ESAIM: M2AN 53 (2019) 145-172 ESAIM: Mathematical Modelling and Numerical Analysis
https://doi.org/10.1051/m2an/2018045 WWW.esalm-m2an.org

A VARIATIONAL FORMULATION OF THE BDF2 METHOD FOR METRIC
GRADIENT FLOWS

DANIEL MATTHES!* AND SIMON PLAZOTTA!

Abstract. We propose a variational form of the BDF2 method as an alternative to the commonly used
minimizing movement scheme for the time-discrete approximation of gradient flows in abstract metric
spaces. Assuming uniform semi-convexity — but no smoothness — of the augmented energy functional,
we prove well-posedness of the method and convergence of the discrete approximations to a curve of
steepest descent. In a smooth Hilbertian setting, classical theory would predict a convergence order
of two in time, we prove convergence order of one-half in the general metric setting and under our
weak hypotheses. Further, we illustrate these results with numerical experiments for gradient flows on
a compact Riemannian manifold, in a Hilbert space, and in the L?-Wasserstein metric.
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1. INTRODUCTION

1.1. The main idea in short

This article is concerned with a particular temporal discretization for gradient flows in metric spaces. That
is, we study the approximation of curves of steepest descent in the energy landscape of a functional £ : X —
R U {00} with respect to a metric d on X . Before we elaborate on our motivation and results, we briefly outline
the concept in the simplest setting, namely when X = RY, d is the Euclidean metric, and £ € C>®(R%), in
which case the problem amounts to approximate solutions to

U= —-VE(u). (1.1)

Assuming in addition that £ is uniformly semi-convex, i.e., V2 > A1, for some )\ € R, then it follows that the
implicit Euler method with any sufficiently small uniform time step 7 > 0,
k k-1
ur —u
Ll ) (1.2)
-
is well-defined, i.e., the initial condition 4 determines the entire sequence (u*)rey uniquely. It is further well-

known that this is a first order approximation of the true solution u to (1.1), i.e., u¥ = u(k7) + O(7) as 7 — 0.
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Our point is that under the same semi-convexity hypothesis, also the second order Backward Differentiation
Formula (BDF2) method,

k k—1 k—2
3uy —4ur " +ul
27

= —VE@P), (1.3)

is well-defined and convergent for well-prepared initial data (u?,ul). The strength of the BDF2 method in
comparison to the implicit Euler scheme is that the former — at least in the smooth setting at hand — converges
to second order in 7.

Studies on the BDF2 scheme in the above mentioned ODE setting have been an active topic in the 1950’s
and 1960’s [11,12]. Subsequently, BDF2-based problem adapted methods for the integration of flows on (finite-
dimensional) submanifolds X, e.g., for ODEs with constraints, have been proposed and analyzed, see e.g. [10,21].
More recently, the method in the Hilbertian setup, where X is a Hilbert space and d is induced by the norm,
has attracted a lot of attention. There is now a rich literature on convergence results, particularly for very
general nonlinear right-hand sides, see e.g. [1,2,4,8,16-18,27,33,36,51]. The analysis appears to be more or less
complete now, at least under reasonable conditions on the nonlinearity.

We are apparently the first to analyze (a variational formulation of) the BDF2 method for approxzimation
of gradient flows in abstract metric spaces, and to prove its convergence just under the hypothesis of semi-
convexity. Our proof is different from the one in ODE text books [15,20,26], also from the ones typically given
in the Hilbertian setting, like in [16]. The key difference is that due to the possible “roughness” of the metric
space X, there is no appropriate notion of smooth solution for the gradient flow (in general, there does not even
exist a good definition for the differentiability of a curve). Hence, we cannot invoke error estimates that rely on
Taylor expansions around the limiting solution.

These difficulties are already present in the convergence analysis of the implicit Euler method in metric spaces,
and have been overcome in [3] by formulating all essential estimates in a robust way that requires no smoothness.
Naturally, the strategy for our own convergence analysis of the variational BDF2 method is inspired by that
from [3], and there are various similarities also on the technical level. For instance, being unable to estimate
the error between the genuine and the approximating discrete solutions directly, we resort to a Cauchy-type
argument that compares discrete solutions with different time steps as in Section 4.1 of [3]. Further, the basis
for the control of the local error is a convexity inequality for the variational functional, which estimates the
change of distance to a fixed “observer point” during one iteration: this is Corollary 4.1.3 of [3] for the implicit
Euler method, and (4.10) for the BDF2 method. While the accumulation of the global error is relatively easy
to control for the one-step Euler discretization, see Section 4.4 of [3], this is an extremely tedious piece of work
for our two-step method.

Our approach yields a control on the global approximation error, which is not of order two, but only of
order one-half. We also provide an example to show that indeed, even for specific, seemingly harmless choices
of (X,d) and &, convergence takes place at first order only. In view of the results in Section 4.4 of [3] on the
implicit Euler method, it seems likely that our variational BDF2 converges to first order in general. Currently,
we are not able to close the apparent gap between order one-half and order one. There is little hope to adapt the
methods leading to improved convergence in Section 4.4 of [3], since there, profound properties of the Yosida
regularization play a pivotal role in estimating the local error. No comparable estimates are known for our BDF2
functional, and it seems unlikely that an appropriate surrogate exists e.g. for the duality formula for the slope
([3], Lem. 3.1.5). And according to our general philosophy, that we describe below, any further investigations
in the direction of improving the rate beyond one-half appear rather pointless.

We emphasize that the proven slow convergence order one-half does not contradict our initial intention of
providing a method of faster convergence than the implicit Euler one. Indeed, if the approximated solution is
smooth enough (which, in specific situations, can often be verified a posteriori by considering it in a different
setting or in an ambient space), then the classical convergence proofs from text books apply and yield the desired
rate of order two. That philosophy is justified by a series of numerical experiments that all show second order
convergence. Qur contribution is that — regardless of the regularity of the limiting solution under consideration —
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convergence of the method is gquaranteed, even with an explicit rate. And our proof utilizes solely the variational
structure of the scheme (1.3) and the semi-convexity hypothesis on E.

We remark that other, conceptually different approaches to construct time discretizations with formally higher
order have been investigated, for instance, variational formulations of Runge-Kutta methods [34,37]. However,
there is no analytically proven rate of convergence available so far, not even order one-half.

1.2. Metric gradient flows

For definiteness, we are working inside the abstract framework developed in the first part of the book [3];
only a few basic notations from that comprehensive theory will be relevant to us, and these are summarized
in Section 2 below. Although our considerations are very general, we have three specific settings in mind.
The first is that of gradient flows for smooth functions on a finite dimensional compact manifold, the second
concerns uniformly semi-convex functionals on Hilbert spaces, and in the third, we consider flows for uniformly
displacement semi-convex functionals on the space X = P5(2) of probability measures with respect to the
L2-Wasserstein distance d = W,

Particularly the third setting has gained a lot of popularity in the past two decades, see [50,52,53] for a
general introduction to the L?-Wasserstein space (P2(£2), W2) and see [43] for the concept of displacement
convexity. It has been shown that a variety of important nonlinear dissipative evolution equations can be cast in
the form of a Wasserstein gradient flow, from linear, nonlinear, and non-local Fokker—Planck equations [9,28,46]
over fourth order fluid and quantum models [22,23,41] to chemotaxis systems [6,7,54]. The L2-Wasserstein
framework has been extended in many different directions, that allow to consider reaction diffusion equations
[24,44], Poisson-Nernst—Planck equations [32], multi-component fluid systems [35], and Cahn-Hilliard equations
[38], as well as Markov chains [40,45] as gradient flows in suitable metrics.

We shall not discuss the manifold advantages of such a variational formulation of the evolution, but focus
only on the fact that under certain convexity properties of £, a gradient flow can be rather easily obtained
as the limit of a convergent time-discrete approximation, for instance by the variational forms of the implicit
Euler and BDF2 methods discussed below. While the order of convergence of the time discretization is usually
irrelevant for existence proofs (and the simpler Euler scheme might be advantageous over the more compli-
cated BDF2 method), it is a limiting factor for efficiency of numerical discretizations that are based on these
approximations. Indeed, a variety of structure preserving full (spatio-temporal) discretizations for numerical
solution of Wasserstein gradient flows that have been developed recently, see e.g. [5,29,47], and essentially all
of these methods discretize by implicit Euler in time direction. It seems that the variational character of the
Euler scheme is essential to inherit desirable properties — like monotonicity of the energy — from the original flow
to its discrete approximation, and is even the key element for convergence proofs [42]. One of the conclusions
from our work is that the variational BDF2 method introduced below might give a better approximation in time,
without losing convergence or the flow’s variational character.

1.3. Minimizing movement scheme

Before we introduce our own temporal discretization, we recall some properties of the celebrated minimizing
movement scheme, also known as implicit Euler method or JKO stepping, depending on the context. Let the
metric space (X, d) and the functional £ be fixed; we wish to construct a curve of steepest descent emerging
from the initial data uy € X. For metric gradient flows in the sense of [3,14], that scheme is defined as follows.

For each sufficiently small time step 7 > 0, let an initial condition u? be given that approximates u°.

Then define inductively a discrete solution (u*)xen such that each u* with k =1,2,... is a minimizer of
the Yosida-penalized energy functional
1

w— ®(1,uf L w) = 27d2(uf71,w) + E(w).
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There are various “soft” conditions that guarantee well-definedness of this scheme, i.e., the inductive solvability
of the minimization problems; one is formulated as Condition 1.1 below. It is easy to verify that, in the trivial
setting discussed in Section 1.1, the Euler-Lagrange equation for minimization of ®(7,u*~1;.) yields precisely
the induction formula (1.2) for the implicit Euler scheme.

One of the remarkable strengths of this method in the abstract setting is its stability: by an easy induction
argument, one proves that for arbitrary 0 < m < mn,

T = ub~t uk 2
ean+g > (F) < (1.4

T
k=m+1

which immediately implies monotonicity of the energy, £(ul’) < E(ul"), as well as a T-uniform bound on the
“integrated kinetic energy”. These bounds are usually sufficient to conclude the convergence of the discrete
solution to a continuous curve u, in the limit 7 \, 0. Some additional work is needed to prove that u, is indeed
a curve of steepest descent. A famous hypothesis that makes this last step work is the convexity condition ([3],
Assumption 4.0.4):

Condition 1.1. There exists a A € R such that for each sufficiently small T > 0, for each reference point
u € D(E), and for each pair of points vo,v1 € X, there is some curve (7s)sejo,1] connecting yo to y1 along which
s+ (1, u;7s) is uniformly conver of modulus % + A

We remark that recent adaptations of the minimizing movement scheme, see e.g. [19,48,49], allow to treat
also non-autonomous gradient flows along the same lines, as long as the time-dependent energy functional has
some “convexity in the average”.

1.4. BDF2 method

We propose the following construction of a discrete approximation (u*)en:

For each sufficiently small time step 7 > 0, let a pair of initial conditions (u2,ul) be given that approx-
imate u®. Then define inductively a discrete solution (u¥)yey such that each u**! with k¥ € N is a
minimizer of the following functional,

1 1
w— U(r,uf ™t ukw) = Zd? (w,ub) - Zdz(w,uﬁfl) + E(w).
T

T T T T
In the euclidean setting of Section 1.1, the minimizer u” satisfies the BDF2 recursion (1.3). The BDF2 method
is known to converge to second order under suitable smoothness hypotheses, see e.g. [15]. A key feature of
this approach is that a simple induction argument produces an intrinsic stability estimate that is similar to —
although slightly weaker than — (1.4) above:

d?(u™ " u™). (1.5)

T T

El)+ 7 3 (‘nge(u;nHl

T 4Tt
k=m+1

From (1.5) for n = m + 1, it is clear that the energy value £(u¥) is not necessarily diminished in each time
step, but the potential loss of monotonicity is well controlled. Moreover, one still has the crucial bound on the
“integrated kinetic energy”. The validity of estimate (1.5) is related to the intrinsic A-stability of the BDF2
scheme (1.3), see [11,12,15,26]. Since the implicit Euler (BDF1) and the BDF2 methods are the only A-stable
backward differentiation formulae, it is not to be expected that one can invent a variant of these schemes with a
consistency order higher than two, which also satisfies a stability estimate like (1.5). In this sense, our approach
is optimal.
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1.5. Main result

Our main result, stated in Theorem 5.1, can be informally rephrased as follows. We assume that £ is lower
semi-continuous, admits a sort of lower bound, and satisfies the following adaptation of Condition 1.1:

Condition 1.2. There exists a A € R such that for each sufficiently small T > 0, for each pair of reference
points u,v € D(E), and for each pair of points vo,71 € X, there is some curve (7s)sejo,1] connecting yo to 11
along which s — (7, u,v;vs) is uniformly convex of modulus % + A

Then, firstly, the induction described above is well-defined, i.e., from each initial pair (u;},u2) one obtains a

unique discrete solution (u*)ren. Secondly, these discrete solutions converge to a curve u, of steepest descent.
Thirdly, the convergence can be made quantitative: roughly, the distance of u* to the associated limit value
ux(k7) is at most of order /7.

1.6. Outline of the paper

After recalling some basic notions from the theory of gradient flows in metric spaces in Section 2, we specify
our hypotheses and discuss examples in Section 3, Section 4 is devoted to the well-posedness of the BDF2 scheme,
and to the derivation of various a priori estimates. Section 5 is the heart of the paper, with the statement and
the proof of our main result on convergence, see Theorem 5.1. In Section 6, we show numerical convergence of
the methods on different examples.

2. NOTATIONS FOR GRADIENT FLOWS IN ABSTRACT METRIC SPACES

We briefly recall a few basic notations from the theory of gradient flows in abstract metric spaces, following
[3]. Here and below, (X, d) is a separable and complete metric space.

Definition 2.1 (AC curves). A curve u : [0,00) — X is said to be L?-absolutely continuous, written as
u € AC?([0,00), X), if there exists a function m € L _ ([0, 00)) such that

d(u(t),u(s)) < /t m(r)dr for all 0 <s<t.

See Definition 1.1.1 of [3] for further details. It can be shown ([3], Thm. 1.1.2) that among all possible choices
for m, there is a minimal one, called the metric derivative |u’'| € L2 _([0,00)), given by

loc
| (8) 1= lim 2048), u®)

for a.e. t.
s—t |S — t|

The main definition is that of a gradient flow in the energy landscape of a functional £ : X — R U {co} with
respect to the metric d. Here we adopt the strong but rather restrictive notion of the evolution variational
inequality (EVI). This is particularly well adapted to dealing with gradient flows in the L2-Wasserstein space
(P2(£2), W3), which will be one of our main examples.

Definition 2.2 (EVI). Let a proper and d-lower-semicontinuous functional £ : X — R U {oco} be given. We
say that £ generates a A-contractive gradient flow on (X, d) with some X € R if the following is true:

For each initial condition ug € D(E), there is a corresponding solution curve u € AC? ([0,00), X) with
u(0) = ug, that satisfies the evolution variational inequality associated to &:

%d2(u(t),w) — %d2(u(s),w) < /S [E(w) —E(u(r)) — %dg(u(r),w) dr (2.1)

holds for arbitrary 0 < s < ¢ and for every w € D(E).
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Remark 2.3. The inequalities (2.1) are actually the integrated versions of the differential EVI,

d A
ad2(U(t)7w) + §d2(U(t),w) + E(u(t) < E(w), (22)
which is supposed to hold for a.e. ¢ > 0. The integrated form (2.1) is more convenient for our purposes, and it

is easy to show that validity of (2.1) for arbitrary 0 < s < ¢ implies validity of (2.2) for a.e. t > 0.

For a detailed discussion of the role of the EVI in gradient flow theory, we refer to Chapter 4.0 of [3]. The EVI
is a more restrictive characterization of gradient flows than, e.g., the energy-dissipation-equality. Most notably,
validity of the EVI implies that the gradient flow is A-contractive on (X, d), so in particular, solutions are
uniquely determined by their initial datum. Moreover, if the metric space (X, d) is “almost Euclidean” — for
instance, X is a Hilbert space, or X is the space P2(2) of probability measures endowed with the Wasserstein
metric Wy — then if £ generates a A-contractive gradient flow then £ is uniformly semi-convex see [13]. Thus,
(2.1) is not available for gradient flows of non-semi-convex functionals £.

3. SETUP, ASSUMPTIONS AND EXAMPLES

3.1. Definition of the method
Define the BDF2 penalization ¥ : (0,7,) x X X X x X — RU{oo} of € by

1 1
U(r,u,v;-) : X = RU{o0};  U(r,u,v;w) = —d*(v,w) — 4—d2(u,w) + E(w).
T T

The discrete solution (for & on (X, d)) corresponding to a time step size 7 € (0, 7.) and pair of initial data
(u?,ul) € X x X is the sequence (u*);cn, which is inductively obtained via

R Ul w) (3.1)

€ argmin (7, ul ", ul;

k+1
u‘l’ ) T
weX

for k € N. Finally, the interpolated solution @, : [0,00) — X is obtained by piecewise constant interpolation of
the values u” in time,

i, (0) =ul, a.(t)=u* forte ((k—1)r,kr] and k €N. (3.2)
3.2. Main assumptions

From now on, we assume that an energy functional £ : X — R U {oco} with nonempty domain D(£) is given,
which satisfies the following hypotheses.

(E1) Semi-continuity: £ is sequentially lower semi-continuous on (X, d):
Up % u = E(u) < liminf &(uy,).
n—oo

(E2) Coercivity: There exist 7. > 0 and u. € X, such that

: 1 5
Cy 1= Ulg;{ 27_*d (Us,v) + E(v) > —00.

(E3) Semi-convexity: There exists a constant A such that for every u,v,v9,71 € D(€) and every 7 € [0, Ty),
there exists a continuous curve 7. : [0,1] — X joining the given end points vy and 71, along which the
penalized energy ¥ satisfies

1/ 3
U (7, u,v;7s) < (1= 8)U (T, u,v;7) + sU(7,u,v;71) — 3 (27_ + )\) s(1— 5)d2(70,71). (3.3)
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Moreover, without loss of generality, we assume that

A<0 and (=M1 < and 7, <L (3.4)

DN | =

Note that for 0 < 7 < 74, the last term on the right hand side of (3.3) is positive for 79 # 71 and 0 < s < 1,
implying that s — W (7, u,v;7s) is strictly convex.

Remark 3.1. Assumptions (E1) & (E2) are standard minimal hypotheses on the energy in the context of
metric gradient flows. (E3) is a reformulation of Condition 1.2 from the introduction. As mentioned there, it
plays an analogous role for the BDF2 discretization as Condition 1.1 plays for the minimizing movement scheme.

3.3. Examples

In this section we discuss three general situations in which the convexity assumption (E3) is satisfied, namely
that of uniformly semi-convex functionals £ on a Hilbert space H, that of semi-convex C'-functions £ on
Riemannian manifolds of non-negative cross-curvature, and that of functionals £ on the L?-Wasserstein space
(P2(£2), W3) that are uniformly displacement semi-convex.

3.3.1. Hilbert space

Uniformly semi-convex functionals on Hilbert spaces provide a class of fairly easy examples for the validity
of assumption (E3), thanks to the linear structure of the space.

Theorem 3.2. Assume that the metric space (X, d) is a Hilbert space X = H, with the distance d induced by
the norm || - ||. Assume further that € is uniformly semi-convex with modulus X\. Then (E3) is satisfied, with s
the straight line between ~yy,y1 and with the same \.

Proof. Let v9,71 € D(E) as well as u,v € D(E) and 7 > 0 be given. We verify (3.3) for the particular curve
vs := (1 — 8)70 + sy1. On the one hand, by the convexity hypothesis on &£, we know that

A 51— ) o — (3.5)

E(vs) £ (1 =8)E(v0) + (1 —5)E(n) — 5%

On the other hand, a direct calculation using the property of the scalar product yields
2 1 2 2 1 2
s = vll” = Zllvs = ull®* = (1 =) (o = vlI* = 710 — ull®)
1 3
(I = ol = gl = wl?) = (0= 8)lo =l (36)

Adding 1 times (3.6) to (3.5) yields (3.3). O

3.8.2. Riemannian manifolds

Another situation of interest is that of the gradient flow on a compact smooth Riemannian manifold (M, g),
which is induced by a semi-convex function £ € C'*(M). Here, our very general approach is clearly not optimal:
in that finite dimensional setting, gradient flows can be characterized in a direct way instead of using the EVI
(2.1). Further, there are explicit and local variants of the BDF2 method (avoiding the global minimization of ¥
in each time step), see e.g. [25], which are simpler to implement, and whose convergence is expected under more
easily varifiable hypotheses than (E3). Still, for the sake of completeness, we shall detail a sufficient criterion
for applicability of our results in that situation.

To indicate why the verification of (E3) indeed poses a (surprisingly hard) problem, observe that it is in general
not possible to use the geodesic 7.y for the curve connecting vo to 1 in (3.3). Indeed, for s — V(7 u,v;7s)
to be uniformly convex of modulus % + A, independently of u and v, one would essentially need that both
s+ d?(v,7s) and s — —d>?(u,~s) are uniformly convex of modulus d?(7o,v1). By Toponogov’s theorem, the
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first condition would imply that M has non-negative sectional curvature, and the later would imply that M
has non-positive sectional curvature; hence, M would need to be flat.

A more appropriate class of connecting curves are segments, which are defined with the help of the exponential
map exp as follows. Fix v € M, and let 79,71 € M lie outside of v’s cut locus cut(v). Then, there are
unique &p,&; in the injectivity domain I(v) C T,M of the exponential map exp, : T, M — M such that
exp, (&0) = 70 and exp,(§1) = 71. Further, assume that the straight line from &y to & lies in I(v). The segment
(0,715 v]¢) : [0,1] — M with base v connecting 7o to 71 is then defined by [yo,v1;v]s = exp, ((1 — 5)&o + s&1).

Kim and McCann ([31], Cor. 2.11) have established a sufficient criterion for the convexity of

[0’ 1] B R d2 (rUv [’Yoa 13 ’U](S)) - d2 (U, [707 15 v]8)7 (37)
independently of u € M. Their hypotheses are as follows.

(KMO) The squared metric d?(-,-), induced on M via g, is C*-regular outside of the cut locus.

(KM1) For each v € M, its injectivity domain I(v) is convex, so segments [Yo,y1; v] can be defined for arbitrary
Y0, M & cut(v).

(KM2) For each segment [vg,v1;v], there is a dense subset U C M, such that there is no u € U and no s € [0, 1]
with u € cut([yo,v1; v]s)-

(KM3) (M, g) has non-negative cross curvature; the definition is given in Appendix A.

Apart from (KMO), each of these conditions is rather demanding. A class of examples satisfying (KMO0)—(KM3)
are the round spheres S¢. For these, (KMO0)—(KM2) are easily verified since cut(v) = {—v} only contains the
antipodal point, and I(v) is the open d-dimensional ball of radius 7, for each v € S%. In contrast, the proof
of (KM3) has been a challenge even for spheres, that has been mastered in Theorem 6.2 of [31]. It seems that
— apart from products and quotients of spheres — no further explicit examples satisfying (KMO0)-(KM3) are
currently known.

Theorem 3.3. Assume that (X,d) is a compact Riemannian manifold (M,g) that satisfies (KM0)-(KM3)
above. Assume further that € € C*(M) is semi-convex. Then (E3) is satisfied with some X € R, with vy :=

[Y0, V13 U](»)-

Proof. For given u,v € M and 79,71 € M\ cut(v), let vy := [y0,71;v](.); the result for general vp,71 € M
follows by continuity a forteriori. Further, we shall assume that & € C?(M) during the computations. Since
£ is semi-convex, and M is compact, there is a global modulus A < 0 of convexity, i.e., HessE(v) > X as a
quadratic form on each T}, M. The final estimate (3.8) depends only on X', so (E3) follows for general semi-convex
& € CY(M) by approximation.
We split
(7, u,v;7s) = ha(s) + ha(s) + hs(s),

with hq, ha, hs : [0,1] — R given by

3

hi(s) = Ed2(v,75), ha(s) = %(dZ(v,'ys) — d2(u,75)), hs(s) = E(7s)-

First, by definition of the segment ~(.) via the exponential map, s — d?(v, ) is twice differentiable with

3 d2 9 3 9
E@d (v,7s) = EH& —&oll5s

where ||€]|2 = g, (&, €). Second, by the hypotheses (KMO0)—(KM3), the result from Corollary 2.11 of [31] applies,
so hg is convex. Finally, concerning hs: in the normal coordinates induced by exp, : I(v) — M, the segment
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7.y is the straight line connecting &y to {1, hence (recalling the definition of the Hessian, and that exp, is a
1-Lipschitz map):

Wi(s) = S E(v) = Hess €] + dE (1) [V5,4]

> Nl

, o 9
S lEllen | 2oTE ) &g | = (V= KlElen) g = ol
i,k
¥s
Here K is a bound on the Christoffel symbols Ff] on the smooth and compact manifold (M, g), and for the
estimate ||¥s|| < ||€1 —&ollv» we have used that (KM3) implies that (M, g) is of non-negative sectional curvature.
In summary, we have shown that s — ®(7, u,v;s) is uniformly convex of modulus

3 .

Recalling that (KM3) implies non-negative sectional curvature on (M, g), we conclude that d?(vyp,71) < ||€1 —
&ol|2, so the claim (E3) follows. O

3.3.3. Wasserstein space

In our last example, we consider the L?-Wasserstein space (P2(2), W3) of the probability measures of finite
second moment over a convex, possibly unbounded domain Q@ C RY And we assume that £ is uniformly
displacement semi-convex; the definition is recalled below. We remark that the class of gradient flows generated
in this setting encompasses nonlinear drift-diffusion-aggregation equations of the form

Ou =AW™)+ V- (uVV)+ V- (ux VIV u),

under the restrictions that m > (d — 1)/d, and that V,W € C?(Q) are uniformly semi-convex.

(P2(2), W32) is a complete geodesic space, which has non-negative curvature in the sense of Alexandrov.
Similarly as in the case of (non-negatively cross-curved) Riemannian manifolds discussed above, one cannot
expect that hypothesis (E3) is satisfied for the geodesic 7.y connecting the two given measures vp,71 € Pa(2).
Indeed, s — W3 (75, u) is typically not uniformly convex of modulus W3 (v, 1), see Example 7.3.3 of [3]. Again,
segments with prescribed base point are more appropriate.

We need to recall some basic notations from the theory of optimal mass transport. Ps(£2; x €y, is the space of
probability measures with finite second moment on the cross product 2 x 2, and the indices j and k indicate that
we use coordinates z; €  and z, € Q on the components, i.e., we write = (z;, ) € £ x Q. We introduce the
canonical projections 7; : (z;, ) — x;, and for s € [0, 1], we define 7y : Q¢ X Q1 — Q by 75 := (1 — s)m + 571
for brevity. We write m;#p for the j-marginal of p € P2(€; x ), and analogously, for p € Pa(y x Q1) and

€ [0, 1], the interpolating measure ws#u € Po2(£2) is characterized by

/so(y) drs#u(y) = /so((l — s)xo + sz1) dp(z), for all p € CP().

A transport plan from pg € P2(Q) to uy1 € P2(Q4) is any p € P2(Qp x 1) satisfying the marginal constraints
moF#p = po and mi#p = 1. Such a plan p is called optimal if it is a minimizer in the Kantorovich problem

p [l - duga), (3.9)

For any given pug, u1 € P2(2), there exists at least one optimal plan. The corresponding minimal value of the
integral in (3.9) defines the squared Wasserstein distance W2 (g, f11)-
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We are going to use the following two facts, which are essentially Lemma 5.3.2 of [3] and Proposition 7.3.1
of [3]:

(1) Glueing lemma: Given a € Pa(y X Q2) and [ € Pa(Q x Qo) with mo#Ha = ma#S, there exists a p €
Pa2(Qo x Q1 x Qo) such that (7o, m2)#p = o and (71, me)#u = S.

(2) Curve lemma: Given a € Pa(Qo X 1), 8 € P2(Q3) and ¢ € [0, 1], there exists a p € Pa(p x Q1 x Q3) such
that (mo,m1)#p = a, and (¢, m3)#u is an optimal transport plan from m#a to 3.

Segments are defined as follows. Let poa € Pa(Q0 X Q2) and pi2 € P2(Q1 X Q2) be optimal plans for the
transport of vy and i, respectively, to v € P2(€2). By the glueing lemma, there exists a poi2 such that

(70, ™) #1012 = po1 and (w1, mo)F o1z = p12- Then [yo,71;v]s := Ts#Mo12. Finally, we recall that £ being
uniformly displacement semi-convex of modulus A means that

(o mivl) < (1= 9)200) +580n) = 5 [ Ioo = 1l dona (o).

In the language of [3], this property is referred to as A-convexity along generalized geodesics.

Theorem 3.4. Assume that the metric space (X,d) is the L?-Wasserstein space (Po(Q), W3), with Q C R%.
Assume further that £ is uniformly displacement semi-convex of modulus A. Then (E3) is satisfied, with the

same A, for vy = [0, 115 0]()-

Proof. Let u,v,7v0,71 € P2(2) be given, and let ppi2 be as above. We are going to prove the inequality (3.3)
directly for a fixed value s € (0,1).
Since (s, m2)# po12 is some transport from 74 to v, and (mg, m2)#Fo12, (71, T2)F# mo12 are both optimal,

Wg('ys,v) < /|(1 —8)xo + sx1 — 902|2 dpore(x)
= / (1= s)|xo — To|* 4 s|lz1 — 29* — 5(1 — 5)|20 — x1|2] dpora(z)
=(1- S)Wg(%,v) + SW%(%,U) —s(l—s) / |zo — 331|2 dpeor2 ().

By the curve extension lemma, there exists a pg13 € Pa(Qo x Q1 X Q3), such that (mg, 71)# w013 = (70, 1) F#Ho12,
and (s, m3)# o013 is an optimal plan from s to u. It follows that (g, 73)##o13 and (71, 73)# 013 are some
transport plans from g and -1, respectively, to u, and so

W2(v,,u) = / |(1 = 8)zo + sz — 23]? dpois(x)
= / [(1 — 8)|zo — 23> + s|lzy — x3)> — 5(1 — 8)|z0 — xl\z] dpors(x)
> (1 —s)W2(vyg,u) + sW2(y1,u) — s(1 — s) / lzo — 1| dpora(z).

In combination with the definition of A-uniform displacement convexity of £, we arrive at

1/3
Wm0 < (1= 900 0,0i90) 4 58, 090) = 5 (43 o019 o = ol duona(e).

Clearly, the integral above is larger or equal to W3(q0,71), hence (3.3) for any 7 > 0 so small that
3
=+ A>0. O
2T
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4. WELL-POSEDNESS OF THE SCHEME AND CLASSICAL ESTIMATES

In this section, we study basic properties of the BDF2 scheme. First, we prove well-posedness in the sense
that for all sufficiently small 7 > 0, and arbitrary data u,v € D(E), the functional ¥ (7, u, v;-) possesses a unique

minimizer in D(£). Consequently, for an arbitrary pair (u2,ul) of initial conditions, one obtains inductively

a unique global discrete solution (u*)zen by solving the corresponding sequence of minimization problems in
(3.1). Subsequently, we derive some fundamental estimates that are needed for the convergence proof later.

Recall that Assumptions (E1)—(E3) are supposed to hold, with (3.4).

Theorem 4.1 (Existence of a minimizer). For all 7 € (0,7.) and for all u,v € X, there exists a unique
minimizer w, € D(E) of w — YU (7,u,v;w).

Proof. Let 7 € (0,74) and u,v € X be fixed. For brevity, we write ¢(w) := ¥(r,u, v;w).
First, we show that v is bounded from below. By the triangle inequality and the binomial formula, we have
that

2T 2T,
d? < 2d’ 2d? d*(u,, w) < —*—d? ——d?(v, u,).
(u,w) < (u,v) + 2d*(v,w), (Us, w) < P (w,v)—i—T*_T (v, )

Substituting these estimates into the definition of ¥ (w) = ¥(r, u,v; w) and using Assumption (E2), we obtain
for each w € D(E):

1 1

> 2 Ry L

P(w) > - Jer (v,w) + 27_d (v, w) 47d (u,w) + &(w)

1 1

> 2 2 _ g2

- - 77_d (v, us) + 27*d (g, w) 27d (v,u) + E(w)
1

> _ 2 1 .

z- = _Td (v, uy) 27_d (v,u) + ¢«

The last expression, which only depends on the given quantities v and v, constitutes the sought for lower bound
on 1. Consequently,

= inf > —00.

Now, choose a minimizing sequence (wy), oy in D(E), i.e.,

(wn) ¢ (4.1)

We are going to prove that this is a Cauchy sequence. Towards that goal, we invoke Assumption (E3): specifically,
for given indices m and n, we choose vy = wy,, 1 = Wy, and we define wy, ,, =7 1 the midpoint of the respective
curve joining w,, to w,. Then, by (3.3),

r@[}(wm,n) < %w(wm) + %¢(wn) - é (237_ + >\> d2(wmawn)~

Since T < 7, by hypothesis, and 3 + 2A7, > 2 thanks to (3.4), this yields an estimate on the distance from w,,
to wy,:

8T 8T

dQ(wmvwn) < m (w(wm) + l/)(wn) - 2w(wm,n)) < 3+ 27\

(w(wm) +P(wn) — 2%) .

In view of (4.1), this verifies the Cauchy property of (w),y. Consequently, and by completeness of (X, d),
that sequence converges to a limit w, € X.
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According to Assumption (E1), £ is lower d-semi-continuous. Since the distance to a given point is clearly a
continuous function, also v is lower d-semi-continuous. By the usual argument

¥ < P(w,) < liminf (w,) = o,
L P L
we conclude that 1 attains its infimum ¢ at w,, i.e., w, is a minimizer.
Uniqueness of the minimizer follows by Assumption (E3) as well: by the remarks following (3.4), 1 is strictly
convex along some curve that connects two potentially different minimizers. But that would mean that v attains
a value lower than that at the minimizers, a contradiction. [

In the following, we assume that discrete initial data (u?,ul) are given for each 7 € (0, 7.), and we consider

the — according to Theorem 4.1 above — well-defined family of discrete solutions (u*)zen. We recall that one of
the key features of the implicit Euler method is that the energy values &€(u**!) are monotonically decreasing

with k. This is not quite the case for the BDF2 scheme at hand, but we can prove a slightly weaker property.

Lemma 4.2 (Almost energy diminishing). Fach discrete solution (u¥)ren satisfies

1
S () < E(uf) +

1

@A) + (b k) (4.2)
T

T T

at each step k=1,2,....

k

k+1is a minimizer of w — (7, uf™ u¥;w), it satisfies

Proof. Since u?

U, uf ™ uk ub ) < W(r okt uk s w)

T

for all w € X. For the choice w = u¥, we obtain

1 1 1
P (uk, uh ) — —d? (b 4 (b € ——dP(uE k) + (). (4.3)
T 4t 4T
By the triangle inequality and the binomial formula,
(Y k) < 202 (b k) + 20 (uk, ), (4.4)
Substitute this in the left-hand side of (4.3). This yields (4.2) O

Next, we derive the classical estimates on energy and distance. These require

Assumption 4.3. There are constants K; and Ka, such that the discrete initial data (u2,ul) satisfy for all
7€ (0,7%):

Ed) <Ky, Eul) <Ky, and d(ulul)< Kot

Theorem 4.4 (Classical estimates). Fizx a time horizon T > 0, and let Assumption 4.3 hold. Then there is a

constant C, depending only on Ky, Ko and T, such that the corresponding discrete solutions (u)nen satisfy

Al
S —d*ub T ub) <, (4.5)
k=1

) <c. (4.6)

for all N € N with N7 <T.
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Proof. The main estimate is easy to obtain: sum up the inequalities (4.2) for k = 1 to k = N — 1. After
cancellation of corresponding terms on both sides, we remain with

1
+ Zd2 Lk < El) + Ecﬁ(uﬂw < K+ 4K27-*, (4.8)

where Assumption 4.3 has been used in the last inequality. Clearly, if £ would be bounded below, then (4.5)—(4.7)
would follow immediately.
Since we only assume the weaker lower bound (E2), more work is required. First, we show that

d? (uy, ub) — d?(uy, 1) < 2d(uFY, uF)d(u,, ub). (4.9)

’ T T

We only need to consider the case that d(u.,u”) > d(u.,u*~1), since otherwise the inequality is trivially true.
But then an application of the triangle inequality yields:
dZ(U*, Ui) - dZ(U*a uﬁil) = (d(u*a uﬁ) + d(u*a uﬁil)) (d(u*a U’ﬁ) - d(u*a ukil))
ui) + d(u*a ui)) (d(u*7 ui_l) + d(uf_l, uf—) - d(u*7 ui_l))
1

= d(u];_ uf)d(u*,u’j),

N
L o N L o 1 T 1 N L o0 1 27 Z 2 k
— - — < —
2d (U*,UT ) 2d (u*7ur) = 9 g(u‘r) g(uT ) + 47_d (u‘r7ur) + T k:2d (’LL*,’LLT)
T 1 1 27 &
* 1 2 N 27,0 1 2 k
< 2 (g(uT) —Cs t+ 2T*d (u*7u7- ) + 47_d (u77u7)> + Z E d (U*,UT)-

We rearrange terms and use Assumption 4.3 to arrive at the following time-discrete Gronwall inequality:
d2(u,, ) < 2K2 + 27, (K — ¢4) + = K2 Zd2 U, ul)
*

One verifies by induction on N that

N
A N A T
d?(u,,ul) < [2K0+27* (K1 — o) + KQ] ( 87_) < Cexp <8 T) < Cexp <8>,
proving (4.7).
From here, we conclude (4.6): the bound on &(u2) from above follows immediately from (4.8), for the bound
from below, we combine (4.7) with Assumption (EQ) Having (4.6) at hand, the bound (4.5) follows again from
(4.8). O
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As a final preparation for the convergence proof, we derive a time-discrete version of the differential EVI
(2.2). That estimate does not require any further assumptions on the discrete initial data.

Lemma 4.5 (Discrete EVI). The discrete solution (u’j)keN satisfies
3 AN o ki L ook L oo k1 k+1 [ L oo k1 k1
—+5)d (uT vw) —-d (u’va) +—d (u'r vw) < g(w) - 5(u‘r ) ——d (u‘r'?u‘r ) +—d (UT ) Ur )
4r 2 T 4t T 4T
(4.10)

for all k € N, and for all w € D(E).

k

k+1 and v, = w, and let (7s)sejo,1) be the correspond-

Proof. This follows from Assumption (E3). Choose 7o = u
ing connecting curve such that (3.3) holds. Combine (3.3) with the fact that «**! minimizes ¥ (7, u*t, uk, ) to
obtain, for each s € (0, 1),

0 < U(r,uf ™ ubsyy) — U(r,ub ™t ul;uk

= T

Divide by s € (0,1) and pass to the limit s N\, 0. This yields

T T T

1
0 < U(r,uf ™t ubsw) — U(rubt ub k) — 3 ( + A) d?(uh 1 w),
which, by definition of ¥, is the desired inequality (4.10). O

5. CONVERGENCE

5.1. Statement of the main result

Once again, we recall that (X, d) is a separable and complete metric space, on which a functional £ : X —
R U {oo} is given, that satisfies Assumptions (E1)—(E3), with (3.4). Our main result is the following.

Theorem 5.1 (Convergence result). Consider a vanishing sequence (7,,)nen of step sizes 7, € (0,7.) that is
strictly decreasing, and which is such that the quotients 7, /7,41 are natural numbers. Let further initial data
(ugn7 ul) be given that satisfy Assumption 4.3, and that such that u? — uP.

Then the associated discrete solution (u’ﬁn)keN is well-defined for each n, and the sequence of piecewise con-
stant interpolations (i, Jnen converges locally uniformly with respect to time to a solution u, € AC? ([0, 00), X)
of the gradient flow for £, i.e., the limit u, satisfies (2.1). More precisely, for every time horizon T > 0, there

s a constant C' that can be expressed in terms of Ky, Ko and T alone, such that
d(iir, (), u«(t)) < C (d(ug,, u°) + V/7) (5.1)
for all t € [0,T7.

Remark 5.2. The hypothesis that consecutive 7,’s have an integer quotient has been made in order not to
make the already quite technical proof even more technical. Under that hypothesis, the time grid associated to
some T, is always a refinement of the grid for 7, if n > m. That simplifies our calculations considerably.
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Remark 5.3. We give a simple example showing that under the given assumptions, in general one cannot
expect second order convergence of the BDF2 method, i.e., 72 in place of /7, in (5.1). Our example is placed
on the (very regular) metric space X = R with the usual distance, with the convex but not globally differentiable
potential

u for u >0,
g(u)_{o for u < 0.

The associated gradient flow with initial condition uy = 1 is the continuous curve

wa(t) = 1—t for0<t<1,
0 for t > 1,

that fails to be differentiable at ¢t = 1. The solution u**! to the kth minimization problem in (3.1) is elementary
to compute — making a case distinction whether the minimizer is positive, negative or zero — and explicitly given
by

4,k _ 1, k1 _ 2 S i
su; — zu; - — 57 if that expression is positive,
ubtt = ¢ Ak - Lykt if that expression is negative, (5.2)
e o 4,k _ 1, k1 ~ 2
0 otherwise, i.e., if 0 < guy — suf" < 37

One easily concludes that for the initial conditions u? = 1 and ul = 1 — 7, the kth approximation equals
uF*tl =1 — (k + 1)7 as long as that expression is positive. Indeed, one has

4 1 2 4 1 2
so the first case in the recursion (5.2) applies. Accordingly, let N, be the smallest index k > 1 for which k7 > 1.
For simplicity, we assume that uN™ = 0, i.e., that the third case in (5.2) applies:

4 1 2
1—Nyr=-ulNr"t - ZuN2_Zre [

2
Ful Fun 5T € |37 0] . (5.3)

3

The other case, in which —7 <1 - N, 7 < —%7‘, leads to a similar result, but with more complicated formulae.
Recalling that the two-step recursion ax41 = %ak - %ak_l has the general solution ap = p 4+ 37 *¢ with real
parameters p and ¢, one easily deduces from (5.2) in combination with ¥ =0 and u~~"1 =1 — (N, — 1)1 €
[17, 7] because of (5.3) that

k= gufl - (1-3""=Nr <o

U uk? = ,%(1 - 37(k7N*))uiV*71 < -

Wl =
=

for each index k > N.. In conclusion, we have exact approximation for ¢t < 1, i.e.,

uf = u,(kr) for every k with kr < 1,

T

but a residual of order 7 at every point ¢ > 1: with indices k,(¢) chosen such that k,(t)7 — ¢t >1as 7 — 0, it
follows that

6

lim
T—0 T 7—0

k()
u(t) —ur T L (1 -3t -Noy _ L

This clearly excludes the possibility of second order convergence.
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5.2. Comparison principle

The main ingredient of the proof of Theorem 5.1 is the following comparison principle, which estimates the
rate at which two discrete solutions with almost identical initial data may diverge from each other.

Theorem 5.4 (Comparison principle). In the setting of Theorem 5.1, fiz two time step sizes T := T, and
1 = T with m > n. Then, there is a constant C, expressible in terms of K1, Ko and T alone, such that

d?(u-(t),v,()) < C (d*(u?,v)) + 1) (5.4)

TN

for all t €10,T).

Proof. By hypothesis, R := 7/n € N. The basic idea is to derive bounds on the distance between the discrete

solutions (u*)en and (v )geN at comparable times, i.e., for (k —1)R < ¢ < Rk, by using the time-discrete EVI

(4.10) for each of the two solutions and substituting the respective other solution for the “observer point” w
More specifically, multiplication of (4.10) for u**! by (47)/(3 + 2A7) yields

4 1
20, k+1 , 0\ 2, k 2(, k-1
4 (ur s w) = sy 4 n ) 4 g d (i w)
4T & 1 1 .
< _ 1y 22k P - @2 Y )
< g (B0 - € - TRk ¢ L ) 5.5
For brevity, we introduce
1 1 1
+O0(1), h;:=2—-V1=-2X1=14+0(1), A ::M:)\—I—O(T)7

Ty Vicow 3 ’ ’ r
where the Landau symbol O(7) is understood for the limit 7 — 0, and further
0 (s w) = hyd? (Y w) — d2(uk, w),
b (i) 1= dgr (5<w> ~ ekt - L

1
L ) ).

T 4t
With these notations, the variational inequality (5.5) attains the following convenient form:
k(z . k=1~
G,T(UT, U}) S gT aq— (uTa ) + Tb (uTa )

An iteration of this inequality yields

aﬁ(ﬂﬂ w) <g7— #(Ursw +7-ng "0 (U w). (5.6)
Analogously, define gy, hy, Ay, as well as af;(ﬁn;w),bf](z’),,;w), replacing u* 1, u¥ uF*1 and 7 with vn ,vf],vf;“

and 7, respectively. By the same argument as above, one obtains a corresponding estimate for an(’un, w).
Now fix a time ¢ € [0, 7], and define the three quantities

N :=max{n |nrt <t}, M :=max{m|mn<t}, L:=M-—RN.
To simplify notations in the next calculations, introduce further

o= hERLd? (uf vf) = AT AR (ap (k) 0, (0n)).

T N
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The goal is to derive an estimate on the difference

QM = 00 = WY @Y ) — (0.
We expand this difference into telescopic sums:
N—-1
g M _ 00 — (qN,M _ qN,RN) + Z (qk+1,R(k+1) _ qk,Rk)
k=0
M-1 N-1 R(k+1)-1
_ Z (qN7Z+1 . qN,Z) + (qurl,Rk _ qk,Rk) + Z (qk+172+1 . qk+17é)
£=RN k=0 f=Rk
By definition of a and b, the differences inside the sums satisfy
= g B rsl), g g = R 50,
Insert this above and use the estimates (5.6) to obtain
hNthz( Ur 5 Uy ) dz(u()vUO) < I (Un”‘_’n)
M-1 ¢
N/t 0 = N l— — N
= Z hy hy, lgnag(vn;uT )+ 772977 " by (O Uy )1 (5.7)
¢(=RN n=1
+ Z h’jhffk' [gT a;(tr;v n +7'ng A uT,vfk)l (5.8)
N-—-1 R k‘+1 Y4
+ Z Z hk-‘rlhf [ ¢ O(Una k+1 _"_nzgg n bn(v777 k+1)‘| . (59)
k=0 (=Rk n=1

The core part of the proof of Theorem 5.4 is to show that under the given hypotheses,
INM (ay,vy) < C'. (5.10)
The proof of (5.10) can be found at the end of this section. In conclusion, we have

AN (1, (1), 8 (1)) < WYy (u v)") < C'7 + dP (o, vo),

T ) T]
which implies the inequality (5.4) with C = =T (1 4 C"). O
5.3. Proof of the main theorem

With Theorem 5.4 at hand, we finish the proof of Theorem 5.1.

Proof of Theorem 5.1. From Theorem 5.4 it follows that (@, )nen is @ Cauchy family with respect to uniform
convergence on each interval [0, T]. Indeed, from estimate (5.4), it follows that the values (@, (t))nen converge
in the complete metric space (X, d) to a limit w,(¢), uniformly for ¢ € [0,T], and that the estimate (5.1) holds.
Since this argument holds for arbitrary T' > 0, the limit u,(¢) is defined for all ¢ > 0.

To prove absolute continuity of the limit curve u., we argue as usual: we assign time-discrete derivatives [u/_ |
to the interpolated solutions ., (¢) by

|u;n|(t) — d(ﬂ'rn(t - Tn)vﬁrn(t)) _ d(u§;17u$n) for t € ((k . 1)Tn7k7—n]~

Tn Tn
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Thanks to the classical estimate (4.5), |u/., | is uniformly bounded in L?(0, T). Hence, |u/. | possesses a L2(0,T)-
weakly convergent subsequence (not relabelled) with limit A € L? (0,T). Choose arbitrary s,t with 0 < s <t <
T, and define k,,(r) := max{k|k7, < r}, then

Ky (t) o (£) T
d(y, (s), G, (1)) < d(uf 1 ul ) = / ol |(r)dr.

ki=kin (5)+1 fin () 7n

In the limit n — oo, this yields

n—oo n—oo k (9)7_
n\¢ n

kn (£)Tn t
A (s), un(t)) = Tim d(ir, (s), . (1)) < lim il | = / A(r)dr.

Hence u. € AC?([0, 00), X).

It remains to prove that the limit curve w, satisfies the integrated form (2.1) of the EVI. Again, let 0 < s <
t < T, and define k,(r) be as above. Multiply the time-discrete EVI (4.10) for (v )ien by 7y, and sum from
k = kn(s) to k = kn(t) — 1. On the left-hand side, we obtain after elementary manlpulatlons

kn(t)—1

3 A 1 1
(1) __ 9 AN 2kt Lk ek
K0 = Y (4 ) R0 - Lk o)+ )
k=kn(s)
)\ k (t)‘rn
_ A / & (@, (r), w) dr
2 <sm

[(3d2( (1) ) — d2 (ubr O w)) = (3d2(ubr ) w) — d2 (ukn ()~ 1w))}.

Thanks to the r-uniform convergence of @, (1) to u.(r), and since u, is continuous, we obtain in the limit

lim JM(s,t) = %/ d? (us(r), )dr—i— dz(u*() )—%dQ(u*(s),w).

n— oo

On the other hand, after summation of the right-hand side of (4.10), we estimate once again with the help of
the elementary inequality (4.4) and thus obtain

n(t)—1
1 1
(2) — _ E4+1y 2/ k k41 2/ k-1 _ k+1
TP (s,1) =7 k;k j( | [8<w> E(urt) = —dP(uf ) + Pl

n(t)Tn
</ [E(w)—s(fam(r))]dr,ldz(ukn(t)f7 rn(t))+ d2( w1 n(s)).
k

— Tn ) ‘r
n(s)Tn 2 n n

Again, thanks to local uniform convergence of @, to the continuous limit u,, and since € is lower semi-continuous
thanks to Assumption (E1), Fatou’s lemma yields that

lim J?(s,t) < / [E(w) — E(ui(r))] dr.

n—oo

Since Jr(Ll)(s, t) < J7(L2)(S, t) for all n by (4.10), the respective inequality follows for the limits, that is

A

5/5 @2 (0. (1), w) A+ L (s (1), w) — 52 (1 (5), ) < / [£(w) = E(us(r))] dr.

This implies the integrated EVI (2.1). O
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5.4. Proof of the estimate (5.10)

This is the most technical part of the convergence proof, that uses only elementary inequalities and the
classical estimates (4.5)—(4.7) (which, in turn, are valid thanks to Assumption 4.3). Throughout this section,
we adopt the convenient notation that C is a generic constant, which is in principle expressible in terms of K3
and K5 from Assumption 4.3 and the terminal time 7T alone, and whose value may change from one line to the
next.

To begin with, observe that since we assumed A < 0, we have that g, < = and gn < 3, and therefore

ad _3 >, _3
> gt <5 > gk < 3 (5.11)
k=0 £=0
Further, we have that h, <1 and h, <1, which means that
hihh <1 (5.12)
for arbitrary k,£ > 0. On the other hand, since h, < 1 and due to (4.9), it follows that
a(ty; w) = hed?(ul, w) — d?(ul, w) < d?(ul, w) — d*(u?,w) < 2d(u?,ul)d(ul,w).
Substituting w := vf], we obtain by the triangle inequality, and thanks to estimate (4.7), that
ad(tir;v)) < 2d(ul, ul) [d(ue, ul) + d(u.,vh)] < Cd(ul, ul) < CKor. (5.13)
Analogously, one derives
a2 (v,;uk) < Cn. (5.14)

With (5.11)~(5.14) at hand, it is now straight-forward to estimate the terms inside IN;" (u,,,) involving a
or aj). For the expression in (5.7),

M—-1

> B hgha) (o Z gon< Sen
¢=RN (=RN
For (5.8),
N—1 N-1
h thgT ay (Ur; Z gror < CT
k=0 k=0
And finally, for (5.9),
N—1R(k+1)—-1 RN 3
Z Z h’i“hf;gf; 2(“n?“£+1> < Zgﬁcn < §CU-
k=0 I=Rk £=0

We turn to estimate the terms involving b¥ and bY. First, by (4.4),

1 X 1 X
—d (WS, u’i)) < 4g, (E(w) = EWFH)) + =d?(uf ™, uf),
T

b (i w) < dg, (e<w> £ +
-

where we have used that g, < 1/2. An analogous estimate holds for bf;. Substitute this into the expression for
INM (i, 0y) in (5.7)-(5.9). This gives rise to two groups of terms: one related to the metric, the other related
to £.
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We begin by estimating the terms related to the metric. This is done using the classical estimate (4.5): for
the expression in (5.7),

M—1 , Unl n M~—1 - ( £-1 vé)
i ’ )
n E hJTVh g g n <n E g 77 < Rn E 0% %) <Cr.
¢=RN ¢=RN n=1

Here we have used that M — NR < R and that Ry = 7. For (5.8),

= Rk S dP ! un) « | [= Fhul) 3
TZhTh'r] Zgr fSTZ Zg f §§CT.
k=0 n=1 n=1 k=n
Finally, for (5.9),
N-1R(k+1)— n 1 n RN ¢ n 1 ,Un)
DIEDY hk“heZg L) < 3oy g )
k=0 (=Rk {=1n=1
RN 2(,m-1 . n
d? (vl o) 3
{—n n_’°n
Snz[(zgn ) <lon
n=1 {=n

The estimates on the expressions involving the differences of the energy values are a bit more involved. To
simplify calculations, we use that the b’s only contain the difference between two values of &; hence adding a
constant to £ does not change the b values. Consequently, since &(u¥) and &(v ) are bounded from below thanks
to (4.6), we may assume without loss of generality that all £(u¥) and &(v n) are non-negative.
The contribution of the & terms to (5.7) is immediately controlled, recalling (5.11), (5.12), and that M <
R(N +1):

w\w

M
4nZhNh€ZgH1" (uY) — E(v)] < ARnE(uY Z

{=RN {=1

Collecting all terms containing evaluations of € in (5.8) and (5.9) yields the following:

N—1R(k+1)-1 ¢
At Z hthk k n+1 [E(Uf]{k) . 5 n+1 + 4,’7 Z Z hk+1h Z k+1) o g(v;r]H»lﬂ
n=1 k=0 (=Rk n=1

= 411 + 41y,

where I; and I collect terms with £(uk) and &€ (vf]), respectively,

N—-1 1 R(k+1)—-1 l N—-1
. k:+1 k+1p¢ {—n-+1 nypRn n—k+1 niy Rn n+1
=T E E(u = g hz""hy, E 9n — E hZh, " g7 g h hy"g;
k=0 =Rk n=1 n=k
N-1 N—-1R(k+1)-1 ¢

. Z g hthk ng n+1 —n Z Z Z hk+1h,,gf, n+1€( n+1)

k=0 k=0 {(=Rk n=1
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For I, we obtain

N-1 | Rl Rkl N—k—1 N-1
I SECRICT FT o1 (75 o) EAD oRTMIURA BRI o
k=0 =0 n=1 n=0 n=0
N—1 R-1 R, \N—k
11 3 1 — (h:hf'gr)
< £ k+1 hthk i g n C
77_12) (UT ) T'n R3 ;2 g l—hThnRgT +CT
Z k+1\ 7k RE |1 g gkt
< £ hZh — T T Cr.
—Tz:% (uz ™) hehy {2 l—hThnRgT_Fl—hThfng—’— !

k
Recalling that —1 < A7 < 0, and observing that both g, and h, are convex functions of 7, a Taylor expansion
yields that

g721(1—|—z1))/\7') >0, h;>1+A72>0, (5.15)
and similarly for g,, and h,. Therefore, in combination with Bernoulli’s inequality,
hehfgr > (L+A7)(1+ R)\n)é (1 + ;)\T> > %(1 +A7)3.
With another application of (5.15),

1 g 1 3(1+)7)
T2 1-i1+M7)3

- <
2 1- hThfng

1 (4P _§.1—(1+)\7)3<§.(—3))\T 9
2 3—(1+AM)3 2 3—(1+M)3 2

This yields, in combination with the bound (4.6) on &,

-« kilypkpRE |98 9 (3 n k19
Il S T kzzo 5('&7 )hThT] |:1h7_hnl%g_’_ — 4)\T:| + CT S TC’; |:2g7_ — 4>\T:| + CT S C[l + (_)\)T} T.

We turn to the estimate of I5. In order to merge the difference of the two sums into a single sum — similar to
what we did for I; above — we are going to apply a shift of no more than R to the indices inside & (fuffk). To
control the error introduced by that shift, observe that an iteration of the energy estimate (4.2) yields

1 _
E(IF) < E(l) + %d%f; Lol

as soon as 0 < ¢ < Rk. Further, for such k and ¢, we have h¥ < hf/R

the first sum in I as follows:

N-1 k
PY [emine, S
k=1 n=1

since h, < 1. This allows us to estimate

IN

1 _
SRR {g@m%d%g Lot
=10=R(k—1)+1

R(N-1) R(N=1) go/ 0-1 ¢
n ¢/Rpter by d*(v, ", vy)
S 5 hr hng(vn) + Z Z T
=1 =1
7’]RN_1
<3 Wi/ BRLE (o) + C,
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where we have used the classical estimate (4.5) and a lower bound for h; in the last inequality. The second sum
in I5 is estimated as follows, using that hf > hﬁ/ R tor Rk < ¢

N-1R(k+1)-1 | RN—1 ¢

n Z th+1hé {— n+15< n+1 >nth7] Z Zhé/Rhé {— ng( n+1)

k=0 (=Rk n=1 {=0 n=1
RN-1 RN—n—-1 RN-1

=ngyhe Y EQp R ERL Y () hngy)” = nhegn(vy) 3 B/ Mg,
n=0 (=0 £=0

RN—1 /R RN—n
—(h:'"h
> ﬁgnh Z g n+1)hn/Rhn ( 77977)

—C.
ne0 1-— hi/Rhngn

Substituting these estimates into the expression for I yields a single sum,

RN-1
ll gohr gy ]

+
2 1-— h}'/Rh’r/g’r/ 1- h}'/Rh’r/g’r/

12 < Cn+n Z h@/Rhég( E-‘rl)
£=0

Arguing similarly as in the derivation of (5.16), we estimate

1 1 1
hY Bhyg, > (14 M) (1 + A1)z (1 + 3)\17> > S(1+ AT)3.
and consequently, just as in (5.16),

1 gnhr - (14 A7)? _9

1
2 1_h1/Rhngn T2 1-Li1+A7)3 T

In conclusion, we obtain with the help of (4.6) that

RN-1
3 9
L <Cn+n Y &) [Qg}}N“ ¢y | CL+ (=0T 7.
£=0

Collecting all terms, we finally obtain the desired estimate (5.10).

6. ILLUSTRATION BY NUMERICAL EXPERIMENTS

In this section, we illustrate the convergence of our variational BDF2 method in comparison to the implicit
Euler scheme in several numerical experiments. As examples, we have chosen a flow on the two-dimensional
sphere S?, a reaction-diffusion equation as flow on the Hilbert space L?([0,1]), and an aggregation-diffusion
equation as flow on the space P([—1, 1]) of probability measures on [—1, 1], equipped with the the L?-Wasserstein
distance Wy. We observe that the order of convergence is indeed very close to two in each of our simulations.
This underlines our philosophy that one reaches the optimal order in “typical” problems, despite the fact
that our main Theorem 5.1 only provides order one-half, and that there are specific counter-examples with
sub-optimal converge rates, like in Remark 5.3.

In each of the examples below, we compare the numerical results for the implicit Euler scheme and for the
BDF2 method at various moderately small time steps 7 > 0 to a reference solution that is obtained by the BDF2
method with a very small time step 7yet. The approximation with the implicit Euler method of step size 7 > 0 —
see Section 1.3 for details — is denoted by ﬂ(Tl), and the approximation with BDF2 by ﬂ(T ), respectively. For the
time-discrete initial data, we choose the original datum u° for both schemes at ¢t = 0, and for the second initial
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datum (at ¢ = 7) of the BDF2 method, we use the result of the first step of the implicit Euler scheme. This
choice ensures in the ODE setting the enhanced convergence rate of order two, since the startup calculation
with one step of the implicit Euler scheme is of order two ([15], Thm. 7.23).

The numerical rate of convergence is then computed as follows. In addition to the very small reference
time step Tef, we choose a moderately large time step Tcoarse that is an integer multiple of 7. Then, we
calculate ﬂ(Tl) and ﬂ(TQ) for several intermediate time steps T € (Tief, Tcoarse) that are chosen such that 7 is
an integer multiple of Tyef, and Teoarse 18 an integer multiple of 7. For each such choice of 7, the respective

solutions fL(Tl) and ﬂ(TQ) are compared to the reference solution ﬂgz specifically, we calculate a mean numerical

error by taking the average of the distances d(ﬁ(f) (tk), uret(tr)) at times tx = kTcoarse € [0, 7] on the coarsest grid.

All simulations have been performed with MATLAB. Both variational schemes are implemented by solving the
sequence of variational problems using the built-in function fmincon.

6.1. Gradient flow on the sphere S?
The first test problem is placed on the unit 2-sphere S? equipped with the intrinsic (great-circle) distance
dSZa
X =S*={ucR®u} +u3+uj =1} CR?, dgsz (u,v) = arccos(uivy + ugve + usvs).

For the potential £ : S> — R, we choose the restriction of

3
~ 1 1,2
E(u) = Z (ul — 5)(% + 5) .

i=1

The corresponding gradient flow satisfies the ODE

U= —Vg&(u) = II,,[ — VE(u)],
where IT,[v] = v —u”v is the projection of a vector v to the tangent space of S? at u. Its flow lines are sketched
in Figure 1 (left). The example falls into the class of gradient flows on Riemannian manifolds that is covered by
Theorem 3.3.

A series of simulations has been performed for the initial datum

1
u’ = ——(1,2,5)

V30

and the reference step size Tref = 107°. The observed numerical convergence rates are 1.00 for the implicit
Euler method, and 2.06 for BDF2, see Figure 1 (right). Further experiments with different initial data and other
potentials yield very similar results. In this smooth, finite dimensional setting, second order convergence of the
BDF2 method was naturally expected, as the solution curve and Vs:2& are smooth in the ambient space.

6.2. Reaction-diffusion equation with obstacle
Next, we consider the constrained reaction-diffusion equation
Owu = Au +60u®  subject to  |u| <1

on 2 = [0, 1], subject to homogeneous Neumann boundary conditions. This PDE constitutes a gradient flow on
the Hilbert space L?([0,1]) for the energy

£(u) = %fol (8zu(;v))2dx —15 fol u(x)*dz, foru e HY([0,1]), |u| <1,
400, otherwise.
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-e- O(1)
1072 |-8- O(r?)
—o— Implicit Euler
108 |-=— BDF2

-error

o
g
de:
-
<

02 10°°

0.1 1077

1078
L L L

107" 1073 . 1072 107"
step size T

FIGURE 1. Gradient flow on the Sphere S?. Left: the values of £ are color-coded by gray scale.
The white lines are sample trajectories of the gradient flow generated by £. Right: the dgz-error

plot of ot compared with @, .

The second variation of £ amounts to

1 1
D2E (u)[p)? —/0 (8zgo(:r))2dx - 180/O u(z)?p(z)dz > —180||¢||2,

since 0 < u(z)? < 1. Hence & is uniformly semi-convex of modulus A = —90.

For numerical approximation, we first perform the implicit Euler or BDF2 method for discretization in time,
then we apply a spatial discretization of the PDE, using central finite differences. The qualitative behavior of
the approximate solution for the initial condition

1 1
ug(x) = 3 sin(2mx) + 1

has been plotted in Figure 2 (left). Notice that the upper barrier is hit after a short transient time. The
reference step size is 7o = 1076, Since we are interested in the convergence rate of the temporal discretization
for the PDE, we need to estimate the influence of the additional spatial discretization on the numerical
error. For that reason, the experiment is carried out with different choices of the spatial resolution, using
K = 50,100, 250, 500, 1000 grid points.

Our results on the numerical error are given in Figure 2 (right). The error curve for the implicit Euler scheme is
proportional to 7, as expected. For time steps 7 > 107°, the error curve for the BDF2 scheme is almost perfectly
proportional to 72, and there is no significant dependence on the spatial discretization. For very small steps
T < 1075, there is apparently an additional contribution to the numerical error due to the spatial discretization,
however as K is increased, the error curve extends its approximate proportionality to 72 also into that regime.
This is a strong indication that for a purely temporal discretization by BDF2, the order of convergence is indeed
quadratic in 7. We performed further experiments with different initial data, and with variants of the energy
functional. The results remain approximately the same.

6.3. Aggregation-diffusion equations

In our last example, we study discretizations of the following aggregation-diffusion equation,

Ou = Au~+ 0y (uW' * ). (6.1)
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FIGURE 2. Reaction-diffusion equation with obstacle. Evolution of the reference solution #.,
(left). The L2-error plot of 4\ compared with ., for different K (right).

on Q = [—1, 1], with no-flux boundary condition, i.e., Ou+W'*u = 0 at & = £1. For the interaction kernel, we
use W(x) = 22* — 2. Weak solutions to (6.1) conserve mass and positivity, so we restrict attention to solutions
u that are probability densities. Under this restriction, solutions to (6.1) correspond to the gradient flow on the
space X = P([—1,1]) of probability measures u with respect to the L?-Wasserstein distance d = Wy for the
energy functional

_ Jo u(@)log(u(z))dz + & [[fo, q u(@)W(z — y)u(y)dyde, if pu(z) = u(z)dz with density u € L'(),
Ew): +00 otherwise.

For numerical simulation, we employ the isometry of the Wasserstein space (P(Q), W) and the space X of
non-decreasing cadlag functions X : [0, 1] — Q, equipped with the L?([0, 1])-norm. This isometry is realized by
assigning to each g its inverse distribution function X, : [0,1] — ©, i.e., p([—1, X, (£)]) = £ for all £ € [0,1].

Accordingly, the Wasserstein gradient flow transforms into an L2([0, 1])-gradient flow on X with the energy
functional

1
£00 =~ [ tos@ex(@na g [f W - x0n)aen

Remark 6.1. Note that the change of coordinates has transformed the original gradient flow, that had been
posed on the metric Wasserstein space, into a gradient flow on (a closed subset of) the Hilbert space L%([0,1]).
This example is thus rather another illustration for flows on Hilbert spaces. The combination of the BDF2 time
discretization with one of the spatial discretizations for Wasserstein gradient flows in multiple space dimensions
— where a transformation into a Hilbert space flow is not possible anymore — is currently under investigation.

In the numerical experiments, we prescribe an initial datum ug via its inverse distribution function

X (€) = 26— 14 8% sin(87€) - (10(£(€ — 0.5)(x — 1)) + 1).

Concerning the discretization in space, we proceed as in the previous example, using central finite differences
with K = 50, 100, 250, 500, 1000 spatial grid points. The qualitative behavior of the reference solution (in original
variables with 7ot = 107, and K = 1000) is sketched in Figure 3 (left).

Our results on the numerical error are given in Figure 3 (right). The error curves for the implicit Euler and the
BDF2 schemes, respectively, are almost perfectly proportional to 7 and 72. The results are comparable to (and
even better than in) the previous example; we do not observe any significant effect of the spatial discretization,
even for very small time steps. This indicates that the purely temporal discretization of the original PDE with

BDF?2 leads an approximation error 72.
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FIGURE 3. Aggregation-diffusion equation. Evolution of the reference solution @, (left) and

the W-error plot of 4\ compared with Ur,,, for different K (right).

APPENDIX A. CROSS CURVATURE

In this appendix, we define the term cross curvature that we have used in hypothesis (KM3) in Section 3.3.2,
and we briefly discuss its significance in the proof of Corollary 2.11 from [31], which we have been used for
showing Theorem 3.3. Starting from the Riemannian manifold (M, g), one defines a further manifold A with
indefinite metric tensor h as follows:

1d d
N = {('ray) |$,y € M7 T ¢ CUt(y)7 Y ¢ cut(x)}, h(z,y)[(&an)}Q = _ig a d2(eXPx(35)anpy(t77))-
s=0 4t li=0
The cross-curvature of (M,g) at the point pair (x,y) € N is defined as the tensor 6 ) of sectional
curvatures in (N, h) at (z,y). More explicitly, for 2 = (0,®), 2 = (9,w) € T(w,y)N
N,h) V
ngy)) Z degz Z]
i,5,k,l

with R the Riemann curvature tensor of (N, h) at (z,y). One says that (M, g) has non-negative cross curvature
if, for each (z,y) € N and v € Ty M, w € T,M,

& W((v,0), (0,w))* > 0. (A1)

The role of WP is probably best understood from the following alternative representation that has been
derived in Lemma 4.5 of [30]: given a curve y : (—¢,€) — M and points zg,z1 ¢ cut(y(0)), then
d? d?
dt2 le=0 ds?ls=o
where yo = y(0), w := y(0) € Ty, M, and v € T, M the derivative of t — [z, 21;yo]¢ at t = 0. The crucial
point here is that the fourth order mixed derivative on the left-hande side only depends on v and w, without
any requirement on y’s second derivative, like y being a segment.

The representation (A.2) is also the key ingredient to the proof of Corollary 2.11 from [31], which we have
built upon in Section 3.3.2. The cited corollary states the following: under the hypotheses (KMO0)—(KM3) given
in Section 3.3.2 — including non-negative cross-curvature — the function defined in (3.7) is convex, for any choice
of u,v,70,71 € M. To prove this, Kim and McCann consider for each s € [0,1] the segment z((s)) = [u, v;79s) ()
connecting v to v with base 75, and define the extended function F : [0,1] x [0,1] — R with

@ ([zo, 215 90]1, y(5)) = 8™ [(0,0), (0,w)]2, (A.2)

(0,%0)

F(Svt) = dz(”?'ys) d2< (s )a'Ys) (A3)
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In these notations, the claim is that 92F (s, 1) > 0 for all s € [0, 1]. By definition of F) it is clear that §2F(s,0) =
0. A direct calculation in local coordinates shows that 9;02F(s,0) = 0 as well. Finally, thanks to non-negative
cross-curvature, it follows from (A.2) that 9202 F(s,t) > 0, for each s,t € [0, 1]. Notice that  plays the role of
the “general” curve y, whereas z is of the required exponential form. This concludes the proof.

Remark A.1. It turns out that GW'? is identical to the celebrated MTW tensor, which is usually defined
via the expression on the left-hand side of (A.2). The weak regularity condition of Ma, Trudinger and Wang
[39] is (A.1), but only for those v,w € Ty )M with ggg)[v, w] = 0. It constitutes a necessary condition for the
regularity of optimal transport maps on M with cost function ¢(x,y) = %d2(w, Y).
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