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FROM GEODESIC EXTRAPOLATION TO A VARIATIONAL BDF2
SCHEME FOR WASSERSTEIN GRADIENT FLOWS

THOMAS O. GALLOUET, ANDREA NATALE, AND GABRIELE TODESCHI

ABSTRACT. We introduce a time discretization for Wasserstein gradient flows based on the
classical Backward Differentiation Formula of order two. The main building block of the
scheme is the notion of geodesic extrapolation in the Wasserstein space, which in general is
not uniquely defined. We propose several possible definitions for such an operation, and we
prove convergence of the resulting scheme to the limit PDE, in the case of the Fokker-Planck
equation. For a specific choice of extrapolation we also prove a more general result, that is
convergence towards EVI flows. Finally, we propose a variational finite volume discretization
of the scheme which numerically achieves second order accuracy in both space and time.

Keywords: Optimal transport, Wasserstein extrapolation, Wasserstein gradient flows, BDF2
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1. INTRODUCTION

In this paper we are concerned with the construction of second-order in time discretizations
for the following system of PDEs, describing the time evolution of a density ¢ : [0,7]xQ — R
on a convex bounded domain 2 and over the time interval [0, 7]

o0&
(1.1) Opo — div <QV6P(Q)> =0 on (0,7)x9Q,
with initial and boundary conditions:

o0&
(1.2) 0(0,-) = po, gvé—p(g) ‘ngn =0 on (0,7) x 082,

for a given initial density pg, and where ngq denotes the outward pointing normal to 9€2. In
equation (1.1), £ : LY(€;R;) — Ris a functional of the density and describes the energy of the
system. Different choices for £ yield different equations modelling a wide range of phenomena.

Typical examples are the Fokker-Planck equation [20], the porous medium equation [30] or
the Keller-Segel equation [5], but also more complex cases such as multiphase flows [9, 22, 10]
or crowd motion models [34] can be considered.

Since the density satisfies the continuity equation with zero boundary flux, its total mass
is conserved. Moreover, the energy decreases along the evolution:
ot ) <0,
This behaviour is a consequence of the fact that system (1.1), under suitable assumptions
on the energy, can be interpreted as a gradient flow in the space of probability measures
P(Q) equipped with the Wasserstein distance Ws. This interpretation is well-known since the
pioneering work of Jordan, Kinderlehrer, and Otto [20], who showed that one recovers the
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2 T. O. GALLOUET, A. NATALE, AND G. TODESCHI

Fokker-Planck equation when following the steepest descent curve of an entropy functional
with respect to the Wasserstein metric. Such result is best explained in the time-discrete
setting: given a uniform decomposition 0 =ty < t; < ... <ty =T of the interval [0, T] with
time step 7 := t,4+1 — tp, consider the sequence (py,), defined for 1 <n < N by

W2 n—
(1.3) pn, = argmin W2 (P pn1) +&(p),

pEP(Q) 2T

where the energy is given by

(1.4) 5(p)=AVp+plog07

with V : Q — R being a Lipschitz function, if p is absolutely continuous with respect to the
Lebesgue measure and 400 otherwise. Then, one can show that the discrete curve ¢ — g(t),
defined by o(t, ) = pp—1 for t € (t,—1,t,] and 1 < n < N, converges uniformly in the Ws
distance to the unique solution of the Fokker-Planck equation

(1.5) 0o — div(pVV) —Ap=0 on (0,7) x Q,

satisfying (1.2).

The numerical scheme defined in equation (1.3) is known as JKO scheme and it allows
one to interpret many different models as Wasserstein gradient flows. It also provides a
convenient framework both for the analysis of such models (e.g., to prove existence of solutions
or exponential convergence towards steady states) [I, 33], and for the design of numerical
discretizations [1, 14, 11, 24, 13]. In fact, reproducing the JKO scheme at the discrete level
generally implies energy stability even in very degenerate settings. Moreover in the case of
convex energies one can use robust convex optimization tools that, e.g., can easily take into
account the positivity constraint on the density or even other type of strong constraints (as
in the case of incompressible immiscible multiphase flows in porous media, see Section 7.3).

Since the JKO scheme is a variational version of the implicit Euler scheme, it is an order one
method. Recently, several higher-order alternatives to the JKO scheme have been proposed,
but it is not trivial to translate them into a fully-discrete setting (see [27, 25], and Section 1.2
below for a detailed description of such approaches). In fact, to the best of our knowledge,
there exist no viable fully-discrete approach able to compute with second order accuracy
general Wasserstein gradient flows while preserving (to some extent) the underlying variational
structure.

In this paper we will accomplish this by reformulating the classical multistep scheme based
on the Backward Differentiation Formula of order two (BDF2) as the composition of two inner
steps: a geodesic extrapolation step, and a standard JKO step. We refer to the resulting
scheme as Extrapolated Variational BDF2 (EVBDF2) scheme. We prove that, as for the
JKO scheme, the discrete solutions generated by the EVBDF2 scheme with the energy (1.4)
converge to weak solutions of the Fokker-Planck equation. Importantly, we also propose
a simple and efficient (space-time discrete) implementation which realizes numerically the
desired second-order accuracy.

1.1. Description of the BDF2 approach and main results. In the Euclidean setting,
the gradient flow associated to a smooth real-valued convex function F : R? — R and a
starting point zo € R?, is the unique solution to the Cauchy problem

{ 2(t) = —VF(z(t)), Vt>0,

(1.6) x(0) = ¢ .
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FIGURE 1. A graphical representation of the time intervals involved in the
definition of the EVBDF2 scheme.

The BDF2 scheme applied to such a system, with time step 7 > 0, can be written as follows:
given zg, z1 € R?, for n > 2 find z,, € R satisfying

3 4 1
This can be interpreted as an implicit Euler step, with starting point

ngl =Tp—2 + O‘(xn—l - xn—Q) =Tp-1+ 6(«7371—1 - xn—2) )

where o = 4/3 and f = o — 1 = 1/3, and with time step (1 — )7 = 27/3. In turn, =5,
coincides with the Euclidean extrapolation at time «, from x,,_s (at time 0) to x,,—; (at time
1), with respect to a fictitious time variable (see Figure 1 for a graphical representation of the
time intervals involved in the scheme).

In order to define a counterpart to the BDF2 scheme (1.7) for Wasserstein gradient flows,
one needs to replace the Euclidean extrapolation at time a > 1 by an analogous operation
in the space of probability measures equipped with the W5 metric. In this paper, we will
represent such an operation by a map E, : P2(R?) x P2(R?) — Py(RY) (where Py(RY) is the
set of probability measures on R¢ with finite second moments), which we will refer to as an
a-extrapolation operator. Given such a map, we define the EVBDF2 scheme as follows: given

po, p1 € P(Q), for n > 2 find p,, € P(Q) satisfying

2 o'
(1.8) pn € argmin W3 p.pns)
pep() 2(1-0)7
where here £ : P(2) — R is defined on the whole space P(€2).

The extrapolation operator E, plays a crucial role in the scheme, but it is not trivial to
propose an appropriate definition for it due to the structure of Ws geodesics on Py (R?). To
clarify this, recall that a (globally length-minimizing) geodesic with respect to the Ws metric
is a curve w : [to, t1] — Pa(RY) such that

+ g(p) ’ pgfl = EOC(IOTL—27 pn—l) )

_ |51 - 50|

(1.9) Wa(w(so),w(s1)) = TRs—

Wa(w(to), w(t1)),

for all sg,s1 € (to,t1). Given two measures pg, 1 € P2(RY) there always exists a geodesic
connecting the two. Furthermore, due to Brenier’s theorem, supposing that pg is absolutely
continuous with respect to the Lebesgue measure, there exists a unique geodesic w : [0,1] —
Po(R?) such that w(0) = pg and w(1) = pq1, and this has a very simple expression:

(1.10) w(t) = ((1 = t)Id + tVu)gpuo,

where Id is the identity map on 2 and u : 2 — R is a convex function. This means that
particles travel on straight lines along the interpolation, without colliding into each other.
However, for a given o > 1, there may exist no geodesic defined on [0, ] that coincide on [0, 1]
with w. This is because following their straight trajectories particles may collide immediately
after time t = 1, even if both up and w1 have smooth and strictly positive densities. This
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means that one cannot use such geodesic extensions to define the extrapolation operator E,
in a unique way. Therefore, instead of focusing on a particular definition, we only require a
uniform stability bound on the extrapolation which we will need to prove the convergence of
the scheme. In particular, we will focus on extrapolation operators that are dissipative in the
following sense:

Definition 1.1 (Dissipative extrapolations). An extrapolation operator E, is f-dissipative if
it satisfies

(1.11) Wa(p, Ealpo, 1)) < 0Wa(po, i),
for any fig, 1 € Po(R?) and for a constant 6 > 0.

Note that by equation (1.9), if the extrapolation is consistent with the geodesic extension
when this exists, then we have § = a—1 < 0. Upon adding a further consistency assumption
on the extrapolation (see equation (1.12) below) we can establish the following convergence
result:

Theorem 1.2. Let py € P() and € given by (1.4). For any given N > 1, let (p,))\_, be the
discrete solution defined by the scheme (1.8) for given p1 € P(QQ) (dependent on N ), with time
step T =T/N, and with E,, being a 0-dissipative extrapolation operator with0 < f=a—-1<1
and § < 1/2, and such that for all pg, 1 € P(Q) and p € CX(R?),

(1.12)

/@ (Ea(po, 1) — cpr + Bro)| < CoW3 (po, i)

where C, > 0 only depends on o, ¢ and Q. Suppose that W2(po,p1) < Ct, for a constant
C' > 0 independent of 7, and that E(p1) < E(po). Then, the curve t — p,(t) defined by
pr(t) == pp—1 for allt € (tn—1,t,] and 1 < n < N, converges as N — oo, uniformly in the Wo
distance, to a distributional solution to the Fokker-Panck equation on [0,T] x  and initial
conditions given by pg.

Of course, in order to achieve second order accuracy, we must set @ = 4/3 and require
in addition that, if there exists a geodesic w : [0,a] — P(Q) such that wj ;) is a geodesic
from po to pi, then E, (1o, 1) must coincide with w(«). Importantly, we will show that there
exist several different ways to define such an operator, providing therefore different convergent
approaches.

One of such approaches, which enjoys a particularly rich structure, consists in reproducing
the variational charaterization of the linear extrapolation in the metric setting. Given two
points zg,z; € R, the Euclidean extrapolation at time o from zg to x; is the point z, =
ax1 — Bxg with § = @ — 1. This can be obtained as the unique solution to
(1.13) T = argmin alz — z1|? — Blz — zo)?.

r€RY

Similarly, we define the metric extrapolation in the Wasserstein space as follows:

(1.14) Ea(po, 1) = argmin aW3 (p, 1) — BW5 (p, o) -
pEP2(RY)

Problem (1.14) is not a convex optimization problem in the classical sense. To see this,
consider the following simple counterexample. In dimension d = 1, take

po=(0—1+01)/2, pi=0by, vo=0d-1, vi=01.

Along the interpolation v(t) = (1 — t)vg + tvq, the first term of the functional in (1.14) is
constant whereas the second one is concave. Nonetheless, we will show that problem (1.14)
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always admits a unique solution (see Proposition 4.11) and it also satisfies the assumptions
in Theorem 1.2. Furthermore, exploiting the variational formulation of the metric extrapola-
tion (1.14), we can prove a more general convergence result using the Evolution Variational
Inequality (EVI) characterization of gradient flows in metric spaces. More precisely, we prove
the following result:

Theorem 1.3. Let py € P(Q2) and € : P(2) — R being a A-convez energy in the generalized
geodesic sense, for A € Ry. For any given N > 1, let (pn)ﬁ[:o be the discrete solution defined
by the scheme (1.8) for given p1 € P(Q) (dependent on N ), with time step 7 = T /N, and with
Eo being the metric extrapolation (1.14) with 8 = a— 1. Suppose that W3 (po, p1) < CT, for a
constant C > 0 independent of T, and that E(p1) < E(po). Then, the curve t — p(t) defined
by pr(t) == pp—1 fort € (tn—1,t,) and 1 < n < N, converges as N — oo, uniformly in the Wy
distance, to the unique absolutely continuous curve g : [0,T] — P () satisfying 0(0) = py and
such that for any v € P(Q) it holds

d1l_, A

W3 (o(t).v) < Ev) = E(olt) = 5

_ 2
a2 2 Wi (o(t),v), Vte(0,T).

Remarkably, problem (1.14) admits a convex dual formulation, see Remark 4.15.

1.2. Relation with previous works and numerical implementation issues. Going
back to the discretization of system (1.6), each step of the BDF2 scheme (1.7) can also be
obtained as the optimality conditions of the following problem:

2 2
(1.15) Ty = argmina|x Zn—1] Tn—2|

verd  2(1=p)7 (1=p)r

This suggests defining a similar formulation in Wasserstein space as follows

_6’§ + F(z).

W5 (ppnt) _ g W5 (p, pn2) L)

(1.16) pn € argmin o
" pep) 200-pB)T 2(1-0)r
This approach has been proposed by Matthes and Plazotta [27, 31], who proved analogues of

Theorems 1.2 and 1.3. It is easy to see that this leads to a different discrete solution than the
scheme (1.8) (see, e.g., the example in Figure 2). However, just as for the metric extrapolation
problem (1.14), (1.16) is not a convex optimization problem in the classical sense. For this
reason, it is not easy to provide a numerical implementation of (1.16) when d > 2. The
same is true for the EVBDF2 scheme (1.8) when using the metric extrapolation. Nonetheless,
the advantage of using the EVBDF2 scheme is that one has some freedom in choosing the
extrapolation operator, which makes it more amenable to computations.

Another second-order variation of the JKO scheme was proposed by Legendre and Turinici
[25], and it is based on the implicit midpoint rule, which applied to system (1.6) leads to the
scheme: for n > 1 find z, € R satisfying
1 (mn + a:n_1>

)

—(xp —xp—1) =—VF
T 2

which can be obtained as the optimality conditions of the problem

2
(1.17) Z, = argmin Jz=anal + 2F(M) .
2T 2

z€R4
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FIGURE 2. An example for which the schemes (1.8) and (1.16) provide differ-
ent results, e.g., for the energy given by the convex indicator function of the
set {u: u(R?\ {z = 0}) = 0}. In the figure p,_2, pp—1 and p&_; are uniformly
distributed on the segments (t,—t), (¢,(1 — B)t/a) and (¢,t) for t € [-1,1],
respectively (in this case the geodesic from p,,—2 to p,—1 on the time interval
[0,1] can be extendend up to time «, yielding p&_;). For the scheme (1.8)
the measure p,, is uniformly distributed on the segment (0,¢) for t € [—1,1],
whereas for the scheme (1.16) the measure p,, can be obtained as the extrapo-
lation of the projections of p,_o and p,_1 on the axis y, and can be shown to
have a strictly smaller support.

Translating such a scheme to the Wasserstein setting yields the Variational Implicit Midpoint
(VIM) scheme proposed in [25]: for n > 1 find p,, € P(QQ) satisfying

W2(p, pn
(1.18) pn € argmin 2P Pn=1)

+2E(pn-1/2) ;
pEP(Q) 27 1/2

where p,,_1/7 is the midpoint of the (not necessarily unique) geodesic between p and pj,_;.
Also in this case, it is not evident how to implement such a scheme, as it requires an explicit
formula for the midpoint given the initial and final measures. This may also lead to convexity
issues. Notice however that in the same spirit of our formulation of the BDF2 scheme, the
implicit midpoint scheme can be formulated in the following alternative way: for n > 1 find
pn € P(Q) satisfying
2
(1.19) o = Ex(bntPucrj2)s  Purjz € avgmin D2LLL) gy
PEP(Q) T

where Eg(pn—1,pn—1/2) denotes the extrapolation at time a = 2 of a geodesic from p,_1 (at
time 0) to p,_1/2 (at time 1). In general, this leads to a different discrete solution than the
one obtained with (1.18), although the two schemes coincide if there exists a unique geodesic
extension from pp—1 to p,_1/2 which stays globally length-minimizing up to time 2 for all n.
Nevertheless, the behavior of scheme (1.19) is radically different from that of the EVBDF2
(1.8), due to the different way JKO steps and extrapolations are performed. Namely, the order
of the operations as well as the length of the steps play a crucial role. We will investigate this
phenomenon numerically by considering a fully-discrete version of the VIM scheme and show
that in general this approach may lead to persistent oscillations in the solution (Section 7.1).

Providing a fully discrete version of problem (1.1), via the EVBDF2 scheme (1.8), comes
with an additional challenge since the chosen space discretization should also be second-order
accurate in space, in order to exploit the increased accuracy of the time discretization. We
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propose a discretization in the Eulerian framework of finite volumes. Specifically, we imple-
ment Two Point Flux Approximation (TPFA) finite volumes, which have been extensively
analyzed lately for the discretization of optimal transport and Wasserstein gradient flows
[19, 16, 29, 11, 28]. Following these last two works in particular, we propose a scheme in
which the Wasserstein distance is locally linearized, at each step of the scheme, in order to
decrease the computational complexity of the approach, without dropping the second-order
accuracy in time. In addition, we propose one possible discrete version of the extrapolation
in this setting, which can be implemented in a robust way, and we verify numerically the
second-order accuracy of the resulting approach.

2. PRELIMINARIES AND NOTATION

Let P2(R%) be the space of probability measures with finite second moments. Given jug, pt; €
Po(R?), we denote by Wa(pug, jt1) the L2-Wasserstein distance between gy and p; (see, e.g.,

Chapter 5 in [32]). This can be defined via the following minimization problem:
(2.1) W2(po, 1) == min / lz — y> dy(z,v),
~YEI(p0,141)

where TI(p, 1) is the set of probability measures on R? x R? with marginals z and ;. This
problem always admits a solution v*, although it is not necessarily unique, which we refer to
as an optimal transport plan from pg to 1. By linearity of the constraint and of the function
minimized in (2.1), one can easily check that the function W3 is jointly convex with respect
to its arguments (with respect to the linear structure of Py(R?)). We will refer to the space
of probability measures Po(R?) equipped with the metric Wy as the Wasserstein space.
Problem (2.1) admits an alternative dynamical formulation, which was introduced by Be-

namou and Brenier in [3], and which reads as follows
(2.2) W3 (po, 1) = |t1 — to| min / dt/ w(t)|v(t
(ww)eC Jy, Q

where C is the set of curves (w,v), with w : [tg,t1] — P2(RY) and v : [to, t1] — L?(w(t); RY),
satisfying weakly the continuity equation

(2.3) Oww + div(wv) =0

with zero flux boundary conditions (i.e. wv-napq = 0), and initial and final conditions w(tp) =
po, w(t1) = p1. The minimum in (2.2) is always achieved although there might be multiple
minimizers. In particular, one can use formula (2.2) to deduce that the Wasserstein space is
a geodesic space and the minimizers w are geodesics.

By the optimality conditions of problem (2.2), a curve w is a geodesic if and only if there
exists a time-dependent vector field ¢ € [to, 1] — V(t,-) € L?(w(t); R?) such that (w, Vo) €
C, and where the potential ¢ : [tg, 1] x R? — R verifies:

(1) ¢(to,-) is a continuous (—|t; — to|~!)-convex function, i.e. such that the so-called
Brenier potential
2
(2.4) x = u(x) = [t1 — to|d(to, x) + |x2] is convex ;

(2) the potential ¢ is the unique viscosity solution of the Hamilton-Jacobi equation

[Vol?
2

(2.5) O+ =0,
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or equivalently, it verifies the Hopf-Lax representation formula,

e ey

We say that a function ¢ verifying these condition is an optimal potential from pg to py on
the time interval [to,t1]. Furthermore, for any optimal potential ¢, it holds:

2
Rt it [ 0.

Because of the semi-convexity of ¢(to, ), the maps X (,-), defined a.e. by
(2.7) X(t,-) = 1d+ (t — to)Volty, )

+ ¢(to,y)

are injective for all t € [to, t1) (as the gradient of a strongly convex function), and the resulting
curve of maps X : [to, t1] x R? — R? is the Lagrangian flow of the time-dependent vector field
Vol(t,-), ie., for a.e. z € R, X (-, ) solves the flow equation

d
&X(t’x) - V(Z)(t,X(t,x)), X(tO,x) =x.

If pg is absolutely continuous, given an optimal potential ¢ and the associated Lagrangian
flow X defined by (2.7), one can easily verify that the curve

(2.8) w(t) = X(t,)gho,
solves the continuity equation with velocity V¢ and boundary conditions w(0) = po and
w(l) = w1 (in distributional sense), and therefore it is a geodesic. Moreover, using the

absolute continuity of ug, one can also show that the initial potential ¢(tg,-) is uniquely
defined pp-a.e., and no other geodesic curve exists connecting g and p;. Note also that from
(2.8), one can recover Brenier’s result (1.10) with the Brenier potential  as in (2.4), and also
verify the equivalence with formulation (2.1). As a matter of fact, in this case the optimal
transport plan is also unique and is given by v* = (Id, Vu)xpuo, where the map Vu is the
so-called optimal transport map from g to p1. On the other hand, for any convex function
u, setting ¢(0, -) via (2.4), the curve w defined in (2.8) is a geodesic between 19 and (V)4 pio
(and the unique one, if pg is absolutely continuous).

3. ANALYSIS OF THE EVBDF2 SCHEME

In this section we collect the main properties of the EVBDF2 discretization (1.8), and
in particular we prove Theorem 1.2, which establishes the convergence of the discrete flow
generated by the scheme to the linear Fokker-Planck equation. Throughout the section, (p,)n
denotes a sequence of measures generated by the EVBDF2 scheme (1.8), where E, is a 0-
dissipative extrapolation, with 6 < 1/2.

3.1. Well-posedness and classical estimate. We start by stating some a priori bounds,
which are valid for a general class of energies. In particular, in this paragraph, we only
assume that & is lower-semicontinuous and bounded from below, so that problem (1.8) admits
a minimizer at each step n.

Lemma 3.1. At each step n, the solution p, satisfies the following inequality

WQQ(PmPnfl)
21-8)r

+5(p ) < HWQQ(pnflapTLfQ)

(3.1) (1-6) <0

+ E(pp—1) -
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Proof. Due to the optimality of p, and using (1.11), we can write

W3 (pn, py—1) W3 (pn—1,0%_1)
2(1 - p8)r 2(1-p)r
92
R —
—2(1-0)r
If & = 0 this coincides with (3.1). If 8 > 0, observe that by the triangular and Young’s
inequalities, for any ¢ > 0,

+E&(pn) <

+ E(pn—1)

W3 (pn—1, pn—2) + E(pn-1) -

1
W (pns pa1) < (14 =) WE(pus pi1) + (14 OWE (puot. i)

Setting ¢ = §~! —1 in this last inequality and using again (1.11), we can estimate the left-hand
side from below using

Wi (pn pa) o 1 c
21— B)r — 2(1— )1 \c+1
1-46

2(1 - p)r

Rearranging, we obtain (3.1). d

W22(:0n> pn—l) - CW22(Pn_1, ;02_1)>

1-0)0

2 W22(pna pnfl) - 2((1—6)7'W22(pn1, ,On,Q) .

Note that if we take 5 = 0, i.e. we remove the extrapolation step, we can take § = 0 in
(3.1) and recover the standard dissipation estimate for the JKO scheme.

Lemma 3.2. Let C; > 0 be a constant such that W3 (p1, po) < C17 and E(p1) < E(po). Then,
it holds:

N.
1 T
(3.2) = W3 (pn,pn-1) < C
T n=0

for a constant C > 0 depending only on C1, 3, 0, £ and pg.

Proof. Summing over n the inequality (3.1) we obtain

(3.3) L2 ) < E(p1) — E(pn) + W2 (pr, )
: 2(1_'8)7-71:0 2(Pn; Pn—1) = c\p1 Pn 1-/)r 2(P1,P0)

Then, since # < 1/2 and thanks to the lower bound on the energy and the assumption
E(p1) < E(po), we have

20
1—-26

1 2(1 —
W) < 555 (o) i) +

Ch.

g

Remark 3.3. For a given pg, one can always choose p1 so that the constant Cy above is
independent of T and E(p1) < E(po), which are also the assumptions in the statements of
Theorems 1.2 and 1.3. For example, it is sufficient to take p1 as the solution obtained after
a finite number Nog € N of JKO steps with time step 7/Ng and initial condition given by po,
with £(pg) < co. In fact, in this case, by the same proof as for Lemma 3.2 (with =60 =0),
one can take Cy1 = 2(E(po) — inf &).
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3.2. Convergence towards the Fokker-Planck equation. Given a Lipschitz continuous
exterior potential V € W1*°(Q), the Fokker-Planck equation is given by

(3.4) do =200+ V-(eVV) in (0,T) x Q,

complemented with no-flux boundary conditions (Vo + oVV) - ngq = 0 on 99 and an initial
condition 0(0,-) = pp € P(2). Equation (3.4) can be interpreted as a Wasserstein gradient
flow with respect to the energy functional £ : P(2) — R given by

(3.5) am=uw+[jw

where the internal energy U : P(2) — R (the entropy) is defined by
plogp if p<dalL ),
(36) wm:{k

400 otherwise,

where dz L ) denotes the restriction of the Lebesgue measure to the domain 2. Since the
function z — xlogx is strictly convex and superlinear, the energy & is also strictly convex
(with respect to the linear structure of P(£2)) and lower semi-continuous (with respect to the
weak-* topology: see, e.g., Proposition 7.7 in [32]). Since W2 is continuous and convex in
its arguments, there exists a unique solution p, to problem (1.8) at each step n, and this is
furthermore absolutely continuous with respect to dz L 2.

As in the previous paragraph, we assume that E, is a #-dissipative extrapolation with
0 < 1/2, and (p,)n denotes a sequence of measures generated by the associated EVBDF2
scheme (1.8). Although the discrete flow does not move by strictly minimizing the energy at
each step (see Lemma 3.1), we will show that it converges to the maximal slope curve of £.
For this, we will rely on the same arguments as in the original work of Jordan, Kinderlehrer,
and Otto [20] for the JKO scheme.

Relying on the estimate (3.2), the compactness arguments for obtaining a limit curve are
rather standard. We introduce two density curves on the interval [0, 7], given by

N
o-(t) = an—lﬂ(tn,l,tn} , pr(0) = po,

n=1

N
=> oW, 4., -(0) = po,

(3.7)

with t — 0, (t) being the geodesic curve between p,_1 and p, on the time interval [t,,_1, ]
(i.e. the minimizer of problem (2.2) on this interval). Let ©,, be the associated optimal vector
field as in problem (2.2) for all 1 <n < N. By definition of g,, we have that

815@7' +V- (éT’DT) =0

in the distributional sense on (0, 7T") x Q, where @ is the vector field defined by o-|(,_, +,] = Un
for all 1 <n < N. Moreover, on each interval [t,_1,t,] it holds:

W;(pnapn—l) = T/ / QT|UT‘
tn

The curve p, is a piecewise constant measure-valued curve whereas ¢, is a (absolutely) con-
tinuous one, interpolating the discrete densities.
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Proposition 3.4. For a given py and any given N > 1, let p; be the curve defined as in
equation (3.7), with py being such that W(po, p1) < CT, for a constant C > 0 independent
of T, and E(p1) < E(po). Then, the sequence (or)r converges uniformly in the W distance to
an absolutely continuous curve g : [0, T] — P(Q).

Proof. The sequence of curves (or)-cr,, defined from [0,7] to the (compact) space P ()
equipped with the Wasserstein distance, is uniformly Hoélder continuous. Indeed, for any
r,s € (0,7],s > r, denote N,, Ny the two integers such that r € (tn,,tn, 1], € (tn,, EN,+1]-
By the dynamical formulation of the Wasserstein distance (2.2), it holds

1 s 9 3 1 N tnt1 5 3
%@MMMQ%HUJ@W><WW > [ e
r 0 n=N, tn Q

Ny 2
1 1 1
- ‘S_TP (Z TWZQ(pnapn-f—l)) SC"S_TP

n=N,

(3.8)

where in the last inequality we used the estimate (3.2). By the generalized Ascoli-Arzela
theorem, the sequence converges uniformly in W5, up to a subsequence, to a limit curve g. As
the inequality (3.8) passes to the limit, g is also an absolutely continuous curve with respect
to the Wasserstein metric. Finally, for any r € [0, 77,

tNr+1 1/2
WM&@@N%ZW@#MMHW§<[ Lémmﬂ <ovT,

by the same computations. Therefore, the piecewise continuous curve g, converges uniformly
with order /7 to the same limit curve o.
O

To characterize the limit curve ¢ we will rely on the optimality conditions of the mini-
mization problem in (1.8), which is equivalent to a single JKO step. Consider an absolutely
continuous measure p and a smooth vector field & tangent to the boundary of 2. We define
w as the absolutely continuous curve solution to

(3.9) Osw+ V- (w) =0, in(=6§0)xQ, w(0)=p,

for § > 0. The variations of the energy and the Wasserstein distance along curves defined in
this way can be computed explicitly as follows.

Lemma 3.5. Consider two measures p € P(Q) and v € Po(RY), with p absolutely continuous,
and denote by ~ the optimal transport plan from p to v. For any € € C°(;R?) such that
& -ngo =0 on 09, let w be the curve of measures defined by (3.9) with w(0) = p. It holds:

2&)8 14
(3.10) R LY R oI
and
(3.11) BN == [ vee@an) + [ (TV@).ea)dn).

Proof. See [20, Theorem 5.1]. O
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We are now ready to prove Theorem 1.2 which states the convergence of the sequence of
curves (o;)r towards a distributional solution of equation (3.4). Specifically, we need to prove
that, for all ¢ € C2°(]0,7) x ), the limit curve p satisfies:

812 [ [ave- [ o000~ [ [acor [ [1ov.va0=0.

Proof of Theorem 1.2. Let us define for all p € P(Q2),

W2 (p, p®_
(3.13) G(pn—1, pn—2;p) = M

which is minimized by p,, by the definition of the scheme (1.8). Consider a smooth function
p € C([0,T] x Q) such that Vi - ngg = 0 on 9Q. We define the sequence (¢,,)n C C2()
as ¢n, = ¢(ty, ). Consider then a curve w defined as in (3.9) with w(0) = p, and £ = Vi, _o.
Denoting by 7, the optimal transport plan from p,, to p%_,, and using (3.10)-(3.11) as well
as the optimimality of p,,, we obtain

+&(p)

1
o™ T3 = o Tonealoontor )

- / (Agn_2(2))dpn(z) + / (VV(2), Vo (2))dpn() = 0.
Q Q

dG(pn—1, pn—2;w(s))
ds

(3.14)

Thanks to Proposition 3.4 and the regularity of ¢, we immediately have

N

do7 <— /Q (Apn—2)pn + /Q vV, wn_2>pn>

n=2
—(—ATLA¢Q+ATA<vv,V@>Q>‘Ho,

for 7 — 0. In order to prove that the measure p is a distributional solution of equation (3.4)
we need to show that

N
> (& — oy Vion—a(2))dya(z, 70)

m Qx0
. <_/OT/Qat¢@—/Qso<o>@<o>) ‘ —0,

as well. We can bound the latter quantity as Iy < Is 4+ I3, where Iy = ’ 25:2 IS’ with

Il =

n=2

" 1 1
Iy = —— (T — 2o, Vion_o(x))dyn(z, 20) — — / (Pn — apn_1+ Bpn—2)pn—2,
1 =28 Jaxa )

Zl_]LB/Q("'”_ap”‘lJrﬁpnﬁ)%ﬁ_ (_ /OT/QatSOQ—/Q@(O)@(O)>' .



FROM GEODESIC EXTRAPOLATION TO A BDF2 SCHEME FOR WASSERSTEIN GRADIENT FLOWS 13

Integrating by part the discrete derivative in this last term,

1 — B / —app—1+ Bpan)(Pan =

= Z 1 6/ P2 = (@pn-1 = Ben))pn + / Beopo + (Ber — aspo)pr -

Then, since a = 1 + 8, and thanks to the smoothness of the function ¢ and Proposition 3.4,
we obtain I3 < C't for some constant C' independent of 7.

Let us focus then on the term I». Adding and subtracting (1 — fQ — pS_1)Pn—2 at
each step n, we obtain
1
By [ (g0 Vona@)dm(ea) - / (bn — P-1)ons
1 -5 1Jaxa Q
125 /(O‘P 1= Bpn—2 = py_1)Pn—2| = L(1'”+I”)
1-5 /g n— n— n—1)%¥n— 1-3 4 5)-

Rewriting
/ (pn - ngl)g@n_Q = / (gpn_g(.’L‘) - 9071—2(1.&))(1771(1'7 xa) )
Q QxN

we can bound I as

=

/ n2(z) — Gna(za) — (& — o Vipn_2(2))dyn(, 20)
QxQ

1
< gltessten Dl ([ 1o zaPdsa(oa0))
QxQ

1

= iHHeSS(San?)HooWQQ(pn»pz—l)

|[Hess(on—2)lco (W3 (pns pn—1) + Wi (pn_1,p%_1))

< HHeSS(SOn—2)Hoo (W22 (pm Pn—l) + HQWQZ(Pn—la Pn—2)) )

where we used the dissipation estimate (1.11). Similarly by the consistency assumption (1.12)
on the extrapolation, there exists a constant C,, only depending on ¢ and 2 such that

I < CuW3(pn—1, pn—2) -

Using the bound (3.2), the estimates above imply that there exists a constant C' > 0 such that
I, < C7. The whole term I is therefore converging to zero and p satisfies equation (3.12).
O

IA

4. EXTRAPOLATION IN WASSERSTEIN SPACE

In this section we consider the issue of defining geodesic extrapolations in the Wasserstein
space. In particular, we propose several notions of extrapolation operators E,, which in some
cases verify the assumptions of Theorem 1.2, and discuss their relationship. To simplify
the exposition, in the whole section we consider the extrapolation problem on the whole
space P2(R?), even though some of the proposed definitions may be adapted so that the
extrapolation of two measures in P(Q2) stays in P(€2) (see Remark 4.7). This last property
is not required in our definition of the EVBDF2 scheme (1.8), but it is useful to produce a
fully-discrete scheme (see Section 6.3).
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As recalled in the introduction, a globally-minimizing geodesic with respect to the Wy
metric is a curve w : [to, t1] — Pa(R?) such that

_[s1— s

(4.1) Wa(w(sp),w(s1)) = TR—

Wa(w(to),w(t1)),

for all sg, s1 € (to,t1). We say that w : [to, t1] — Pa(RY) is a locally-minimizing geodesic if for
all t € (tg,t1) there exists an open interval J > ¢ such that (4.1) holds for all sg, s1 € JN(to,t1).
From the discussion in Section 2, given two measures pg, 1 € Po(R9), if pg is absolutely
continuous there exists a unique globally length-minimizing geodesic connecting the two,
which is given by

(4.2) w(t) = ((1 —t)Id + tVu) 4o

for t € [0, 1], where w is a uniquely defined convex function pp-a.e. (up to an additive constant).
As a matter of fact, we have for all sg,s; € (0,1),

(43) sz(w(so),w(sl)) < /Rd |(1—sp)x + soVu(z) — (1 —s1)z — 51Vu(:c)|2duo(x)

= |s1 — so*W3 (ko, 1),

where for the first inequality we used as competitor the plan ((1 — so)Id + soVu, (1 — s1)Id +
s1Vu) 10, and for the second equality the optimality of the plan (Id, Vu)4puo for the transport
problem from f to pi. On the other hand, for s; > sg, by the triangular inequality and (4.3)

Wa (o, 1) < Wa (o, w(so)) + Wa(w(so), w(s1)) + Walw(s1), 1)
< (so 41— s1)Wa(po, p1) + Wa(w(so),w(s1))

and therefore the inequality in (4.3) is an equality. Moreover, by similar calculations one can
verify that for any o > 1 the curve t € [0,a] — w(t), still defined as in (4.2), is a globally
length-minimizing geodesic if and only if w is 3/a-convex, i.e. the function

2
(4.4) x — au(x) — ﬁl; is convex,

with 8 = a — 1. However, in general, there is no guarantee that u is strongly-convex even if
o and w1 have smooth and strictly positive densities and for arbitrarily small 3, as shown
by the following example.

Example 4.1 (Contraction flow). Take u = %\ |3, for > 1 and 8 = a — 1. Then, for
any absolutely continuous py € Pa(R?) and p1 = (Vu)gpo, there exists a unique globally
length-minimizing geodesic on (—oo, a] such that w(0) = pp and w(1) = p1, which is given
by (4.2). On the other hand, since all trajectories cross at time « (i.e. (1 — a)ld + aVu = 0),
there exists no geodesic on (—oo,a’] (either local or global) with o/ > « satisfying the same

property.

In the case of compactly supported measures, globally length-minimizing geodesic exten-
sions may not exist even if particle trajectories do not cross. In this case, however, locally
length-minimizing extensions may still exist as shown in the next example.

Example 4.2 (Shear flow). For d = 2, let

1 1
Ho = 5(5;; + 572’) ) H1 = 5(5271} + 572%*1))
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where z = (1,1) and v = (1,0). In this case, there exists a unique geodesic w : R — Py(R?)
which is locally length-minimizing, and such that w(0) = po and w(1) = p1, which is given by

(4.5) w(t) = %(5z_w F O ).

However, w is globally length-minimizing only when restricted on (—oo, 2].

In order to define our scheme, we need an extrapolation operator which is well-defined even
when the geodesic extension (either globally or locally length-minimizing) does not exist. In
the following we will introduce different possible definitions and describe their properties.

4.1. Free-flow extrapolations. One possible strategy for defining an extrapolation consists
in disregarding the convexity condition on the Brenier potential in (4.4), and allowing particles
to cross each other while keeping their straight trajectories at constant speed. If g € P2(R%)
is absolutely continuous, this amounts to defining, for any p; € Po(R?) and o > 1,

(4.6) Ea(po, 1) = (1 — a)ld + aVu) g po,

where u is a Brenier potential from pg to g1 (uniquely defined pg-a.e.). If ug is not absolutely
continuous, there may exist multiple geodesics and optimal transport plans from pg to p1. In
general, we say that an extrapolation operator E, yields a free-flow extrapolation if, denoting
by T'(po, p1) the set of optimal plans from g to p1, one has:

(47) V/,L(),,Ltl S pQ(Rd)7 afy* € P(MO;/’LI) : Ea(:u()aul) = (77-04)#7*7

where 7, : RYxR? — R? is the map defined by 7,(x,%) = z+a(y—x). By construction, when
the geodesic induced by v* in (4.7) admits a locally (or globally) length-minimizing geodesic
extension, the resulting free-flow extrapolation is always consistent with it (for example, free-
flow extrapolations yield the curve (4.5) in the case of Example 4.2). Furthermore, such
extrapolation operators are admissible for our scheme in the sense of Theorem 1.2, as shown
by the following proposition.

Proposition 4.3. Any free-flow extrapolation operator Eo : Pa(R%) x Po(RY) — Po(RY),
i.e. any map satisfying (4.7), is B-dissipative with B = o — 1, and in addition it verifies the
consistency assumption (1.12).

Proof. For simplicity, we only consider the case where pg is absolutely continuous. Let Vu
the optimal transport map from pg to p;. To prove the dissipativity, let ¥ = (Vu, (1 — a)Id +
aVu)ypg. Then 4 € II(p1, Ea (o, 11)) and by equation (2.1),

WG, Ealpo,pn)) < [ o= yPdite.y) = (1= o [ [1d = Vul = 213, ).
For the consistency, let ¢ € C>°(R%) and observe that, by the definition of pushforward,

[ ¢ Catiio. ) = apr + 510) = [ (1 = ) + aVu(@) ~ ap(Va(@) + fola)] du(o).

Using the Taylor expansion of ¢ around the point z in the integral on the right-hand side, we
find

af
<~ [Hess(0) oo W5 (1o, 1) -

/90 (Ea(po, 1) — apa + Buo)

In the general case where g is not absolutely continuous, the proof is analogous replacing
transport maps by optimal plans. O
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4.2. Extrapolation with collisions. Free-flow extrapolations are the simplest way to ex-
tend geodesics after their maximal time of existence, but they are purely Lagrangian and they
cannot be easily implemented in an Eulerian setting. Here we describe an alternative route
to construct an extrapolation operator which prevents particles to cross, and which is based
on viscosity solutions of the Hamilton-Jacobi equation. The resulting operator can be imple-
mented in a robust way, but unfortunately it falls outside the hypotheses of the convergence
results presented in this work. In Section 7, we will describe its implementation in detail and
verify numerically that it leads to a second-order scheme.

Given pg, 1 € P2(R?), let us suppose that the optimal potential ¢ for the transport from
o to a given measure pq on the time interval [0, 1], is such that

(4.8) ¢(0, -) is globally Lipschitz.
Then, the curve w : [0, 00) — P2(R?) satisfying

) = [seo(0 -0 410)]

where u = |- [2/2 + ¢(0,) is a Brenier potential from o to 1, and where co denotes the
convex hull, is well-defined. We remark that (4.9) coincides at time ¢t = o with the free-flow
extrapolation (4.6) as long as the convexity condition (4.4) holds. On the other hand, if such
condition is not verified, taking the convex envelope in (4.9) guarantees that the flow stays
monotone and particles cannot cross.

If (4.8) holds, one also has that the Hamilton-Jacobi equation (2.5) with intial condition
#(0, ) has a unique viscosity solution, which is given by the Hopf-Lax formula

(4.10) 6(t,) = H(0(0,), Hu(9(0,))(@) = inf, EoIE 4 0(0.).

Note that the evolution of the density transported by the velocity field Ve(t,-) (via the
continuity equation) is also well-defined since so is its Lagragian flow [21, (]. In the following
lemma we show that equations (4.10) and (4.9) are closely related.

|z —y|?

Lemma 4.4. Let ¢ : [0,00) x RY — R be the unique viscosity solution to the Hamilton-Jacobi
equation, or equivalently verifying (4.10) for t > 0, with ¢(0,-) being a Lipschitz function,
2
and denote u = ¢(0,-) + % Let pg € P2(R?) be an absolutely continuous measure and
w : [0,00) — Po(R?) be the curve defined by (4.9) for allt > 0. Then,
(1) for allt >0, w(t) solves
W2
(4.11) win 2O [
pePa(RY) 2t R
(2) ifd=1, wis a weak solution to the continuity equation with velocity Vo(t,-).

Proof. Concerning the first point, note that for any function v it holds:

+ ()

|z —y|?

2 2
I i) w) = -
(4.12)

p 12 *

= supy - — <|2| +t1/)(w)> = ('2‘ Hd)(')) (v), Vy.
x

In particular, this implies that —t¢(t, -)+|-|?/2 is convex. Hence, by the optimality conditions

of problem (4.11) [32, Example 7.21], an optimal potential ¢ : [0,#] x R? — R from g to p

can be selected by setting ¢(t,-) = ¢(t,-). Since by definition @(t,-) = Hy(¢(0,-)) one can
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deduce that ¢(0,-) = —H(—¢(t,-)). Therefore, the optimal transport map from pg to the
2 2
optimal measure y is the gradient of % —tH(—o(t, ) = % — tHi(—H(4(0,-))). Applying
two times (4.12) we conclude.
For the second part, we refer to Proposition 4.1 in [2], where an explicit expression for the
measure transported by the flow is provided. O

Remark 4.5. For d > 1, the curve (4.9) does not coincide in general with the solution of
the continuity equation with velocity Vo(t,-). This is because (4.9) completely disregards the
dynamics of mass within the shocks, which may be non-trivial [2, 0].

There are two main problems with using (4.9) to define an extrapolation operator, i.e.
setting Eq (o, 1) = w(a). First, the initial potential ¢(0,-) is uniquely defined only up-a.e.,
however the value of the potential outside the support of o does affect the final measure w(«)
for o > 1. Second, because of the same reason one can easily construct solutions that are not
dissipative in the sense of Definition 1.1: for example, one can take ug = pu1 with compact
support and select an initial potential outside the support in such a way that w(a) (defined
as in the previous lemma) is different from p;.

Remark 4.6 (Extrapolation via pressureless fluids). With the same notation as above, one
could construct geodesic continuations also by looking for solutions w : [0,00) — Po(RY),
v:[0,00) = L2(w(t);RY), of the following system of PDEs:

{ Oyw + div(wv) =0,

(4.13) O(wv) + div(wv®v) =0,

with zero boundary flux and initial conditions given by

w(0) = po, v(0,-) =Ve(0,-).

System (4.13) describes the evolution of a pressureless fluid with given initial density and
velocity. In fact, any sufficiently reqular solution (w,v) of problem (2.2) on the time interval
[0,1] also solves (4.13), since the absence of shocks implies that the Hamilton-Jacobi equation
is equivalent to the conservation of momentum, i.e. the second equation in (4.13). Moreover,
dissipative solutions to such system, i.e. for which the kinetic energy € : [0,00) — R4 given

by
&0 = [ wloP

is nonincreasing, provide a dissipative notion of extrapolation, since by equation (2.2), for any
a=14+p5>1

« 1
W) <8 [ at [ wuwR <8 [ ar [ woF = 2w 0. m).

Such solutions can be constructed by requiring a sticky collision condition, which enforces
particles to share the same position after their collision. In dimension higher than one, few
results exist on the well-posedness of system (4.13), so we will not consider this case in detail.
On the other hand, in dimension one, sticky solutions to system (4.13) have been widely
studied in the literature. In particular, Brenier and Grenier [7] showed that one can construct
solutions to (4.13) wusing the unique entropy solution of a scalar conservation law, and in
particular a solution to (4.13) is given by the curve

w(t) = X (t,-)#po,
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with

(4.14) X(t,z) = (Dpcoto(t,)) o Fo(z), (t,s) = / X(t, Fi(s)) ds
0

where X is defined as in (2.8), and F(gfl] : [0,1] = R is the quantile function of ug, i.e. the
pseudo-inverse of its comulative distribution function Fy : x — ffoo dpo(x). Note that as
long as the geodesic can be extended 1)(t,-) stays convex (as it is the integral of a monotone
function) and therefore the definitions for X (t,-) and X(t,-), respectively in (2.8) and (4.14),
coincide. We will show that in this case the resulting notion of extrapolation coincide with
that provided by the metric extrapolation, which is discussed in detail in the next section.

4.3. Metric extrapolation. In analogy with the Euclidean case (see equation (1.13)), one
can adopt a variational definition for the extrapolation, which we refer to as metric extrapo-
lation, and which is defined for all & > 1 and for all g, u1 € Pg(]Rd) by

(4.15)  Ea(po, ) = argn(ﬂig) F(uo, i p) s Flpo, i p) = aW3(p, pn) — BWS (p, o) »
pEP2(R

where = a—1. In Proposition 4.11 we will show that problem (4.15) admits indeed a unique

solution, which justifies the definition of the metric extrapolation.

Remark 4.7. Alternatively, one can define the metric extrapolation as in equation (1.14),
via a minimization on probability measures in P(Q) over a given domain §2. In this case,
differently from the free-flow case (4.6), the support of the extrapolated measures is always
contained in Q. The results of this section hold also in this case without major changes.

First of all, we observe that by the triangular and Young’s inequalities, for any p, po, 1 €
P (RY)

W2 (0, 10) < (1 i ;) W20, ) + (1 + B)W2 (1o, 1)

and therefore

(4.16) F (o, pi1; p) = —a W5 (o, 1)

Then, if there exists a unique geodesic (4.2) from po to p; and this can be continued up
to time «, i.e. if the associated Brenier potential u is §/a-convex, then the lower bound is
attained only by p = w(«) with

w(ao) = (1 — a)ld + aVu)4puo,
since by equation (1.9)
W3 (no,w(a)) = &*Wi(po, ), Wi(u,w(a)) = B2W5 (o, 1) -

Remark 4.8. Note that if the geodesic extension is only locally (but not globally) minimising,
then it may not be recovered as a solution of problem (4.15): for instance, this is the case for
the shear flow example 4.2, in which case one can compute the explicit solution to the metric
extrapolation problem, which is represented in Figure 5.

Existence and uniqueness for minimizers of problem (4.15) actually hold in general due to
the fact that the functional F is strongly convex along particular curves known as generalized
geodesics. To describe such curves we will need the following lemma:
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FIGURE 3. Metric extrapolation in the setting of Example 4.2. The black solid
line connecting the support of the three measures represents the trajectory
followed by the extrapolated measure for different values of the parameter «.

Lemma 4.9 (Lemma 5.3.2 in [1]). Let 701,72 € Pa(R? x R?) be two plans with the same
first marginal, i.e. such that for all p € C,?(Rd)

/90(930)d’)’0,1(930,561) = /@(ﬂ?o)d’mg(&?o,m)-

Then, there exists a plan v € Po(R? x R x RY) such that for all ¢ € CY(R? x RY)

/¢($0,$1)d’y($0,9«“1,3«"2) —/w(lﬁo,xl)d’m,l(ﬂﬁo,iﬁl),
(4.17)

/¢($0,$2)d7($0,$1,l“2) =/¢($0,$2)d’70,2(930,902)-

Given three measures v, v1,vs € Pa(R%), let 7,1 € Po(R? x RY) and 0,2 € Po(RY x R?)
optimal transport plans from 1y to v and from v to vy, respectively. A generalized geodesic
from v to vo with base 1y is a curve w : [0, 1] — Po(R?) satisfying, for all ¢ € CP(RY),

/ pw(t) = / (@1 (1 — 1) + 2at)dy (20, 21, 72)

where v € Po(R? x R? x R?) is a plan verifying (4.17). The existence of such a plan is a
consequece of Lemma 4.9. In the case where vy is absolutely continuous, denoting by Ty ; and
To,2 the optimal transport plans from vy to 1 and from 1 to vo respectively, there exists a
unique generalized geodesic from vy to vy with base vy which is given by

(418) w(t) = ((1 - t)T()’l + tTO’g)#VO .

A functional J : P2(R%) — R is A-convex along generalized geodesics based in vy, if for all v,
to vy and for all generalized geodesics w : [0, 1] — Po(R?) from vy to vy with base vy,

(419)  J((t) < (- 0T (@) + 17 () — A

—t
5 ) /le — @o|*dy(wo, 1, x2)
with v satisfying equation (4.17). We say that the functional J is A-convex along generalized
geodesics if the previous definition holds true for any vy € Po(R?).

The following result was proven in [27] and provides the strong convexity of the functional
F along generalized geodesics. For completeness, we include the proof in our setting.
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Lemma 4.10 (Theorem 3.4 in [27]). For any o, u1 € P2(R?), the functional F(uo, ji1;-) :
Po(RY) — R defined in (4.15) is 2-convex along generalized geodesics based in . In partic-
ular, for any po, i3 € Po(R?) there exists a curve w : [0,1] = Po(RY), w(0) = po,w(1) = pus,
such that for all t € [0, 1], it holds:

(4.20) Fpo, pa;w(t)) < (1= t)F (po, s p2) + tF (po, pia; p3) — (1 — )W3 (o, pis).-

Proof. We take as w any generalized geodesic based in p; and from po to ps. In particular,

for all 1 € CP(RY),

/sow(t) = /90(962(1 —t) + a3t)dy (w1, 2, 23)

where v € II(u1, pa, p3) verifies for all ¢ € CP(R? x R?),

/1/1(3317332)617(93179027333) :/1/1(3317332)@1,2(931@2)7
/¢($1,$3)d’y($1,$2,$3) =/¢($1,$3)d%,3($1,9€3),

with 712 and 71 3 being optimal plans from f1 to o and from pg to ps, respectively.

For a fixed t € (0,1), we denote by 7, : R? x RY x R? — R? x R? the map defined by
(21, 22, 23) = (21, (1 — t)xo + tag). Then 14 == (m1,1)»y € H(p1,w(t)) and therefore:
(4.21)

W3.w(0) < [ | = 1P or, )
= / (1 —t)zg + tas — x1\2d’y(x1, x9,x3)

= (1= )W?(u, p2) + tW?(ua, pi3) — (1 — 1) / |9 — w32 dy (21, 22, 73) .

On the other hand, again for a given t € (0,1), let us define the plan ;3 € II(w(t), u3),
satisfying for all ¢ € CY (R4 x RY):

(4.22) /w(ltt,lbg)d’yt,:;(l‘t,xg) = /w((l — t)xg + tas, x3)dy(x1, x2, x3).

Denoting by 7¢,0 an optimal transport plan from w(t) to po, by Lemma 4.9, there always exist
a plan 7 € II(w(t), us, o) such that for all ¢ € CY(RY x RY):

/¢($t7$3)d77($t7$3a$0) = /%Z)(th,xs)d%,:s(ﬂﬂt,%?)%
(4.23)

/1/1(331:7330)(177(%,963,170) = /w(ﬂit,xo)d%,o(xt,xo)-

Let A : R3 — R3? be the diffeomorphism defined by A(z2,x3,z0) = ((1 — t)z2 + tas, 3, z0)
and denote 1 = A;n. Note that by equations (4.22) and (4.23), € II(us, us, po). Hence, we
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have that
(4.24)

W (o, w(t)) = / |2 — wo[*dn (s, 43, 7o)
= / |(1 — t)l‘g + txs — $0|2dﬁ($2, 133,150)
= / [(1 — t)|.CC2 — {/C()‘Q + t’xg — .CC()‘2 — t(l — t)]a:Q - .263‘2] df](xQ,xg,l'o)

> (1= W5 (10, pi2) + tW3 (a0, p13) — t(1 = 1) / |9 — w3|*dy (21, w2, 73).

We obtain the result combining the estimates in (4.21) and (4.24), and using the relation
a — 8 = 1. Inequality (4.20) is finally obtained bounding the transport cost from pgy to ug by

WQQ(H2,M3)- O

Proposition 4.11. The metric extrapolation problem (4.15) admits a unique solution fiy.
Moreover, the metric extrapolation is B-dissipative, i.e.

(4.25) Wapt, ta) < BWa(po, pi1) 5
and for all u € Pa(RY),
(4.26) W3 (1, pa) + F (10, 115 pa) < F(pos 115 12) -

Proof. The functional F is bounded from below by (4.16) and it is stongly convex along
generalized geodesics by Lemma 4.10. This latter fact implies uniqueness of the solution. Re-
garding existence, notice first that we need to resort to Prokhorov’s theorem for compactness
in the weak-* topology, since the base space is not compact (see [32, Chapter 1]). Second, the
Wasserstein distance on Po(R?) is not continuous with respect the weak-* topology, but it is
continuous along sequences of probability measures whose second-order momenta are converg-
ing as well [32, Theorem 5.11]. Convergence of momenta can be established for a minimizing
sequence of F thanks again to strong convexity. Let (u"), be a minimizing sequence. For
N € N and n > N, consider a generalized geodesic w as in Lemma 4.10, based in @1 and with
w(0) = u™ and w(1) = xV. From (4.20) and the bound (4.16), we obtain for a fixed ¢ € (0,1):

t(1 — YWE(u", u™) < (1 — ) F (o, p1; 1) + tF (o, pr; 1) + aBWE (o, p1)
< Flpo, pa; 1) + aBW3 (1o, pa) -

As this inequality holds for all n > N, this implies that the sequence of momenta of y"
is uniformly bounded. In turn, this further implies that the sequence is tight. Hence, by
Prokhorov’s theorem we can extract a subsequence converging to po. Up to extraction of
another subsequence, the momenta converge as well and therefore p,, is the minimizer of F.

Inequality (4.26) derives again from Lemma 4.10. For a given u € Po(R?), consider again
a generalized geodesic w as in Lemma 4.10, with w(0) = puo and w(1l) = p. By optimality of
e, it holds

0 < Fuo, p1;w(t)) — F(po, p1; fha)
< H(F(pos ps 1) — F o, s pa)) — (L — OW3 (1, pa)

which, dividing by ¢ and taking the limit ¢ — 0, gives (4.26). Using (4.16) on the left-hand
side of (4.26) and then taking p = p1, we obtain the estimate (4.25).
O
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In order to prove the consistency assumption we will use the following optimality conditions
for problem (4.15).

Lemma 4.12. Let u, be the unique solution to problem (4.15). There exist two optimal
transport plans Yoo and y1,o from po to po and from py to i, respectively, such that

(421) o« / (o — 21, E(20)) (@1, Ta) — B / (2o — 70, £(2a)) H0.0 (@0, Ta) = 0,
for any € € O (RERY).

Proof. In order to prove the result we construct a sequence of approximated smooth variational
problems and pass to the limit in the optimality conditions. Let us define for ¢ > 0,

(4.28) Fe(po, ps ) = F(po, pas p) +eU(p)
where U denotes the entropy defined in (3.6) (replacing Q with R?), and the regularized

problem

4.29 it Fo(jio, 15 p) -
(4.29) it Felpo: pap)

Problem (4.29) admits a unique solution ¢, which is now absolutely continuous. The proof is
the same as in Proposition 4.11 since U is convex along generalized geodesics, bounded from
below and lower semi-continuous for the weak-* topology. By applying Lemma 3.5 (adapted
to the case where 2 = Rd), we can write down the necessary optimality conditions of problem
(4.29):

dFe(po, p1;w(s))
ds

(4.30)

= 204/(-7504 - l‘l,é(xa»d’)/ia(lﬁl,-ﬁa)
s=0

Yy / (o — 20, E(20) )0 o (201 2a) — € / V- €(a)dpis () =0,

for any £ € C(R% R?), where w : (—6,8) — P2(R?) is the curve of measures defined by (3.9)
with w(0) = a, and where we now denote by 7§, and 77 , the optimal transport plans from
to to pg, and from gy to puf,, respectively.

We want to show that problem (4.29) I'-converges towards problem (4.15) in order to pass
to the limit in the optimality conditions. By the lower semi-continuity of F and the fact that
U is bounded from below, the I'-liminf is obvious,

F(po, p1; p) < lim inf F(po, p1; p2) < lim inf Fe (o, p11; pe) 5

for any p. — p in the Wasserstein sense. Concerning the I'-lim sup, if U (u,) < 400 we can take
Pe = [ as recovering sequence. Otherwise, since the set of absolutely continuous measures
is dense in Py (RY), we can take a sequence of absolutely continuous measures p. converging
to o with respect to the Wasserstein metric. Since U(pu,) = 00, up to a reparametrization
we can assume that the entropy is increasing and that

C
u(ﬂa) < %)

for a constant C' independent of . Then it holds:
lim sup Fe (o, 15 pe) = lim Fe(po, pas pe) = F(po, 1 ar) -
€

Therefore problem (4.29) I'-converges to problem (4.15), which implies that u, — o in the
Wasserstein sense. By the stability of optimal transport plans [36, Theorem 5.20], there exist
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optimal plans 7o, and 71, from po to p and from gy to pue, respectively, such that (up to
the extraction of a subsequence)

€ g
’YO,a ? 7Y0,a 5 ’Yl,a ? T,o 5

in the Wasserstein sense. As the vector field £ is smooth, passing to the limit in (4.30) we
obtain (4.27).
O

Proposition 4.13. The metric extrapolation defined via (4.15) wverifies the consistency as-
sumption (1.12).

Proof. Using the same notation as in the statement of Lemma 4.12, we have that for all
p € CX(RY)

/ o (10— iy + Bio) = / (0(21) — 9(2a))d10(21, 7a) — B / ((20) — 9(2a))dY0,0(Z0, Za) .

Using the Taylor expansion of ¢ at z, in both integrals on the right-hand side, Lemma 4.12,
and the dissipation property (4.25), we obtain

' [ e + )| < sl (@3 s ) + B o, )

< aff|[Hessl|oo W (1o, 11)-

0

Remark 4.14 (Relation with pressureless fluids). In dimension one, the Wasserstein distance
Wy coincides with the L? distance between the quantile functions. In particular, the metric
extrapolation Lo, s given by

fo = (Ga)pdalpy, Gai= argmin oG —F V3. - glle — £y,
GeL?([0,1],R)
monotone
where F[g*l] and Fl[fl] are the quantiles of pg and p1, respectively. The solution to this problem

coincides with the sticky particle model described in Remark 4.6, i.e. G4 = X(a, -) with X as
n (4.14).

Remark 4.15 (Dual formulation of the metric extrapolation). Let us recall that the optimal
transport problem (2.1) admits the following dual formulation [36, Theorem 5.10]:

2
(4.31) W = up{/Hl (o)1 — /¢0M0 : 7‘ + ¢o(-) s COW@?E} :

and if po is absolutely continuous, this admits a unique maximiser ¢g, and u(-) = L= | + ¢o(+)
is the Brenier potential from g to pu1. However, the associated geodesic from pg to Ml can be
extended up to time o > 1 only if (4.4) holds, or equivalently if

|z|? :
(4.32) T + ago(x) is conver.

Therefore, in order to construct an extrapolation, one can instead consider the problem

2
(4.33) Sup{/%l Go)p1 — /ébouo : |2 +ago(-) is Convex},
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and, if po is absolutely continuous, set
Ea(ro, p1) = (Vua) 1o,

where ug () = g + ago(-) and ¢o solves (4.33). This extrapolation is well defined and it
turns out to be a dual formulation for the metric extrapolation in the spirit of [12]. Howewver,
even if very natural, this dual point of view was not needed for the results presented here, and
therefore it will be developed in a future work.

5. CONVERGENCE IN THE EVI SENSE

Let us now make the further assumption that the energy functional £ is A-convex in the
generalized geodesic sense on P(2), for A € Ry (see equation (4.19), and recall that €2 is
supposed to be convex, so generalized geodesics with endpoints in P(£2) are well-defined as
curves on P(Q2)). We recall that a curve o : [0,7] — P(Q2), 0(0) = po, is a Wasserstein

gradient flow in the EVI sense if for any v € P(£2) it holds
a1, A

. oW < &) - .
(5.1 & SWR(elt) V) < E(W) — E(olt) — 5

or, equivalently, if for all r, s € (0,7") with r < s it holds

W3 (o(t),v), Vte(0,T),

62 Wes)0) — yWHer)w) < E0)(s — ) — [ (E(ev) + FWRelt). )i

In this section, we show that the limit curve extracted from the time discretization (1.8) using
the metric extrapolation (4.15) satisfies the inequality (5.2).

We first show that for scheme (1.8)-(4.15) a discrete version of the inequality (5.2) holds.
As the Wasserstein distance W2(-, p%_;) is 2-convex along any generalized geodesic based in
p%_ (see, e.g., the proof of Lemma 4.10), the overall functional

W2 P
(5.3) G(pn—1,pn—2;p) = 22(§p_p5)71)

is ﬁ + A > 0 convex along any generalized geodesic on P(§2) based in p%_,. Note that in
order to consider the case A < 0 one should explicitly add a restriction on the time step 7 so

1

Lemma 5.1. At each step n, for all v € P(Q), the following inequality holds:

+E&(p),

64) (grmg7+3) Wi —o

W22(Va pn—l) 5W22(Va pn—2)
2(1-0)r 2(1-08)r
WQ(pnfl Pns) W22(pm Pr—1)
< & —_& 2 ) 2) n
Proof. By the discussion above, considering the generalized geodesic w between v and p,, with
base pft_,, and using the optimality of p,, we obtain

0<G(pn-1,pn—2;w(t)) — G(Pn—1,Pn—2; Pn)
1 1
<t n—1, Pn—2; - n—1, Pn—2; Pn _*(7 A)tl_t 2 n, V).
< UG (pn-1, pn-2;7) = G(Pn-1, pn—2;pn)) = 5 (1_5)T+ (1 =)W (pn,v)
Dividing by ¢ and taking the limit ¢ — 0, this yields

W22(V7 03—1)

2 o
(M + %)Wg(pn,y) - W < E(V) — 5(pn) — w

2(1=p)r
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Adding on both side the term —%B)T}'(pn,l, Pn—2; P>_4), using (4.26) on the left-hand side,

2(1
we obtain
1 A 2 W22(V7 pnfl) W22(V7 pn*2)
(2(1 —B)r " 2)W2 (nsv) =505y TP 20— By
1 W3 (pn: P 1)
<& —&(pn) — 57— n—1; Pn—2; %— —
Finally, using (4.16) on the right-hand side we conclude. O

Proof of Theorem 1.3. We recall that thanks to the classical estimate (3.2) (Lemma 3.2), the
piecewise constant curve

N
pr®) = a1l sy Pr(0) = po,
n=1

converges uniformly in the W5 distance to an absolutely continuous limit curve g : [0,7] —
P(£2) (see Proposition 3.4). In order to prove convergence of the scheme in the EVI sense, we
show that this curve satisfies inequality (5.2). Thanks to the uniform convergence in time,
the procedure is the same as in [27, Theorem 5.1].

For simplicity, assume that given r,s € (0,7),r < s, there exist N, M, € N, N, < M,
such that r = N,7,s = M,7, V7. We multiply by 7 inequality (5.4) and sum over n from N
to M, to obtain the discrete integral form of the EVI:

M,
59 577 3 (V) = AW} + W2
M-
<EW)t—9)~ 3. (&) + Wi (0n )
n=Nr
1 X
B > (aBWS (pn-1, pn—2) — W5 (pn, p_1)) -
n=N;

By canceling out terms, the left-hand side is equal to

1

(5.6) 505 (

_O‘W22(V’ pN-rfl) + BW22(V7 pN-r*Z) + /BW22(V’ pNﬂ—*l)

W3 (par,—1,v) + W3 (par, , v) — aW3 (v, par, 1))

and thanks to the uniform convergence in the Wasserstein distance, (5.6) converges to

%Wf(g(s), V) — %W22(Q(7")’ v),

for 7 — 0, where we recall « — 8 = 1. Concerning the right-hand side, thanks again to the
uniform convergence in the Wasserstein distance, the lower semi-continuity of £ and Fatou’s
lemma, we have

fsap— 3 (800 + 3R 0n)) < = [ (Eeto) + JWHete). ).

n—00
n=N,
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Finally, owing to bound (3.2), we estimate the last contribution of (5.5) as

> aBWE (pp1; pn—2) = W3 (pn, pi_1) < Y aBW3(pn1,pn—2) < CT,

which converges to zero. As a consequence, we recover the continuous inequality (5.2).
O

6. FINITE VOLUME DISCRETIZATION

In this section we describe a space-time discretization of the proposed approach which yields
numerically second-order accuracy both in space and time. We consider a discretization in
the Eulerian framework of finite volumes. In this setting, neither the free-flow extrapolation
nor the metric one have a straightforward implementation. For this reason, we will construct
a discrete extrapolation operator based on formula (4.11): in this way the extrapolation step
is cast in a variational way allowing for a robust implementation. Although not satisfying
the hypotheses of theorem (1.2), this choice leads to a convergent and second order accurate
scheme, as we will show numerically. As explained in Remark 4.5, the variational step (4.11)
differs from the direct forward integration of the continuity equation. This latter is a viable
alternative to define a discrete extrapolation and leads to second order accuracy as well (see
[35]), but it is not clear how to discretize this in a robust way.

The fundamental tool is the solution of JKO steps, which requires the expensive problem
of computing the Wasserstein distance. Following [11, 28], we linearize the Wasserstein dis-
tance obtaining LJKO steps, a more affordable problem to solve. Remarkably, this approach
preserves the second order accuracy in time of our time discretization. The discretization
in space is based instead on Two-Point Flux Approximation (TPFA) finite volumes with a
centered choice for the mobility, which leads to simple and flexible schemes which are second
order accurate in space.

6.1. Discrete setting. TPFA finite volumes require a sufficiently regular partitioning of the
domain €, according to [17, Definition 9.1]. For simplicity, we describe the methodology in
two dimensions only, although generalizations to arbitrary dimensions are possible, and for
Q) C R? being a polygonal domain. The discretization of 2 consists of three sets: the set
of cells K € T; the set of edges ¢ € ¥, which is composed of the two subsets of internal
edges ¥ and external edges ¥ \ X; the set of cell centers (xy) ket We will denote the
finite volume mesh as (7,%, (xx)ger). The fundamental regularity hypothesis we need to
construct TPFA schemes is the orthogonality between each internal edge o = K|L € ¥ and
the segment x;, — xx. Typical example of meshes that can be used to this end are Cartesian
grids, Voronoi tessellations and Delaunay triangulations, by taking the circumcenters of the
polygonal cells as cell centers.

For each cell K € T, we denote Y and Y the subsets of edges and internal edges
belonging to K, and by mg the measure of the cell. The mesh size h is the largest among all
cells’ diameters, h := maxyec7 diam(K), and characterizes the refinement of the mesh. For
every internal edge, the diamond cell A, is the quadrilateral with vertices given by the cell
centers, xx and xz, and the vertices of the edge. Denoting by d, = |x; — xx| and m, the
measure of the edge, the measure of the diamond cell is equal to ma, = mods where d stands
for the space dimension. Finally, we denote by dk , the Euclidean distance between the cell

center xx and the midpoint of the edge o € Yk, and by n K,o the outward unit normal of the
cell K on the edge o.
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The finite volume methodology introduces two levels of discretization, on cells and edges.
The first one is used to discretize scalar quantities whereas the second one for vectorial ones.
To this end, we introduce three discrete inner product spaces (R7,(-,-)7), (R¥, (-,)s) and
(F7, (-,-)¥;). The scalar products (-,-)7 and (-, -)x are defined as

()7 (a.b) € RT? > Y axcbromc,
KeT

<'7 '>E : (u,'v) € [RE]Q — Z UgVoMgdy .
oEX

The space F7 is the space of consevative fluxes, it is defined by
Fr={F = (Fxo, Fro)oes € R* : Fic, + Fp, = 0},
and its scalar product is

Mydy
2

<'7 ‘>FT : (F, G) € UFT]Q — Z(FK,O'GK,O' + FL,O'GL,O')
oeY

Note that the space Fr is defined on internal edges only. This is sufficient, since we are
dealing with no flux boundary value problems, and therefore we can neglect the flux variables
on the boundary. We denote F, = |Fk | = |FL | the modulus of the flux on each internal
edge 0 = K|L € ¥ and, by convention, |F| = (F,),ex € R* and |F|? = (F2),ex € R®, for
F eFr.

According to finite volumes, the discrete divergence operator divy : F+ — R7 is defined in
an integral sense as

1
(divy F)g = divg F = — Z Fromg,
mg
UEEK
that is, for each cell, the discrete divergence is computed as the sum of the fluxes across

its boundary. The discrete gradient Vs : R7 — Fr is defined by duality, requiring that
(Vsa, F)p, = —(a,divrF)7, for all @ € R7 and F € Fr. Then, it holds

ar, — aK

dy
Both the discrete divergence and gradient operators automatically inherit the zero flux bound-
ary condition from the definition of Fy.

The space (R*, (-, -)x) is introduced in order to match the two different discretizations on
cells and edges. In order to reconstruct variables defined on cells to the edges, and viceversa,
we need two reconstruction operators. We use a centered reconstruction for the mobility in
order to attain the second order accuracy in space. To this end, we use the weighted arithmetic
average operator Ly, : R7 — R* and its adjoint LS : R* — R7 (with respect to the two scalar
products):

(Vsa)ko = Vgqa =

Mydy
6.1 o = A o A o , 3 = A cUg 5
(6.1) (Lxa) Ko0k +Argar, (Lsu)k Z Kotlo=

oYK

for a € R7 and u € R*, with Ako + Are = 1,Vo = K|L € ¥. Two possible choices for

the weights are (Ak,y, ALo) = (dg”", dg:’) or (1,1), both leading to second order accurate
schemes in space [28]. The former choice is possible only if x5 € K, which may not be always

the case for arbitrary admissible meshes.
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Remark 6.1. The definition of the reconstruction operators and the choice of weights may
be delicate in general for the discretization of dynamical optimal transport, depending on the

discretization chosen for Q. See [19, 29] for details. Notice in particular that the choice
(Ak,0: ALo) = (3,3) may lead to convergence failure in very simple settings [19, Section 5].

Newvertheless, in the context of the discretization of Wasserstein gradient flows the definition
of the reconstruction is more flexible, see [11, 18].

6.2. Discrete ! norm. As suggested in [23, 16, 29], a convenient choice for the time
discretization of the Wasserstein distance (2.2) is to use a staggered time discretization for
the velocity and the density on subintervals of the time interval [0, 1], and reconstruct the
density on intermediate steps via arithmetic average. It has been shown numerically in [11, 28]
that a single step discretization on the whole interval is sufficient in order to preserve the first-
order accuracy of the JKO scheme (1.3). Following the same ideas, here we approximate the
Wasserstein distance between two measures u, v € P() as

(6.2) ;Wf(u,vwsip/ﬂdw—w—;/Q(M;V)\VW-

Formula (6.2) is obtained by discretizing in one step problem (2.2) and by applying a duality
result thanks to the change of variables (w,v) — (w,wv). For more details on this construction
see [11, 28]. This approximation consists in replacing the Wasserstein distance with the
weighted dual norm || — v/|| it The choice of the arithmetic average of the two measures

as weight is fundamental in ordei to achieve second order accuracy in time for the scheme we
will propose in the following.

Using the finite volume discretization introduced above we can provide a discrete analogous
of the weighted norm. Given the discrete measures u,v € RI and for any h € R7, the discrete

counterpart of the weighted H ! norm squared is

(6.3) Ar (M) = s (o9l - 5L

ptv

) Vsl .

A few remarks are in order about such a discretization.

e For any p € RI, the function A7 (p;-) is proper, convex and lower semi-continuous as
supremum of convex and lower semi-continuous functions.

e The supremum is unbouded if the condition (h,1)7 = 0 is not satisfied. On other
hand, if (h,1)7 = 0, there exists a maximizer ¢, which is however not uniquely
defined, since the function maximised in (6.2) is invariant with respect to addition of
a global constant or perturbations sufficiently far from the support of h, p, and v.

e Setting h = v — p in (6.3), with g and v being a discrete approximation of two mea-
sures p and v, we obtain a discrete version of W (u,v)/2. In this case the optimal
potential ¢ can be interpreted as a discrete counterpart of a continuous optimal po-
tential ¢, satisfying the Hamilton-Jacobi equation on the time interval [0, 1], evaluated
at time 1/2.

e The total kinetic energy is discretized on the diamond cells. Notice that due to the
definition of the scalar product (-,-)y, the measure of each diamond cell is taken
Mmydy = dmpa,, i-e. d times the actual measure. This is done in order to compensate
for the unidirectional discretization, since each term |V ,¢| is meant as an approxi-
mation of the quantity |V¢ - ng |, and have a consistent discretization. See [29] for
more details on this construction.
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6.3. Discrete extrapolation. We now construct a discrete version of the extrapolation op-
erator E, at time «, by discretizing the procedure described in Section 4.2, and in particular
of equation (4.11). The proposed strategy requires three subsequent steps: i) compute the
interpolation between the two measures; ii) integrate forward in time the optimal potential;
and finally iii) solve a JKO step.

Let us consider two discrete densities p, v € R7 with the same total discrete mass (g, 1)7 =
(v,1)7. The first step requires to solve problem (6.3) for h = v — p in order to find an optimal
potential ¢, which approximates the continuous one, solution to the Hamilton-Jacobi equation
(2.5), at the midpoint of the time interval [0, 1].

In the second step, we evolve the optimal potential according to the Hamilton-Jacobi equa-

tion until the final time «, that is considering a temporal step of length % + 6= # This
can be done with an explicit Euler step as follows:
2 1
6.4 Y=¢p— —— L5V
(6:4) ¢ = ¢ — — 5 L5IVadl

Note that we use the operator L5, to reconstruct the square of the gradient of the poten-
tial. However, as this step is not variational, it is not mandatory to use the adjoint of the
reconstruction Ly and any other (second order) strategy can be adopted.

Finally, for the third step, we approximate problem (4.11) using again the discrete weighted
H~! norm. Specifically, we define a discrete extrapolation operator as a map ET . RI X RI —
]RI verifying

p+p
2

(6.5) E7 (u,v) € argmin lAT(

tin ;u—p)—<¢°‘,p>fr,
peRT

for all p,v € R and where ¢ is given by equation (6.4). Due to the definition of A7, any
solution p satisfies (p,1)7 = (v, 1)7. However, since ¢ is in general not unique, in order to
specify a discrete extrapolation operator one needs to select a specific optimal potential for
any pu,v € ]RI.

6.4. A space-time discrete EVBDF2 scheme. We can finally formulate our second order
finite volume scheme. Consider a convex discrete energy function & : R7 — R and the two
initial densities pg, p1 € RI, with the same total discrete mass. We define the subspace of
discrete probability measures P C R7 as

Pr={peR]: (p,1)7 = (py, 1)7}.
For the time step 7 > 0, we compute the sequence of densities (p,,)n>2 C P7 defined by the
following recursive scheme:

P =El(pp_9:Pn1).

(66) p+p%—1 a

T(ll_ﬂ)AT( 5 ,pnl—p>+57(p)-

The LJKO step in (6.6) is a well posed convex optimization problem. Uniqueness of the
solution at each step is guaranteed if &7 is strictly convex. Moreover, due to the definition of
A7, any solution p belongs to Pr.

p,, € argmin
T
pERJr

Remark 6.2 (Efficient implementation via the interior method). Problem (6.5) and the LJIKO
step in (6.6) can be solved efficiently thanks to an interior point algorithm, as suggested in
[28] (see also [29]). This implies that the density will be always strictly greater than zero, up
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to the tolerance set for the solver. Hence, one can compute the solution ¢, required to define
ET, solving directly the linear system given by the optimality condition of problem (6.3):

(6.7) u—u—&—divT(E(H;V)@qu)):O,

where © denotes the component-wise product, which has then a unique solution defined up to
a global additive costant.

6.5. Other implementations. We now propose a discrete version of the extrapolation-based
version of the VIM scheme (1.19) and the BDF2 scheme (1.16) within the same TPFA finite
volume setting introduced above. We will study these numerically in Section 7.2.1 by com-
paring their solutions to the solutions provided by scheme (6.6) on one-dimensional test cases.

Our formulation of the VIM scheme (1.19) requires solving a JKO step with time step 3
and then computing the 2-extrapolation. Using the tools introduced above, in the discrete
setting this can be formulated as follows. Given the initial density p, € P7 and a time step
7 > 0, construct the sequence of densities (p,,)n>1 C P7 by solving at each step n

(p + Pn—1

5 Pno1 p) +&r(p),

.2
p,_1 € argmin — A
(6.8) * opeRT T

Pn = Eg(pnfl’pnfé) .

As before, the discrete LIKO steps can be computed thanks to an interior point algorithm.
From a computational point of view, this scheme is cheaper to compute than (6.6), as in this
case the value of the optimal potential in the discrete weighted H~! norm from p,,_; to p,_1

2

is already known from the LJKO step and does not need to be computed. However, in the
next section, we will show numerically that the solutions produced by the VIM scheme (6.8)
are much more oscillatory than those obtained with the EVBDF2 scheme.

We can also propose a naive discretization of the BDF2 scheme (1.16) by replacing the
Wasserstein distances with discrete weighted H~' norms. Consider two initial conditions
Po, P1 € Pr and the time parameter 7 > 0. At each step n, compute p,, as solution to

. (0 p+pn,1' B p+pn72.
(6.9) pIGIIlRfI (1_5)T«4 ( 5 7pn71—p)— (1_[3)7«47( 5 ,pnfz—p)+57(p)-

Problem (6.9) is not a convex optimization problem. Notice that it is not even bounded from
below in general. Indeed, the function AT(%; Pn_2 — P) is not bounded from above if
the density p,,_, is not supported everywhere. We can nevertheless try to compute stationary
points of the objective function in (6.9) using again an interior point algorithm. Despite not
being a robust and completely meaningful strategy, in some cases it is possible to solve the

problem, which enables us to compare it to our implementation.

Remark 6.3. In one dimension, as pointed out in Remark 4.14, both the metric extrapolation
(1.14) and the BDF2 scheme (1.16) can be recast as convex optimization problems. In this
case it is possible then to design effective discretizations for these (as originally done in [27]).
Nevertheless, this approach requires, at least in the Eulerian framework, to be able to switch
between discrete densities and discrete quantile functions, and it does not appear obvious how
to achieve this while preserving the second order accuracy of the space discretization.

7. NUMERICAL VALIDATION OF THE EVBDF?2 SCHEME

The objective of this section is to validate our numerical scheme (6.6). We will first show
qualitatively its behavior with simple one-dimensional examples and compare it to the schemes
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(6.8) and (6.9). We then show that all these three approaches lead to a second order accurate
discretization in both time and space. We consider for these purposes two specific problems
that exhibit a gradient flow structure in the Wasserstein space: the Fokker-Planck equation
we presented in Section 3.2 and the porous medium equation. This latter writes

(7.1) do=N0" +V-(oVV),

and it is a Wasserstein gradient flow with respect to the energy

(7.2) £p)= [ s+ oV,
00—

for a given § > 1 and with V € W1°(Q) a Lipschitz continuous exterior potential [30]. The
energy functionals (3.5) and (7.2) are both of the form £(p) = [, E(p)dz for a strictly convex
function E : Ry — R. They can be straightforwardly discretized as &7 = > o7 E(px)mi.
Finally, we will test scheme (6.6) on a more challenging application in order to show its
flexibility and robustness, that is an incompressible immiscible multiphase flow in a porous
medium.

We remark that when two initial conditions pg, p; are needed, we compute first p; from
po via an LJKO step:

pP+po.

o1
py = argmin *AT( 5 Po— p) +E7(p) -

pERT T
In the ODE setting, computing the second initial condition via a first step of implicit Euler
scheme ensures the overall second order accuracy [15]. This strategy reveals to be numerically
effective also in this setting.

7.1. Comparison of the three approaches. We compare the three different approaches
on simple one dimensional tests for the diffusion equation and the porous medium equation.
For both system we set Q = [0, 1], discretized in subintervals of equal length my = 0.02.
We first consider the diffusion equation, which is problem (3.4) with zero external potential
V. We take as initial condition
m=e (50 3))

which we discretize as py = (po(Xx))KxeT, and the time step 7 = 0.01. In Figure 4, we show
the density obtained with the three schemes at three different times. Using the VIM scheme
(6.8), spurious oscillations appear in the solution and these persist along the integration in
time. Such oscillations can be explained as the result of the interaction of the extrapolation
step, causing the mass to exit the domain, and the boundary conditions, forcing the mass to
stay within 2. Neither the EVBDF2 scheme (6.6) nor the BDF2 scheme (6.9) suffer from this
probem. However, notice that in both cases the dynamics slightly differ from pure diffusion
due to the presence of bumps in the solution.

Consider now the porous medium equation (7.1) with 6 = 2 and the external potential
V(x) = —z, which causes the mass to drift towards the positive direction. We take as initial
condition

/00 (IE) = ]lxg% )

discretized again as pg = (po(xK))rxeT, and the time step 7 = 0.002. In this case, the naive
implementation we proposed for the BDF2 scheme does not converge, which is not surprising
since the objective function in (6.9) is unbounded from below. The results for the VIM

scheme (6.8) and the EVBDF2 scheme (6.6) are shown in Figure 5. Again, the VIM sheme
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FIGURE 4. Comparison between the three schemes for the diffusion equation.
From top to bottom, the BDF2 scheme (6.9), the VIM scheme (6.8) and the
EVBDF2 scheme (6.6). From left to right, three different time steps: t =
0.02,0.04, 0.06.

is unstable whereas the EVBDF2 scheme controls and smooths the oscillations generated by
the extrapolation step. Note that in this case the oscillations are due to the compact support
of the density and the explicit integration in time of the Hamilton-Jacobi equation: in the
extrapolation step the mass cannot flow outside the support, which acts then like a boundary.

Finally, we observe that, as in the continuous setting, we cannot expect any regularity on
the measure obtained after the extrapolation, and the JKO step is the only source of regularity
for both the EVBDF2 and the VIM scheme. One may argue that the two schemes perform
the same operations up to a temporal shift, which should contradict the different behavior
shown in Figure 4. However, notice that scheme (6.6) performs a smaller extrapolation and
a bigger JKO step with respect to scheme (6.8). Furthermore, in (6.6) one needs to compute
an extrapolation between two minimizers of the JKO step, whereas in (6.8) the extrapolation
is between an extrapolated measure and a JKO minimizer.
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FIGURE 5. Comparison between the VIM scheme (6.8) (top row) and the
EVBDF2 scheme (6.6) (bottom row) for the porous medium equation. The
BDF2 scheme (6.9) does not converge in this case. From left to right, three
different time steps: ¢ = 0.004, 0.008, 0.020.

7.2. Convergence tests. We now compare the three schemes in terms of order of conver-
gence with respect to an exact one-dimensional solution of the Fokker-Planck equation (3.4).
For the EVBDF2 scheme (6.6), we will also perform two dimensional tests using the porous

medium equation (7.1). For all tests, we consider a sequence of meshes (Tm,im, (xK) KeTm)
with decreasing meshsize h,, and a sequence of decreasing time steps 7, such that LTS R

hm
T’:—“. We solve the discrete problem for each couple (h.,, 7,,) and evaluate the convergence

with respect to the discrete L'((0,T); L(2)) error:
€m = ZT Z ’pK,n - Q(XK7nT)|mK .
n KGT’m
We compute the rate of convergence as:
log(€m—1) — log(em)
log(Tim—1) — log(mm)

7.2.1. One-dimensional tests. On the domain Q = [0, 1] and for the external potential V (z) =
—gz, we consider the following exact solution to the Fokker-Planck equation (3.4):

2 1
(7.3)  o(t,x) =exp < (7r2 + %)t + gaz) (7r cos(mz) + gsin(wm)) + mexp (g <:c - 5))
We consider the value ¢ = 1. For each mesh (Tm,im, (xK) KeTm) and time step 7,,, we
compute then the discrete solution using the three schemes, starting from the initial condition
po = (0(0,xKk))ker. The results are presented in Table 1. Both the BDF2 and the EVBDF2
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TABLE 1. Errors and convergence rates for the three schemes for the Fokker-
Planck equation in one dimension. Integration time [0, 0.25] for the first three
cases, [0.05,0.25] for the last one.

BDF2 (6.9)  EVBDF2 (6.6) VIM (6.8) VIM (6.8)

hum, Tm €m rate €m rate €m rate €m rate

0.100 0.050 2.091e-02 / 2.217e-02 / 5.895e-02 / 4.667e-03 /

0.050 0.025 6.376e-03 1.713 7.016e-03 1.660 3.615e-02 0.706 1.024e-03 2.188
0.025 0.013 1.791e-03 1.832 2.044e-03 1.779 2.294e-02 0.656 2.517e-04 2.025
0.013 0.006 4.849e-04 1.885 5.653e-04 1.854 1.468e-02 0.644 6.264e-05 2.007
0.006 0.003 1.280e-04 1.922 1.508e-04 1.906 1.234e-02 0.251 1.562e-05 2.003
0.003 0.002 3.324e-05 1.945 3.933e-05 1.939 9.983e-03 0.306 3.901e-06 2.002

TABLE 2. Errors and convergence rate for the EVBDF2 scheme (6.6) for the
Fokker-Planck equation in two dimensions.

hum, Tm €m rate

0.2986 0.0500 2.111e-02 /

0.1493 0.0250 6.800e-03 1.634
0.0747 0.0125 2.017e-03 1.754
0.0373 0.0063 5.669¢-04 1.831
0.0187 0.0031 1.535e-04 1.884

schemes are second order accurate, whereas the order of convergence is less than one for the
VIM scheme. This is due to the presence of oscillations in the solutions obtained with the
VIM scheme, which are however only present at the beginning of the time interval [0,0.25].
Repeating the test on the interval [0.05,0.25], the convergence significantly improves and
attains second order accuracy as well.

7.2.2. Two-dimensional tests. We now estimate the order of convergence of the EVBDF2
scheme on two-dimensional test cases. Here, we set © = [0,1]? and use the same sequence
of grids that have been used in [11, 28], which allows for a direct comparison of the results
therein.

We repeat first the test on the Fokker-Planck equation in two dimensions using the same
solution (7.3) on the domain Q = [0,1]2. The results are shown in Table 2 and confirm the
second order accuracy of the scheme.

We also perform a convergence test with respect to an explicit solution of the porous
medium equation (7.1) with zero exterior potential V. This equation admits a solution called
Barenblatt profile [30]:

_ 1 o 2 1
(7.4) o(t,z) = td%(%) " max (M . % L tf’o ,o) .

d standing for the space dimension, and zg is the point where the mass

1
Where )\ = m,

is centered. The parameter M can be chosen to fix the total mass. The value

M= (&)_5(2“?5_1))6



FROM GEODESIC EXTRAPOLATION TO A BDF2 SCHEME FOR WASSERSTEIN GRADIENT FLOWS 35

TABLE 3. Errors and convergence rates for the EVBDF2 scheme (6.6) for the
porous medium equation.

0=2 6=3 0=4
hum, Tm €m rate €m rate €m rate

0.2986 2.000e-04 5.139¢-04 / 7.515e-04 / 9.537e-04 /

0.1493 1.000e-04 1.999e-04 1.363 2.780e-04 1.435 3.085e-04 1.628
0.0747 5.000e-05 6.429e-05 1.636 4.630e-05 2.586 1.103e-04 1.485
0.0373 2.500e-05 1.471e-05 2.127 2.903e-05 0.674 3.847e-05 1.519
0.0187 1.250e-05 4.129e-06 1.833 7.521e-06 1.949 1.340e-05 1.522

sets it equal to one. The function (7.4) solves (7.1) on the domain Q = [0,1]¢, with xg
in the interior of €, starting from ty > 0 and for a sufficiently small time horizon T, such
that the mass does not reach the boundary of the domain. We consider the two-dimensional
case and zp = (0.5,0.5). We solve the problem for § = 2,3,4, with initial condition p, =
(o(to, XK )) KeT, starting respectively from tg = 107%,107°, 107 and up to time T = t,+1073.
The results are presented in Table 3. The convergence profile is not clean, probably due to
the low precision of the discretization in space. We can nevertheless notice that in the case
6 = 2 the rate of convergence is approaching order two with refinement. In the cases § = 3,4,
where the solution is less regular, the order tends to 1.5.

7.3. Incompressible immiscible multiphase flows in porous media. Incompressible
immiscible multiphase flows in porous media can be described as Wasserstein gradient flows,
as shown in [9]. We recall quickly the model problem in a simplified way. In the porous
medium 2, N + 1 phases are flowing and we denote by s = (s, ..., sx) the saturations of each
phase, i.e. the portion of volume occupied by each phase in each point. The evolution of each
saturation obeys the following equations:

88i
oy + V- (siv) =0,
1
(7.5) vi = ——(Vpi = pig) ,

)

bi —Ppo = 772'(37:6) ,

i € {0,..., N} for the first two equations, i € {1,...,N} for the third one, plus the total
saturation condition Zi]\io si(t,x) = 1 and the no-flux boundary conditions. The densities p;
and the viscosities u;, both constant in the whole domain, are characteristic of each phase. In
(7.5) the porosity of the medium is considered constant and neglected. The term p;g reflects
the influence of the potential energy on the motion (g is the gravitational acceleration), but
other types of potential energy could be considered. The model is completed specifying the
N capillary pressure relations, decribed by the functions ;.
We introduce the probability spaces

Pi={s € PQ) () =i}, i€{0,.. N},
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with the constant ¢; denoting the total mass of each phase. Each space P; is endowed with
the following quadratic Wasserstein distance,

W3,(si,s7) = min )/uilfﬁ—y\zdv(x,y),

1.2
~El(s;,s;

2

for s!,s? € P; and we can define the global quadratic Wasserstein distance Wy on P :=

Po X ... X Py by setting
N
Wis',s%) =Y W3i(s;.57), Vs s’ €P.
i=0

Problem (7.5) can then be represented as the gradient flow in the space P with respect to
the (strictly convex) energy functional

(7.6) E(s) :/ ‘I"s—i-/H(s,x)—Fis(s),
Q Q
where ¥ = (U, ..., Uy) is the exterior gravitational potential given by
\Ijz(:E) = —pPig-T, Vo € Q?
II(s, x) is a strictly convex potential such that

Oll(s,x)
881' ’

and ig is the indicator function of the set

N
S = {sE’P:Zsi(x) =1, for a.e. J:EQ}.
i=0

When applying the EVBDF2 scheme to such gradient flow, the extrapolation may be taken
in each space P; independently, i.e. we define the extrapolation in the space P as

Ea(slasz) = (Ea(sl 52))£\i07

7%

mi(s,x) = e{l,..,N},

for all s!',s> € P. This does not guarantee at all that at each step n of the scheme the

extrapolation is a feasible point for £(s), that is E,(s',s%) ¢ S in general even though
s',s? € 8. Nevertheless, the resulting scheme is well defined as well as the numerical approach
(6.6). In our implementation, we linearize each Wasserstein distances independently. The
energy functional can be discretized straightforwardly.

As a specific instance of problem (7.5), we consider a two-phase flow, where water (sg) and
oil (s1) are competing in the porous medium. We choose the classical Brooks-Corey capillary
pressure model,

1
p1—po=mi(s1) = A1 —s1)"2,
and take g acting along the negative direction of the y axis, |g] = 9.81. We set the model
parameter A = 0.05. The densities and the viscosities of the two fluids are, respectively,
po =1 and p; = 0.87, up = 1 and pu; = 100. We consider a non convex domain {2 shaped as
an hourglass and set an initial condition where the water is distributed uniformly in a layer in

the upper part, whereas the oil takes the complementary space (see Figure 6a). The evolution
of the oil saturation s; is presented in Figure 6.
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FI1GURE 6. Evolution of the saturation of the oil phase in the hourglass. The
evolution of the water is complementary. As expected, the water, the denser
phase, flows down the hourglass under the effect of gravity up until reaching
the bottom.

8. CONCLUSION

In this work we proposed and analyzed different notions of extrapolation in the Wasserstein
space. We showed how these can be used to construct a second-order time discretization of
Wasserstein gradient flows, based on a two-step reformulation of the classical BDF2 scheme.
According to the specific notion considered, we could prove different types of convergence
guarantees for the scheme. We also proposed a fully-discrete version of the method, and
demonstrated numerically its second-order accuracy in space and time. The possibility to
provide an implementable scheme is in fact the main advantage of our approach compared
to previous works also based on the BDF2 scheme [27], or on the midpoint rule [25]. The
different type of extrapolations and their properties are summarized in Table 4.

In order to provide our fully discrete scheme, we worked in the framework of Eulerian
discretizations and considered an extrapolation based on viscosity solutions of the Hamilton-
Jacobi equation. The resulting scheme is robust and allows to achieve second order of accu-
racy both in space and time, but it does not verify the hypotheses of our convergence results.
The free-flow extrapolation could be implemented straightforwardly in the framework of La-
grangian discretizations (see, e.g., [20, 8] for Lagrangian discretizations of Wasserstein gradient
flows), although in this setting it would be challenging to achieve second order accuracy in
space. The metric extrapolation enjoys the nicest mathematical structure, and in priniciple
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TABLE 4. Summary of the different types of extrapolation proposed in the
present work.

Free-flow Viscosity Metric
extrapolation extrapolation extrapolation
(4.7) (4.9) (4.15)
Fokker-Planck conv. v ? v
EVI conv. ? ? v
Implementation ? v ?
Second order ? v ?

one could exploit its dual formulation (4.33), which is a convex optimization problem, to im-
plement it numerically. However, dealing with the strong-convexity constraint on the Brenier
potential requires the development of dedicated tools. We will investigate this direction in a
future work.
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