |8 Definition 2.9], where it received its
name ,,block approximation®, and was used in the proof of I'-convergence to construct a recovery sequence.
We want to mention beforehand that ultimately we will choose § = €, but since this construction can be
made general, we will carry it out for a general 6 > 0.

The calculations of this proof, up until the estimate for the entropy of s, follow along the lines of
section 2 of [8].

We begin with considering the tessellation Qf of ) given as

Q?:{(S({j}—l—K)ﬂQ\jEZd} where K := [—%,%)d

and QF = {Q x P | Q,P € Q2}.

Now let v, be the optimal transport plan of Ta(p, ). Then we can reshape v, on each @ € Q?Q in
such a way that the marginals remain unchanged while the entropy will have a finite value.

For readability and to ease calculations later on, let the tessellation of €2 be enumerated Q? ={Qi}:

where 14 lies in a suitable subset of N and let Qf;22 = {Qi ;}i,; be enumerated accordingly.

The construction on one @; ; € Q?z is carried out here representatively. We take the restrictions of p
and p to @; and @), respectively and rescale them to be probability measures again. Then we take their
product measure, a probability measure on Q2 with support in the closure of Q; x @, and finally rescale

it to have mass v.(Q; % @;). Repeating this procedure on each @; x Q; in Q?z we arrive at 5 which is

given as
p(x)p(y)
P(Qi)u(Q;)

Furthermore we set vs = 0 on Q; x Q; if either p(Q;) or u(@;) equals 0. Let

T, = {i| Qi € QF and p(Q;) # 0}

V5(w,y) = 7 (Qi X Q) —~=— =~ if (v,y) € Qi x Q; .

and J, accordingly, as well as [J?

o = Jp X Jy. This way we can write

_ p(z)p(y) .
'76(5573/) - (Lj)z&;pz# ’7*(Q2 X QJ) (Q )N(Q]) 1Q’LXQJ( y)

We want to show some properties of v5 now. First and foremost, 75 lies in £2%¢(Q2) and is a competitor
in Tc(p, 1), that is to say its marginals equal p and p respectively and it has finite entropy.

We can see that the marginal constrained is satisfied since for some z € Q either p(Q;) = 0 on the
corresponding Q; > = and consequently [, vs(z,y)dy = 0 = p(z) by construction of s or, if p(Q;) > 0
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we can calculate

/’Y&(a: y dny; Fli X %d) Q&;)Qj)p(x)/ u(y)‘ d
Z Ve ( Qz X Q] p(z)
JEITL
(R Q)
p(Qi)
= p(z)

p(x)

and analogously the second marginal of (Py)x7vs = p is recovered.
We will formulate an intermediate result for the entropy next.

Lemma 5.5. For the s constructed above
H(vs) < Hp) + H(1) +210g(|0) + 2d1og(0) (5.2.4)
holds.

Proof of Lemma[5.5. To show this, we have to take several steps.
Let us begin with decomposing

p(z)p(y) >%(Qi < Q)) p(x)p(y) <log(%(Qi ij))+1og( p(z)p(y) >)

(”*(Ql @) Q@) P(Qi(Q)) Q@)

which is justified by h(sr) = srlog(sr) = sr(log(s) + log(r)). As integrand, this yields

H(vs) // (vs(z,y)) d(z, y)

= 3 @ Gl (toa0n(@ix @) +os (e ) ) e

(4,5)€T2,
d(z,
- Z Y (Qi x Q;)10g(7+(Qi x Qj)) fo xQ; P ()p(y) d(z,y)

G,J)ETZ,, p(Qi)1(Qy)
p(z)u(y)
+<u>§72 ) // e (ammiay) 1=

For the first sum we can easily see

fo o, P@)nly) dlz,y)
P(Qi)u(Qj) B

D (@i x Q) log(1.(Qs x Qy))

(1.5)€TF .

3 (@i x Q) 1og(1(Qi x Q;) <0

(GLENF

since log(7«(Q: x Q;)) <0
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The argument of the second sum can be split up one more time

(zj)ejguly* Qi xQy) // QOuQ log (W} d(z,y)
-z, (/ | ;z%; [ ) e (£ vy

[ [ (0 )

T Z (@i x Q) (/Q pp(gi)) to (pp((w3)> dot /Qj u/é yj) tos (ﬁ(&))) dy)

(1,)€TZ,

Let us take a closer look at

> 1(QixQy) / ,5&% 1og(pp(g3)> 4

(L,5)€TZ
_ Z Z Vx Qz X QJ) / p($> log(p(x))dx — fy*(Qz X Qj)lOg(p(Qi))

i€T, jE€ET, Qi
-y / 2)log(p(x)) dz — p(Q:) log(p(Q1))
i€Jp
Hip) = > p(Qi)log(p(Q1)) -
i€J,

Therefore, plugging everything back together, we arrive at
p(x)p(y) p(z)p(y)
Y4 (Qi X Q; // log d(z,y
L @@l o @ouas) 1Y
’ Pyl

=H(p) + H(pw) — Y p(Qi)1og(p(Q:)) — Y 1(Q;)log(1(Q;))

€T, JETL

In a final step, in order to establish the sought for estimate on H (s ), we want to bound Zzej p(Q;) log(p(Qy))
and 3 c 7 1(Q;)log(1(Q;)) from below to arrive at the sought for inequality. To that end, replace p

by a piecewise constant approximation on Qf defined as p(z) = Y., p(Qi)571q,(x) and then use
2(Q;) = p(Q;) by construction and the bound from below for H (c.f. (5.2.2))), to arrive at

> p(Qi)log(p(Q:) = > B(Q:)1og(A(Q:))

€T, i€Tp

- [ partog (o) ;) @
— [ oytontpten o+ [ piaios () ao
>

—log(|€2]) — dlog(d) .
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Analogously we receive

> Q) log(1(Q;)) > —log(|9) — dlog(6)

JE€EITu
and plugging everything back together we arrive at
H(vs) < H(p) + H(p) + 2log(|2]) + 2dlog(d)
which is the estimate we wanted to show. O

Finally, we want to compare (c, ;) with the optimal T3(p, ) = (c,7.). To that end, let us consider
some (; x Q; where (4,j) € jp%# and the optimal transport problem T%(’y(*%j),'y((;yw)) where (. ; ;) =
) l@ixq;- In other words, we consider the problem to transport the mass on @Q; x Q; distributed
according to 7. to the same mass distributed according to ~s.

Since v(5,4,5) has by construction a density w.r.t. Lebesgue measure, i.e. it does not give mass to
small sets, so the Monge problem of transporting the mass of T3 (Y(x,i,5)> V(8.,i.5)) has a solution and we
receive a measurable map S : Q; x Q; — Q; X Q; pushing v ;) forward to 7., ), that is to say
SuY(5,4,5) = V(x,i,j)- Lhat this map is indeed realizing a optimal transport is secondary for us.

By the domain and image of S(z,y) = (S1(z,y), S2(z,y))T € Qi x Qj, by Q; x Q; C Q2 and by ||||§
being Lipschitz with constant L > 0 on the bounded domain, we receive

151 (2,9) = Sa(@, I3 ~ o = yl3| < LII(S1(w,9) — 2) = (Sa(w,) — y), < L2Vds
and with it we can calculate

’ (€ 0:15)) = (€ Ve ’

= |ﬂ 0 Hl‘ - ZJHS d[S#’Y(*,i,j)](xvy) - <C7’Y(*,i,j)>
i X5

<Jl
QiXQj

< 2VdLS |Qi|Qy1 -

181 (z,y) = Sala = )13 = e = 3] dyein (.9)

Summing up to receive a result for v, and -5 we arrive at

[(em) = (e, ) < > 2VdLS|Qi]|Q;] < 2VdL |6 .

(1,5)€TZ2,

We will combine the above results now in an estimate for T¢(p, 1) from above by Ts(p, p).

Let ~. denote the optimal entropic regularized transport plan and -, the optimal transport plan
w.r.t. to quadratic distance. Let furthermore s be the block approximation of ~, as above. Then we
can calculate, using the minimizing property of 7. together with s € II(p, )

TZ(p, 1) = (¢, 7e) + M (7e)
< {c,7s) +eH(7s)

=eH(vs) + (¢, 76) — (€, %) + T3(p, 1)
< £ [H(p) + M(p) + 210g(2) + 2d1og(6)

+ 2VAL Q6 4+ T (p, 1) -
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Since ¢ is at our disposal, choose § = ¢ and abbreviate

C = H(p) + H(p) + 21og(|Q) + 2VdL |Q?
to arrive at

T2(p, ) < eC + 2delog e + T2(p, 1) - O

Bounding T. with the tensor-product plan.

The tensor-product plan p@u € P (p, 1), minimizes the negative entropy H(y) among the set of transport
plans v € Z(p, u). Indeed, as was shown in [15, Theorem 1.2], the entropic regularized OT plans converge
narrowly to the tensor-product plan p ® p for € — oco.

Since it is on the one hand the minimizer of H on the set of transport plans from p to p and on
the other hand a feasible candidate in the minimization problem TZ2(p, i), we arrive at the following
estimates.

Lemma 5.6. Let p, u € 229¢(Q) with finite entropy, € > 0 and . the optimal transport plan of T2(p, ).
Then

(c,7e) + e (H(p) +H(w) < T2(p,p) < (¢, p @ p) + & (H(p) + H(p))
holds.

Proof. This is merely a matter of plugging in the tensor-product plan as a minimizer of H, to receive the
bound from below, and as a feasible candidate in II(p, ) for minimization in T, to receive the bound
from above. In both cases we can see

Hip@p) = %2p®u10g(p®u)d(x,y)

:/Qplog(p) (/Q,udy> dx+/ﬂulog(u) (/dex) dy

=H(p) +H(p) - O

5.2.2 A stability result for the Kantorovich potentials

The entropic regularized OT distance T?(p, ) admits a decomposition which will be needed in the
subsequent proofs of the existence of a minimizer and in establishing the Euler-Lagrange equation. The
decomposition consists of rewriting T? as the sum of a ,distance* S? similar to T? and the entropy of
the marginals p, . This new S? will furthermore be shown to be continuous w.r.t. narrow convergence.
In the proof of continuity we will make extensively use of properties of S2 established in [19].

We begin with recalling Remark which stated

TZ(p,p) = _inf eH(y|K.). (5.2.5)
v€E(p,u1)

Now we define a similar expression.

Definition 5.7. Let p,u € Z2*(Q) with finite entropy. Define

SZ(p,p) = inf eH(y|Kep®@p) (5.2.6)
~YEIL(p,p)
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(c.f. (5:2.5)) where

H(y [ Kep @ ) =//m G(x,y)log (g&%) d(p® p)

holds due to v = Gp ® u.
Define the dual problem D.(p, ) of S%(p, i) as

D.(p,p) == sup  De(o,%,p, 1) (5.2.7)
¢, peL>(Q)

where the argument of the supremum is defined as

D.(p,9,p, ) := /qu(x)p(fc) dﬂf+/ﬂw(y)u(y) dy—s// TR (2, ) d(p @ p)(x, y) -

02

For (¢,) € L>(Q)? define the Sinkhorn iteration map S. by
Se(¢ s p, 1) = (,))

where (/A),z/; are calculated as follows:

~ Y(y)—c(z—y)
¢ := —¢log (/Qe : du(y)>
1& = —clog (/Qemm):(my) dp(m)) )

Proposition 5.8. Let p, u € £%(Q) with finite entropy. Then the following holds.

1. S. and T? are connected by

TZ(p, 1) = SZ(p, ) + eH(p) + eH(p)
(c.f. Lemma 1.5. in [19]).

2. S and D admit optimal elements Yope € 2(Q?) N(p, p) and (¢*,9*) € L>=(Q)? where Yopt is
unique and (¢*,v*) is unique up to recalibration (¢*,v*) = (¢* + a,v* — a). The recalibration can

always be chosen such that ||¢*|| ., V|l < 2 lcll. (c.f Section 2., in particular Lemma 2.7.,

Theorem 2.8. and Lemma 2.10. in [19]).
8. Duality between S. and D. holds in the following way
S2(p, 1) = D=(p, 1)
and, let Yopt, (0*,9*) be optimal in S., D,, then
Se(¢%, 9", pyp) = (97, 47)
holds and this is a sufficient condition for (¢*,1*) to be optimal in De(p, u). Furthermore
Yopt () = e VK (2, )" W/ (p @ p)(w,y)

holds (c.f. Lemma 2.10. and Proposition 2.11. in [19]).
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Remark 5.9. We want to make Proposition 1. plausible with a short formal calculation while skipping
the measure theoretic considerations. Let v € 22%(Q?) with density G w.r.t. Lebesque measure and G
w.r.t. p® p. By p,p € P ), this entails G(x,y) = G(z,y)r(z)m(y) where r,m denote the densities
of p and p respectively. We can now calculate

1oy 1K) = [ Gl iog (If((gcy))) a(r.y)

- || ctyos (y)) d(p & 1), )

("%
:/Qz G(z,y log< > (p® p)(z, )+/Qr(x)log(r(x)) dx+/gm(y)10g (m(y)) dy
)+ ( ) H(p) -

The definitions of T2 and S2 now imply the result Proposition 1
By a short formal calculation, the duality result in Proposition [5.8]3. can be made plausible, too.
Indeed, let vy € T(p, ) N 2%(Q?) and let ¢, € L>°(). Then

=H0 | Ke(p®p)

H(v [ Ke(p @ p))
// 2 — yll3 + e log (G(z,y)) — d(z) - w<y>)G(x,ym(p@m(x,y)+/Q¢dp+/ﬂwd”

P(z)+¢(y)—lle— yllg 1
> [ T Ao )+ [ ddp+ | ban
Q

= Da(¢7 w, P M)
where we absorbed the —1 as € in one of the two Kantorovich potentials. The inequality in this calculation
is justified by noting that t — (s-+¢log(t))t is convex for all s and has its unique minimizer att = —e ™= 1.

So identifying s = ||x — y||§ —¢—1 andt = G > 0 we arrive at the inequality in the calculation above
and see furthermore that eH(y | Ko(p @ p)) = De(¢, b, p, ) iff dy = e Ko d(p © p).

With these results at hand, we can state the first consequence towards our stability result.

Lemma 5.10. Let p, ps,pr. € P*(Q) with uniformly bounded entropy. Let furthermore pr, — ps
narrowly in Z() and denote a sequence of corresponding optimal Kantorovich potentials (di, Vi) of
D.(pk, ). Note that we assume the Kantorovich potentials to be chosen such that in particular the
estimate in Proposition [5.8/2. holds.

Then we can recalibrate the sequence (¢r, Vi) — (G + ak, Y —ay) with a sequence supy, |ax| < 3||cl|
in such a way that the components of the recalibrated sequence converge

lim ¢ = ¢, and lim ¥ = 9,
k—o00 k—o00

uniformly. Additionally, the limit (¢.,¥«) is an optimal pair in De(p«, ) such that a relazed version of
the estimate in Proposition [5.812. holds for (¢*,¢*), too.

Proof. We will establish, in addition to ||¢x || , [¥k]l. < 2 [c|l., that these sequences are, as sequences
of continuous functions on the bounded 2, uniformly equlcontmuous. That will be shown by establishing
a uniform Lipschitz constant for both sequences. Consequently, by Arzela-Ascoli, these sequences are
compact w.r.t. uniform convergence.

To establish this Lipschitz constant we will follow along the lines of the proof of [19, Proposition
2.4.1].
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We can establish, by boundedness of €2, the Lipschitz estimate
2 2 .
21 = yllz = llz2 — yll3| < 2diam(Q) [[z1 — 22|,
where the upper bound can for example be seen by 21 =1 — y, 20 = 22 — ¥y

2 2 .
Iz1llz = llz2llz = (lzally = lz2ll2)(lz0lly + [[z2ll2) < 2 diam() [|z1 — 2|,

and we used the binomial theorem and the inverse triangle inequality.
By Proposition .3. we have that (¢, 1) is a fixed point of S.(¢, v, px, 1), and so for our Kan-
torovich potential ¢ we can write

Vi () —c(@1—) VrW)—c(zz—y)
ouan) = onan) = = (tog [ ™ 0 ) g ([ 5 aut)) )
_ . <log (/ ewk(y)—c(w2—y>+:<w2—y>—c<w1—y) d,u(y)) log (/ ewm)—z(wz—y) du(y)))
Q Q
< 2diam(Q) |[|x1 — 22|, — € <10g </ o du(y)> — log (/ R du(y)))
Q Q
)

= 2diam(Q) ||z1 — 2],

and the other way round
Pr(®1) — P (2) = —2diam(Q) [lzy — 22|,

by virtually the same calculation, giving us a Lipschitz constant L = 2 diam(2) for ¢, not depending on
Pk, b Or k.

The same calculation holds for v, and so does the estimate. We can therefore conclude that the two
sequences @y, 1, are on the one hand uniformly bounded in [-||, and on the other hand are uniformly
equicontinuous, allowing us to apply Arzela-Ascoli to receive that these sequences are compact w.r.t.
uniform convergence. That is to say, that in particular each subsequence of (¢, 1) has a subsubsequence
such that its components converge uniformly to some ¢, Voo

We want to show that (¢, %) is an optimal pair for D.(ps, ). By Proposition ,3. this is
equivalent to showing that the limit is a fixed point of S, (-, -, p«, ). We have

boo = lim ¢p, = lim —clog < / o Y du(y))
k— oo k— oo Q

(@) —c(r—y)

Yoo = lim 9, = lim —elog (/ e : dpk(x)) .
k—o0 Q

k—o0

So by the integrals being bounded away from 0 and by continuity of log, what we have to show is

. Y (y)—c(z—y) Yoo (¥)—c(z—y)
lim [ e™ du(y) = / e F dp(y)
Q

k—o0 Q

) k(@) —c(a—y) oo (@) —c(z—p)

lim [ e c dpp(z)= | e c dp.(z) .
k—o0 Q Q

We will representatively show the second limit, since the sequence pi makes this one a little harder than
the first one.
We have the uniform bound [|¢x — ¢l g2y < 2 e[l o (z) Py Proposition .2. and triangle in-
mp

equality, so we can assume e to be uniform continuous in our case which then implies that the uniform
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. (@) —c(z—y) . . .
convergence of ¢y, carries over to e c . Finally, since pj converges narrowly, we receive for every

y €

(z)— c(J: ) oo (x)—c(z—y
lim [ ™ dpr(z) = /e¢ (el )dp*(x).
Q

k—o0 Q

For 1, we receive the same result, showing that ¢, 1+ are actually optimal Kantorovich potentials in
De(pa, 1)

Now let us assume that there are two subsequences converging to two different optimal pairs (¢., 1, )
and (¢s« + a, ¥, —a). Then we can assume the two subsequences to be disjoint and simply recalibrate the
latter subsequence by a, perhaps weakening the estimate [[¢. ||, ¥/, < 2|lc[|o, but not enough to
break our argument above, and receive that this recalibrated subsequence actually converges to (Px, Py ).
Finally, since limit points of the initial sequence cannot lie further apart than 2 |ic|| . in the L>(Q)-
norm, we can always choose the a € [-3||c|| ,3]|c||,,] (where the 3 is chosen for good measure) and can
apply this to all remaining disjoint subsequences converging to another optimal pair to receive a sequence
actually having (¢, 1¥.) as the limit. O

Corollary 5.11. Let pg, px, o € P(Q) with finite entropy and let p, — pi narrowly in P(Q). Let
furthermore 7y be the sequence of optimal transport plans in S2(pk, 1) and Gy, their density w.r.t. py ® p.
Then the Gy, are continuous and converge uniformly to Gy, the density w.r.t. p. @ p of the optimal
transport plan v« of S2(ps, ).

In particular

Tim S2(py, 1) = S2(pe ) (5.2.8)

Proof. We consider the sequence (¢, ¢y) of optimal potentials established in Lemma Then ¢, ¥y,
are Lipschitz and uniformly bounded: ||y . ¥kl < 2 [lc|... The structure of Gy (z,y) = e?*@+vsW/EK (z,y)
allows us to conclude that G converges uniformly and its hmlt has the form

Dx () +x (y)

G*(Lt,y) =€ c Ks(iﬂ,y)

The fact that the limit G, is indeed optimal is a direct consequence (¢, 1.) being optimal potentials

and Proposition[5.8.3. .
Let us proceed with G. By boundedness of €2 there is a uniform upper bound on c. In combination,
this gives us a uniform bound away from zero for Gy and G, showing the uniform convergence of Gy

passes on to Gy log (%)

Finally, we can calculate

hm Sc(pr, p) = hm 5/ G (z, )10g<
02

<l (E9)

Se(p, 1)

))M%®mmw>

Q.

(P« @ p)(z,y)

Gké;;’g) converges uniformly to G.(x,y)log (G E;%) and pp @ p

narrowly to p, ® . O

where, as we have seen Gi(z,y) log(
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5.3 Existence of a minimizer

The existence of a minimizer in each recursion step is usually a result that can be shown more or less
effortlessly in the JKO-case, for there the summands of the functional that is the subject of minimization
are all themselves l.s.c. and therefore the direct method of the calculus of variation can be applied almost
immediately.

In the BDF2 case on the other hand, the negative term —7T2 2(p, p(T c )) provides a substantial hurdle,
since the lower semicontinuity is no longer immediate to obtaln But with the results from the preceeding

. n—1 n—2 . . . .
SeCthH, we can see Tg (p, p-(,— e )) — iTg (p, p-(,— e )) 1s semi-continuous in P w.r.t. to narrow convergence.

We will begin with showing that &, .(7; p(Tn8 1)7 p(T"E 2), p) is bounded from below in p. Then we will
show n.l.s.c. of the energy functional £(p). Finally we will establish n.l.s.c. of the kinetic term and
conclude with plugging these results together to the existence of the minimizer.

5.3.1 Bound from below for ¢, ..

Now for the bound from below, let us for a moment only consider T2(p, p{"s V) — 1T2(p, p"?). Then
we can use Lemma to receive the estimate

T2(p, 1)) — TT2(p, pl7)

(D) = ST2(p, Pl
> (60 e (Hip) + HC ) — 1 (e ) + 2 (Hip) + H(pC™))]
> H(p) — el < (mg(mn )

1
>

7 n—
el mqem — = (Jioutia) + 1))

where we used 0 < (c,7) < [[¢[| o (2) as well as (5.2.2)).
As an intermediate result we receive, from the next to the last line, the bound

3 n 1 n
$M () < T2, ) = {200l ) ] el + € (lom(12) + (MO ) - 53

The energy term can be estimated from below as well by means of Jensen’s inequality

) = [ (o) ds > 9l (o)

and by the properties of v and w the values v := ming v(z) and w := min, yeq w(z — y) exist and are
finite so we receive

V() + W(p) 2 v +w

for every p € 2(Q) right away. Plugging everything together and abbreviating £ := || u <ﬁ> +v+w

we arrive at
@ (70 0, 0) >~ (el ey + e Tog(102) + M) ) +£.

So there is a bound from below for ®, . that only depends on 7, ¢, u, v, w, c and ’H(p(fng 2)) and in particular
not on p.

Picking up the intermediate result (5.3.1]) again we receive the following result.
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Lemma 5.12. Let 7,e > 0 and let pi, € 7%°(Q) be a minimizing sequence of p — O (; pS’fg”, pS’f;”, ).

Let furthermore the initial data p(77€_1)7 p(TfLE_Q) have finite entropy and energy

H(pM), D) H(p), E(p)) < C < 0.

T,€
Then there is a subsequence py, with uniformly bounded entropy and energy H(pr,), E(px,) < C < oo.

)

Proof. Since p(TTfE_Z is a feasible candidate in the minimization problem, we know that for k& big enough

we have

O, (7300, pln?) o) < @p (73 p0 Y pln ) pnm))

where the 41 has to be there in case p(TfL{Q) is itself a minimizer. Now on the one hand we have by ([5.3.1])

n— n— 1 n— 1 n—
O (3 pln D, pln) py) = - <T§(pk,p$,e V) — ZTﬁ(pmpi,e 2))) + E(pr)

Y

1/3 1 1

(2 _ = _ - (n—2)
(500 = el — ¢ (tox(12) + 7)) ) + o)
3

47_H(p5'7572)) + CC,T,E,Q

= U + Elon) -

and on the other hand we have with Lemma

— n— n— 1 n— n— 1 n— n— n—
e (mspf Vs P o) = (Tﬁ(p(m D ple ) = T, Pl 2))) + &)

1 _ _ _ B € _ _

< = ((eplir? @ oV ) +2 (M) + HpU) ) = SH(A)) + E(pL)
€ € 1

< = (n—2) (n—2) < n—1) - )

< M) + E(UTD) + ZH(U) + = lell

Plugging this together yields

3¢ 3¢ €
T H (k) +E(pr) < THEET) + ELITD) + —H(TT) + Copen +1.

Iteratively this yields a bound for 2H(p;,)+E(px) that depends on the energy and entropy of pgf;l) , pgf;z)
and c, 7, ¢, and n, making this estimate uniform in k.
Now since H and & are both bounded from below, this estimate shows that H(py) and £(py) are each

on its own uniformly bounded from above. O

Note that this bound might decay with 7, e, but we only need it to establish existence of a minimizer,
which is done for fixed 7,& > 0.

5.3.2 Weak lower semi-continuity of the kinetic term and €£.

As was shown for example in |46, Proposition 7.1 & 7.2], V and W are continuous w.r.t. to narrow
convergence of probability measures. Furthermore |46, Proposition 7.7] implies that & and H are lower
semicontinuous w.r.t. narrow convergence as well since h and u are both continuous, convex and super-
linear at infinity.

Lemma 5.13 (Adaption from Section 7 in [46]). We have that
p—=E(p) and pr— H(p) (5.3.2)

are n.l.s.c. .
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Showing that the kinetic term, T2 (p, pﬁ’f;“) — 1T2(p, ,0(777?2))7 will take the detour over S..

We begin by using Proposition[5.8 1. to rewrite our kinetic term.

n— 1 n—
T2(p, P17 Y) = T2, V)

1 3 1 (5.3.3)
= S2(p, V) = 78200, V) + M) + eH(PTTY) — JeH(PTT)
where we used that for u € 229¢(Q) we have H(u | L) = H(p).

Now we can see, the last two terms are constant w.r.t. p. The first two have been shown to be
continuous in p w.r.t. to narrow convergence in 22%¢(2) with uniform bounded entropy in Corollary
And finally the third term, the negative entropy of p is n.l.s.c. by Lemmal5.1

In conclusion, we have established that ®7 _(p) consists of summands that are all n.Ls.c., which implies
that @7 _(p) is n.ls.c. in p.

5.3.3 Existence of a minimizer.

Showing the existence of a minimizer follows now the standard way by the direct method of the calculus
of variation.

We have shown that p — @, . (7; p(TfLE_l), p(TfLE_Q), p) is bounded from below and lower semicontinuous
w.r.t narrow convergence of p. So let us abbreviate ®7' _(p) := ®- (T P ) o) and let us assume
a minimizing sequence py. Then, since £() is narrowly compact by boundedness of {2, we can assume
pr to be narrowly converging to some p.. By Lemmawe can assume this sequence to lie in Z2%¢(Q)

and have uniformly bounded entropy. We receive for every p € Z(Q)
CI):-L,s(p) > lim (I)Zrl,s(pk) = liminf (I)Zrl,s(pk) > (I)Zrl,s(p*)
k—o0 k—o0

implying that ¢, is a minimizer of ®7 _.

The first inequality is here implied by p; being a minimizing sequence and the second inequality is
derived from the n.ls.c. of @7 .

This shows part 1. of Theorem [4].

5.4 The Euler-Lagrange equation

To establish the Euler-Lagrange equation is the next step we take towards showing convergence of our
approximate sequence to a solution of the initial equation.

Establishing the equation will consist of three distinct steps. First we will restate a well known
result concerning the variation of our energy functional £ along solutions of the transport equation
Oapx = div (prf).

Then we will establish, a similar result for the kinetic term p — % (Tg (p, p(TfLE_l)) — 2T2(p, p(TT,LE_Q)))

This step is a little more involved and consists of rewriting the kinetic term first w.r.t. S, as we did in
, then shift to the dual problem D, of S, and finally using the stability result Lemma and
Corollary for the corresponding Kantorovich potentials and the density of the optimal transport
plans. Plugging these results together we will arrive at an estimate for the difference quotient of the
variation along solutions of the transport equation.

Finally, by a standard argument, we establish the Euler-Lagrange equation utilizing the minimizing

property of p(TnE) :
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5.4.1 The variation of the energy functional and H

To achieve these equations, we will vary our optimal p(Tng) along the transport equation
Oxpx = div (1A V()

with initial value g = pS”Q It is well known (e.g. [2, Chapter 6] or [46, Chapter 4]) that the solution
curve py can be written as a push-forward of pS"Q in the sense that uy = (Z ,\)#pgfg) and Z, is given as a

solution of
Z():idQ; a)\ZA:VC(Z)\) .

Lemma 5.14. Let pS"Q e 2°(Q)NL™(Q) and ¢ € C(Q,R). Consider uy as given above. Then the
first variation of £ along the curve uy is given as

],y E) == [ ol (VO d = [ (@) -+ 2(Twe w12 V()

where p(s) = su’(s) — u'(s).
As a direct consequence is the variation of the entropy along solutions of the transport equations

m‘ H(M):—/ﬂpgfjgdiv(vg)dx. (5.4.1)

A=0
(n)
Proof. Writing py = (Zx)# pS’Q and minding the regularity, we receive the representation u) = detp(}’fzn )

Z, ' which is well defined for small X\. Here DZ, € C(Q,R?*?) is the Jacobian of Zy.
Now we can write

(n)
- Pr.e
Ulpin) = /ﬂ ' <det(DZ,\)> det(DZy) da

and for deriving the determinant, there is Jacobi’s formula yielding
Oxndet(DZ)y) = div (V((Z)y)) det(DZ)y)

so we arrive, with u being a monomial of order m and the dominated convergence theorem, at

A=0

ol Uy = /Q p(P)AC dae

where p abbreviates the product rule struck u by p(s) = su’(s) — u(s).
The remaining parts V and W are easier to vary. Indeed, by linearity and the regularity of v as well
as ¢ having compact support in the open 2, we receive

T X — Mo
O o V(pa) = )1\1{%/Qv — dz

= / v div (p"' V() da
Q

= / div (p" V)¢ da .
Q
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The calculation for W is very similar, after expanding

//Q o (2)w(z — 1) (y) - Ho@)WE o) 4,

://QQW (z —y)ua(y) d(z,y) // to(z )Md(m,y).

Now by nearly the same arguments as above, we receive, after incorporating the symmetry and regularity
of w,

O], _Wlm) =2 | div (V)W * plr) da

—2/d1v Vw*p )¢ da O

Finally, when choosing u = h, v=w = 0 in £ we see that £(p) = H(p) for all p € P (Q). Therefore
the variation we just calculated holds for #, too, and minding p(s) = s in the case of u(s) = slog(s), we

arrive at (5.4.1)).

5.4.2 The variation of the kinetic term

Showing a suitable estimate for the variation of the kinetic term requires a little more work. The plan
consists of rewriting the kinetic term again as

1
Te(p, oY) = 7 Te(p, p1?)

3 1
=S.(p,p"V) — ZS (. %) e H(p) +eH () — LM (o)

and splitting this up in terms that can be handled one by one. First we note that the entropies of
,0(77,? ) and p(" 2 are constant w.r.t. p and therefore play no role in the variation. Furthermore, the
first two summands can, by similarity, be handled by similar arguments. Concerning the remaining part
S:(p, p(T"E 1)) %S (p, p(T”6 )) we will use the stability results and the dual formulation from Lemma
and Corollary[5.71] Finally, the entropy of p has already been taken care of by Lemma as we will

point out right away.

Lemma 5.15. Let p(n 1)7p(7n€ 2 ¢ € P%(Q) with finite entropy and p(TnE) the minimizer of ®} (-). Let
¢ € CX(,R) and consider uy the solution of Onpy = div (u ,\VC) with initial value po = p(TnE) Then an

estimate of the first variation of p — Sc(p, p(Tns 1)) — 1S:(p, anE 2)) at p = p(Tng) is given as

11 . 1 . 1 B 1 o
hmsup)\ [ (SE(,UMPS—T,LE 2)) 4S (,U'A?p-(rs 2))> <S (,U,o,p,(rs 2)) SE(N’O?/)S',E 2)))]
AN0 T 4

< ( //92 (x —y, V((x)) d’y(" Dz //Q2 —2,V{(x)) d (2_2)(ac,z)> .

Proof. Let us begin with the variation of S_(p, p(ffgl)). Recall the dual problem D, and its functional
D, defined in Definition and let us denote by ¢y, 1, the Kantorovich potentials of S.(u, p(Tne 1)),
&, = ¢, and G = ePot¥o/K_ the density w.r.t. puo ® p(;f{l) of the optimal transport plan -, of
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n—1)

S (1o, p(T,5 We receive for the difference quotient for A > 0 small enough the estimate

~—

(SE (N)\a ps-?sil)) - SE (MO? pg—?sil))>

> =

1
b (D (i, P 1) = Ds(uo,pi’f{”))

% ( (¢)\7w)\7/1*/\7p‘rn5 1)) s((boﬂl’oaﬂoa/’g@_l)))
< l( D (¢x,%x) — De(dr,¥n))

/¢ FA— HO g, — // e @WK (g, y)d[(“k;“())@p(n V)(z,y)
02

/(bux 1o g //mGAxy m*uo)@)p(n )(2,y)

This is exactly where the stability result Lemma and the subsequent corollary is needed, since we
have to pass to the limit with the argument of the integral and the measures against which we are
integrating. Consequently we receive in the limit A \, 0 by the uniform convergence of ¢, and G

1
lim sup— (S (/LA,,O(T”E 1)) Se (uo,p(Tns 1)))
ANO A

< / b div (pVC) dz — ¢ / [ Glavadiv (o2 (@) VC(@)plt) () da).

Now let us consider for a moment the marginal constraints of the optimal transport plan v, = G - £%.
We have

Ye(@,y) = Gz, y)p™ (2)p{"D(y)

since p(T 5) , p(Tn5 Ve 2%(Q) and consequently

() = p) (a) /Q Gz, 4)pt V) (y) dy

implying on supp(p SQ)
1= / G(z,y) p(T”E Dy)dy ae.. (5.4.2)
Q

Anticipating the calculation to follow, we calculate the gradient of G w.r.t. z now, which exists since G
and ¢ are both Lipschitz. Minding V, ||z — y||§ = 2(x — y) we receive

/QVIG(w,y)pﬁ’Z D(y)dy = - <V¢ / G(z,y)pl"V(y )dy—/Q?(x — )Gz, y)p" D (y )dy> :

By the very same regularity, we can integrate by parts, minding ¢ € CS°(2), to arrive on the one
hand at

[ e (o290 o = - [ Vopveas
Q
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and on the other hand at

e [ Gtemptt i (2 @6 ) == [ ([ 9.6 ol ) ay) )T as
-/ (w( ) [ Gy - [ 2 -6t ,y>p£t;1><y>dy) A () V() da
/V(bp(")VCda:—// (x =y, V¢(2)) Ay (2,y) .

Plugging these two terms together we receive

[0 (p2ve o / G, y)p ) (y)div (o0 () V¢ () d(x, )
Q

// (2, VC(@)) drD ()
(n) (n-1)

where we denote with %:2—1) the optimal transport plan of S (pT 2y pre ).

Note that in the next to the last equality we used (5.4.2) to cancel out the first and last integral.

Establishing the variation of —%Sg(p(ﬁg , p(Tr,?Z)) follows virtually the same lines of argument with one

difference. The first estimate has to be made in the other direction, due to the negative sign, giving us
1 n n
- (S (113, PT)) = Sc(po, pU 2)))
< 1 (n—1) 1)
(¢071/)0a,u)\ st ) (¢07¢07,u07p7—5 )
( o5 e e [ e o) al P 0 ) )

So from here on, the calculations are actually easier than before, since we only have to deal with arguments
in our integrals that are constant w.r.t. A.

This being the only difference in the considerations of S (,0(7"6)7 p(TE ) and S (p(T"E), pre )), we can
establish

timsup -8 (o0 2) 2 [ 2002, 90(a) Ve 2)
AN0 Q2

where '7575_2) denotes the optimal transport plan of Ss(p(ﬁg), p(Tn‘E 2)) and we renamed y — z to avoid
ambiguity.

Plugging these results together we arrive at the following estiamte of the variation of the kinetic term

111 1 1 1
hmsup)\ |: (S (/1‘/\7/)5:”5 2)) 4S (:u)wpg'ne 2))> (S (:u()ap‘(rns 2)) 4S (MOapS'ns 2))):|

AN0
<( //Q (x -y, V¢(x)) dyf Y (@ //Q — 2, V{(x)) d <f;—2>(x,z)>. O

Proposition 5.16. The Euler-Lagrange equation of the minimization problem ®7 _(p), varied in direction

of the transport equation Oxypy = div (uAV () with initial value py = pgfs), s given as

<//Q2 (@ =y, V{(2)) Ay D (z,y) //QQ — 2, V¢(@)) dyln )(:r,z)> (5.4.3)

% / M) div (V¢) da — /Q (P div (V) da — / P (@) (Vv + 2(Vw # o)) V¢ () dr
(5.4.4)
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Proof. Plugging the results of this section together, we receive for the variation an estimate from above

and together with the minimizing property of p( ") in ®" _, we receive

T,€7

0 < limsup + (‘I)n( ») = @7 (1))
ANO A ’

<L ([ 2w vewn a1 | 225w drf )

— | A (VO o+ [ (o (VO d = [ @) (T -+ 2T ) V() d

Now this expression is linear in ¢ and flipping ( — —( now shows the claim. O

5.5 A priori estimates
In this section we will assume 7,6 > 0 and p(ﬂg to be a sequence spawned by initial data p(T gl), pS‘E S
2%¢(Q)) with finite entropy and the recursion

P € argmin @7 (p)
PEZ(Q)
which has been shown to spawn a sequence of p(T"E) € 2%¢(Q) with uniformly bounded entropy.

We want to establish an analogue to the energy diminishing property of the JKO scheme next, though,
as was pointed out in [33, Section 4.], we cannot hope for our sequence to be truly energy diminishing.
We will however receive a almost-energy-diminishing property of our sequence alike the one in [33].

The entropic regularized distance has one major disadvantage which incidentally is one of the reasons
why it is not an actual distance: T¢(p, p) # 0 in general. This fact also avoids us from using the standard
technique to achieve the classical a priori estimates. To circumvent this problem we will make use of
Proposition which we achieved with the block approximation.

To arrive at the classical estimate, the minimizing property of ,oS”Q is used to compare it to pr;l)

which, when p(Tns) is replaced by it, sets (one of the) kinetic terms to zero and the desired estimate follows.

Since transport plans (Id, Id)#p(;f{l) have infinite entropy, we cannot use this approach but have to

retreat to our results from (5.2.1) and Proposition stating that we can bound T? from above and
below by T? in the following way:

T?(p, 1) + eH(7:) < T2(p, p) < eC + 2deloge + T (p, 1) - (5.5.1)

With this estimate at hand, we can establish the following result.

Lemma 5.17 (One step). Fixz some C > 0. Let T,& > 0 such that (5.1.12) holds which reads
0<e,cllogel <CT?.
Then we have

1 n n n n— n n
ST, pl10) — T2, p2) < 720 47 (o) ~ o)) (55.2)

Proof. By the minimizing property of pS"Q we have

T2, p0) < T2, p0) = 1 (T2l ) = T2, ) ) 7 (£ ) — E(0l))
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and consequently, by (5.5.1]) we receive for the Lh.s.
T2(p, pn) — 22 log(102]) < T2(p72, piY)
and for the first summands of the r.h.s.
n n— 1 n n— n
Tz(pg-e 1)7p5-,e 1))71 ( (p‘(re 1)7 s—,e 2)) Tz(pg-e)ap‘(rs 2)))
< (e + < log(©))C — (T2, o) + (e + e llogel)C — T(p, o) — 2cTog [0

1 1 Y e
< (e +¢log(e))C — Selog 2] + §T2(p$”2,p55 D)+ T )

where we used the triangle inequality for the squared Wasserstein-2-distance
T2 (pl), pl?) < 2T2(pl), pln V) 4+ 212 (p{n Y, plri?)

which is founded in the usual triangle inequality, the binomial theorem and youngs inequality for products
with p,q = 2.

Plugging these together we arrive, after moving $T?2 (P, plny 4 %TQ(p(TflE_l),p(T"E ) to the Lh.s.
and —2¢log(|€?]) to the r.h.s.

1 1 3
ST, i) = 2P0, o) < (e + e flog () )C + Selog 2 + 7 (E(pU) = £() ) -

4
Finally including the estimates from (5.1.12f), we arrive at

1 n n n n— n n
ST 0Y) = TR ) < 207 (E(0Y) — i) O
So we see our sequence is almost energy diminishing, having a small defect 72C + %T2 (p$”€ 1), pgf{z))

in each step. The iTQ(pgns D p{n=2)) will not play a major role as can be seen in the following corollary,

summing up over the individual steps.

Corollary 5.18 (Classical estimate, several steps). Let N = [L |+ 1. Then with (5.1.8),

N
Z (o2, pl ) < 7(T +7)C + 7 (E(p) - £(p)) (5.5.3)

holds.

Proof. Summing up the Lh.s. of (5.5.2)) over n, we receive, when minding the telescopic sum,

1 n n 1 n n
5 () = ST )

an

»Mr—\

1 1
= T2, p) = ST o) +

N
1 Z 2(pl, pln)
) =

Z (o), plnt))

»MH

1
2 71T2(p~(r >p7—5
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the sum of the r.h.s. then yields
N
S0+ 7 (E(pU) — E(D)) < 7T+ 7)C + 7 (E(6%) — E(D)) -
n=1

plugging in (5.1.8)), which implies by triangle inequality
T?(p{ M, p%) < Cr

T,

after moving $T%3 (p(ﬂ_gl), p(Tog) to the r.h.s. we arrive at the claim. O

Lemma 5.19 (Holder-type estimate). Let my,me € N with mo > my. Then there is a C < oo not
depending on T,e,m1 or mgy such that

T(p22), pl)) < (r(mp —mn))/2C

holds.
Proof. We can calculate by triangle and Holder type estimate
ma2
TP, ply < Y Tl pli )
n=mi+1
o 1/2 | m 1/2
< ( > T) (T > T2(p$’,‘27p£751))>
n=miy+1 n=miy+1

1/2
< (7(ma —m)) 22 (T +7)C + (£ = £(p)) ) .
Since &£ is bounded from below and since £ (pSOQ) is bounded from above, we can find a C' < oo such that

2 (1470 + (26 —e))) " < c. o

5.5.1 The interpolated solution

In this section we will define our approximate solution p,. to our equation (5.1.1)) by means of the

sequence pr¢ and a piecewise constant in time interpolation.

The entropic regularized BDF2 scheme spawns for every pair 7,e > 0 and initial data p(®, p(=1) ¢
Z%¢(Q) with finite entropy a sequence (pg;))ne[N] in #29¢(Q)), as we have seen.

Definition 5.20 (Approximate solution). Let 7, > 0. We will denote the joint convergence minding
(-1.12) from mow on by (7,€) 0. Analogously, sup(, ., assumes a sequence (Ty,ex) minding (5.1.12)

and takes the supremum over its elements. Let p(Tns) the corresponding sequence. Then the piecewise
constant in time interpolation pr . : [0,T] x @ — R is defined as

pre(tya) i= ) (@) ifte ((n—1)rnr].

5.5.2 Compactness of the interpolated solution

Anticipating the use of Theorem we show that the assumptions of Theorem[2.3hold. Recall Ezample
where § and g were defined as

| Jalp@) ™+ 1Vp@) " daif p e WhT(Q)
$(p) = .
+oo otherwise

and g(p, 1) = T2(p, ).
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Lemma 5.21. Let p, . be an approximate solution as stated above. Then

1. pre satisfies the following equiintegrablility condition

T—h
hmsu/ T2(pre(t+h), pre(t))dt =0
h\O(TS 2(pre( )s pre(t))

where the supremum runs over feasible (1,¢) for our family of approximate solutions pr ..

2. p'. € LY(0,T; BV () and it is bounded therein uniformly w.r.t. (t,), that is to say

T
sup/ F(pre(t))dt < 00
(1,6)J0O

Proof. 1. This will be a consequence of Lemma Indeed let h > 0 and ¢t € [0,T — h]. Then we
have my,ms € N such that m; = [£] and my = 2] and

T3 (pre(t +h), pre(t)) = T3(p{22), pU2Y) < (7(mo —ma))'/2C

With this estimate at hand, an argument analogue the the one in the proof of [18, Proposition 4.8]
shows the claim.

2. Let us rearrange our Euler-Lagrange equation (5.4.3))

/ Mdiv (V() da

(//Q (@ —y, V¢()) dyl (@ //Q (z —2,V((z)) dyl? (ac,z)> (5.5.4)

/ p(T"E) (VV +2(Vw = p(”))> V(dz

where we defined ,u(n)( ) =3 (n)( ) +p(p (n)( )-

The plan will be to show that 1™ is bounded in L!() uniformly w.r.t. 7, and n and then showing
a bound on ‘fQ ugfg)div &) dx‘ < C €], for all ¢ € C°(€2,R?) where C > 0 does not depend on 7,

nor n and showing on the other hand, that [, M div (¢) = Jo, 0¢ for some 6 € L'(€2). Consequently

the distributional derivative of ,u(Tns) is actually an element of L!(Q). This way we have on the one

hand shown that usns) € WhH(Q) for every n and on the other hand have the estimates at hand to
show that the regularity carries over to p, . which turns out to be bounded in L' ((0,T); W1(Q)),
which is actually a stronger result than our claim. This is due to us having to pass through f; .

with our result to pass it from Mi’? t0 pre.

First we see, that since p; . is uniformly bounded in &£, we have that u(Tng) is uniformly bounded in

L'(Q) right away. Let us prepare the inequality we want to show next.
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First we note that
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// (& - y.£(a)) dyl %y] Z // I = ylly & (2, 9) NG | e e

< Z Vd (// = yll3 dy{n D (a ,y))1/2 1€(@) Lo ()
- fzfl/z ( <c v 1)>>1 . €@ o< ()

N 1/2 ) 1/2
< Vi (z) (Z et 1>>) @)

n=1

<VATY2C|E(@)| oo 0

Where this constant C' is derived on the one hand from T2(p(T ) ey = < A

which in combination with Proposition (5.1.12f) and - yields
1 1
- (e < v+ —TE(p, plY) < 7O+ D

for some C, D not depending on 7,& nor n. And in the same way we can estimate

//92 7 - 2,6(@)) &y (a, 2)

By regularity of v and w we see

J

Plugging these estimates together we arrive, with (5.5.4]) at

< TV2C 6@ ooy -

gg(vvm(vw*p ))‘dx<||Vv||Lm o 21V 1w < 00

/ ' / Wiy (¢(x)) da dt
0
< [ [ v st @]+ ][ - vew) w6
+ pi’? (Vv +2(Vw * p<">)) V¢ dzl| dt
N

(@ =y, &) Ay (z,y ‘+

02

+Z/

< (212C + TV e o) + 219 ) 1€@) e e

p(T"E) Vv +2(Vw * p(”))) ‘ dz

Iy // (o= 2,8@) B (@,2)

)+eH(Y)
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Now to show that [, MS’Q div (€) is actually just a L'(Q)-function integrated against £, we rewrite

(n—1)

by use of the disintegration theorem as well as the fact that vz ~’ and p are a.c. w.r.t. Lebesgue

J @ =@y e = [ ([ - 0a08 0.6 ) o) ds

so this expression is £ integrated against = — [, (z—y) d(%”a 1))gc(y)p(:z:). To see that this is indeed

a L'(Q) function, we calculate
e [ eyl 0 V)

/Q 2
(// | — yll3 dy Y (e, )> 1/

(n— 1)(

/ (& — ) A D), () ple)
Q

as we have seen above. So fo x—y,&(x)) dyre '(z,y) is can be seen as ¢ integrated against

a L'(Q)-function. The same holds for [[, (z — z,&(x)) d (n 2) (z,2). Finally, since v and w are
C?, the same holds for pr (Vv—i— 2(Vw p(n))> &dx, which shows by (5.5.4) our claim that
fQ u(Ttlg)dlv (¢) is actually ¢ integrated against a L'(f2) function implying that ,u(n) € WhH(Q) for

all 7,e and n. Note however, that we have not shown that this is a uniformly bounded sequence in
W1(Q), since there is still the factor L in front of the kinetic terms.

Next we want to show that these results hold for pI"_, too. To that end, consider the map f, (s) :=

225+ p(s). Note that fﬁg(p(T"E)) M(re) and furthermore, p(s) = s™ for any m € [1, 00).

This shows that p(n) € L™ () is uniformly bounded therein and consequently p?, € L*((0,T) x ).

Additionally we see that f, . is a smooth diffeomorphism on [0,00) and furthermore its inverse is

Lipschitz with constant L = —Z and has the derivative

1
ErmEi )T

fro(s) =
Now we arrive at
Vi)
m(pV (z))m=1

which rearranges by means of m(ps (n) ) lva"Q = V((pgf)) ) to

Vo) (@) =

(72 (2 () Vil ()| <

)

V™| < V)|

Consequently,

/OT/QW(p??E(m)ndmdtgi/gﬂw m]da:<—TZH )

where C' = 2T/2C + TVl poo () + 2 [IVW] oo ())- In combination we have achieved

1 -
< -T1C
LYQ) — m

pre € L0, T; WH™(Q)) . O
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5.6 Convergence to the PDE

5.6.1 Convergence

In Lemma we have shown some of the prerequisites of Theorem We want to make the use of
this theorem now rigorous. Let us define § : £(Q) — [0, 0¢0], g as in Fzample that is to say

S Jololgyy i P € BV(Q) and p € 29¢(9)
$(p) = .
400 otherwise

and g(p,u) = Ta(p,u). Then by Example m § is a normal, coercive integrand and g is a pseudo-
distance, both in the sense of Definition [2.1] Furthermore by Lemma- [5.21] the remaining prerequisites of
Theorem [2.3 are met, so we can conclude the following proposition.

Proposition 5.22. Let p;. be a sequence of approzimate solutions as defined above for feasible inital
data and e, 7 such that (5.1.12)) is satisfied. Then, up to a subsequence, p,. converges to some p, w.r.t.
strong L™((0,T) x Q) topology.

Proof. As already explained, all prerequisites of Theorem are met and consequently, p, . is compact
w.r.t. M(0,T;L™()) and uniformly bounded in L™((0,T) x Q). By dominated convergence theorem,
this yields our claim. O

5.6.2 The limit is a solution to the PDE

From here on we denote without relabelling with p, . the converging subsequence.

The first form of our Euler-Lagrange equation will now be the key to show that this converging
subsequence actually converges to a solution of our PDE.

Let us restate the Euler-Lagrange equation but with some modifications. First we receive for
the kinetic integrals

//Qz (@ =y, V{(z)) Ay D (z,y) //Q2 (1)) &y D (z, ) + I

/ (P () — P (@)¢ () da + Ty

where

1
- / [ 570 =)

with A, , a feasible point on the line segment from x to y.
Analogously we receive

// (@ =2, V((x) Ay (2, 2) = / (o) () = p{72) (@))¢ () A + 1
02 Q

with
1
I :/ §V2C(AI)Z)(33 — z) d’y(" 2)(36,2) .
02
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Now plugging these two results together we arrive, for the kinetic term, at

(//m (x =y, V¢(x)) dy D (e, y ——//m — 2,V((z)) dvﬁfé_m(x,Z))

([ st Ve de - 7 [ (2w~ oD@l b+ 1 = 310)

T

(n) (n—1) (n—1) (n—2)
3pré —pre | lpre | —pre 1 1
= ’ d - ——1I,.

/Q<4 T 4 T ¢ CIC—~_7' P

Furthermore we want to modify the integral incorporating u. We rewrite

| o (VO o = = [ )V () V(o) o (5.6.1)

The modified Euler-Lagrange equation then reads as follows. For every ¢ € C°(Q2) we have

o (300@) = @) 1pV Y (@) — pl (@)
0= /Q (4 T 4 T ¢(z)dw

/ P () (VI (042) + v + 2w o)) V()
+ ;11 - EIQ —J
holds, where

J = 3 (")dlv (V{)dx = ﬁ/ p(T"E)AC dz .
ar 4T

Our aim is to show that the Euler-Lagrange equation converges pointwise in the space of test functions
¢ and &, which will suffice to conclude that the limit of the Euler-Lagrange equation holds for the limit
curve p, showing part & of Theorem[]].

We will now give estimates on the three integral expressions I, Is and J first, which show that they
will vanish in the limit (7,&) N\, 0.

First we can bound |J|, since ¢ € C2°(02) with Q bounded, so

171 < 1A ey
Concerning I; we can estimate with ¢ € C*°(£2) and our a priori estimate
B < N9 ey [ =0l 02D o)
= IV e ) T2, )
<1V ey (T3 ) 4 2C 4 2 flog e[ O)
< V3¢ gy (T34, 08770 + 72C)

where the last inequality is derived from (5.1.12)). We receive a similar estimate for |I5| as well.
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Now let us include the temporal aspect as well. Let £ € C2°((0,T)) and let 7 be small enough such
that supp(€) C (27, N — 27). Then we receive from our Euler-Lagrange equation

/ /<3pmtx — pre(t — 1) 1pm( ,T) — p‘re( 27%)>£(t)§(m)dx

+ /0 /(;p‘r',s(t, 33) (V[u’(l)r,a(t, 1’)) + v+ 2(W * pﬁe)(t’ z)]) VC(I')f(t) dz dt

where £ = (7;;_1)7 &(t)dt.

First off,
725 ( I - 12—J>
N-2 1 N— N-2 3e
< 1€l e o1 (Z [T2(p0, p ) + 72 = 4 Z (T2, D) + 72 + 3 4|A<||Loo<m>
n=2 n=2 n=2

where we can see that each sum in the large brackets goes to zero with order 7 for 7\, 0.
We take a look at the Lh.s. of the equation. We can rearrange, using that supp¢ C (27,7 — 27), to
arrive at

//<3pmtfc — prelt —T2) 1/’7’5( —m«“)—pr,s(t—%:v))g(t)g(x)dx

T

/2T zf/pmtx {35() E(t+7) iﬁ(tJrT)Tf(t*QT)}g(x)dxdt

Minding that p, converges strongly in L™((0,7) x Q) for (r,¢) \, 0 and recalling that the brackets
converge uniformly in 7 to 0;§ we see that

(WNOO)/ /(3/)7 (t,x —pT(t—m) ;pr(t— z) — pT(t—2Tx))§(t)C(m>dx

- / / p. (1, )00 (D¢ (w) dar dt

holds for every £ € C°((0,T)) and ¢ € C(Q).

Finally, let’s consider the integral corresponding to the free energy, i.e. the integral on the r.h.s. . We
recall that pil'. Converges strongly in L'((0,T) x Q) to p™ and receive, after switching back the mtegral
1nc0rporat1ng u’ to its representation in terms of p(pre) with -,

. T .
im0 [ o) (V@) = prelto) (95(0) + (T35 prc) 1.0), V(a) drd

- / () /Q Plp- (6, 2))div (VC(2) — pu(t,2) (VV(2) + (Vo # pr.0) (t,2), VE(2)) dadt .
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Plugging these results together, we see that for every £ € C2°((0,T)) and ¢ € C() the limit p,
satisfies

- / ' /Q pu(t, )00 (1)C (x) da dt

- /0 /QP(P* (t,2))Al(x) — pu(t, z) (Vv(z) + (VW * pre)(t, x), VC(z)) £(t) de dt

which is the weak formulation of our PDE on (0,T) x Q.
As already mentioned, this shows part 3. of Theorem[]].

5.6.3 The initial data are assumed continuously

Finally we will show that the initial value is assumed continuously, which will be a consequence of the
Holder type estimate Lemma Indeed for p, . at two distinct points in time ¢1,t2 € [0,7] we have
the estimate

To(pre(t1), pre(ta)) < (Jt1 —ta| + 7’)1/20

a direct consequence of said lemma. [2, Prop. 7.1.5.] in combination with the L™ ((0,T") x §) convergence
of p; . and the continuity of Ty w.r.t. to the weaker narrow convergence implies the estimate

To(pu(tr), pe(ta)) = Hm Ta(prc(tr), prelta)) < lim ([t — to| +7)/2C = |t — to]'/* C
T,E\O T,E\‘O

showing that the limit curve p, is 1/2-Holder-continuous, and since this estimate holds for ¢; = 0, too,
and p,.(0) = pS?Q converges w.r.t. T to the initial value p°, we arrive at the result, that the initial value
pY is assumed continuously by the curve p, w.r.t. T-distance in the space L™ ().

Finally this shows part 4. of Theorem[] and concludes this chapter.
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