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ABSTRACT. Concepts and methods from the mathematical theory of optimal
transportation have reached significant importance in various fields of the
natural sciences. The view on classical problems from a “transport perspec-
tive” has lead to the development of powerful problem-adapted mathematical
tools, and sometimes to a novel geometric understanding of the matter. The
natural sciences, in turn, are the most important source of ideas for the fur-
ther development of the optimal transport theory, and are a driving force
for the design of efficient and reliable numerical methods to approximate
Wasserstein distances and the like.

The presentations and discussions in this workshop have been centered
around recent analytical results and numerical methods in the field of optimal
transportation that have been motivated by specific applications in statistical
physics, quantum mechanics, and chemistry.

Mathematics Subject Classification (2010): 28-XX, 35-XX, 81-XX, 92-XX.

Introduction by the Organizers

This workshop has been devoted to the recent developments in the mathematical
theory of optimal transport (OT for short) that have been motivated by specific
applications in the naural sciences. This has been a purely virtual event, with more
than fifty registered participants mostly from Germany, France and the United
States; about half of them have been given a presentation, among them five young
researchers in the narrow sense.
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The broad mixture of topics in the presentations underlined that the range of
OT applications has become extremely diverse. The presented applications ranged
from density functional theory in quantum chemistry to full waveform inversion
in geophysics, from vortex dynamics in fluid mechanics to fast reaction limits in
chemistry, etc. Numerical methods for fluid simulations, statistical evaluation and
machine learning played a significant role as well. The focus of this workshop was
thus complementary to the majority of the numerous OT-related mathematical
events that have taken place in the past years, since most of these conferences
and meetings were concerned either with the very topical applications of OT in
all variants of data sciences (and have a strong emphasis on fast numerical algo-
rithms), or with the progress in pure theory, primarily in differential geometry.
Specific recent developments in the theory, like multi-marginal transport with con-
cave costs or unbalanced mass transport, that are rather exotic at the majority of
OT events, have been central in this workshop.

In comparison to the workshop with a similar topic by the same organizers
in 2017, a stronger connection in the mathematical theory behind the diverse
applications could be noticed. Specifically the topic of entropic regularization was
a recurrent theme, clearly in connection with mean field games or the Sinkhorn
algorithm, but also for instance for the transport on networks. For the numerical
methods, an impressive development — also in the analysis of the methods —
could be observed in comparision to four years ago, particularly for the efficient
computation of optimal transport maps and multi-marginal plans, but also for the
simulation of Wasserstein gradient flows.

Gradient flows in the Wasserstein distance have since long been a topic of central
interest in OT, and this was also reflected in this workshop. The geometry and
stability of crystal-like steady states in a gradient flow modeling biological aggre-
gation was the topic of Robert McCann’s presentation. In a similar spirit, Andre
Schlichting performed a bifurcation analysis in the McKean-Vlasov equation and
also developed tools to study metastability in gradient flows. Another aspect,
namely the micro-macro passage, in same general class of gradient flows was con-
sidered by Maria Bruna. On the more general level, Giuseppe Savare presented
ideas to extend elements from the AGS theory to dissipative evolutions that are
not of gradient type, while Mark Peletier demonstrated a structural instability
of variational flows. In his, as usual, extremely vivid presentation, Filippo San-
tambrogio discussed possibilities to define a gradient flow for a very non-convex
functional that is minimized by segregated states. Flows were also used by Jean
Dolbeault, who proved functional inequalities of GNS-type with their aid. Last but
not least, Andrea Natale presented a provably convergent Lagrangian discretiza-
tion for numerical solution not only of Wasserstein gradient flows, but also of the
Euler equations.

Transport distances have been used recently to attack the problem of full seismic
waveform inversion. This is a well-known nonlinear inverse problem where one
tries to recover the underground parameters of a ‘forward’ wave propagation model
mapping a wave source to a ‘seismogram’ (time x surface signal recordings at fixed
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receivers). Yang and Métivier explained how the classical least-squares misfit is
known to lead to an ill-posed minimization problem with many local minima. This
pathology is called ‘cycle skipping’ and linked to phase shifts in the oscillatory
signals. At least for simple models transport distances convexify the problem.
This is an important paradigm shift for the geophysical community which has
been considering mostly the least squares misfit for more than 50 years. I Time
signals are, however, not probability measures and some data transformation is
needed. There is little understanding of the interpretation of time oscillatory
signals in terms of mass or probability measures and this question remains largely
open. Métivier suggests for instance to interpret “lines” of receivers recording as
shapes in the time x signal amplitude ‘graph space’. After a discretization in time,
they give empirical measures living in R¢ime X Ramplitude Space.

Symmetric multimarginal optimal transport problems arise naturally in quantum
chemistry applications as the semi-classical limit of the so-called Lévy-Lieb func-
tional. This quantity plays a central role in Density Functional Theory for the
calculation of the electronic structure of molecules, in particular for the compu-
tation of the ground states (states of lower energy) of the electrons within the
molecule. Understanding and computing these states is of vital importance in
order to accurately predict optical, electrical and chemical properties of these sys-
tems.

Gero Friesecke gave a nice introduction to this emerging topic and presented
recent results in a new numerical method for the resolution of symmetric multi-
marginal optimal transport problem with a large number of marginals (which is
equal to the number of electrons in the molecule) which successfully enables to by-
pass the curse of dimensionality. Maria Colombo presented new theoretical results
about the semi-classical limit of electronic ground states and the link with the
solutions of the multimarginal optimal transport problem. Codina Cotar showed
that the Jellium and Uniform Electron Gas next-order asymptotic terms (in the
semi-classical limit) are equal for Coulomb and Riesz potentials and related their
expressions to solutions of optimal transport problems.
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Abstracts

Scaling Optimal Transport for High Dimensional Learning
GABRIEL PEYRE

Optimal transport (OT) has recently gained lot of interest in machine learning
(ML). It is a natural tool to compare in a geometrically faithful way probability dis-
tributions. It finds applications in both supervised learning (using geometric loss
functions) and unsupervised learning (to perform generative model fitting). We
refer to [1] for an overview of this rapidly growing field. OT is however plagued by
the curse of dimensionality, since it might require a number of samples which grows
exponentially with the dimension. A workaround, which is now the workhorse of
many approaches to OT in ML, is to introduce entropic regularization. Given two
probability distributions «, 8 on R? (some of these results extend to more general
spaces and distances), its entropic cost is

dm
To(e, )’ 2 inf —y|l> +elog [ —— d
ora sy it (el eton (g en) ) drtea)

where the minimization is performed over all joint probability distributions having
marginals o and 5. When € = 0, one recovers the usual (un-regularized) OT, which
suffers severely from the curse of dimensionality. Indeed, if one has only access
to n samples (z;,y;)" ; drawn independently from the distributions o and 3, one
can consider the empirical distributions & = %27 Oy s B = %27 dy, and one has
the following approximation result for the plugin estimator

E(|OTO(05)6) - OTO(d7B)|) = O(l/nl/d)a

where the expectation is computed with respect to the samples, see [2] for more
details. This shows that the rate is exponentially bad with the dimension d, and
furthermore this upper-bound is tight and cannot be improved (as long as for
instance « or 8 have density with respect to the Lebesgue measure). It has been
recently shown in [3] that if & # 3, then the rate is actually better

(1) a# B = E(0To(a, B) — OTo(&, B)]) = O(1/n*?),

but this is not true anymore if o = /5. In sharp contrast, it is shown in [5, 6] that
the entropic cost enjoys a rate which is independent of the dimension

(2) E(|OT.(a, §) — OTe(&, B)|) = O(e=¥2/n'/?),

the main issue being that the constant e ~%/2 blows as € — 0, making questionnable
its use to improve the estimation of OT distances.

Another issue is that for ¢ > 0, OT. is not a distance, and in particular
OT.(«, @) > 0. This is due to the presence of the entropy, which causes a “bias”
which is problematic when using OT. as a loss function for machine learning pur-
poses. This “bias” is studied in detailed in [8] and [7] who show the following
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Taylor expansion (under strong regularity conditions on the measures and the
Monge map to ensure a second order expansion)

(3) OT:(a, )* = OTo(a, B)* + delog V2me +e(H(a) + H(B)) + *I(ev, B) + 0(¢?)
where H(a) = [log(42)da is the differential entropy and

10.8) 2 [ [ 1V 108(ou(o) Por(o)dact

is the Fisher information of the OT geodesic p; (so-called McCann interpolation)
between the densities of o and f.

In order to remove as much as possible of this bias, [5] introduced the Sinkhorn
divergence

(4) OT.(a, B)” 2 OT.(a, B)P — %OTE(a, Q)P — %OTE(B, ByP.

From the above Taylor expansion (3) of OT,, one sees that for regular enough
distributions, one has second order accuracy in the sense that

OT.(a, ) — OTo(a, B) = O(e?)

where the constants are controlled by the relative Fisher information of o and .
Combinining this second order accuracy with the sample complexity (2) of the
entropic cost ensures if a # 3

E(|OT.(&, B) — OT:(&, B)]) = O(1/n*%),

as long as one selects € ~ 1/n'/¢. One thus retrieves the rate (1) of the plugin

estimator, but using entropic regularization. While this might seem deceiving at
first, a chief advantage is that OT. (&, B) can be computed very efficiently using the
highly parallizable Sinkhorn algorithm (see [1] for an overview), with a complexity
of O(n?/&?) to reach ¢ accuracy [9)].

An important open question is to be able to lift the curse of dimensionality
by leveraging strong smoothness hypotheses on the distributions. If these distri-
butions have very smooth densities (with of order d derivatives), this could be
achieved by using more powerful “debiasing” formula than (4) in order to reach
an accuracy of order ? instead of €2. A computational approach to achieve this
using Richardson extrapolation is explained in [3], but this approach is unsta-
ble and thus induces constants which explode with d. A more straightforward a
way to achieve this is to consider a smoothing of the empirical measures using a
convolution against a smooth kernel k. (z) = k(z/¢)

b %G = %Zk((m —2)/e),

since then one has for ¢ ~ 1/n'/¢

E(|OTo(ke % &, ke % ) — OT.(&, B)|) = O(1/n'/?).

This approach has been developed, generalized and studied in [10]. Unfortunately
there is no efficient algorithm to estimate OTy(ke * &, ke * §) in high dimension,
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since approximating this quantity typically requires re-sampling k. x & using ~ n?

points. Another approach has been proposed in [11], which bypass this direct
spacial smoothing by imposing instead the smoothness of the dual variable (so-
called Kantorovitch potential), which can itself be enforced numerically using a
sum-of-square method and semi-definite programming.
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Domain decomposition for entropic optimal transport
BERNHARD SCHMITZER
(joint work with Mauro Bonafini, Ismael Medina)

Optimal transport has become a highly relevant numerical tool in data analysis
applications. Consequently the development of increasingly efficient computational
methods is of great importance. In recent years entropic regularization and the
Sinkhorn algorithm have become a standard method. Despite its tremendous
success, solving large problems with low regularization remains challenging due to
memory limitations, numerical instabilities and slow convergence. Combining this
method with a domain decomposition algorithm due to Benamou [1] will require
only the solution of smaller partial problems at each iteration. This could remedy
issues with memory and stability while also allowing for large-scale parallelization.

Let X, Y be compact, convex subsets of R?, let ¢ : X xY — R, be a continuous
cost function and let u, v be two probability measures on X and Y respectively.
Further, denote by II(u, ) the set of transport plans, i.e. the probability measures
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FIGURE 1. Illustration of the domain decomposition algorithm for
X =Y =0,1] with some entropic regularization. The ‘diagonal’
plan is optimal, we start with a sub-optimal ‘anti-diagonal’ plan.

on X x Y with marginals ¢ and v, and by KL denote the Kullback—Leibler diver-
gence. For some regularization parameter € > 0 the (entropy regularized) optimal
transport problem is then given by

(1) inf {/ cdr+e¢-KL(m|p @ v)
XxY

e II(p, u)} .

For ¢ > 0, this can be solved by the Sinkhorn algorithm.

In its basic form, Benamou’s algorithm works as follows: Let (X1, X3, X3) be
a partition of X into three sets and let X152 := X7 U X5, Xo3 := Xo U X3. Let
70 ¢ II(p,v) be an initial feasible transport plan. The first step is then to
optimize 7(®) on X1, x Y, while keeping it fixed on X3 x Y, denote the result by
7. The second step is to optimize 7)) on Xa3 x ¥ while keeping it fixed on
X1 xY, obtaining the next iterate 7(2). Subsequently, these two steps are repeated
until convergence. This is illustrated in Figure 1 for X =Y = [0, 1].

For ¢ = 0, ¢(z,y) = || —y|* and u having a Lebesgue density, Benamou showed
that this converges to the globally optimal solution if the partition satisfies a convez
overlap principle, which essentially implies that a function X — R that is convex
on separately X712 and Xo3 must be convex on X. The proof hinges on Brenier’s
polar factorization which provides (in this setting) that optimal plans are unique
and supported on the graph of the gradient of a convex map.

The algorithm can be generalized to finer partitions, such that at each iteration,
many partial sub-problems could be solved in parallel. Unfortunately, convergence
to the global minimizer fails for discretized problems and can only be recovered
asymptotically as the discretization becomes increasingly finer. This makes adap-
tation as a distributed numerical method delicate.

The key observation of [2] is that for € > 0 the algorithm converges to the global
minimizer under very mild assumptions, even in the discretized setting. For the
above ‘three cell’ example, the convergence rate is bounded by

-1
(2) A(x®) < <1+exp (_2||€c||> M(;iﬁ%{g)) A

where A(7) denotes the sub-optimality of a plan with respect to the minimal value
of (1) and ||c|| ;== max{c(z,y)|(z,y) € X x Y}. In [2] the bound is also extended
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to finer partitions. The contraction ratio in (2) tends to 1 exponentially as ¢ — 0.
This is reminiscent of the contraction ratio for the Sinkhorn algorithm in Hilbert’s
projective metric given in [4].

Exponentially slow convergence can be realized on malicious worst-case exam-
ples where convergence is entirely driven by the entropic smoothing. Conversely,
on more geometric problems (such as those considered by Benamou) empirically
much faster convergence is observed. Intuitively, this fast convergence is driven
by the monotonicity properties of the cost function. On such problems [2] reports
essentially log-linear scaling of the run-time with the number of pixels per image
and inverse proportionality in the number of worker threads for a suitable efficient
numerical implementation.

In d = 1 this ‘geometric’ convergence mechanism is related to the odd-even
transposition sort algorithm which can be shown to converge in n parallelized
iterations (where n is the number of partition cells). Unfortunately, an analogous
analysis in higher dimensions is still lacking. As a first step in this direction we
currently study [3] the convergence behaviour of the algorithm in the limit n — co
where we find that the required number of iterations is proportional to n and
asymptotically the iterates 7(¥) describe a smooth trajectory in the space II(j, )
which (under suitable assumptions on ¢) eventually concentrates on the graph of a
map. However, this limit need not be globally optimal in general and identifying
corresponding sufficient conditions remains an intriguing open question.
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Breaking the curse of dimensionality in statistical estimation of
smooth optimal transport.

FRANGOIS-XAVIER VIALARD
(joint work with A. Vacher, B. Muzellec, A. Rudi, and F. Bach)

It is well-known that plug-in statistical estimation of optimal transport suffers
from the curse of dimension. Despite recent efforts to improve the rate of esti-
mation with the smoothness of the problem, the computational complexities of
these recently proposed methods still degrade exponentially with the dimension.
In this talk, thanks to a representation theorem, we derive a statistical estimator
of smooth optimal transport which achieves in average a precision e for a compu-
tational cost of O(e~*) when the smoothness increases, hence yielding a dimension
free rate. Even though our result is theoretical in nature due to the large constants
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involved in our estimations, it settles the question of whether the smoothness of
optimal solutions can be taken advantage of from a computational and statistical
point of view.

Optimal transport is formulated as a constrained optimization problem on a
space of functions. It is a linear optimization problem under an inequality con-
straint on a space of functions. Therefore, it can be interpreted as learning a func-
tion which has a particular structure, namely non-negativity. A particular case of
optimizing on non-negative functions can be found in polynomial optimization [7].
A typical problem of interest is the optimization of a polynomial function on a set
constrained by polynomial inequalities. Leveraging, when available, a representa-
tion theorem such as Putinar’s Positivestellensatz, the optimization problem can
be reduced to a hierarchy of SDP problems, see [3]. Using this approach for op-
timal transport was actually already proposed by Lasserre. Recent works address
the problem of learning positive functions in more general spaces such as Repro-
ducing Kernel Hilbert Space (RKHS). In [2], it is proposed to represent a positive
function in a RKHS as a sum-of-squares. These ideas were further developed in
[4] and exploited for non-convex optimization in [1] where the authors recast, as
is standard, the problem of minimization of a function f : D C R? — R defined
on a domain D as a convex optimization problem, maxc under the inequality
constraint ¢ < f(x) for every x € D. Obviously, this problem is computationally
intractable in general and they propose to solve it under structural assumptions
on f(z)—c = 3(d(x), Ap(x)) for a positive self-adjoint operator A : H +— H where
H is a RKHS. The value of this new optimization problem is a priori less than the
minimum value of f but it does coincide under the assumption that

1) f = este+ 3 (9(a), A-6(2)).

for some A,. The key point here is a representation result stating that a fairly large
space of smooth functions (to be considered for optimization) can be represented
by a sum of squares in RKHS, as in Equation (1). Indeed, they show that it is
the case if the function f has at least one global minimizer and there is a finite
number of global minimizers which all have a non-singular Hessian.

Optimal transport in its dual formulation for the quadratic cost also optimizes
on a subset of non-negative functions. Under smoothness assumption of the op-
timizer, one is tempted to formulate a result on the computational-statistical ef-
ficiency of the problem. However, while leveraging regularity can be done using
sampling inequalities for a given smooth function, see [6], it is not possible in
general for functions for which only inequality constraints are available. As shown
in [1], it is possible though when more structure on the minimizers is available.
Therefore, the key issue is the representation formula of the minimizers with the
additional sum-of-squares structure. In the dual formulation of OT, the minimiz-
ers do not define a finite number of saturation points for the inequality constraint,
on the contrary to the hypothesis in [1]. Rather the saturation set of the constraint
defined by the optimizers is a continuous set of points, the graph of the optimal
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transport map. Based on a second order Taylor expansion, we prove a representa-
tion result of the optimizer for smooth OT, which is actually a special case of the
Morse lemma with parameter. This allows to formulate an (infinite dimensional)
SDP-SOCP formulation for OT which is tight. By a standard “kernel trick”, this
problem admits a finite dimensional representation which can be solved by convex
optimization algorithms, leading to polynomial computational bounds which are
independent of the dimension of the ambient space.

For further details, we refer to [5]. Among future works, we mention the de-
velopment of efficient numerical methods to solve the SDP problem, taking into
account the particular structure of the transport problem and second the study
of the convergence of the optimal potentials for which we expect almost optimal
statistical rates to be obtain by our method.
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Lagrangian discretizations of compressible fluids and porous media
flow with semi-discrete optimal transport
ANDREA NATALE
(joint work with Thomas O. Gallouét, Quentin Mérigot)

The Euler equations describing the evolution of a barotropic fluid in a compact
domain M C R? and on a time interval [0, 7] are given by the following system of
equations:

(1)

where p(t,z) > 0 is the fluid density, u(t,z) € R is the Eulerian velocity and
U : [0,00) — R defines the internal energy as a function of the density. The system
is supplemented by the initial conditions p(0,-) = pg, (0, ) = ug, and boundary
conditions u-napr = 0. Let So € M be the support of pg and X : [0,T] x Sg — M
be the flow associated to the (smooth) vector field u, i.e. satisfying X; = u(t, Xy).

Ou+ (u-Viu+VU'(p) =0,
Op +div(pu) =0,
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Then, p(t,-) = (X¢)#po, and at least formally, the flow evolution is described by
Newton’s second law on the space X := L2 (M; R?) :

(2) X = -VxF(Xy), F(X):=UXypo),

where U(p) == [,, U 1 U(p)dz is the internal energy functional, which we set to 400
Whenever p is not a.c. Wlth respect to dz|ps.
The dissipative counterpart to the Euler system (1) is given by the equation

(3) Orp — div(pVU'(p)) =0,

with the initial conditions p(0, -) = po, and boundary conditions VU’ (p)-ngar = 0.
In this case, given a solution p to (3), the flow X associated with the vector field
—VU'(p) solves the following gradient flow equation:

(4) Xy = —VxF(Xy),

which the Lagrangian version of the Wasserstein gradient flow interpretation of
system (3). Note that for the classical choice U(r) = r™/(m — 1) with m > 1,
systems (1) and (3) yield the isentropic Euler and the porous media equations,
respectively.

The Hamiltonian structure of system (2) and the gradient flow structure of
(4) can be exploited to construct stable Lagrangian numerical schemes. Here we
consider particle discretizations which correspond to constraining the flow X to
be piecewise constant on a given partition Py := (P;)i1<i<n of M, with N € N*.
In particular, introducing

Xy ={XnveX: XN(w)zX]iV cR¢ for po-a.e. w € M},

a discrete flow is a curve Xy : [0,7] — XN, which is then characterized by the
trajectories of N particles t € [0, 7]+ (X4 (¢)); € RV, In turn, the fluid density
is given by the empirical measure

pn(t) = Xn(t)gpo = ZPO J0xi (1) -
i=1

This setting is common to most Lagrangian approaches for the discretization
of the systems above. However, since the energy is not well-defined on singular
measures, one must define a discrete version of it, which is where the various
existing methods differ. Convolution procedures are the most common approaches
for both systems (see, e.g., Smoothed Particle Hydrodynamics methods for the
Euler system, or the review article [2] for gradient flows). We consider instead a
discretization based on the Moreau-Yosida regularization, proposed in [1, 5, 3], i.e.
we define for any Xy € Xy, with py = (Xn)xpo,

_ X2 0
(5)  Fe(Xn):= inf [Xn = X% +F(X)= inf W3 (ow, p)

U(p).
Xex 2e pPEPac(M) 2e +Ulp)

Note in particular that the L? regularization in the definition of F. corresponds to a
Wasserstein regularization at the Eulerian level, which can be computed efficiently
using semi-discrete optimal transport tools [4].



Applications of Optimal Transportation in the Natural Sciences 521

Let Ny € N*, 7 := T /Nr be a fixed time step and ¢,, := n7 for 0 <n < Np. On
each time interval [t,,t,+1) we define the discrete dynamics as the Hamiltonian
(resp. gradient flow) dynamics on Xy associated with the energy
[ XN — X5 ()

XNEXNH
2e

+ F(X%(ty)) €R.

where

Xn(tn) — X3
X5(ty) € argminM + F(X)
Xex 2e
More precisely, the discrete version of problem (2) consists in finding a C*! curve
Xn :[0,T] — Xy which satisfies for all 0 < n < N,
. Xn(t) — Pxy X5 (tn
) iy () = X0 LX) -y ),

where P, is the L? projection onto X. Similarly, the discrete version of problem
(4) consists in finding a C° curve satisfying for all 0 < n < Nr,

g
) i) = -0 LX) e ).
This time discretization is an adaptation of the one proposed by Brenier in [1], and
it has the remarkable feature of guaranteeing stability for the regularized energy
(5), despite being fully explicit.

Our main results give the convergence of the schemes described above towards
smooth solutions of the Euler system (1) and the gradient flow (3). The proof relies
on a classical modulated energy (or relative entropy) argument. Importantly, the
proof is fundamentally Eulerian, which is natural since the energy F is not convex
on X in general, and it requires the definition of a discrete modulated energy which
is to be interpreted a discretization of its continuous counterpart:

‘@Ummm,vmg:vm—v@—w@v—w
Moreover, we require that there exists A > 0 such that
(8) |P(r|s)] < AU(r|s) Vr,s >0,

where P(r|s) := P(r) — P(s) — P'(s)(r — s), and P(r) = rU'(r) — U(r) defines the
pressure as a function of the density. We state here the precise result only for the
Euler system, but a similar statement holds in the gradient flow case.

Theorem 1. Suppose that (p,u) is a strong solution to (1) with U : [0,00) —
R being a smooth strictly conver and superlinear function such that (8) holds.
Suppose that u and p are respectively of class C*' and CHt on [0, T)x M ; and that
either p > pmin > 0 or that (U (0)| < co. Suppose in addition that Xy : [0,T] —
Xy is a C1 curve which satisfies (6), with initial conditions Xn(0) = Px,1d and
Xn(0) = u(0, PxyId(-)). Then, denoting by X the Lagrangian flow associated with
u satisfying X (0) = 1d,
2

; h
9) max [ Xn(0) — ult Xn(O)IF + 1 Xn(0) - XOIF <O 4y e+ 1),
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where hy = max;diam(P;), and C > 0 depends only on the Lipschitz norm (in
space) of u, Opu, Vu, Vdivu, VU'(p), P'(p) and U’ (p(0)), on the L> norm of u
and P'(p), on the initial energy U(p(0)), and on M and T.

We remark that differently from [5] we prove convergence of the discrete scheme
without assuming any a priori bounds on the discrete solution, but rather relying
on the smoothness of the exact one. It is an open question whether convergence
holds for less regular solutions and in particular in the case where the —VU’(p) is
non zero at the boundary of the support of p, which is the case for the Barenblatt
solution of the porous media equation. Nonetheless, numerically we generally
observe convergence with even better rates compared to (9). Finally, we observe
that due to ¢, our estimates imply a CFL-type condition linking 7 and hy, and it
is open whether this can be avoided by a different choice of regularization or time
discretization, while maintaining the main features of the scheme.
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Point vortex dynamics for the Euler equation
CHRISTIAN SEIS
(joint work with Stefano Ceci)

Coherent flow structures are widely observed in turbulent fluid motions. Typical
examples are isolated regions of concentrated vorticity, such as those observed,
for instance, as small eddies in rivers after bridge piers or as spectacular whether
phenomena such as tornados. In many situations, the fluid motion in the vortex
regions is approximately two-dimensional and the vortex centers can be idealized
as points.

The evolution of coherent vortex structures can thus, at least for small times and
heuristically, be modelled both on the level of an integrable vorticity distribution
and by a system of singular point vortices. The mathematical model from the first
point of view is, in the simplest case, the Euler equation

(1) Ow +u-Vw =0,

which we consider on R? in order to neglect the effect of boundaries. Here, w =
w(t,x) € R is the vorticity of the fluid and u = u(t,z) € R? its velocity. At any



Applications of Optimal Transportation in the Natural Sciences 523

instant of time, the velocity can be computed from the vorticity with the help of
the Biot—Savart law, u = K % w, where

1 2+

27 | 2|2

is the Biot-Savart kernel, and z* represents the counter-clockwise rotation of a
vector z about the origin. A first formal derivation of a point vortex model goes
back to the pioneering work of Helmholtz [4], in which he predicted that a set of
idealized point vortices X1,..., Xy in R? evolves by a simple system of ordinary
differential equations,

K(z)=

(2) %Xi => NE(X; - X;).

J#i
Here, A; is the circulation or strength of the ith vortex, which is preserved during
the evolution.

The connection between Euler equations (1) and the point vortex system (2)
was made rigorous for the first time about fourty years ago by Marchioro and
Pulvirenti [5], and there have been many improvements since then. The results
hold true for initial data which separate into N regions of disjoint supports and
distinguished signs,

N
O_E 0
= w;,
i=1

and the corresponding intensities and initial vortex centers are

1
Ai = /wi dz, X0 = )\—/xw?(x) dzx.

Marchioro and Pulvirenti (and also the later contributors) futhermore imposed
strong vorticity concentration in the sense that

(3) spt w) C B.(XY?),
for some small € > 0, and uniform scaling assumptions of the form
0
w;
0< =2 <e™,
S5 R

for some v > 2. The prototype vortex region is a constant patch, for instance,
W) = %XBE(X}?)- If w;(t) denotes the vortex patch at later times, which is simply
advected by the flow of the velocity field u, it can be proved that the patches
remain sharply concentrated around solutions to the point vortex system (2). More
precisely, it holds that

(4) spt wi(t) C Bees (Xi(t))

for some S € (0,1/2), see [5].
The key estimate in the derivation of (4) is a bound on the second moment

function
wi(t w;
/|~T— |2 ()\x)d <ed2/|x XO|2 )\(v)dx,
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where d is the minimal distance between the point vortices and C some universal
constant (dependent on the ciruclations). This estimate can be interpreted as a
bound on the 2-Wasserstein distance,

w;(t ct w?

Under the strong concentration assumptions (3), the right-hand side is of the order
g, and an application of the triangle inequality yields

(5) Wiw(t), 3" Nibx,) S e e

We remark that choosing the W; distance here is necessary because the latter can
be extended to unsigned densities thanks to the Kantorovich—-Rubinstein theorem.
Moreover, because Wasserstein distances metrize weak convergence, the latter can
be understood as an estimate on the rate of weak convergence of Euler solutions
to the point vortex system,

w=w® — Z Aidx, weakly with rate .
i
In a recent work [2], we derived Marchioro and Pulvirenti’s result under a weaker

concentration hypothesis. Moreover, we managed to handle unbounded vorticity
fields.

Theorem 1. Suppose that w? is such that

w? . )
W2 <>\_155X0) 565 ||w7, ||LP SE_PY w2th’y:2(1__)
. i >

(2

Then (5) holds for any t € (0,T) for some T = 1.

The result can be easily extended to (multiply connected) domains (as consid-
ered in [2]) and to the viscous setting [3].

The theorem is remarkable because in the setting under consideration, there is
no uniqueness result known for the Euler equations. Nevertheless, since solutions
to the point vortex system can be formally considered as solutions to the Fuler
equations, the result provides a stability estimate between a weak, possibly non-
unique, solution and a singular solution with more structure.

We finally remark that by combining the methods of this works with the tech-
niques developed in [1], the above result can be easily generalized to any =, pro-
vided that the weak concentration assumption is traded for the strong concen-
tration assumption. A control of the LP seems to be necessary, however, as is
guarantees that the velocity field is bounded.
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Convergence of a gradient flow to a non-gradient-flow
MARK A. PELETIER
(joint work with Mikola Schlottke)

We study the limit € — 0 for the family of Fokker-Planck equations in one dimen-
sion defined by

(1) Ope = €T [amps + Oy (pséaﬂ/)] , on Ry xR

Here we take an asymmetric double-well potential V' : R — R as depicted in

Figure 1.
V(x)
Tp— Tp4
/Xy \
Tq Zo Z

FIGURE 1. A typical asymmetric potential V' (z).

A typical solution p.(t,x) is displayed in Figure 2, showing mass flowing from
left to right: as time increases, the mass shifts from the left to the right well.

t=1 t =19 t=1T
pe(0, )

La Tp Lq Th La Th Lq Th

FIGURE 2. The time evolution of a solution p. (¢, x) to (1) whose
initial distribution is supported on the left. Time increases from
left to right. The smaller the value of €, the sharper the equilib-
rium distribution concentrates around the global minimum xy.
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There are two parameters, ¢ > 0 and 7. > 0. The parameter € controls how
sharply the mass is concentrated around x, and zp, and how fast mass can move
between the potential wells. The second parameter 7. sets the global time scale,
and is chosen such that transitions from the local minimum =z, to the global
minimum z; happen at rate of order one as ¢ — 0:

2m 1
Te 1= exple™ " (V(zg) = V(x .
= e O V)~ Vi)

As € — 0, we expect the mass to be concentrated at x, and x}, and we expect
the limiting dynamics to be characterized by mass being transferred at rate one
from the local minimum z, to the global minimum =z, with no mass moving in
the opposite direction. In terms of the solution p., therefore, we expect

pe = po = 20z, + (1 = 2)0y,,

where the limit density z = z(t) of particles at z, satisfies 9;z = —z, corresponding
to left-to-right transitions happening at rate 1. This is illustrated in Figure 3.

t=1 t =19 t=1T
pO(OT)

T Tp Tq Ty Lq Ty Lq Ty

FIGURE 3. The time evolution of pg, defined as the ¢ — 0 limit
of the solution p.(t,z) to (1).

Equation (1) is a Wasserstein gradient flow [AGS08] of the functional

1
E.(p) == H(plre) where ~.(dz):= 7€—V(m)/e dz,

g
where H(u|v) is the relative entropy of u with respect to v. This structure was
used in [AMPSV12, LMPR17] to prove ‘EDP-convergence’ of this gradient system
to a limiting gradient system, in the case of a symmetric potential V.

For a non-symmetric potential V' we show in [PS21] that no EDP-convergence is
possible. The main reason for this is that the gradient structure is ‘lost’ in the
limit. One indication of this is the singular behaviour of the energy E.:

0 if p =9y,
400 otherwise,

E. = Eo(p) = H(plda,) = {

while
eE. 1 / oV.

This shows that for any p # d,,, E-(p) diverges at rate 1/e, and any gradient
system driven by the limit functional Ey only admits constant solutions p(t) = d,,
for all ¢.
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Instead, we follow the idea of variational convergence but for more general
formulations. The starting point is the following reformulation of equation (1).
For pairs (pe, jc) satisfying the continuity equation O;p: + 0,j. = 0, equation (1)
can formally be written as Z.(pe, j-) < 0, where

2
I — JP(t, 2| dedt
<(perJ //Rwep (t,) = JE(t,2)|" de
and J? := —7. [ Oppe + pe0.V].

In the context of EDP-convergence, one would split this functional into energetic
and dissipation parts,

. t=T
Z. (pEa .76) = F. (,0)

t=0

T
+/ [R-(p,j) + RZ(p, —DE-. (p))] dt
0
(%)
and one would proceed to characterize the I'-convergence of the terms separately.
Because of the singularity of E. this fails, and both E.(p)|:=] and the term ()

diverge as 1/e. Instead we keep the terms together, and study the I'-convergence
of the combined functional Z..

Theorem 1 (Main result). Let V' satisfy a number of technical assumptions that
encode the ‘two-well’ nature. Then
(1) Sequences (pe, je) for which there exists a constant C' such that
C

IE(peaje) <C and Eg(PE(O)) < ?

are compact in a distributional sense;
(2) Along sequences (pe,je) satisfying

pe(t =0) — pg(dz) := 2°0,, (dx) + (1 — 2°)dg, (dx) as € — 0,
the functional Z. T'-converges to a limit Iy.

The limit functional Zg is defined by

T
To(p,j) =2 / S((1)]=(6)) dt,

provided p(t,dz) = z(t)0s, (dx) + (1 — 2(¢))ds, (dz) with z(0) = 2°, and j(¢,z) =
J() 1z, z,)(x). Here the function S : R? — [0, 00] is given by

alogg—a—i—b a,b>0,
S(alb) := ¢ b, a=0,b>0,

+-00, otherwise.

Lemma 2 (Characterization of minimizers of Zy). If Zo(p,j) = 0, then z satisfies
2'(t) = —z(t) for all t.

Details can be found in the forthcoming publication [PS21].
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A cross-diffusion equation obtained by convexification
FILIPPO SANTAMBROGIO
(joint work with R. Ducasse, H. Yoldas)

In a recent paper, [3], Barbaro, Rodriguez, Yoldag, and Zamponi study a very
simple cross-diffusion system given by

Ohp=02p+V-(pVp),
O = Ap+ V- (uVp),

which is a system of Fokker-Planck equations where each density acts as a potential
for the other (in a given domain Q C R¢ with no-flux boundary conditions, or in
the d-dimensional torus). Local existence under the condition pu < 1 is proven
in [3]. Indeed, this condition is not surprising. One can see that this system is,
formally, the gradient flow in W5 () x Wa(£) of the functional F° given by

FOp,p) := / o), u(x))dz, f°(a,b) := aloga + blogb + ab.
Q

It can easily be seen that the Hessian D? f9 is positive semi-definite if and only if
ab < 1, and that hence f° is in general not convex. This has two consequences: on
the one hand from the point of view of the PDE system, if one had a soluton with
pp > 1, then it would be possible to locally find suitable combinations of p and
u (for instance, take u = p — p in the neighborhood of a point where p = p > 1)
which approximtely solve a backward heat equation, which is a serious difficulty
for existence; on the other hand, the functional F° is not lLs.c. for the weak
convergence, and this prevents the JKO scheme

2 2
n,?i,n FO(p, 1) + W3 (p, pr) ;—TWZ (1, i)

from having, in general, a solution. Actually, since the W5 terms are continuous
for the weak convergence, in the above minimization the functional F° is automat-
ically replaced with a new functional F, which is the Ls.c. envelope of FO. This
Ls.c. envelope is easy to characterize, it is given by F(p, ) := [, f(p(x), u(x))dx
where f is the convex envelope of f°.
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The main goal of the talk and of the work-in-progress with R. Ducasse and
H. Yoldag is to study the system of PDEs arising as a gradient flow for F'. This
requires first to compute or characterize the function f. It is possible to prove
that f can be obtained in the following way: fix s = a +b. If s < 2 then f°
is convex on {a +b = s} and we have f = f°. If s > 2 then f° has a double
well on {a+ b= s} and f will coincide, on this segment, with the convexification
of fO on the same segment, i.e. a function which joins the two equal-value wells
of fO with a straight line. The position of the two wells can be characterized
through a system of equations but not given explicitly, and we find the existence
of a boundary ab = P(s) (with P(2) = 1 and P(s) < 1 for s > 2) such that f = f©
on {ab < P(a+0b)} (the below region B) and f = f(a+b) on {ab > P(a+Db)} (the
above region A).

The cross-diffusion system that we obtain recalls some studies which have been
done for diffusion depending on the sum of two densities, because of what happens
on the region A. These systems are gradient flows of a functional including a
term of the form [ f(p(z) + p(z))dz; they are very difficult to study in case
two different potentials (+ [ Vdp 4+ [ Wdu) are added, and the only available
result proving existence of a solution can be currently found in dimension 1 under
very stringent restrictions on the data ([7]). In the absence of exterior potentials
but with different reaction terms there are results in 1D ([4, 6], both based on
BV bounds which only apply in 1D) or in arbitrary dimension under restrictive
assumptions on the reaction terms ([5], whose result could also be obtained with
a similar technique to the one of our work). On the other hand, if neither reaction
nor potentials distinguish the two species, the situation is much simpler, since the
sum S = p+ u solves a porous-medium—type PDE. Here the situation is similar to
the “simple” case (no potential nor reaction), but mixes two different behaviors:
the sum-dependent diffusion on A and strict convexity in p and p on B.

First, we need to be precise about the notion of solution. We define the admis-
sible class A as follows:

A= {(p,n) e P(QOxP(Q) : Vp+peH (Q) and Vx € CL(B) x(p, ) € H'(Q)}.

For (p,p) € A we can define the gradient of the two partial derivatives f,(p, 1)
and fp(p, 1) in the following way: on each point x s.t. (p(z), u(x)) € B we can use
the condition 7(p, ) € H* for arbitrary n € CL(B) to define Vp(z) and Vu(x)
and hence V(fq(p, 1)) and V(fp(p, pt)); on each point x s.t. (p(z), p(x)) € A we
can use the condition /S € H' (with S = p + ) to define VS(x) and then
V(falp, ) = V(folp, ) = f"(S)VS.

We then look for a pair of curves (py, p+) with their velocity fields (v, wy) solving
Ohp+V-(pw)=0, Hhu+V-(pw)=0

such that (ps, uy) € A for a.e. t and v = —V f,(p, n) and w = =V fi,(p, i1)-
From the formal computation

d
(1) EF(Pth) = /Qvfa(/’aﬂ) 'UdP‘F/QVfb(P’/‘) L wap,
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and a classical application of the Young inequality coming from the so-called En-
ergy Dissipation Inequality (see [1, 2]) it is enough to find a curve satisfying

(2) Flor ur) / RS / JRCK
+ / /IVfbpu)IQduwL / /IwIQdu < F(po, ho)-

We then prove the following results

e The quantity SlopeF defined via

SlopeF(p, / IV fuls )] dp+/ ¥ £, )Pds

is l.s.c. for the weak convergence of probability measures on the class A
(this requires a fine discussion of the behavior in A and B separately);

e Using a flow-interchange technique (see [8]) any limit as 7 — 0 of any
suitable interpolation of the sequence (py, px) obtained through the JKO
scheme for F' satisties (p, pt) € A for a.e. t;

e Using De Giorgi’s variational interpolation and the above semi-continuity,
any limit as 7 — 0 of any suitable interpolation of the sequence (p, uix)
obtained through the JKO scheme for F' satisties (2).

The only remaining difficulty is to rigorously prove (1) for curves which only satisfy
(pt, ut) € A for a.e. t with some integrability conditions on the H' norms. This
can be done by regularizing by convolution but we only have a complete proof in
the case d = 1. Indeed, the regularization strategy passes through a statement of
the form “if u € L' is such that uy € H' N L™ and 7. is a sequence of standard
mollifiers (with possible assumptions on the shape of the mollifier) then for every
a > 0 the sequence (7. * u — «)y is bounded in H' by C(||ug||re,a)|lus||m”,
which can be obtained in dimension 1 but not in higher dimension.
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Dissipative evolution of measures
GIUSEPPE SAVARE
(joint work with G. Cavagnari, G. Sodini)

A dissipative (multivalued) operator in a separable Hilbert space H (endowed with
the scalar product (-,-) and the norm | - |) is a subset B C H x H satisfying

(1) (w—v,y—x) <0 forevery (x,v), (y,w) € B.

Using the identity

@ -yt rw— @t ol e —yP) = w— v,y -2+ grhw—of?
a dissipative operator can be equivalently characterized by the properties
®) -

or

— |z —y|?

lim ly + 7w — (x + Tv)

i - <0 for every (z,v), (y,w) € B

4)  |y+Tw—(r+710)> > |z —y[* forevery T <0, (z,v),(y,w) € B.

B is m- (or maximal) dissipative if for every € H and 7 > 0 there exists a
(unique, by (4)) x, = J-(z) € H such that

(5) zr — TV =z, (x;,0;) € B.

(5) can be interpreted as one step of the Implicit Euler Method associated to the
evolution equation driven by B, whose strong solutions z : [0, 00) — H satisfy

(6) (z(t),z(t)) € B forae.t>0, x(0)=mxo given in D(B);

here D(B) is the proper domain {x € H : (z,v) € B for some v € H} of B. The
celebrated Crandall-Liggett Theorem [3] shows that for every 2o € D(B) the limit
limy, 00 (Jt /n)n(xo) exists for every ¢ > 0 and defines a continuous curve x which
is the unique integral solution to (7) according to Bénilan [2]

(7) l—|a:(t) —y]?2 < —(w,z(t) —y) in 2'(0,00) for every (y,w) € B.

Moreover, whenever (xg,v9) € B, z is Lipschitz continuous, it solves (6), and
|2(t) — (Ji/n)"(w0)| < 2v/t7|vg|. The family of maps S(t) : zo — z(t), t >0, is a
contraction semigroup in D(B).

It is natural to investigate if the above results can be at least partially extended
to the generation of contraction semigroups in H5(H), the Wasserstein space of
Borel probability measures in H with finite quadratic moment. %?3(H) can be
endowed with the Kantorovich-Rubinstein-Wasserstein distance W5 induced by
the norm of H and ii is a complete and separable metric space. A good indication of
the feasibility of this approach relies in the case of the (opposite) subdifferential of
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a proper, lower semicontinuous and (geodesically) convex functional ® : &5 (H) —
(=00, +00], see [1].

A (multivalued) probability vector field (MPVF) can be defined as a subset §
of P5(H x H) (see also [5]). If x,v: H x H — H denote the projections of a point
(z,v) € H x H on its first and second component, every F € § gives raise to a
curve

F(r):=(x+71v)yF, T€eR

As in (2), starting from F',G € § we can consider the squared distance map
1
D7 F,G) i= sWi(F(r). G(7),

which however is not quadratic nor convex w.r.t. 7. Due to the particular structure
of the Wasserstein distance, 7 — D(7; F', G) is in fact a semi-concave map, i.e.

T+ D(1; F,G) — C1 is concave for a constant C' > 0 depending on F, G,

so that (3) and (4) are not equivalent in the Wasserstein setting. In order to define
dissipativity, we rely on (3) and we first introduce the partial right derivatives of
DatT=0:if p=x4F = F(0) and v = x4G = G(0) we set

A WBF(),v) - Wh(,v)

F v, =1 ,
(8) [F,v] rlw 2T
T 10 2

Definition 1. We say that a MPVF § is metrically dissipative if
9) [F,v], +[G,pul, <0 forevery F,Ge€F, n=xF, v=xG.

(8) admits an equivalent representation in terms of plans: denoting by (z,v,y)
a generic point in H® and by (x,v,y) the corresponding projections, we set

I'F,v):= {’y € Po(HY) : (x,viiy=F, yyy=v,
(x,y)g7y is an optimal coupling between x; F' and V}.

We have
(10) [F,v], = min { /(v, x —y)dvy(z,v,y) : v € T(F, V)}

Using (10), the dissipativity inequality (9) can be interpreted as a suitable version
of (1) at the level of probability measures. It is worth noticing that if & : #5(H) —
(—o0, +00] is a geodesically convex functional, then its Wasserstein subdifferential
[1] satisfies (9). However, differently from the subdifferential case where the JKO-
Minimizing Movement method is available [4, 1], for a general dissipative MPVF
it is not clear how to define the resolvent and to apply the Implicit Euler method.

We can then consider the Explicit Euler method, assuming that § is semi-
bounded.
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Definition 2. We say that a MPVF § is semi-bounded if x4(§) = Z2(H) and for
every R > 0 there exists a constant S = S(R) > 0 such that

Feg, /|x|2dF(x,v) <R = /|v|2dF(x,v) <8S.

If § is a semi-bounded MPVF, for every initial measure pug € %2(H) and every
time step 7 > 0 we can define recursively the sequence (Nﬁ)keN by
1l = po, pFtt:=F¥(r) for some F* € §, x,F* =yt
We can then consider the piecewise constant interpolant p, : [0,00) — P2(H) of
the sequence (u*)pen, defined by

pr(t) = p¥ if t € [kr, (k+ 1)7).
The next Theorem collects our main generation result.

Theorem 3. Let § be a semi-bounded dissipative MPVF. For every uo € P2(H)
and every t > 0 there exists the limit pu(t) := lim, o - (¢). p:[0,00) = P2(H) is a
Lipschitz curve and it is the unique solution of the dissipative Evolution Variational
Inequality

d1
&§W22(N(t)’ v) < —[F,u(t)], a.e. in (0,00), for every F € §, v =x4F.

The family of maps S(t) : po — p(t) defines a contraction semigroup in Po(H)
and for every T > 0 there exists a constant C > 0 such that

sup W3 (u-(t), u(t)) < C7.
t€[0,T]
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Coarse graining of a Fokker-Planck equation with excluded volume
effects preserving the gradient flow structure

MARIA BRUNA
(joint work with Martin Burger, José Antonio Carrillo)

We consider the topic of propagation of gradient flow structures from microscopic
to macroscopic models. An interesting feature of many partial differential equa-
tions (PDEs) describing dissipative mechanisms in particle systems is that they can
be seen as gradient flows (or steepest descents) of an associated free-energy func-
tional. This is the case of the linear Fokker—Planck equation [6], and many other
nonlinear Fokker—Planck equations including nonlinear diffusions and McKean—
Vlasov like equations. For example, the set of N Brownian particles moving under
an external potential V' (x),

(1) dX;(t) = V2dW,(t) — VVi(Xi(t))dt,  1<i<N,

where W;(t) are independent Brownian motions, can be described by a Fokker—

Planck equation for its joint probability density P(Z,t), where & = (x1,...,Xn):
oP

(2) E(fa t) =Vz-[VzP + VzVnN(Z)P].

Here Vz and V- respectively stand for the gradient and divergence operators with

respect to the N-particle position vector & and Vi (%) = Zi\il V(x;). Equation

(2) can be seen as a gradient flow

P . SEN

with respect to the 2-Wasserstein metric and the free energy
3) En(P) = / [P(%,1) log P(#,1) + Vi (£)P] di.

The connections between (1), (2) and (3) are well understood in the case of
noninteracting particles, where essentially the macroscopic limit of a set of N
particles coincides with the case of a single Brownian particle [6], leading to the
linear Fokker—Planck equation for the one-particle probability density p(x, t)

(@) %2 x,1) = V- [V + ViV ()],
which is again 2-Wasserstein gradient flow with respect to the low-dimensional
version of the energy (3), that is, E(p) = [[plogp + V(x)p|dx.

Interactions between particles can make the passage from microscopic to macro-
scopic challenging. In particular, the Fokker—Planck equation for the one-particle
marginal density p(x,t) = [ P(Z,t)d(x — x1)dZ becomes in general coupled to
higher-order marginals, leading to a BBGKY-type hierarchy, and its relation to
the N-particle probability density becomes much more complicated due to correla-
tions between particles. From a physical perspective, a desirable or even required
condition on the macroscopic model might be that, if the microscopic model has
an underlying gradient flow structure, this is preserved by the coarse-graining.
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However, in general this is not guaranteed unless the coarse-graining procedure
is such that it respects the structure. In particular, it is common to obtain the
macroscopic model independently of the underlying gradient flow structure, and
to establish a suitable energy and metric at the macroscopic level. This may lead
to difficulties in identifying a suitable macroscopic energy and/or non-physical
energies and mobilities [4]. Some strategies to obtain the macroscopic model are:

e truncating the BBGKY hierarchy using a closure approximation (e.g. mean
field or Kirkwood superposition),

e proving a mean-field limit as N — oo to obtain a closed equation for the
one-particle marginal [5],

e Dynamical Density Functional Theory (DDFT), which by construction
provides a macroscopic gradient-flow structure but relies on a good ap-
proximation of the excess free energy (steaming from particle interactions),

e using a large deviation principle and I'-convergence to associate the sto-
chastic process with its macroscopic gradient-flow structure [1].

To address these issues, in [3] we consider a coarse-graining approach starting
from the time-discrete microscopic gradient flow (JKO scheme). We apply it to the
problem of Brownian particles with short-range repulsive interactions, which are
used to model excluded-volume effects between individuals (e.g. cells, animals).
Consider a set of N pairwise interacting particles in a bounded domain Q C R?
with | = 1:

(5)  dXi(t) = V2dW,(t) — Vy V(X;(t))dt — XZ Vxu((X;(t) — X;(t))/€)dt,
J#

for 1 <4 < N, where x and ¢ represent the strength and the range of the potential
u, respectively. Unlike the mean-field scaling (y = 1/N,¢/ = 1, N — o), here
we consider strong short-range repulsive interactions, x = 1,/ = ¢ < 1 with N
such that § := (N — 1)e? is a small parameter (this corresponds to a low density
regime). In particular, in what follows we describe the coarse-graining when u
is a hard-core potential, u(r) = +oo0,r < 1, and 0 otherwise. In this case, the
microscopic model coincides with (1), (2) and (3) except that the domain of Z is
not O as for noninteracting particles but the perforated domain

QN =QV\B., B.={FeQV:3i# st ||xi—x;|| <e}.

No-flux boundary conditions on the internal boundaries of this domain correspond
to the hard-core interactions present between particles. The more general case of
a repulsive short-range potential is described in [3].

The starting point is to write down the time-discrete variational formulation
of the N-particle Fokker-Planck equation (2), which using the Benamou—Brenier
formulation [2] leads to

1 At .
(6) inf inf —/ P||U||?dZds + En(Py) ¢,
Popgy | 20 Jav



536 Oberwolfach Report 10/2021

where (P, [7) € CEa(Py—1, P) if it solves

~

P .
%—8 +Vz- (PU) =0, in QN x (0, At),
(CE) U-i=0, on 9QN x (0, At),
P = P,_1(%), in QY x {0},
P.(7) = P, in QY x {At}.

The scheme is initialised with Py (Z) invariant to permutations of particle labels.

Starting from the N-particle problem (6), we derive an analogous problem for
the one-particle density and the associated flow using the method of matched
asymptotic expansions in the limit of the volume fraction § small. In general there
might be a uniqueness issue in the determination of the flow, which is related to
the problem of tilting gradient flows [7]. However, we have a natural convention in
our case, since we can enforce consistency with the non-interacting particles case
(6 = 0). We obtain the following result from the optimality conditions of (6): the
macroscopic density p and associated flow ¢ satisfy the following equations up to
order d:

% + Vx - (pVx0) = 0, in Q x (0,At),
dp 1 2 i
£+§HV"¢H =0, in Q x (0, At),
Vx¢-n =0, on 90 x (0, At),
p = pr—1(x), in Q x {0},

¢=—(logp+V + adp), in Q x {At}.

with a = V(1) the volume of the unit ball in R%. The final-time condition allows
us indentify the macroscopic entropy as

Es(p) = /Q [plogp + pV(x) + $adp?] dx,

leading to the nonlinear Fokker—Planck equation

@ 2 (x,) = V- [(1+ 39) Vap + TV (8]

This result is consistent with the macroscopic model obtained via matched asymp-
totic expansions as the level of the Fokker—Planck equation.
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Remarks on MFG and Initial Value Problems
YANN BRENIER

A typical example of MFG (& la Lasry-Lions) is
1
Oup+V - (pV0) =vAp, 0,0+ S|VO]* +vA0 = f(p),

p=p(t,x) >0,0 =0(tx) € R being respectively prescribed at t =0 and t = T,
and x € D with, say, D = T?. Here T'> 0 and f : R, — R are given. As long as
f' >0, these equations are “well-posed” with respect to the “backward-forward”
time-boundary conditions. Indeed, they are just the optimality equations for the
concave maximization problem

T
sup _/ / G(0:0 + vA0, V) — / po 6(0,-),
0(T,)=0r o Jp b

2 P
G(o,w) = sup ap—l—w-q—ﬂ—/ f(s)ds.
p>0,q€R? 2p 0

The same equations also correspond to the Euler equations of a gas (without
vorticity) and pressure equal to

mm=—£ﬁf@@

with speed of sound +/p’(p). Then, the initial value problem (IVP) is well-posed
precisely in the opposite situation when f’ < 0. This indicates how MFG and
IVP may differ! So it seems useless to use the MFG approach to solve IVP.
Nevertheless, following [1], we may use a generalized version of MFGs to solve
some [VPs, typically for “entropic system of conservation laws”

QU +V-(FU)=0,U=U(t,z) e R™, zeT?,
admitting a strictly convex ”entropy” function £ : R™ — R. We may as well
consider their viscous version ;U + V - (F(U)) = vAU, with viscosity v > 0. It
turns out that, at least for smooth solutions and sufficiently short time intervals
[0, T], we may reduce the IVP to the concave maximization problem

T
sup —/ / G(O:A+VvAAVA) — / A(0,-) - Uy
o Jp D

A(T,)=0
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involving a vector-potential A = A(t,z) € R™, where G is the convex function
defined by
G(E,B)= sup E-V+B-F(V)-&(V).
VER’NL

Furthermore, when v = 0, the optimal vector-potential A is directly related to the
solution U of the IVP through the very simple formula A(t,z) = (¢t—T)&' (U (¢, x)).
The similarity of this concave problem with the MFG we started with is striking.

Just to quote a concrete example, let us consider the (viscous) “template match-
ing equation”, for use in data sciences and image processing,

|v]?

dv+V-(vev)+ V(T) =vAv, v(0,-) = v,

for which we obtain the “generalized” MFG

1
sup / (—=M~':(qg—vV - M)®? 4+ q-vy)dxdt
Myq Jo,1)xD 2

where the matrix-valued field M = MT = M(t,z) > 0 and the vector field
q = q(t, z) are subject to

%M +Vq+Vq" = (V-q) ls, M(T,) =14

This problem may also be seen as a kind of Schrodinger/MFG variant of a matrix-
valued optimal transport problem, in the sense of [2].

Let us finally mention that, as d = 1, we may recover, for arbitrarily large
T > 0, the exact smooth solution v(t,z) of the IVP for all ¢ € [0,T], as v > 0,
and, in the limit case v = 0, the exact “entropy” solution v(¢,x) (& la Kruzkov)
but only at the final time ¢t = T'!
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Convergence of some Mean Field Games systems to aggregation and
flocking models
PIERRE CARDALIAGUET
(joint work with Martino Bardi)

The aim of this research project is to show a rigorous connection between two
different mathematical theories modeling the dynamics of large populations of
individuals: Mean Field Games (MFG) (in which the individual control a system
and have a high degree of rationality), and agent-based models (in which they are
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myopic). Following ideas of Degond and al.' and of Bertucci and al.?, we show
how some MFG systems degenerate into kinetic models as individuals become
more and more impatients and as their control become cheaper. Our first result
says that solutions (ux,my) of the MFG system

A
—Oiuy — UxAuy + Auy + §|Du>\|2 = F(z,mx(t)) in R? x (0, +00)
Omy — vaAmy — div(maADuy) =0 in R? x (0, 4+00)
mx(0) = mo, in RY, u), bounded,

converges to the solution of the aggregation model

Ogym — div(imD, F(x,m)) =0 in R? x (0, +00)
m(0) = my, in R,

as A — 400 and vy — 0. In this result we assume that the coupling F' = F(xz, m)
is uniformly continuous with respect to the first variable, uniformly with respect
to the measure m. The result relies on careful semiconcavity estimates of the value
function uy, which allows to bound the L norm of the density m) and to pass
to the limit in the equation.

For second order MFG models, we establish the convergence of the system

A
—Oiun + Auy — v - Dauy + §|Dvu>\|2 = F(z,v,mx(t)) in R2? x (0,7)

omx +v - Dymy — div,(maADyuy) =0 in R%¢ x (0,7)
mx(0) =mg, ux(z,v,T)=0 in R,

to the solution of the kinetic equation

om + v - Dym — div,(mD,F(z,v,m)) =0 in R%¢ x (0,7,
m(0) = myo, in R2¢,

as A — +oo. For this second result, and to fix the ideas, we work in the case where
the coupling term F' corresponds to the Cucker-Smale model
[v]?

(a+[z[?)?’
The second result is based on variational techniques and shows surprising connex-
ions with “Weighted Energy-Dissipation” techniques, recently revisited by Rossi
and al.?, the main difference being that our system is not a gradient flow.

There remains several natural questions on the topic: The simplest one is the
convergence rate, which is probably relatively simple to establish in the case of the

first convergence result but much more challenging for the second one. Perhaps
the most intriguing open question is to understand the link (if any) between the

F(z,v,m(t)) = kxm(x,v,t), k(xz,v) = a>0,8>0.

lp, Degond, M. Herty, J.G. Liu: Mean field games and model predictive control. Commun.
Math. Sci. 15 (2017), no. 5, 1403-1422.

2C. Bertucci, P.-L. Lions, J.-M. Lasry: Some remarks on Mean Field Games, Comm. Partial
Differential Equations 44 (2019), no. 3, 205-227

3R. Rossi, G. Savaré, A. Segatti, U. Stefanelli: Weighted Energy-Dissipation principle for
gradient flows in metric spaces. J. Math. Pures Appl. 127 (2019), 1-66.
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long time behavior of the MFG systems and the one for the aggregation/kinetic
equation.
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Homogenisation of discrete dynamical optimal transport
JAN MAaAs
(joint work with Eva Kopfer, Peter Gladbach, Lorenzo Portinale)

In the past decades there has been intense research activity in the area of optimal
transport. In continuous settings, a central result in the field is the Benamou—
Brenier formula [1], which provides a dynamical formulation of the classical Monge—
Kantorovich problem. In discrete settings, the equivalence between static and
dynamical optimal transport breaks down, and it turns out that the dynamical
formulation (introduced in [5, 6]) is essential in applications to evolution equations,
discrete Ricci curvature, and functional inequalities.

The limit passage from discrete dynamical transport to continuous optimal
transport turns out to be nontrivial. In fact, seemingly natural discretizations
of the Benamou—Brenier formula do not necessarily converge to the Kantorovich
distance Ws, even in one-dimensional settings [3]. The main result in [2] asserts
that, for a sequence of meshes on a bounded convex domain in R?, an isotropy
condition on the meshes is required to obtain the convergence of the discrete
dynamical transport distances to Ws.

In this talk we present recent work in which we identify the limiting behaviour
of the discrete metrics on Z?-periodic graphs where the isotropy condition fails to
hold.

For an (undirected) graph (X,€) and probability measure m®, m! € P(X), we
consider the dynamical transport cost given by

c(m® mh) = inf { Z Coy(mi(x), mi(y), Ji(x,y)) dt},

(m,J)ECE(mO%,m?t) 0 iy

where CE(m°,m!) denotes the class of all solutions to the discrete continuity
equation connecting m® and m!, i.e., all curves of probability measures m : [0, 1] —
P(X) and all time-dependent discrete vector fields (i.e., anti-symmetric functions)
J : [0,1] — RE satisfying the discrete continuity equation

d
—my(x Ji(z,y) =0, mo =m, my =mt.
1 t(z) + Z t(z,y) 0 1

yy~T
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The cost functions cgy : Ry xR xR — R, are assumed to be lower-semicontinuous
and convex.

In [3, 4] we fix a Z%-periodic graph (X, ) embedded in RY. For any £ > 0 with
1/e € N, we consider the rescaled graphs (X;, &) defined by

X.=eX/Z% and & =e£/{(z,2): 2 € 7.
The rescaled transport cost is given by

0 1y _ . my x) mt(y) Jt(xvy)
Ce(m ’m)_(m,J)eé%f(mO,ml){/o Z € c’z‘y( T od 0 ad1 dt ».

(z,y)€€e

Loosely speaking, our main result asserts that these discrete transport problems
converge to a continuous transport problem with a homogenized cost function,
as € — 0. Namely, for any weakly converging sequences of probability measures

m—p® and ml—pl, we have convergence C.(m2,m?l) — C(u° u'), where the
limiting transport problem is given by

d dj .
(C(NO’M 1nf {/ / Chom( Zfi, défi) dxdt : 8t/1,+ \V4 -j = O, Ho,1 = Mo,l}.
Td

The homogenized cost cpom : Ry x R — R is given by the cell formula

Chom(p,U)=g1§{ S eay(m (y)v‘](xvy))}v

Y gexno,1)d y~x

where the infimum runs over all Z?-periodic functions m : X — R, and all Z%-
periodic discrete vector fields (i.e., all anti-symmetric functions J : &€ — R with
>y~ J (@ y) = 0 for all z € X) satisfying

S om=p md o Y Y e =

z€eXN[0,1)4 zeXN[0,1)d Yy~

for (p,u) € Ry x R This cell formula describes how the limiting transport cost
is affected by the geometry of the periodic graph. The rigorous formulation of our
main result is given in terms of I'-convergence for curves in the space of probability
measures.

In the special case where the discrete transport cost is associated to a Riemann-
ian gradient flow structure for a Markov chain (as in [5, 6]), our result implies that
the limiting metric is a 2-Wasserstein metric associated to a (not necessarily Rie-
mannian) Finsler metric.
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Stability of optimal transport maps: the compact and
non-compact cases

QUENTIN MERIGOT
(joint work with Alex Delalande)

In this presentation, we establish quantitative stability of the quadratic optimal
transport map between a fixed probability density p and a probability measure u
on R%. We assume that p is absolutely continuous with respect to the Lebesgue
measure, supported over a compact convex set X, and that it is is bounded from
above and below by positive constants on X. Given p € Po(R?), we call Brenier
map the unique quadratic optimal transport map 7}, between p and p and we call
Brenier potential the unique convex function ¢, € LQ(X) such that 7, = V¢,
and which satisfies [ ¢,dp = 0.

The map p +— T, has been used to embed the metric space (Pa(RY), W) into
the Hilbert space L%(p, R?). This approach is often referred to as the Linearized
Optimal Transport framework [1] and has shown great results in applications. A
practical benefit of the embedding is to enable the use of the classical Hilbertian
statistical toolbox on families of probability measures while keeping some features
of the Wasserstein geometry. Working with this embedding is equivalent to re-
placing the Wasserstein distance by the distance

WQ,P(/‘? V) = ”TM - TV“LQ(p,]Rd)'

We note that the geodesic curves with respect to the distance W5 , are called the
generalized geodesics in the book of Ambrosio, Gigli, Savaré [2]. The choice of the
Brenier map between a reference measure p and a measure p as an embedding
of © may also be motivated by the Riemannian interpretation of the Wasserstein
geometry, the map u +— T}, being the inverse of the exponential map based at p.

It is quite natural to expect that the embedding p — T}, retains some of the
geometry of the underlying space, or equivalently that the metric W , is com-
parable, in some coarse sense, to the Wasserstein distance. The main difficulty,
which we study in this article, is to establish quantitative (e.g. Holder) continuity
properties for the mappings p — T, and p — ¢,. We note that such stability
estimates are also important in numerical analysis and in statistics.

Existing results. We first note that explicit examples show that the mapping
i — T}, is in general not better than %—Hé’)lder. A much stronger negative result
comes from Andoni, Naor and Neiman [3, Theorem 7] showing that one cannot
construct a bi-Holder embedding of (P2(R%), Ws), d > 3, into a Hilbert space.
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Theorem 1 (Andoni, Naor, Neiman). (P2(R3),Ws) does not admit a uniform,
coarse or quasisymmetric embedding into any Banach space of nontrivial type.

This theorem implies in particular that one cannot hope to prove that p — T},
is bi-Holder on the whole set P2(R?) of probability measures with finite second
moment.

The existing quantitative stability results can be summarized under the two
following statements. A first result due to Ambrosio and reported in [4], shows
a local 1/2-Hélder behaviour near probability densities ;1 whose associated Bre-
nier map 7, is Lipschitz continuous, a strong hypothesis. A second result, due
to Berman [5], proves quantitative stability of the map p +— T}, under milder as-
sumptions on the target probability measures. Berman assumes that the source
measure p is the restriction of the Lebesgue measure on a compact convex set
X with unit volume. Under this assumption, he proves a stability result on the
inverse transport maps when the target measure remains in a fixed compact set.
This result implies quantitative stability of the Brenier maps:

Theorem 2 (Berman). Let X be a compact convex subset with unit volume, let
p be the restriction of the Lebesgue measure to X, and let Y C R% be another
compact set. Then there exists a constant C' depending only on X andY such that
for any p,v € P(Y),

1
1T = TullL2(p) < CWa(p,v) 2 Diasa),

The Holder behavior does not depend on the regularity of the transport map
T,,, but the Holder exponent depends exponentially on the ambient dimension d.

Contributions. In this talk, we present a quantitative stability results for qua-
dratic optimal transport maps between a probability density p and target mea-
sure . We do not assume that p is compactly supported. Introducing M, () =
Jga lz|[Pdp(z) the p-th moment of y, we prove in particular the following theorem.

Theorem 3. Let X be a compact convex subset of R and let p be a proba-
bility density on X, bounded from above and below by positive constants. Let
p>dandp > 4. Assume that p,v € P2(RY) have bounded p-th moment, i.e.
max(Mp(p), Mp(v)) < M, < +o00. Then

1T = TollL2(p) < Capx,0,08, Wi () 555761,

H(bu - ¢V||L2(p) S Cd,p,X,p,Mpwl (Na V)l/Qv
where Cq, ... 4, depends a non-negative constant which depends only on ai, ..., ax,.
If p,v are supported on a compact set'Y, we have an improved Hélder exponent
for the Brenier map:

Ty = Tollz2(p) < CapoxvpWa (i, v)5.

A large class of probability measures verifies the moment assumption, such as
sub-Gaussian or sub-exponential measures.

To prove these stability estimates, we use the fact that the dual potentials solve
a convex minimization problem involving Kantorovich’s functional K(¢) = [¢*dp.
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We first prove a strong convexity estimate for K, relying on the Brascamp-Lieb
inequality, and which holds under the assumption that the Brenier potentials are
bounded. This strong convexity estimate is then translated into a stability estimate
concerning the dual and Brenier potentials. The stability of Brenier maps is then
deduced using a Gagliardo-Nirenberg type inequality for the difference of convex
functions.
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Entropic spatially inhomogeneous evolutionary games: fast reaction
limit and learnability

MAURO BONAFINI
(joint work with M. Fornasier and B. Schmitzer)

In the course of the past two decades there has been an explosion of research on
models of multi-agent interactions to describe phenomena beyond physics, e.g.,
in biology, such as cell aggregation and motility, coordinated animal motion, co-
ordinated human and synthetic agent behaviour and interactions. Most of these
models start from particle-like systems by including fundamental “social interac-
tion” forces within classical systems of first or second order equations. Others
build on a game theoretic setting or move within the realm of mean-field games.

Recently, new forms of spatially inhomogeneous evolutionary games have been
proposed by Ambrosio et al. in [1]. These models couple an evolutionary game
selection of mixed strategies via replicator dynamics alongside the choice of a
transport field for the agent population. Differently from mean-field games, evolu-
tionary games of this kind are not based on an underlying optimal control problem,
but they realize an evolutionary, nearly instantaneous adaptation of the agents’
strategies of motion.

We move our steps from these general models and modify them for the descrip-
tion of more realistic behaviours, including the possibility of fast adaptation of
the strategies of each agent. Hence, we introduce a novel multi-agent interaction
model which describes an (entropic) undisclosed fast reaction limit of the general
framework. In particular, for a given set of pure strategies U, 0 < n € P(U) a
reference probability measure on U, an “entropic” parameter € > 0, and maps
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e:RYx U — R and J: RY x U x R = R, we introduce the N-agents system
described by

Orxi(t) = vl (x1(t),...,an(t)) fori=1,...,N
v;’(ml,...,x]v):/Ue(xi,u)a;](xl,...,xN)(u) dn(u)
J( ) exp (ELN Z;V:1 J(xiv'vxj))

g, \r1,...,TN) =
Jiyexp (ﬁ Zjvzl J(zi,v, arj)) dn(v)

(UFR-N)

Here, each o represents a probability density with respect to  and corresponds to
the optimal mixed strategy which is obtained under the fast reaction assumption.
The main parameter governing the evolution is the payoff function J: J(z,u,x’)
is the payoff a player located at x obtains when playing strategy u against another
player located at x’. First order Newtonian models can be viewed as a subclass of
undisclosed fast reaction dynamics, taking € — 0 for a specific selection of J.

Under suitable regularity assumptions on e and J, one proves that the system
admits well defined solutions for any initial conditions and in particular, as the
number of players increases, a corresponding mean field analysis can be performed,
with the mean field equation being a standard continuity equation describing the
evolution of the continuous distribution of agents.

The idea is now to “reverse” the process: we are given observations (z1V(t),.. .,
N (t)) and (v (t),...,v¥ (1)), t € [0,T), for trajectories and velocities of a system
of N evolving agents. The aim is to use an undisclosed fast reaction model to
fit the data, under the assumption that every parameter is known except from J.
Then, how is it possible to learn J from data? The general strategy, following [3],
is to penalize some loss function measuring the mismatch between observations
and predictions by the parametrized system. A possible choice is to penalize the
mismatch between velocities, i.e., to consider the (non convex) energy

T
-7

This energy is directly linked to the discrepancy in trajectories, in the sense that
for (2N (t),...,2N(t)) the solution of (UFR-N) induced by J for the same initial
condition (xV(0),...,2¥(0)) € [R%?, one has

N
%Z [0 (t) = v (2 (1), .. ,xx(t))ﬂ dt.

N
%mewﬁﬂm§cemﬂ
=1

for all t € [0,T], with C = C(T, J,e, ). Hence, payoff functions attaining small
discrepancy in velocities are able to reproduce trajectories that are provably close
to the observed ones. At this point, one can even use a minimal J (with respect
to V) to perform further data-driven simulations.
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The whole learning process is stable in the limit: as NV — oo, under the assump-
tion that observations have a well defined mean field behaviour, suitable minimiz-
ers of the mismatch &V at level N will converge to a minimizer of a limiting loss
defined upon the mean field limit of the observations.

The abstract framework is fully constructive and numerically implementable.
This is illustrated in [2] on computational examples where a ground truth payoff
function is known and on examples where this is not the case, including a model
for pedestrian movement, providing encouraging results for going in the direction
of real-life data.
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Breaking the curse of dimension in multi-marginal optimal transport
with Coulomb cost

GERO FRIESECKE
The multi-marginal OT problem with Coulomb cost is the following: Minimize

1
/ ——dy(z1,...,xy) subj.toy € P(RYx...xRY), v — p, ..., p.
Rix...xRII<i<j<N |lz; — $j|

=:C[v]

Here p € P(R?) is a given, typically absolutely continuous, marginal. All N
marginals are equal, but the cost is repulsive, nonconvex, and (for N > 3) not
twisted. Usually one is interested in symmetric minimizers (any nonsymmetric
minimizer gives rise to a symmetric one, by symmetrization).

Motivation. In N-electron quantum mechanics, the following problem intro-
duced from 1964 to 1983 by P.Hohenberg, W.Kohn, M.Levy, and E.Lieb plays
an important role which contains an additional Fisher-information-type term: For
bosons or fermions,

. 1 2 . . 1 2 2
’Y'—{f&}{lwﬂ/]gdl\f §|Vﬁ| +C[y] respectively mm/RdN ggn:gi'v‘m +C[€pzm:g|\ll| l.

In the latter case, the square root of v has to be introduced explicitly and has
to be taken in C; the minimization is over ¥’s in H'((R? x Z3)";C) which are
antisymmetric and satisfy >, |U|2 — p,...,u. The minimand is the kinetic
plus interaction energy of the quantum state ¥ and the constraint means that ¥
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has single-particle density g. MMOT with Coulomb cost is the low-density limit
of both the above problems: replacing p by po(z) = a?u(ax) yields

. 1 2 2
min a/RdN S;S 2|V1/J| +C[sz”;8|\ll| ]
which Gamma-converges as a — 0 to MMOT with Coulomb cost. The limit prob-
lem was introduced in the physics literature by Seidl (1999). Its interpretation
as OT is due to Cotar, Friesecke, Kliippelberg (CFK) (arXiv 2011, CPAM 2013)
and Buttazzo, DePascale, Gori-Giorgi (Phys.Rev.A 2012). Note N = #particles=
#marginals, motivating the interest in large V. For the proof of Gamma conver-
gence see CFK 2011/2013 (N = 2), Bindini and DePascale J. de I'Ecole Polyt.
2017 (simpler proof, extension to N = 3) and CFK ARMA 2018 (general case).

Sparsity of optimal plans. The beautiful theorems by Brenier and Gangbo-
McCann showed us that for nice costs, optimal plans of two-marginal problems
with absolutely continuous marginals 1, e are of Monge form,

v = (id, T)gpa.

For multi-marginal problems, the corresponding Monge ansatz
Y= (Zd, TQ, ceey TN)ﬁMl

was justified by Gangbo-Swiech and Agueh-Carlier for, respectively, the maximum
correlation problem

min/z |z; — 2| subject to v = i1, ...,
i<j

and the Wasserstein barycenter problem

N N
1 1
min/ N ;:1 |z; — B(z)|?* subject to v +— g1, ..., un, with B(z) = N ;:1 Ti;

in the latter case, Byy is the Wasserstein barycenter of the marginal measures.
The story for the Coulomb cost turned out to be more complicated than originally
expected. The Monge ansatz is known to be justified for N = 2 or d = 1 (work by,
respectively, CFK 2011/2013 and Colombo, Di Marino, De Pascale (Canadian J.
Math. 2015)). Pass (Nonlinearity 2012) has constructed an example for N =d =3
with a nonunique minimizer of non-Monge form. Whether Monge-type minimizers
always exist for the Coulomb cost is an open problem.

Sparsity after discretization; breaking the curse of dimension with re-
spect to storage. In [2], the following slight generalization of the Monge ansatz
was introduced. It is almost as sparse, yet — at least for discrete problems — suf-
ficiently general to ensure existence of optimizers for any number of marginals
and any cost. Let X = {ay,...,as} C R? be any set of discretization points, or
finite state space’, and let I, = {y € P(XY) : ~ symmetric, v + p, ..., u} be
the Kantorovich polytope for marginal p. Below, Sy~ denotes the symmetrization
(SN’y)(Al X ... X AN) = N!I-! ZpermutationsafY(AU(l) X ... X AO’(N))'
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Theorem 1. [2] For any p € P(X), all extreme points of IL,, are of ‘Quasi-Monge’
form:

Y= SN(Tl, ...,TN)u/]

for some 1 € P(X) and some quasi-Monge maps Ty, ..., Tn satisfying, instead of
the classical Monge conditions Ty = p, the average condition % Zi\;l Ty = p.

As a corollary, for any N, any cost function ¢ : X~ — R, and any marginal y,
the discrete OT Problem ‘Minimize | v cdy over v € II,” possesses an optimizer
of quasi-Monge form. This breaks the curse of dimension with respect to storage,
because — unlike a general Kantorovich plan in P(X V) which needs ¢V coefficients
to store — a quasi-Monge state only requires £- (N +1) coefficients (¢ coefficients for
each quasi-Monge map, of which there are N, and an extra ¢ for the measure ).
Thus the storage cost goes down from exponential in N to linear in N. Sparsity
is even more striking for MMOT than for two-marginal OT!

When g is uniform (this is the analogue of absolute continuity in the discrete
case), there is an important difference between two- and multi-marginal problems:
for N = 2 the quasi-Monge ansatz can be replaced by the Monge ansatz (this is
the content of the Birkhoff-Von Neumann theorem). When N > 3, the Monge
ansatz is not enough and the extension to quasi-Monge states is really needed.
For a proof of this via a simple counterexample with N = £ = 3 see [1].

Alfonsi, Coyaud, Ehrlacher, and Lombardi (Math. Comp. 2021) established
existence of sparse optimizers even in the situation when the state space is kept
continuous and only the marginal constraints are discretized; moreover they pro-
posed a constrained Lagrangian particle method for simulating the ensuing prob-
lem. Khoo and Ying (SIAM J. Sci. Comp. 2019) introduced and studied a
semi-definite relaxation of a two-marginal formulation of MMOT from [2] and
presented an algorithm for the relaxed problem.

Algorithm for breaking the curse of dimension: Genetic column genera-
tion. Very recently, in joint work with Andreas Schulz (TUM) and Daniela Vogler
(TUM) [3] we finally figured out how to run an algorithm which finds such quasi-
Monge states for, say, up to N = 30 marginals/electrons discretized by ¢ = 100
gridpoints each, despite the ensuing Kantorovich polytope 11, having dimension
about 10%°. In benchmark examples where the exact solution is known, the algo-
rithm always found the exact optimizers, and was empirically observed to do this
in polynomial time with respect to the system size, despite the fact that we prove
rigorously that the key subproblem tackled by the algorithm is NP-complete. See
Figure 5 of [3]. Our algorithm, called GenCol, is based on three ideas:

— exploit sparsity (in the ’quasi-Monge’ version of [2]). For large N, one simply
cannot afford to throw away the beautiful sparsity of optimal plans, revealed by
many workers over may years (Brenier, Gangbo-McCann, Agueh-Carlier, ...).

— use the method of column generation (CG): replace the original LP by a small
subproblem; solve it; add a new ’column’ by solving a pricing problem; iterate.
This is a standard method in discrete optimization, not hitherto used in MMOT,
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which originated in integer programming (¢ = 2, N large). Note that this is the
opposite regime to N = 2, £ large where Sinkhorn works best!

— the well known bottleneck in CG is that one needs to efficiently generate new
candidate columns for the pricing problem; this is overcome by a genetic learning
method tailormade for MMOT. In our context new columns represent intricately
correlated spatial many-body configurations of the system, which are not known
a priori; these are learned with the help of an “adversary” represented by the dual
state within CG, in loose similarity to Wasserstein GANS.

For a more detailed description and numerical results see [3] sections 5 and 7.
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Equality of the Jellium and Uniform Electron Gas next-order
asymptotic terms for Coulomb and Riesz potentialss
CoDINA COTAR
(joint work with Mircea Petrache)

Setting. We consider three minimization problems, and compare their asymp-
totics. In all three problems we will consider the energy of N-points configura-
tions, in which the pairwise interaction c(z —y) between points z,y € R?, depends
upon the power-law potentials

1
(1) c(x) :== o where s > 0.

x S
The first minimization which we consider is the generalized Jellium minimization
problem, stated as follows. For a bounded domain Qy C R? with |[Qy| = N

(the most known case in the literature being that of Qn = Kg, a cube of radius
R = NY4) let

(2) Jelys(Qn) ::inf{ dooclwi—z) -2 > /Q (i —y)dy

1<i,j<N 1<i<N

i%5
—|—/ / c(z —y)dady : xl,...,xNGQN}.
an Jan
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The second minimization which we consider is the closely-related Coulomb and
Riesz gases minimization of energy

N

(3)  Ens(V):=inf Z c(a:i—xj)—i—NZV(a:i):a:l,...,mNE]Rd ,
1<i£j <N i=1

where the external “confining” potential V : R* — R satisfies

(V1) V is assumed to be bounded below, lower semicontinuous, such that {x :
V(z) < oo} has positive c-capacity, and such that V(z) — oo as |z| — oo. (Note
that a set €2 has positive c-capacity if there exists a positive measure supported
on Q such that [ [c(z —y)du(x)du(y) < oc.)

The third problem which we consider is an N-marginal optimal transport (OT)
problem with cost similarly given by pairwise interactions as above. For given
p € P(RY) we consider
(4)

N

Fn,s(p) = inf c(zi —zj)dyn(z1,...,ZN) YN € Pgm(Rd),'yN — ,u} .
CORFP
Here P;’\;m(Rd) C P((RY)N) is the subset of probability measures which are in-
variant under the permutation of the N factors of the cartesian product (R%)" and
the notation yx + p means that vy has one-body density u (physics terminology)
or equivalently equal R%-marginals p (probability terminology), i.e.

ANREx .ox RExA; x REx ... x RY) = / du(z) for all Borel 4; C R?
(5) i-1 times N-i times Ai

and alli=1,..., N.

The case s = 1,d = 3, of (2) is the classical Jellium problem studied by Lieb
and Narnhofer (1975), and it is of great interest in physics, where it has been
extensively studied.

The problem (3) has its origin in numerical approximation questions, where it
becomes important to study different measures of uniformity of large point con-
figurations. Other motivations come from the study of interactions of vortices in
supercondictivity. Important open problems closely linked to (3) are Smale’s 7th
problem, which in the case where the points are constrained to a submanifold in
R? requires to understand how to construct in polynomial time N-point configura-
tions which are optimal to high accuracy and the mathematical understanding of
large- N Abrikosov crystallization phenomena, especially in 2 dimensions. Tackling
these long-open problems is the main motivation leading to the study of large-N
asymptotics of the form (3).

The motivation for studying the problem (4) comes from Density Functional
Theory (DFT). The functional Fy s(¢) appearing therein, in the particular case
s =1,d = 3, turns out to be a natural semiclassical limit to the famous Hohenberg-
Kohn (HK) functional from quantum mechanics, originally introduced by Hohen-
berg-Kohn in the 1960s, and later rigorously proved by Levy and Lieb.
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Main results. Concerning the N — oo behavior of the problems (3) and (4),
we are going first to note that the leading order term is in both cases a “mean
field” term, and the only difference is that for the first problem we have imposed
an external potential in order to confine the minimizing configurations, whereas
in the second problem we did not (and the configurations are confined via the
marginal constraint vy — p).

It seems that in both the (3) and (4) minimzation problems, a next-order asymp-
totics is available only for powers with long-range interactions, i.e. in the regime
s < d, and therefore we restrict to this case. We also restrict here to the case
s> 0.

Our first main result is the following;:

Theorem 1. Set d > 1. Assume that c is as in (1) with 0 < s < d.

(a) (Asymptotics for the Jellium minimization problem (2))
Let p € P(RY) have continuous density p and supp(p) := U compact.
Then

(6) lim Jelw.s() =CJel(s,d)/ p'ta(z)da,
R4

N—o0 N1+§,

where Cyel(s,d) < 0 depends only on s and d.
(b) (Next-order term for the Coulomb and Riesz gases minimization problem

3))
Assume that V is continuous, im| oo V() = 00 and [p, exp(=V (x))dz
< 0o. Then there exists a minimizer uy € P(R?) of the functional Iy (1)

@ T [ [ o) du) + [ V@),

where py is compactly-supported and unique In particular, if py has a
continuous density py, we have the expansion

. gN,S(V) - NQIS,V(NV)
(8) A N+%

= CGaS(s,d)/ p%j_%(:r) dz,
Rd

where Cgas(s,d) < 0 depends only on s and d.

The asymptotics for the problems (2) and (3) have not been studied up to now
in the cases 0 < s < d —2. Theorem 1 (b) was previously proved by Petrache and
Serfaty (2015) for c as in (1), with either d > 3 and d — 2 < s < d, or d = 2 and
d—2 < s < d, and with V satisfying (V1)

The main ingredient in the proof of Theorem 1 is the Fefferman-Gregg decom-
position, as detailed in [1], which allows to reduce the original Riesz long-range
interaction to a short-range interaction, greatly simplifying the problem.

Our second main result links the above three problems via the following result:

Main Theorem. Letd > 1 and 0 < s < d. We have
Crei(s,d) = Cuga(s,d) = Cqas(s, d).
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For s = 1,d = 3, our Main Theorem solves a controversy recently formulated
by M. Lewin. More precisely, unlike what is implied by only looking at the case of
crystals, we find that the Jellium and Uniform Electron Gas energies are the same,
even in the Coulomb case. By comparison with the periodic (or more generally,
homogeneous) case, we see that this must be due to important boundary effects,
peculiar to the Coulomb case.

For our final result, we find the property of Cygg(s,d) being continuous in s
across all the range of exponents 0 < s < d.

Proposition 2. Let d > 1. Then the value of Curc(s,d) is left- and right-
differentiable as a function of s, for s € (0,d). Furthermore, we have

ll_r}(l] CUEg(S, d) = —1.
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Regularized unbalanced optimal transport and the large deviations of
the branching Brownian motion
AYMERIC BARADAT
(joint work with Hugo Lavenant)

Let us give ourselves a dimension d € N*, two positive parameters v, A > 0 and
a sequence of nonnegative numbers (pg)ren € le satisfying >, pr = 1. Let us
define the nonnegative convex function ¥ : R — Ry U {+o00} through its Legendre
transform, as:

U(r):=suprs — ¥*(s), VreR,
s€ER

U*(s) :=vA Zpk (e(kfl)f = 1) , VseR.
k

The purpose of this work is to derive with probabilistic arguments the regularized
unbalanced optimal transport problem aiming at finding, given two nonnegative
finite Borel measures on the torus pg, p1 € M4 (T?), the minimal value, denoted
by RUOT (po, p1), of

(1) /01/ {M + \I’(rf(a:))} dps(z)dt
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among all triplets (p, v, r) satisfying in a weak sense

. 14
O¢pt + div(pivr) = §Apt +rept,
Pt|t:0 = Po, pt|t:1 = p1-

Here, p is a measurable curve in the set M (T?) of nonnegative finite Borel
measures on T¢, and v = vs(x) (resp. » = r¢(x)) is a measurable time-dependent
vector fields (resp. scalar fields) with enough integrability for (1) to be finite.

1. MOTIVATION

This study was motivated by a series of works, among which we cite [6, 4], which
propose to interpolate between measurements coming from experiments in devel-
opmental biology using optimal transport methods.

These experiments focus on the mechanism of specialization of the cells of an
individual during its development. For a given species, they aim at finding the
typical evolution of the positions of the cells of individuals in the simplex of large
dimension

SVl i= {(21,...on) €RY ¢ @y -+ ay =1},

N being the number of genes in the DNA of this species. A cell is represented at
position (z1,...2x) € SV if the proportion of RNA corresponding to gene i =
1,..., N in this cell is ;. Nowadays, its is possible to measure these proportions
for a large number of cells of a large number of individuals at different stages of
the development. The question is to get the whole movie of the development out
of these measurements at discrete times.

The choice to use optimal transport is rather natural, and the need to consider
unbalanced effects comes from the fact that the number of cells increase during
the development of an individual. Our work suggests a specific cost for the growth
of the population of cells. This cost can be computed in terms of parameters that
can be at least approximately determined experimentally.

2. ENTROPIC MINIMIZATION W.R.T. THE BRANCHING BROWNIAN MOTION

Call R the law of of the branching Brownian motion of diffusivity v, branching
rate A, and law of descendants (px)ken, that is, the process in which a population
of independent Brownian particles of diffusivity v die at independent random ex-
ponential times of parameter A\, and are replaced at these times by k& € N particles
with probability py.

The law R is seen as a probability measure on  := cadlag([0, 1], M (T%)), the
set of measure valued cadlag curves: one realization of the branching Brownian
motion is the time-dependent measure on the torus putting Dirac masses at the
positions of the particles. Otherwise interpreted, this is a moving point cloud.

To characterize entirely R, one also needs an initial law, that is, a probability
measure Ry on the set Qg := M (T¢), which concentrates on the set of finite sums
of Dirac masses: Ry is the law of a random point cloud.



554 Oberwolfach Report 10/2021

For t € [0,1], we define M; : Q — M (T%) as the evaluation map at time ¢:
this is the random variable on 2 whose value is the point cloud at time t. Also,
we call M : Qg — M (T9) the identity map.

If Py is a law on Qg, its intensity is the measure p := Ep,[M] € M (T9).
Correspondingly, if P is alaw on Q and ¢ € [0, 1], its intensity at time ¢ is Ep[M].

Given po,p1 € M, (T?), we call H(pg,p1) the optimal value of the relative
entropy

Eg|FlogR], if P< Rand P=F-R,

H(P|R) = { + 00, otherwise,
among laws P on () whose intensity at times t = 0 and 1 are py and p; respectively.
Due to Sanov’s theorem, solving this entropic problem is like studying the large
deviations of the space distribution of a large number of independent branching
Brownian particles.

Finally, we call L the Legendre transform of the log-Laplace transform of the
point cloud of law Ry, i.e.

L(p) := sup /(pdp—logIER0 [exp (/(de)] .
p€ECO(T4)

Theorem 1. Under mild technical assumptions' on Ro and (py)ren, the map
(po, p1) € (M4(T%))2 — vL(po) + RUOT(po, p1) is the lower semi-continuous
envelope of H for the topology of narrow convergence.

Roughly speaking, the theorem indicates that

e To each competitor of the entropic problem corresponds a competitor for
the regularized unbalanced optimal transport problem;

e To each competitor of the regularized unbalanced optimal transport prob-
lem corresponds a competitor of the entropic problem up to regularization.

We claim that this property is enough for both problems to be heuristically con-
sidered as the same one.

3. OPEN PROBLEMS

3.1. Other reference laws and small noise limit. When R is the law of a
branching Brownian motion with pg = ps = 1/2, in the regime where v — 0 and
A ~ Lexp(—1/v), we are able to show the I'-convergence at the PDE level towards
optimal partial transport (see e.g. [3]), that is, when W(r) = |r|. Is it possible to get
other unbalanced optimal transport models, especially the one where ¥(r) = 72
(see e.g. [5]) by using other kinds of branching processes as a reference law?

IThe theorem holds e.g. when p; = 0 for k large enough, and Ro (i) exhibits a bounded
number of points or (i:) is a Poisson point process of intensity proportional to Lebesgue.
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3.2. Fast algorithm? The solutions of the regularized optimal transport are
known to be calculable efficiently using the Sinkhorn algorithm [2, 1]. This al-
gorithm relies heavily on the invariance of the Brownian motion through time
reversal. The branching Brownian motion doesn’t satisfy this property, so that
there is no easy way to generalize the Sinkhorn algorithm in this case. Is it nev-
ertheless possible to design a fast algorithm doing the job?
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On overrelaxation in the Sinkhorn algorithm
MAX VON RENESSE
(joint work with Tobias Lehmann, Alexander Sambale, Andre Uschmajew)

Summary. We derive an a-priori parameter range for overrelaxation of the Sinkhorn
algorithm, which guarantees global convergence and a strictly faster asymptotic
local convergence. Guided by the spectral analysis of the linearized problem we
pursue a zero cost procedure to choose a near optimal relaxation parameter.

Background and statement of the problem. The Sinkhorn algorithm is the bench-
mark approach to fast computation of the entropic regularization of optimal trans-
portation [3]. Ultimately, one is faced with the following numerical problem: Given
two probability vectors a € R, b € R” and a matrix K € R"*", the goal is to
find a pair of vectors (u,v) € R}" x R} such that

(1) uoKv=a and voK'u=b,

where z o y denotes the component wise multiplication (Hadamard product) of
vectors of equal dimension. We assume min(m,n) > 2.

In the standard Sinkhorn algorithm an approximating sequence (ug, v;) starting
from an initial vector vg € R} is constructed via the update rule

a b
S Ry U T Ry
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where % denotes the component wise division of vectors of equal dimension. It is
a classic result by Sinkhorn [13] that for any initial point vy € R’} the algorithm
converges to a solution (u*,v*) of (1). Moreover, the solution is unique modulo
rescaling (tu*,t~1v*), t > 0. The rate of convergence, e.g. of suitably normal-
ized iterates we/|lue|| and ve/||ve||, or using other distance measures, is at least
O(A(K)?), where A(K) < 1 is the Birkhoff contraction ratio defined in (3) below,
c.f. [6, 12].

In this note we discuss a modified version of the Sinkhorn algorithm employing
relaxation, which was recently proposed in [14] and [11]. It uses the update rule

a \“ b @
2 Upey = ub Yo [ — Ve =v Yo [ ——
( ) + ¢ Ky ’ + £ KTU’@-}-l ’

where w > 0 is are suitably chosen relaxation parameter, and exponentiation is un-
derstood component wise. In a log-domain formulation the relation to the classic
concept of relaxation in (nonlinear) fixed point iterations will become immediately
apparent. The iteration (2) still has the solution of (1) as its unique (modulo scal-
ing) fixed point. As illustrated in op. cit., choosing the parameter w larger than
one can significantly accelerate the convergence speed compared to the standard
Sinkhorn method, which sometimes can be slow. For optimal transport, such an
improvement could be in particular relevant in the regime of small regularization,
or when a high target precision is needed, such as in applications in density func-
tional theory [2]. The main challenge of the approach, however, is a good choice
of the overrelaxation of the parameter which depends on the linearisation of the
spectral properties of the Sinkhorn iteration map at the fixed point, which is not
known at the outset of the procedure. To deal with this issue, in [14] an adaptive
approach is proposed. In our comment we address the question whether instead
an a-priori choice of w is possible and beneficial.

Main result. To state our main result let us recall the Birkhoff contraction ratio
of a matrix with strictly positive entries which is defined as
K K n(K)—1
3 K) = max J VI
®) i) igikit KK Vn(K)+1

Secondly, given the data of the problem in form of a triple (K, a, b) we introduce
the quantity

and A(K)

51 _ Gmin . 1- bmax > 0, 52 _ bmin . 1- Gmax

bimax (Al )2_ _ Cma (HKTHw)Q_b ,
Tmin(K) Gmin Tmin (K) mm
Omin(K) is the smallest positive singular value of K, || K||o = max,| =1 [[KV| oo,

and the subscripts min, max denote the smallest and largest entry of the corre-
sponding vector and

>0, where

01 if m > n,
OK,ab = 4 02 if m < n,
max (01, d2) if m=n.
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Then our results can be summarized as follows.

Theorem. Assume rank(K) = min(m,n) > 2. Then for any 1 < w <
min (1+5K,a,b,1++(K) the modified method is both globally convergent and
asymptotically faster than the standard method.

This result is based on a global convergence guarantee which is obtained in the
framework of so called compositional data space (c.f.[1]) and an a priori bound
for the second largest eigenvalue of the linearized Sinkhorn iteration at the fixed
point.

Numerical experiments and practical choice of w In practice, the acceleration of
our theoretically based a-priori choice for w turns out to be only marginal. As a
remedy we propose to estimate the critical spectral parameter only once after a
few steps and then choose w > 1 once and for all based on this estimate. Below
we present the empirical results for two model problems.

10° ow=1 10° |
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| |

& o
=101 =100 -

| |=—w=15 \_

W ~1.9094
| |—6—quotient, w = 1.9192
10-5 | 10715 | |—a—svds, w = 1.912 —h—_
100 200 300 400 500 7 100 200 300 400 500
l 14
REFERENCES

[1] C. Barcelo-Vidal and J.-A. Martin-Fernandez. The mathematics of compositional analysis.
Aust. J. Stat., 45(4):57-71, 2016.

[2] C. Cotar, G. Friesecke, and C. Klippelberg. Density functional theory and optimal trans-
portation with Coulomb cost. Comm. Pure Appl. Math., 66(4):548-599, 2013.

[3] M. Cuturi. Sinkhorn distances: Lightspeed computation of optimal transport. In C. J. C.
Burges et al., editors, Advances in Neural Information Processing Systems 26, pages 2292—
2300. Curran Associates, Inc., 2013.

[4] S.P. Eveson and R. D. Nussbaum. An elementary proof of the Birkhoff-Hopf theorem. Math.
Proc. Cambridge Philos. Soc., 117(1):31-55, 1995.

[5] S. Ferradans, N. Papadakis, G. Peyré, and J.-F. Aujol. Regularized discrete optimal trans-
port. STAM J. Imaging Sci., 7(3):1853-1882, 2014.

[6] J. Franklin and J. Lorenz. On the scaling of multidimensional matrices. Linear Algebra
Appl., 114/115:717-735, 1989.

[7] W. Hackbusch. Iterative solution of large sparse systems of equations. Springer, [Cham],
second edition, 2016.

[8] P. A. Knight. The Sinkhorn-Knopp algorithm: convergence and applications. SIAM J. Ma-
triz Anal. Appl., 30(1):261-275, 2008.

[9] T.Lehman and M. von Renesse and A. Sambale and A. Uschmajew. A note on overrelaxation
in the Sinkhorn algorithm. arXiv 2012.12562, 2020.



558 Oberwolfach Report 10/2021

[10] V. Pawlowsky-Glahn, J. J. Egozcue, and R. Tolosana-Delgado. Modeling and analysis of
compositional data. John Wiley & Sons, Ltd., Chichester, 2015.

[11] G. Peyré, L. Chizat, F.-X. Vialard, and J. Solomon. Quantum entropic regularization of
matrix-valued optimal transport. European J. Appl. Math., 30(6):1079-1102, 2019.

[12] G. Peyré and M. Cuturi. Computational optimal transport. Found. Trends Mach. Learn.,
11(5-6):355-607, 2019.

[13] R. Sinkhorn. Diagonal equivalence to matrices with prescribed row and column sums. Amer.
Math. Monthly, 74:402-405, 1967.

[14] A. Thibault, L. Chizat, C. Dossal, and N. Papadakis. Overrelaxed Sinkhorn-Knopp algo-
rithm for regularized optimal transport. arXiv 1711.01851, 2017.

[15] D. M. Young. lterative solution of large linear systems. Academic Press, New York-London,
1971.

Small- and long-time asymptotics of Entropic Optimal Transport
LucAa TAMANINI
(joint work with Giovanni Conforti, Léonard Monsaingeon, Dmitry Vorotnikov)

Entropic Optimal Transport and Schrodinger problem represent two (equivalent, in
the Euclidean setting) ways to regularize the Monge-Kantorovich optimal trans-
port problem. Because of this fact, they have gained a lot of attention in the
recent years and have already shown to have far reaching consequences in var-
ious fields, ranging from machine learning to geometric analysis and functional
inequalities. However, despite the equivalence, Entropic Optimal Transport and
Schrodinger problem are very different in nature; the latter is more probabilistic
and has a much stronger physical interpretation, which is still valid far beyond the
Euclidean context. For this reason we shall adopt this second viewpoint and start
by defining the Schrédinger problem as

(1) wenl(r;li,m) H(m|Re),

where II(u0, pt1) denotes the set of couplings between g and p1, H the Boltzmann-
Shannon relative entropy, and R, some reference measure (usually, the joint law at
time 0 and ¢ of some diffusion process). The optimal value of (1) shall be denoted
henceforth by 6. (po, 11) and called entropic cost. After [7, 8] the ‘static’ formu-
lation of the Schrédinger problem is in fact equivalent to the following dynamical
(a la Benamou-Brenier) one

1 2 2
€ . v €
@) <= 5 (o lm)+ 1 [m) ot [ [ (4 Zi9108 ) patem,
0
where the infimum runs over all distributional solutions (p¢, v:) of the continuity

equation.

In this talk we shall investigate the entropic cost on weighted manifolds, study-
ing its behaviour as ¢ | 0 (thus recovering optimal transport and the Wasserstein
distance) and as € — oo (in this case, - is related to information theory and ap-
proximates MMD divergences). More precisely, our framework will be a weighted
smooth Riemannian manifold (M, g) with reference measure m := e~"vol, where
vol is the volume form and V' is a smooth function such that Ricy + Hess(V) > kg



Applications of Optimal Transportation in the Natural Sciences 559

for some xk € R. As a first step, one has to observe that %, regularly depends on
the ‘temperature’ parameter ¢ and its first derivative can be explicitly computed
as 4 w2 1

3z Celho, ) = —Ec(po, ) = —/ ( 12};_2 - glVlogpilz)pidm,
E: (o, p1) being the total energy of the system: indeed, it coincides with the Hamil-
tonian associated with (2) evaluated along the unique critical solution (p§,v§).
Although this elegant (from a physical standpoint) identity is rather elementary,
since it is a consequence of (2) and of the envelope theorem, its consequences
are extremely important, both for the long- and small-time asymptotics of the
entropic cost. Indeed, as regards the former, once it is known that % (uo, 1) —
H(po | m)+H(p1 | m) ase — oo (and this can be seen by I'-convergence arguments),
this information can be improved into a quantitative version by leveraging on an
‘energy-transport’ inequality [1, 3] of the form ‘| (po, p1)| < C(k,e)E-(po, p1)’
and on an ‘entropic’ version of the celebrated Talagrand inequality (see [2]). In
this way, the first main result of [3] reads as follows.

Theorem 1. If k > 0, then €:(po, 1) = H(po |m) + H(p1 | m) as € = oo with

2
(o, 1) = H (1o | m) = H 1y | m)] < ——=— (H(po | m) + H(pr | m))
The rate e~ /2 is sharp.

As for the short-time asymptotics, by the pioneering works of Mikami [10] and
Léonard [9] it is well known that the rescaled entropic cost €% (po, 11) converges
to the halved squared Wasserstein distance between pg and pq, and another step
forward was made with the computation of the first derivative of the rescaled
entropic cost at ¢ = 0, see [6, 12]. The importance of continuing this research
line by determining the second derivative is evident and, in contrast to the ‘static’
approach used in the long-time regime, in this case our strategy heavily relies on
the dynamical representation (2). For technical reasons that will not be discussed
here, we restrict ourselves to weighted manifolds with Bakry—Emery Ricci tensor
satisfying the curvature-dimension condition CD(k, N) for some N < oo.

Theorem 2. If M satisfies CD(x, N) and ff01|Vlogp?|2p?dtdm < oo, where
(p?m)te[o’l] 1s the unique Wasserstein geodesic between o and p1, then

1 €
= (0, ) = 5 Walpto, p)* + 5 (H (o | m) + H s | m))

2 1
+ % // |V log p?|2 p¥dtdm + o(e?)
0

After this discussion, the reader may wonder whether these properties are pe-
culiar to the structure of the Schrédinger problem, and thus of the choice of the
Boltzmann-Shannon entropy in (1) and of the Fisher information as penalization
term in (2), or if instead they are a particular case of a more general paradigm. In
[11] this problem is addressed and studied for the small-time asymptotics. Since
the proof of Theorem 2 relies on (2), the first step consists in generalizing the
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Benamou-Brenier-like representation formula both at the level of setting and pe-
nalization term. To this end, note that the kinetic part in (2) can be interpreted
as the metric speed with respect to the Wasserstein distance of the curve ¢t — p;m,
whereas the Fisher information coincides with the slope of the relative entropy.
Therefore, (2) can be seen as a particular case of

3) inf 1 / (Fel? + 210 (7)),

1
yivo=zm=y 2 Jy

which can be formulated on any metric space (X,d) for any functional E : X —
RU{+o00}. Under certain assumptions (the existence of a suitable ‘weak’ topology
o on X and the existence of an EVIy-gradient flow associated with E), the main
results of [11] can be summarized as follows.

Theorem 3. Problem (3) T'-converges to the geodesic problem (i.e. (3) withe =0)
as € } 0 for the pointwise-in-time o-convergence on C([0,1], X).
If there exists w* optimal for (3) with e =0 such that fol |OE|?(wy)dt < oo, then

1
Go(w,y) = o) + 2 in / |OE]2(w)dt + o),
0

where €.(x,y) denotes the optimal value of (3) and the infimum runs over all
minimizers of (3) with € = 0.

Although the hypotheses mentioned above may appear quite demanding, several
interesting and not yet explored examples are covered: for instance, the ‘mean field
Schrodinger problem [1], Rényi entropies on the Wasserstein space over CD(0, N)
manifolds and on the space of probability measures over convex Euclidean domains
endowed with transport distances induced by ‘non-linear mobilities’ (see [5]).

Open questions. It would be interesting to see if also Theorem 1 holds for
variational problems more general than (1). In this respect, generalizations of
‘static’ entropic optimal transport have recently appeared (in particular, it is worth
mentioning [4]). However, Theorem 1 can not be extended to them in an easy way,
since both ingredients mentioned above (the ‘energy-transport’ and the ‘entropic’
Talagrand inequalities) implicitly rely on dynamical aspects of (1).
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Mitigating non-convexity in full waveform inversion: optimal
transport approaches

Lupovic METIVIER

(joint work with Romain Brossier, Andrzejt Gorszezyk, Quentin Mérigot,
Edouard Oudet, Arnaud Pladys, Jean Virieux)

High resolution seismic imaging is crucial in various field of applications, at mul-
tiple scales. Understanding the Earth’s global structure, studying specific litho-
spheric targets such as subduction zones, volcanic areas, faults, prospecting the
crust for hydrocarbon resources, monitoring CO2 storage zones, imaging the near
surface at few meters depth for geotechnical engineering are instances of such
applications where detailed information about the mechanical properties of the
subsurface is required.

To access this information, geophysicists rely on the recording of mechanical waves
using sensors deployed at the surface. Depending on the target scale, these waves
are triggered either by earthquakes (global and regional scale imaging) or by con-
trolled sources (explorations and near-surface scale imaging). From these record-
ing, the mechanical properties of the subsurface are inferred in an inverse problem
fashion.

Modern high resolution seismic imaging is based upon Full Waveform Inversion
(FWI). This method has been introduced by [Lailly, 1983] and [Tarantola, 1984]
as a PDE-constrained optimization problem. The least-squares distance between
observed and calculated data is minimized iteratively starting from an initial guess
of the subsurface model. The calculated data is obtained through the solution
of a PDE system representing the propagation of mechanical wave within the
subsurface. This problem is solved through local optimization (ie quasi-Newton
I-BFGS [Nocedal, 1980]). At each iteration, the gradient of the misfit function
measuring the discrepancy between calculated and observed data is computed.
The adjoint-state strategy, [Lions, 1968] is used to compute this gradient. It is
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obtained by the time-correlation of an incident field emitted from the source and
an adjoint field backpropagated from the receivers position. The time-signature
of the source for this adjoint field is given by the derivative of the misfit function
measurement with respect to the calculated data [Plessix, 2006].

One main limitation of FWI remains the non-convexity of the least-squares dis-
tance with respect to model parameters, especially wave velocities, which are the
parameters of primary interest. To overcome this difficulty, a recent proposition
is to modify the misfit measurement function using an optimal transport (OT)
distance [Engquist and Froese, 2014]. The motivation is that such distances are
convex with respect to dilation and translation of the measures they compare.
Large-scale velocity changes mainly affect the kinematic of the mechanical waves
and as a result shift in time the recorded seismic events. Using a misfit measure-
ment function convex with respect to translation (time-shifts) thus is a good proxy
towards convexity with respect to wave velocities.

However, using an OT distance to compare seismic data is not straightforward as
seismic data is signed, while OT theory is developed in the frame of probability
measures. One possibility is to apply nonlinear transforms to the data to make
it positive and normalized, so as to satisfy the positivity and mass conservation
assumption required by OT [Yang et al., 2016, Yang and Engquist, 2018]. While
satisfactory results have been obtained on synthetic data using these techniques,
altering the signal shape might yield specific difficulties in the frame of field data
inversion.

A first alternative discussed is the use of a specific instance of OT distance, namely
the 1-Wasserstein distance [Métivier et al., 2016]. Its dual form can be extended
to signed data with mass conservation, a condition satisfied “naturally” by seismic
data, mass conservation being related to the zero frequency of the signal which
is equal to 0 in practice. A fast numerical method can be designed to solve this
dual problem. The specific choice of the ¢; ground distance reduces the number
of linear constraints from N2 to 2N where N is the size of the discrete data. The
proximal splitting algorithm ADMM is used to solve the corresponding problem
[Combettes and Pesquet, 2011]. Each iteration of the ADMM algorithm requires
to solve a linear system associated with the discretization of the constraints, equiv-
alent to the second-order finite-difference discretization of the Laplacian operator.
Fast Fourier transform based linear solvers can thus be used, yielding an overall
complexity in O(N log N) at each iteration of the ADMM algorithm.

The development of this fast solver makes it possible to apply this distance to
the comparison of 2D and 3D data: seismic gathers which collect the time-signal
depending on the spatial position of the receivers. The coherency of the data in
this representation space can thus be taken into account, a very interesting feature
compared to standard LP distances which operate in a point-to-point comparison.
However, one main drawback of this method is that the convexity with respect to
time-shifts is lost. This loss is due to the direct application of the 1-Wasserstein
distance to signed data.
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To overcome this difficulty, a second alternative consist in a graph-space lift of
the data [Métivier et al., 2019]. Each seismic time-signal is associated with its
discrete graph, yielding a 2D point cloud in a time/amplitude 2D space. This en-
sures simultaneously mass conservation and positivity of the compared quantities,
without altering the signal shape. The comparison of point clouds through OT
amounts to the solution of a linear assignment problem [Birkhoff, 1946], which we
solve through the celebrated “auction” algorithm [Bertsekas and Castanon, 1989].

Computing the sensitivity of this graph-space based OT misfit measurement with
respect to the calculated data is more involved. A theorem shows that given one
input and one target point clouds, the optimal assignment is locally constant al-
most everywhere. The misfit measurement is thus differentiable almost everywhere.
Its derivative resembles the one which would be obtained with a classical LP norm,
except that instead of a point-by-point comparison, the sampled which are com-
pared are the ones connected through the optimal assignment computed through
the solution of the OT problem.

In this graph-space comparison, the ground distance defining the distance between
two points of the cloud needs also to be defined with care. Especially, a normal-
ization between the time and amplitude axis needs to be applied. We show how,
based on an estimation of the maximum expected time shifts, we can design this
normalization.

The two proposed methods are applied on 2D and 3D synthetic and field data. The
convexity associated with the OT distance makes it possible to start the inversion
from crude initial models, while conventional least-squares norm converges towards
non-informative local minima starting from these models. The graph-space lift
strategy appears as more promising, however, due to its intrinsic computation cost,
it is limited to the comparison of the data receiver by receiver, without taking into
account the spatial coherency of the data in a 2D or 3D representation space. The
perspective of this work is thus the possible reconciliation between both methods,
to extend the graph space strategy to the comparison of whole 2D/3D seismic
data. This would require the comparison of point clouds containing millions of
points, in a repeatable thus stable manner. In addition the gradient computation
step requires not only the evaluation of the OT problem but also the computation
of its sensitivity with respect to the input data.
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Dimension reduction for measures in position velocity space
BENEDIKT WIRTH
(joint work with Martin Holler, Alexander Schliiter)

In the field of inverse problems, both the reconstruction of measure-valued ob-
jects as well as the reconstruction of temporally changing quantities are gaining
importance. This has recently led to several approaches using some version of
optimal transport as a regularizer, often in a dynamic formulation: one recon-
structs a Radon measure at every time point at which one has an observation or
a measurement and penalizes the transport distance between the reconstructions
at consecutive time steps. The motivation is twofold: First, the optimal transport
plan yields information about the evolution or the motion of the reconstructed
quantity. Second, the temporal consistency ensured by optimal transport may
improve the reconstruction at each single time point.

The problem with optimal transport-based regularization approaches is the as-
sociated computational cost. If one just considers the standard Wasserstein-p
distance between consecutive time points, then the dynamic Benamou—Brenier
formulation alleviates this issue, leading to a feasible optimization of measures in
spacetime (where the time interval extends over all the observation time points).
However, if a stronger temporal regularization is desired which simultaneously
considers more than just two consecutive time points, then one is led to multi-
marginal transport problems which are typically numerically prohibitive. Since in
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this field the regularizing effect of optimal transport-type functionals is more im-
portant than the exact calculation of a transport plan, we suggest to remedy the
issue of computational intractability by a dimension reduction which only con-
siders certain projections of optimal transport couplings. We describe the idea
below for an existing model of dynamic particle reconstruction, showing that the
favourable regularization properties do not suffer under the dimension reduction.

To introduce the setting, let us first recapitulate a model for reconstructing sta-
tionary particles (without optimal transport-type regularization). Given a measure
ut =31 midy, € M4(Q), describing n particles of masses m; > 0 at locations
z; € Q C R d € {2,3}, one takes a measurement fT = Obu’ of the configuration
via a linear observation operator Ob : M4 (2) — R™. An exemplary case is a
Fourier series expansion, truncated at some maximum frequency f,

Obu = ((u, T eif"”>) for Q = (—m, 7T]d with periodic boundary.

£ezd|¢I<f
This setting is closely related to superresolution microscopy (for which a Nobel
prize was awarded in 2014), where the particles represent fluorescent molecules
and the observation y is just the Fourier transform of a flourescence microscopy
image (it is truncated at some maximum frequency due to the limited microscope
resolution). The task now is to reconstruct u' from ff. Remarkably, for the above
measurement operator this is possible exactly.

Theorem 1 (Candes & Fernandez-Granda, 2013). There exists a constant C > 0
such that the following holds. If the minimum particle distance in u' is no smaller
than %, then ul is the unique minimizer of

1 i h that Obu = fT.
(1) ueinﬁmH“”M such that Obu = f

The result is proved by constructing dual certificates for uf and is in principle
not restricted to Ob being a truncated Fourier series. If the measurements are
corrupted by noise, the constraint Obu = f can be replaced by a penalty term, and
one can derive some error estimate of the reconstruction (Candes and Fernandez-
Granda consider some type of maximum mean discrepancy norm of u — u').

Next consider the dynamic setting, where the particles move over time. Denote
the particle configuration at time ¢ by uI and assume that we have observations
f; = Obu;, j=1,...,k, from which we aim to reconstruct the dynamic particle
configuration. The latter could for instance be described by a multimarginal cou-
pling n' =Y, mi,1 . .x, where m; represents the ith particle mass as before
and xf its position at time ¢;. Thus, plrojj7ff = qu, where proj; denotes the jth
marginal. The natural extension of (1) to the dynamic problem now reads

min oo | ez, k) dn(z, ..
neM+(Qx...xQ)/Q /Q (1 k) dn(zy k)

such that Ob(proj;n) = f; forj=1,...,k.
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The cost ¢ can be chosen to achieve a desired temporal regularization. For instance,
one could require constant particle velocities by choosing

c(xq,. ..

) 1 if there exist z,v € R? with z; =2 +t;v, i =1,...,k,
, k) =
oo else.

This case of particles with linear trajectories was considered by Alberti, Ammari,
Romero and Wintz. Due to its enforced high temporal consistency, the coupling 1’
can here actually be reduced to just a measure in A = {(z,v) € R xR¥ |z +t;v €
Qforj =1,...,k} € R? x R%. Indeed, the dynamic particle configuration can
be represented as a measure AT = Z?:l Mid(y,; 0;), Where z; denotes the initial
position and v; the velocity of the ith particle. The configuration u;; at time t; is
now obtained from A via a “move” operator (a simple pushforward),

Uy, = vajAT for MvéA = [(z,v) — = + tv] g\
In analogy to theorem 1 one can reconstruct A\ exactly from the measurements.

Theorem 2 (Alberti, Ammari, Romero & Wintz, 2018). Let C be the constant
from theorem 1. If there exists a set of “good times” T C {t1,...,tr} such that

o the minimum particle distance in uI is no smaller than % forallt €T,

e there are mo ghost particles with respect to T,

then X' is the unique minimizer of

(2) Aef\n/tlf(A) IMIae such that Ob(vaj)\) = fJT forj=1,... k.
Above, the notion of ghost particles refers to pairs (z,v) of initial position
and velocity that do not correspond to any real particle, but nevertheless satisfy
x+tv e support(ui ) for all ¢ € T. Again, the result is not restricted to Ob being
a truncated Fourier series, but we stick to that case for simplicity of exposition.
Finally, let us introduce our dimension reduction. For # € S?~! we define the
Radon transform and the “joint Radon transform” as the pushforwards

Rdou =[x — 0 - z]zu, Rjgh=[(z,v) = (0-2,0-v)]A

The essential intuition is that the move operator and the joint Radon transform
yield quite complementary projections of spacetime, so v/ = (RjyAf)geco and uf =
(Mv{A!);es contain complementary information (where we shall fix © = S%~! and
¥ = [-1,1], but other choices are possible as well). Hence it may be reasonable
to use new variables v and u instead of A. Since v can be viewed as a measure on
R x R x S% 1 and u as a measure on R¢ x R, the dimensions of the new variables
are indeed lower than those of A\. In particular, for three-dimensional particle
configurations (d = 3), v and u live in a four-dimensional space, which can still
be discretized. (Note that one may actually reduce the dimension even further by
taking finite © and X.) Of course, v and u are not completely independent due
to the compatibility relation Rdgu;f = Rdngf)\T = Mv;Rjy Al = MV%’}/;L for all
0 € ©,t € X. We prove that the favourable reconstruction properties persist after
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this dimension reduction, and we even obtain error estimates in the unbalanced
transport dissimilarity measure (in which W5 denotes the Wasserstein-2 distance)

W3 ,.(p,v) = inf W3 (p,m) +r2|ln — vl m-

Theorem 3. Under the same conditions as in theorem 2, (', u') is the unique
minimizer of

Rdou; = va Yo for all € ©,t € X,

min bu such that
pHMGHM {Obutj zf;-r forj=1,... k.

YEM 4 (RxR)®
wEM, ()
Now let A be the largest distance by which particle locations in A can be shifted
without producing a collision or ghost particle in the projected configurations {Rdgui
[teTY. If f2,..., ) are noisy measurements with Z?Zl |fJ‘5 — f;r|2 < 62, then
there exist c,r > 0 (depending on \') such that the minimizer (v°,u®) of

k
min sup leeoll e + Z |Obuy, — s. t. Rdguy = Mv%fyg VoecO,teX
YEM L (RXR)® ¢ =1

u€M+(Q)E
satisfies, for almost all @ € © and allt € X,

2 § A 2 (6 F
Wz,min{r,A/(3\/m)}(%’79) < ¢d, WQ,T(utaut) < cd.

The proof again is essentially a careful construction of dual certificates: first

for all u:{ with ¢ € T in the set of good times, then based on that for all ug, and

finally (with the help of those new dual certificates) for all u).

The implicit regularization of the quadratic Wasserstein metric in
data-fitting problems and Bayesian inference

YUNAN YANG
(joint work with Bjorn Engquist, Matt Dunlop, Kui Ren)

In recent years, the quadratic Wasserstein metric (Ws) is proposed as an alterna-
tive for the L? metric in solving such inverse data matching problems. Numerical
experiments suggest that the Ws metric has attractive properties for some inverse
data matching problems that the classical L? metric does not have, such as nonlin-
ear full-waveform inversion [3, 7, 8, 12] and parameter identification for nonlinear
dynamical systems [6]. Here, we summarize the mathematical properties of the
W5 metric in inverse data matching problems into the following three aspects.

1. Convexity with respect to data translation and dilation. Optimal
transport-related techniques are nonlinear as they explore the model through both
signal intensities and their locations. The geometry of optimal transport has
been instrumental in tackling applied problems, such as capturing the essential
continuous dependence between the model parameter m and the data f(m). The
W distance is ideal for dealing with this type of problem as it has perfect convexity



568 Oberwolfach Report 10/2021

with respect to translation and dilation, which was the original motivation for us
to introduce Wy as the misfit function in seismic inversion [2]. We improve our
result in [3] with a stronger convexity proof in the following Theorem 1, which
states a joint convexity in multiple variables with respect to both translation and
dilation changes in the data. Assume that s € R, & = 1,...,d is a set of
translation parameters and {ek}gzl is the standard basis of the Euclidean space
R A = diag(1/\1,...,1/\g) is a dilation matrix where A\, € RT,k = 1,...,d.
We define fg as jointly the translation and dilation transformation of function g

d
(1) fo(z) = det(A)g(A(z = Y syex)).
k=1

Theorem 1 [5] [Convexity of Ws in translation and dilation]

Let g = dv be a probability density function with finite second moment and feo
is defined by (1). If, in addition, g is compactly supported on convexr domain
Y C RY, the optimal transport map between fo(x) and g(y) is y = Te(x) where
(To(x),ex) = ﬁ((x,ew —sk),k=1,...,d. Moreover, I(©) = W2(fo(x),qg) is a
strictly convex function of the multivariable ©.

2. Robustness to high-frequency perturbations. It is well-known that the
W5 metric between f and g is connected to a weighted H~! distance between
them. If u is the probability measure and dr is an infinitesimal perturbation that
has zero total mass, then [11, Section 7.6]

(2) W, i+ dm) = iy + oldm)
For two positive probability measures p and v with densities f and g that are
sufficiently regular, we have the following non-asymptotic equivalence [10]:
(3) e — V”?_'[(—dl) < Wolp,v) < ol — z/HH(;l), for some ¢, ¢o > 0.
i M

We seek the solution of the inverse problem as the minimizer of the H* functional

1 1

@ ulm) =50 gl = 5 [ (©FFm)© ~ )P,

DO |

with (&) := /14 [§]?, f(m) = Am and g replaced with the noisy datum gs. Here,
we use a linear inverse problem as an example. Please refer to [4] for the analysis
of nonlinear inverse problems. The solution at frequency & is therefore

~ ~\ 1~
w©) = (A©(©*4) 2©(©*5).
Performing an inverse Fourier transform gives the solution in the physical space
-1
(5) m = (A*PA) A*Pgs,  Pi= (T — A2,

where the operator (Z — A)*/? is defined through the relation (Z — A)%/?m :=
FL({(&)*m), with F~! being the inverse Fourier transform.
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When s < 0, P is a (smoothing) integral operator. Applying P to gs suppresses
its high-frequency components. The implicit regularization property regarding
s = —1 naturally applies to the W5 metric as a result of (2) and (3).

3. The W, metric as the likelihood function in Bayesian inference. The
shape and curvature of the likelihood surface represent information about the
estimates’ stability, whose analogy in the deterministic approach of solving inverse
problems is the objective function in PDE-constrained optimization. In [9], the W5
metric was first used in Bayesian seismic inversion as the likelihood function, which
motivates us to further analyze the W5 metric under the framework of Bayesian
seismic inversion. We first study its underlying noise model, which is compared
with other common choices of likelihood functions in the table below.

1) | Likelihood function | Noise model assumption
O | [G(w)(z,) —ylz, )7 | y=G(u)+n n~N(01I)
Oy | 1G(u)(@,) —y(@, )%, | y=G) +n, n~N(©O,-A)

—

Qw, | W (G, ), 5(@,)) | §=n-Glu), nlu~ N(1,Lw)

2
G(w)(z,)—y(z,)
b | [

y=mn-G(u), 1/n~ N(1,1)

Here, u is the state parameter, G is the forward operator, G(u) is the synthetic
output, and y is the observed data. The 3y denotes the normalized function, which
is then a probability density. The operator £(u) is defined by

_ L. (Gve).
£y ===V (9(w)ve)

Thus, the W5 metric as a likelihood function can be regarded as asymptotically
coming from the state-dependent multiplicative noise data model.

We also state an informal version of [1, Theorem 6] demonstrating the better ro-
bustness of the W5 metric as the likelihood function compared to the conventional
choice of L2-type likelihood function.

Theorem 2 [Well-posedness| For ® € {® 2, Py, }, under mild assumptions, there

exists Ca(r) > 0 such that for any ||y||Le=, |y/||L~ < 7, with 74 and 7% denoting

the corresponding posterior distributions, we have

da(ry, 7 ) < Cually —y'llar,  dulry .7 ) < Cra(r)ly — o lloe.

dy represents the Hellinger distance.

We remark that If y—y' =~ sin(kz),||y—y/|| z-1 =~ O(3), while [ly—y/|| 2 =~ O(1).
Thus, Theorem 2 is another result demonstrating the noise insensitivity of the
W5 metric in a Bayesian inference framework in the context of solving Bayesian
inverse problems. The result is well-aligned with the analysis for the deterministic
approach of solving the same inverse problem.
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Stability in Gagliardo-Nirenberg-Sobolev inequalities
JEAN DOLBEAULT
(joint work with Matteo Bonforte, Bruno Nazaret, Nikita Simonov)

Optimal constants and optimal functions are known in some functional inequal-
ities. The next question is the stability issue: is the difference of the two terms
controlling a distance to the set of optimal functions ? A famous example is pro-
vided by Sobolev’s inequalities: in 1991, G. Bianchi and H. Egnell proved that the
difference of the two terms is bounded from below by a distance to the manifold
of the Aubin-Talenti functions. They argued by contradiction and gave a very ele-
gant although not constructive proof. Since then, estimating the stability constant
and giving a constructive proof has always been a challenge.

This contribution focuses on Gagliardo-Nirenberg-Sobolev inequalities. The
main tool is based on entropy methods and nonlinear flows. In our method, proving
stability amounts to establish, under some constraints, a version of the entropy —
entropy production inequality with an improved constant. In simple cases, for
instance on the sphere, rather explicit results have been obtained by the carré du
champ method introduced by D. Bakry and M. Emery. In the Euclidean space,
results based on constructive regularity estimates for the solutions of the nonlinear
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flow have been obtained in a joint research project with Matteo Bonforte, Bruno
Nazaret, and Nikita Simonov.

According to [1], on R?, d > 3, there is a positive constant o such that
(1) Sd vaHi?(Rd) - ||f||i2*(]Rd) > @iéljf;/[ IVf— V‘PHi?(Rd) )

where the left-hand side is the difference of the two terms in Sobolev’s inequality,
with optimal constant S;, and 9% denotes the manifold of the optimal Aubin-
Talenti functions. Various improvements as, e.g., in [4, 7] have been obtained but
the question of constructive estimates is still widely open: « is obtained by com-
pactness estimates and contradiction arguments, and no good stability estimate
is known so far at least with a strong notion of distance as in the right-hand side
of (1). See [6] for a result with a weaker norm.
We consider the family of Gagliardo-Nirenberg-Sobolev inequalities

(2) IV 19 11250 > Cans () /15,
d

with 0 = Lot p € (1,400) if d = Lor 2, p € (1,p] if d > 3, p* = 745
It is known from [5] that equality is achieved if and only if, up to a multiplication
by a constant, a translation and a scaling, f = g where g(z) = (1 + |z|?) ~1/(—1).
We shall denote the corresponding manifold by 991 as when p = p*. Sobolev’s
inequality when d > 3, p = p*, the Euclidean Onofri inequality obtained for d = 2
by taking the limit as p — 400 with f(z) = g(z) (1 + ﬁ (h(z) — h)),

— 1 —
h—h dz 2 : _ h(z) dx
log </}R2 e T2 ) < 167 Jys |Vh|*dz with & /R2 e

and, as p — 14, the (scale invariant) Fuclidean logarithmic Sobolev inequality

d 2
Slos (5o [ (VsPde) = [ 117 g do
2 7Tde R4 R4

are all limit cases of (2). Let us define the deficit functional
d-p(d-2)

L 2
Sl = o=V 915 +4 525

+1 2
IFI55: — Kans [1fl257

with Kans = C(p,d) CépNg, v = % for some explicit positive constant
C(p,d). A scale optimization shows that (2) is equivalent to the inequality d[f] > 0.
Stability results for (2) with non-constructive estimates are known from [3, 10].

With d > 1, m € (1 —1/d, 1), the fast diffusion equation in R?

Ou

3 — = Au™
(3) 5 = Ou
with initial datum u(t = 0,z) = ug(z) > 0, ug € L' (R%, (1 + |z|?) dz), can be
interpreted as the gradient flow of the entropy E := f]Rd u™ dx with respect to
Wasserstein’s distance, as it is known from [8]. By the carré du champ method
(adapted from the work of D. Bakry and M. Emery), we can relate (2) and (3),
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and obtain a proof of (2). The key property, inspired by the Rényi entropy powers
of [9] is based on the one hand on the fact that
E=(1-m)l

where | := [,, u|VP|*dz is the Fisher information and P = =™~ is the
pressure variable, and on the other hand on the identity

—d 1og(|% E7iD ) = fra u™ ||D2P — 2 APTA|| da+(m—my) fp, u™|AP + L] da .

Hence |2 E"SP;J:)U is monotone with a limit given by self-similar Barenblatt functions
or, equivalently by g?”. With the relations f = «™ /2, p = 1/(2m — 1), so that
Jgaudr = [ f?Pdx, E= [o, fPT de and | = (p+1)? [, |V f|? dx, the role of (2)
is easily recovered. A rigorous proof goes through the time-dependent rescaling

1 z
wIRd" (T’ kR
so that (3) is changed, with same initial datum ug and the choice R(0) = 1, into
the Fokker-Planck type equation

u(t,x) = ) where C;—f =R'"F, 7(t):= 1 log R(t)

v 1 B
(4) S2+ V- (Vo - 2a) | =0.
With now f = v™1/2 such that [y, f?dz = [p.g% dz and again p = 71—,

with Q[v] := Z[v]/F[v], §[f] > 0 is equivalent to Q[v] > 4, where B := g? and

Fv] :z/]Rd(l’:v”"’1 (v—B)— L (" —B")dx, I[v] ::/Rdv|va71 + 22 da.

For any m € (1 —1/d, 1), the main result in [2] is the fact that
(5) Qlv(r,-)] >4+n V17>0,
for some 7 > 0, under the conditions that [, vo (1,2)dz = [, B(1,z)dx and

d—p (d—4)
Alvg] :=supr™ »1 vo dx
r>0 |z|>r

is finite, with an explicit dependence of n on A[vg] and Flvg]. The method involves:
(i) An initial time layer property: if Q[u(T,-)] > 4 + n for some n > 0 and
T >0, then Qu(r,-)] > 4+4ne *T/(4+n—ne 47T for any 7 € [0, 7).
(ii) A threshold time. Based on a global Harnack Principle, there exists some

T > 0such that (1 —¢)B <wv(r,:) < (1+¢)B for any 7 > T.
(iii) An asympotic time layer property: as a consequence of an improved Hardy-
Poincaré (spectral gap) inequality, (5) holds for n = n(e), for any 7 > T.
Rewritten in terms of f, the improved entropy — entropy production inequality

Qv] > 4 + n is a stability result.

Theorem 1. Let d > 1 and p € (1,p*). There is an explicit C = C[f] such that,
for any f € L?P (R, (1 + |z|*) dx) such that Vf € L*(R?) and A[f*] < oo,

sl zelf] it [ =)+ Vet e,

PEM JRpd
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The main point is that the dependence of C[f] on A[f?P] and F|[f??] is explicit
and does not degenerate if f € 91. The critical case p = p* can also be covered up
to an additional scaling. A major open issue is of course to remove the condition
A[ fzp} < 00, which requires a new approach.
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Dynamic optimal transport on networks
MARTIN BURGER, JAN-F. PIETSCHMANN

Since the seminal paper by Benamou and Brenier, it is well known that the problem
of optimal transport allows for a dynamic formulation.

The goal of this work is to extend this to a two-dimensional, planar network
where edges can be identified with one-dimensional domains, for details see [1].
We denote the network by G = (V,&) with ¥V = {V! ... V"} being the set of
vertices forn € Nand €& = {E*,..., E™} the set of edges for m € N. Every vertex
is defined via its coordinates in the two-dimensional space R?, i.e. V¢ € R? for
every i € {1,...,n} and every edge is homeomorphic to a one-dimensional, open
interval. To each edge we assign a starting and an end point and we define two
functions o, w: & — V that assign to every edge its starting or its end point thus
determining an orientation. Furthermore &, @: {1,...,m} — {1,...,n} assigns
to the index of a given edge the indices of the vertices attached at the starting and
end point, respectively. By Z(V*) we denote the indices of all edges originating or
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ending at V' for i € {1,...,n}, i.e.

ZWVh={je{l,...om}: a(F) = V' Vw(E') = V'}.
Finally, we denote by v; the outward normal at the j-th edge and for all (¢, j) €
{Gi,j) : i€{1,...,n} and j € Z(V%)} by v; ; the outward normal vector of edge
J at the point where it is connected to vertex i. With this notation, vg(; ; gives
the normal at the starting point of E;. Moreover, we denote by M (X) the set

of non-negative bounded measures on a given space X and more precisely the set
of non-negative measures on the set of edges (vertices) by

MJr((S) = MJr(El) X ... X MJr(Em),
M+(V) = M+(V1) X ... X M+(Vn)

To formulate the dynamic optimal transport problem on the network let pg =
(PGs -+ PBY) € M4(E?), pr = (p1,...,pT") € M4 (E7) be given vectors containing
the concentrations on edges at timest = 0,¢t = Land by yo = (73, .. ., 7 ) M4+ (V™),
M =i,..., )My (V") the respective vectors of concentrations on the vertices.

Next, on the closed set Qg = i, V' UL, B/ we define the measure that
translates to the total density on the network by

(1) a=>_m+> 1 1e{0,1},
j=1 i=1

and make the assumption that our initial and final data (pg,p1,70,71) are such
that o, 51 € P(2g) holds.

On every edge and every vertex, i.e. for every j € {1,...,m}andi € {1,...,n},
we consider the following continuity equation on the network G

(2) Owpl +0uF} =0in BV, Opyj = flon V' with fi= > F (Vi) v,
JEZ(VY)
where F}/: E7 x (0,T] — R, f/ € R, the space derivative 9, F} is calculated with
respect to the orientation of the edge and v; ; denotes the normal outward of the
edge E7 at the boundary point that is connected with the vertex V.
For a given network concentration (po, p1,%0,71) € M4 (E) X ML (E)x ML (V)X

M (V) with ¢, 61 € P(£2g), we consider the minimisation-problem of an action
being the combination of Wasserstein and the Fisher-Rao terms

(3)
W2(po,p1,%, 1)

: - |F? 2 / 2
= inf dxdt + Kk ,
(pt . Fe vt ft)€CE(po.p1,70,71) 12::1 //Ex 0,1 2p] Z 0,1] 2%

where k > 0 is a given constant and with

Cg(POaPl/YO;’Yl)

= {(pt,Ft,’Yuft) that fulfil (2) and pi=o = po, pt=1 = pP1, Yt=0 = Y0, Vt=1 = ’71}-
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Remark 1. [t is important to note that in the case of a trivial graph consisting
only of one edge and two vertices, our model coincides with the one-dimensional
version of the model introduced by L. Monsaigneon in [2]. In this work, existence
of minimizers is shown via duality and we adopt this strategy to our situation.

Our main result is existence of minimizers using a duality argument. For

¢l € CHQz7), v € CHQvi), bt = (D1, 7). = (f,...,4}") we define
the primal functional

T Ger) = /F (61dp] — &4 dpd) + 3 (wint — i)
j=17%

i=1

m n 1
+3 [[ ise@00.00) dude =3 [ sy @t vi ol .
j=1" 957 i=1"0
where the sets Sg and S, are defined as
(4)
2
SE::{(Q,B)€R+XR: a+%§0},

b_;i ; «;C‘2
P ol 2 ez ¢l <o)

S = {(a,b,c) e R+ x R x RIZVII, 5

These definitions enable us to prove the duality theorem:

Theorem 2. Given admissible (po, p1,7%0,71) we have the duality
(5) Wi(po; 1,70, M) ZSngK’(tﬁt,?/Jt)

where inf = min s attained in (3).

We also address the question of the behaviour of the model when the parameter
k tends to either +oco or zero. In the first case, the term in the action (3) that
is multiplied by s accounts for the cost of transporting mass onto (or off) the
vertices. Thus as x increases, this becomes more and more costly and in the limit
we expect f} to be zero. This is indeed the case and we have the following theorem:
In the case of incompatible edge masses, but compatible overall mass, i.e.

Do lagll = letl
i i

we can introduce a Wasserstein metric on the edges only which, at the nodes, are
connected via Kirchhoff’s law, i.e.

& |F} |2 Oipl +0,F) =0 in BV,
W2 (po, p1) = min E // —— dzdt s.t. ; —
¢ = JEixpp 20 > iezviy Y -vj =0 in O,

Proposition 3. For fized (po, p1,%,71) we obtain

WE(po.p1) if Yo =m,

Kk — +oo | 400 otherwise,

(6) WE(PO,PL’YO,’YI) — {
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Let moreover ps" = (pe™, Ft"; 1", ft") be any W2 (o, p1,70, M)-geodesic. If the
node masses are compatible, i.e. y0 =1, ||p}| = |lp2] for all j € {1,...,m} then
up to a subsequence

(ptﬁyF‘tK) — (ptyF‘t)7 and ||ftKH — O
where (pg, Fy) is a K2-geodesic .

Let us mention finally that in a similar way we can also analyze the limit of
k~2W?2 as k — 0. Here we obtain that the edge fluxes F7* converge to zero and
using the sandwich property

KPR < FRi(0,m)
we finally obtain convergence to the Fisher-Rao metric FR?(yp,71), i.e

2 . . .
FR2(Y0,71) = min A¥® = min { Z/ |§t| st. Oy = f{ in Vl},
Vi

under the condition that pé = pJ1 for all j, while we have divergence otherwise.
The study of gradient flows with respect to these resulting metrics is an interesting
open problem.
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Phase transitions and a mountain pass theorem in the space of
probability measures

ANDRE SCHLICHTING

(joint work with José A. Carrillo, Rishabh Gvalani, Grigorios A. Pavliotis,
Christian Seis)

We present results concerning the qualitative and quantitative description of mean-
field interacting systems of McKean-Vlasov type

N
1)  dxi= —% SOVW(X] - X])dt +V20dB],  for i=1,...,N.
i#]
The particles X} have the d-dimensional torus T¢ ~ [0, L) of size L > 0 as state
space with B! being independent Brownian motions on it. For many interaction
potentials W, the model possesses phase transition by varying the interaction
strength x > 0 while keeping the diffusion constant o > 0 fixed.
The mean-field limit N — oo of this system is a classical result and many
authors have shown for different classes of interaction potentials that the empirical
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measure oV ;= N—1 Efvzl dx; converges weakly to some measure ¢ which satisfies
the following nonlocal parabolic equation

(2) 0o =0Ap+ KV - (VW % 0).

The equation (2) comes with a free energy functional consisting of entropy and
interation energy

(3) Fi(o) = U/w ologodzr + g//w y W(z —y)o(y)o(r) dy dx,

which is the driving functional for a gradient flow description in the Wasserstein
space.

Let us note that the uniform state p,, = L™? is always a stationary point,
which at the same time is the global minima of F, for x > 0 sufficiently small.
Hence, we can consider the first transition point x. > 0 as the point where p
loses its global stability. The transition can happen continuously (local bifurca-
tion) or discontinuously for the L! topology. One of the main results of [2] is
the classification of the kind of phase transitions in terms of the (real) Fourier
modes W (k) := (2/L)'/? fTL W (z)cos(2Ez) for k € N, here stated for the sake
of presentation for d = 1.

Theorem [2]. Let W : T, — R be smooth and coordinate-wise even and let
Ke < 00 be the first transition point of the free energy Fi:

(1) near resonant modes: If there exist non-zero k* k¥ k¢ € N with W (k%) ~
W(kP) ~ W (k¢) ~ ming W(k) < 0 such that k* = k¥ + k¢, then k. is a
discontinuous transition point.

(2) dominant mode: Let k* = argmin, W (k) be well-defined with W (k*) < 0.
Then, if for some o € (0,1] small enough holds aW (k*) < W (k) for all
k # kb, then the transition point k. is continuous.

Mathematically, the continuous phase transitions are accessible by local bifur-
cation analysis. However, the investigation of the discontinuous phase transition
is more subtle. It exploits the free energy landscape by constructing appropriate
competitor states, leading to the above theorem’s resonance condition.

The identification of discontinuous phase transitions for the McKean—Vlasov
dynamic raises the question if the free energy F,(p) for k = k. possesses, besides
the two global minima, a third critical point. Classically, a mountain-pass argu-
ment identifies the energy gap A between a minimum and another saddle point.
Similar to the Arrhenius law for chemical reactions, the energy barrier A deter-
mines the metastable time scale of the N-particle system. Indeed, the seminal
work [3] connects the free energy F,; with the large deviation rate function for the
N weakly interacting diffusions in (1) as N — oo.

A mountain-pass theorem in ’P(TdL) equipped with the Wasserstein metric comes
with two difficulties: Firstly, P(T%) is only a metric space for which the the-
ory of mountain-pass theorems is not fully developed. Secondly, the free energy
functional (3) is just lower semicontinuous in the weak topology for probability
measures.
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These difficulties are overcome in [5] by using the notion of the weak metric
slope |dF,| introduced in [7]. The notion is applicable to lower semicontinuous
functionals on P(T%) as long as they are A-convex by working with the extension of
the functional to its epigraph based on ideas in [4]. In fact for A-convex functionals,
the metric slope |0F| can be identified with the weak one |dF,|.

Theorem [5]. If FHL has two distinct minimizers 0o = 1/L? and 0., € P(TY),
then there exists o* € P(T%) distinct from 0oo and oy, such that |0F,. |(¢*) = 0.
Moreover, the energy barrier satisfies

A=F,. ) — K 00) = inf K — Y ke )
Fre(@") = Fie(000) = Inf max Fi(y(t)) = Fr. () >0

where T' = {C([0, T]; P(T%)) : ¥(0) = 000, Y(T) = 0. }-

Thanks to the result in [3], this identifies the metastable time scale of the N
interacting diffusions as e V2 for N — oc.

The numerical approximation of the above found critical points asks for a
structure-preserving numerical scheme for the gradient flow (2) to capture equilib-
ria and saddle points with high accuracy. In [9], a finite volume scheme is defined
on a family of Voronoi tesselations 7" with supj diam K < h by the discrete
continuity equation

n+1 n
p IK \LI n
(4) K=t > i =0
L~K
together with normal interface flux f"Jrl following the Scharfetter—Gummel inter-
polation

+1 n+1
+1 n+1 _IxkL
pn e 20 —p 20
(5) wE = 00 (0 o i) = e P
e 20 — e 20
and discrete potential gradient
+1 n
Py tp
(6) aitt = Y W = (W — ) = Wiar — ).

JeT

Let us note, that 6, (a,b,v) — a(vy)? + b(v_)? for ¢ — 0, which is exactly the
upwind interpolation. The following statement hightlights the structure-preserving
properties of the scheme and its convergence as dt,h — 0.

Theorem [9]. Assume that h|0K| < Ciso|K| for all K € T", then 3{p" }nen
solution of the scheme (4)—(6) and it holds

e Discrete free energy dissipation principle

h( n+1y _ h( n n n+1
F (,0 ) F (/) ) —|—O'H(p |,0 ) _ _th(pn-I—l);
ot ot
e Characterization of stationary states of scheme as critical point of F" and

vanishing dissipation D" = 0;
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e Longtime behavior of scheme to discrete stationary states;
e convergence of scheme as 0t,h — 0 to solutions of (2).

The scheme’s numerical implementation can resolve the dynamic in the presence
of a discontinuous phase transition and seems to be promising to approximate the
saddle point by a suitable string method. Finally, we expect that the flux interpo-
lation (5) can be brought into a generalized (non-symmetric, non-homogeneous)
gradient structure following ideas developed in the works [1, 6, 8].
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Optimal Transport “Distances” in Quantum Mechanics
FrANGOIS GOLSE
(joint work with E. Caglioti, C. Mouhot, T. Paul)

Quantum mechanics is known to be well approximated by classical mechanics
for particles with typical action > h (Planck’s constant). This approximation
involves high frequencies in the wave functions, and is formulated in terms of weak
convergence. Wasserstein distances, on the other hand, are known to metrize the
weak convergence of probability measures. Can one extend Wasserstein distances
to compare quantum and classical densities (which are very different objects)?

The analogue of the set P(R? x R?) of Borel probability measures on R? x R¢
is D(H) := {T € L(H) s.t. T =T* > 0and tr(T) = 1}, denoting $ = L*(R?).
Let Po(R? x R?) be the set of Borel probability measures on R% x R with finite
second moments, and Dy($)) := {T € D($H) s.t. tr(T/?(|z]> — A,)TY?) < oo},
which is its quantum analogue. We seek to extend the Wasserstein distance W,
with exponent 2 to D := Po(R? x RY) U Dy($).
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For p1,v € P(R? x R%), denote by C(u,v) the set of couplings (transport plans)
between p and v. Similarly, for R, S € D($)), the set of couplings of R and S is
C(R,S):={TeDH®9H) st. tr(T(A®I+I® B))=tr(RA+SB), A,B € L(9)}.
Likewise, a coupling of a probability density f on R?? and of R € D(£)) is an
operator-valued map @ : R?? 3 (z,€) = Q(x,&) € L(H) such that

Q&) = Q&) 20, tro(Qe6)) = f(@.6) neand [ Qe dode = R

The set of couplings of f and R is denoted C(f, R).
Next we define the classical-to-quantum transport cost as the differential oper-
ator ¢x(x, &) in the variable y parametrized by (z,§)

en(@,€) = o —y> + [ +ihV,|* > dhlg .

Likewise, we define the quantum-to-quantum transport cost as the differential
operator C}, in the variable z,y

Ch = |z —y|? = B3|V, — V,|? > 2dhlg5gs -

(The lower bounds on the self-adjoint operators ci(x, &) and Cj, are consequences
of the Heisenberg uncertainty inequality.)

With these notions we define an extension 0 of the Wasserstein distance W5
to D x D as follows: for u,v € Po(R? x RY), set d(u,v) = Wa(p,v). For all
R, S € Dy(H), set

R,S)= inf ¢ TY20TY2\1/2 > \/24h,
(R, S) - I5@5( ) > ,

and, for each probability density f on R*? with finite second moments, set

1/2
2 R) = inf ( /R . tm(@(x,f)”an(x,f)@(x,f)”?)dxd&) > Vdh.

(In particular d(R, R) > 0, so that 0 is not a bona fide metric on D.)

Next we explain how to compute or estimate 9(R, S) or d(f, R) for some exam-
ples of density probabilities f on R??, or of quantum densities R, S € D($)). First
we recall the notion of Gaussian coherent state denoted

lq,p) (@) := (wh) " exp(—|z — q|* /2h) exp(ip - x /D)

For p € P(R2?), the Toplitz transform of y is the operator

Tlu] = /de g, p)(q, plp(dgdp)

(with Dirac’s notation |¢)(1| designating the orthogonal projection on Cz)). For
R € D($)), the Husimi transform of R is the probability density
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Theorem 1. [7, 8] For f probability density on R?? with finite second moments
and p,v € Po(R? x RY), one has

Tl TW))? < Walu,v)* +2dh,  o(T1pl, T(u))* = 2dh,
O(f, TIW)? < Walf,v)? +dh, o(f, TLf)? = dh.
For R, S e Dg(ﬁ)
Wa(H[R], H[S])
Moreover, if rank(R) = 1, then

2 <o(R,8)* + 2dh,
2 <o(f,R)? +dh.

1/2
S(f.R) = ( / trﬁ<R1/2ch<x75)31/2>f(x,5>dwd5) ,
R2d
AR, S) = tryes(R® S)Y2C(R® S)/2)V/2.

It may happen that the first inequality in Theorem 1 is an equality: this is the
case for instance if ;1 and v are Dirac measures (see [9]). Another example, for
d=1and 0 < a < b, is the case where

1= 500(1a.0) +0-a0) s ¥ =7500(1b0) +050))>
so that (7 [u], T[v])* = Wa(u, v)? + 2dh.
The first inequality in Theorem 1 is an equality if and only if an optimal coupling
of T|p] and T[v| is T[], where II is an optimal coupling of x4 and v. However, it
may happen that the first inequality in Theorem 1 is strict: for instance, setting
p =161 0.0) + 5°6(_a,0) implies that d(T [u], T[p])* < Wa(u, p)* + 2dh

for 0 < e <« 1. In this case, denoting |k, ) := |ka,0)®|la,0), one finds that optimal
couplings of T[u] and T [p] are of the form

T= Z Trikt |, U) (K, 1] + Z Thimn |k, 1) (m,n| =: Ty + T

k,l,m,ne{+}
kole{£} (k,1)#(m,n)

where T; is a Toplitz coupling of T[u] and T[p], while T5 is a purely quantum
correction which has no classical interpretation. See [2] for these examples.
Next we check whether 0 satisfies the triangle inequality.

Theorem 2. [10] For all p1, p2, p3 € D, one has

0(p1, p3) < 0(p1, p2) +0(p2, p3) + Vdh.
If p2 € PQ(Rd X Rd), then

o(p1,p3) < 0(p1, p2) +0(p2, p3) -

Theorem 2 allows defining d(y, R) for all u € P2(R% x RY) and R € Dy($)
by a density argument. With the material introduced above, one easily arrives
at the following picture: the set of phase space densities Po(R? x RY) with the
Wasserstein metric Wy is the classical (A — 07) limit in ® of the set of quantum
density operators D2($)) equipped with the “pseudometric” 0.
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Theorem 3. [11] Let Ry, Sp € D2(H) and p, v € P2(RY x R?); then
O, Ry) +0(v, Sp) = 0 = 0(Rp, Sh) = Wa(u,v) as h — ot.

Finally, we discuss some applications of the “pseudometric” 9. The first one is
the simultaneous mean-field and classical limit for N-particle quantum dynamics.
Consider the N-particle quantum Hamiltonian

al 1
Hy = Z —%hQAIk + N Z V(zr —x;) on H®Y

k=1 1<k<I<N
and let f € C(Ry; (Pa(RY x Rg), W)) be a weak solution of the Vlasov equation

(O +€-Va)f =ValVrag ) Vel f|_ =

Theorem 4 [7]. Let V € C11(R?) be even, and set L := 2+ max(4Lip(VV)?2, 1).
Then, for all £ > 0, one has
AW e T[N R AV g e -1
N N -1 L
Other applications include the convergence of time splitting schemes for quan-
tum dynamics [6], the controllability of quantum dynamics [11]...

There have been other attempts at generalizing Wasserstein distances to the
quantum setting: [4], §7.7 of [1] and [3, 5].
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