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CONVERGENCE RATES FOR UPWIND SCHEMES WITH ROUGH
COEFFICIENTS*

ANDRE SCHLICHTING' AND CHRISTIAN SEISt

Abstract. This paper is concerned with the numerical analysis of the explicit upwind finite
volume scheme for numerically solving continuity equations. We are interested in the case where
the advecting velocity field has spatial Sobolev regularity and initial data are merely integrable.
We estimate the error between approximate solutions constructed by the upwind scheme and dis-
tributional solutions of the continuous problem in a Kantorovich—-Rubinstein distance, which was
recently used for stability estimates for the continuity equation [C. Seis, Ann. Inst. H. Poincaré
Anal. Non Linéaire, https://doi.org/10.1016/j.anihpc.2017.01.001]. Restricted to Cartesian meshes,
our estimate shows that the rate of weak convergence is at least 1/2 in the mesh size. The proof
relies on a probabilistic interpretation of the upwind scheme [F. Delarue and F. Lagoutiere, Arch.
Ration. Mech. Anal., 199 (2011), pp. 229-268]. We complement the weak convergence result with an
example that illustrates that for rough initial data no rates can be expected in strong norms. The
same example suggests that the weak 1/2 rate is optimal.
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1. Introduction. This paper is concerned with the numerical analysis of the ex-
plicit upwind finite volume scheme for solving linear conservative transport equations.
We are interested in situations in which the coefficients in the equation are rough but
still within the range in which the associated Cauchy problem is well-posed. To be
more specific, we consider nearly incompressible advecting velocity fields with spatial
Sobolev regularity and configurations that are integrable but not necessarily bounded.
This is the setting studied by DiPerna and Lions in their original paper [12].

The goal of this work is an estimate of the error of the numerical scheme. In our
main result, we show that the rate of convergence of the approximate solution given
by the explicit upwind scheme toward the unique weak solution of the continuous
problem is at least 1/2 in the mesh size, uniformly in time. Our bound is valid for
uniform Cartesian meshes' only, but possible extensions to more general meshes are
discussed. To measure the numerical error we use nonstandard distances from the
theory of optimal mass transportation which appear to be natural in the context of
continuity equations [22, 23, 24]. As these distances metrize weak convergence, the
present paper provides a bound on the rate of weak convergence. We will moreover see
that, in general, strong convergence rates cannot be expected for rough initial data.
In this sense, the choice of weak convergence measures is optimal. Our computations,
moreover, suggest that the 1/2 rate is sharp.

Considering coefficients under low regularity assumptions appears to be natural
in the context of fluid dynamics, for instance, for problems described by compressible
or incompressible inhomogeneous Navier—Stokes equations, or engineering questions
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related to fluid mixing, which attracted much interest recently [26]. The present
work can be considered as a first step toward the error analysis of numerical schemes
approximating model problems that feature more general (also nonlinear) transport
phenomena with rough coefficients.

Part of our analysis is built on a probabilistic interpretation of the upwind scheme
similar to the one discussed by Delarue and Lagoutiére in [9] (in the context of Lips-
chitz vector fields) and the canonical representation of approximate solutions by the
flow map induced by it. This interpretation recently guided the duo jointly with
Vauchelet to new error estimates for the upwind scheme modeling transport with
(one-sided) Lipschitz vector fields [10]. In a certain sense, the present work com-
bines ideas from these two works with some novel stability estimates for continuity
equations recently obtained in [23]. (See also [24] for optimal estimates.)

Outline of the paper. In section 2, we introduce the continuous model and the
upwind finite volume scheme; we present and discuss our main result and illustrate
it by numerical simulations. Properties of the continuous model are collected in sec-
tion 3. Section 4 contains a brief summary of tools from optimal mass transportation
that are relevant in the analysis. In section 5, we derive properties of the numerical
scheme. Section 6 is devoted to the proof of the error estimates. In section 7 we
propose an example which suggests the optimality of our main result. We conclude
this paper with a discussion in section 8.

2. Setting and results. Since most our our error analysis is conducted for
arbitrary (though regular) mesh geometries, we will in the following present the setting
for general meshes. Whenever our argumentation is restricted to Cartesian meshes
this will be emphasized. This strategy allows the reader to easily identify the obstacles
that have to be overcome in order to generalize our result and is thus advantageous
for future research. Again, we caution the reader that our main result is valid for
Cartesian meshes only.

2.1. The continuous problem. Let € be a bounded polyhedral domain in R?.
The conservative transport of a quantity p with initial configuration py by a vector
field u is modeled by the Cauchy problem for the continuity equation

(1)

Op+V-(up) =0 in[0,T] x £,
p(0, -) = po in Q.

We are interested in vector fields with no flux across the boundary of the domain,
(2) u-v=0 on 0%,

where v denotes, as usual, the outward normal on 92. The set of equations is chosen
in such a way that the total “mass” [ pdz is (formally) conserved.

It is well known that in the case of smooth vector fields, solutions can be con-
structed via the method of characteristics. Out of the smooth setting, the analytical
treatment of the equation was initiated by DiPerna and Lions [12], who developed
the theory of so-called renormalized solutions. The authors derive uniqueness and
stability properties of renormalized solutions and show that distributional solutions
are renormalized if the advecting velocity field satisfies certain regularity assumptions.
These are w € L'((0,7); W1P(Q)) with (V -u)~ € L'((0,T); L>(Q)), where we have
used the superscripted minus sign to denote the negative part of a number. In the fol-
lowing, a solution of (1) will always be the unique distributional solution constructed
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in [12]. The DiPerna-Lions theory was later extended to vector fields with bounded
variation regularity u € L((0,7); BV (Q)) by Ambrosio [2].

Stability estimates for the continuity equation are very recent. In [23], the second
author chose an optimal transportation approach that yields quantitative estimates
for the distance of two solutions corresponding to nearby velocity fields and nearby
initial configurations. The optimality of this approach is discussed in [24]. The latter
works mirror analogous results in the Lagrangian framework derived earlier by Crippa
and De Lellis in [8]. In these quantitative estimates, however, the case p = 1 (and
also BV) is excluded.

The present work builds up on [23]: We study the distance between approximate
solutions constructed by the explicit finite volume upwind scheme—a numerical ap-
proximation of (1)—and the unique weak solution to the original problem. An upper
bound on this distance thus serves as an estimate for the numerical error. As in [8]
and [23], we need to restrict to the case p > 1.

Because our numerical scheme is explicit, a stability condition has to be imple-
mented, which requires to control the velocity field wuniformly in space. We thus
impose in addition that w € L1((0,T); L>(Q)).

2.2. The numerical scheme. The upwind finite volume scheme is the most
classical, stable, and monotone numerical approximation of the continuity equation
(1) (see, e.g., [14, 18]). It is formulated on a tessellation of the physical space Q and
describes the evolution of cell averages by means of the flux over the cell boundaries.

Even though our result will be valid for Cartesian meshes only, we start with the
description of the upwind scheme for quite general mesh geometries. In fact, most
parts of our analysis hold true for general meshes. For this reason, we will work under
weaker assumptions in the majority of the paper and restrict to the Cartesian setting
only where needed. Our hope is to remove this restriction in some future work.

We consider a tessellation 7 of the domain 2, that is, 7 is a family of closed,
connected polyhedral subsets (called control volumes or, simply, cells) of RY with
disjoint interiors and such that Q = J xer K. The surface of each control volume
K € T consists of finitely many flat, closed, and connected (d — 1)-dimensional faces.
If K and L are two neighboring control volumes, we write K ~ L. In this case, we
use the notation K|L to denote the joint edge of K and L and use |K|L| to denote its
(d — 1)-dimensional Hausdorff area H?~!(K|L). Moreover, the outward normal on K
at the edge K|L will be denoted by vk, so that vx; = —vr k. On any edge K|L, we
define the relative inverse length scale 75 = %, where by abuse of notation | K|
is the usual d-dimensional volume of the control element K. Finally, the mesh size h
is the maximal diameter of the volumes

h = max diam K.
KeT

It is necessary to ensure a certain uniform regularity of the mesh, which essentially
guarantees that the control volumes do not degenerate as h — 0. On the level of
the numerical analysis presented below, this regularity assumption must imply that
geometrical constants in estimates remain bounded as h — 0. More precisely, we
assume that there exists a constant C' > 0 such that the trace estimate

3) £z omy < C (IV fllzawy + b7 I F o))

holds true uniformly as A — 0 for any function f and any cell K € 7. The proof of the
trace estimate is fairly standard and can be found, for instance, in [13, Chapter 4.3].
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An immediate consequence of this estimate with f = 1 is the uniform isoperimetric
property of the control elements

|0K| C
@ RETR S

For a fixed time step size §t specified in (10) and (11) below, we choose N € N
such that Not < T and set t" = ndt for any n € [0, N]. Here and in the following,
we use the notation [a, b] = [a,b] N Ny, where Ny = {0,1,2,...} are the nonnegative
integers.

We discretize the initial datum pg by assigning to each control volume K € T the
mean of py over that volume, i.e.,

(5) P = ][ po dz.
K

The upwind scheme takes into account only the flow over the edges. For each L ~ K,
we consider the net outflow over K|L per time interval [¢",¢" 1],

tn+1

(6) uer 2][ ][ u- v dHItdt.

tn K|L
Following the sign conventions for the outward normals, we will sometimes use the
antisymmetric relation uj; = —uf} . We will furthermore distinguish between the

flows into the control volumes and those out of the control volumes. Hence, for
L ~ K, we write vy = (u%;)F and u};, = (u)~, where (¢)7 = max{0,¢} and
(¢)~ = —min{0, ¢} denote the positive and the negative part of the quantity ¢ € R,
respectively.

With these preparations, we are now in the position to introduce the explicit
upwind finite volume scheme. For n € [0, N] and K € T, we define iteratively

(7) Pt = plk — ot Y Tier (Wi ol —uiLpt) -
LK

Let us stress that due to the no flux condition (2), there are no boundary terms
present in (7). It will be beneficial for our probabilistic interpretation to rewrite the
upwind scheme using the identities u}; = u}% and |K|rxp = |L|ToK as

(5) K13 = Ll pie
LET
where pY, , defined by
17(%ZLNKTKLU?(-E lfL:K,
(9) Pl =S St Uiy if L~ K,
0 else,
will play the role of transition probabilities. It is a well-known fact that the upwind

scheme is stable, if 6t is chosen according to the Courant—Friedrichs—Lewy (CFL)
condition

L~K L~K

for all K € 7. We will recall the proof of stability in Lemma 5.2 below. For our



816 ANDRE SCHLICHTING AND CHRISTIAN SEIS

analysis, it will be convenient to impose a slightly stronger condition, which does not
depend on the mesh. Therefore, we demand for some finite constant C'

tn+1

(11) max dtul, < Ch, where uly ::][ |lu|| Lo dt,
nef0,N] n

which in a certain sense is sufficient for (10) in the case of Sobolev vector fields
(cf. Lemma 5.1). The latter condition in particular implies that in every time step
the maximal length of each path line is at most of order h (see, e.g., the proof of
Lemma 6.1).

The approximate solution pp, is defined in such a way that

(12) pr(t,x) = pr () = pk for almost every (t,z) € [t",t"T!) x K.

We will also write p9 = pj (0, -) for the approximate initial datum.

2.3. Main results. In the following, we describe and interpret our main result.
As announced in the previous subsection, our results are valid for Cartesian meshes
only. It is thus necessary to restrict the admissible geometries for the domain 2. We
call  compatible to Cartesian tessellations, if it is a finite disjoint union of isometric
axis-parallel rectangular boxes. In this case, 2 can be covered by control volumes
K € T, which are of the form K = [a1, a1 + k1] X - -+ X [aq4, ag + hg] with edge lengths
h; satistying h < Ch; uniformly in h. The latter condition is equivalent to (3) via (4).

We are now in the position to state our main result.

THEOREM 2.1. Suppose that Q is a bounded domain in R® that is compatible to
Cartesian tessellations.

Let p € (1,00] and q € [1,00) be dual Holder exponents, i.e., 1/p+1/q=1. Let
u:[0,T] x Q — R be such that

u € L((0,T); L>(92)),

Vu € LY((0,T); LP(2)),
(V-u)~ € L'((0,7); L=(2)),
u-v =0 on 09,

(13)

and let pg : @ — R be such that
po € Lq(Q).

Let p,pr : [0,T] x & — R denote, respectively, the solution to the continuity
equation (1) and the approzimate solution defined by the explicit upwind finite volume
scheme (5), (6), (7), (12) on a Cartesian mesh with mesh size h. Suppose that the
CFL conditions (10) and (11) are satisfied.

Then there exists a constant C' such that for any r > 0 and any t € [0,T], it holds

that
. |z — ] )
inf log | —= + 1) dn(x,
w€ll(p(t,),pn(t,-)) // . ( r )

(14)
hHU”Ll oo +h 1
<c (1 + LD (lpollas + A% llpollza lullswr )

where A = exp([[(V - u)~[|z1(z))-
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Here we have dropped the dependency of norms on the domains for notational
convenience. For instance, L'(LP) = L*((0,T); LP(Q)). We will stick to this conven-
tion in the following. In the case where Q is convex, the term |u/z1(w1.») can be
replaced by ||Vul[z1(zr), which is consistent with regard to dimensions.

The statement involves the notion of a Kantorovich—Rubinstein distance. The
infimum on the left-hand side of (14) is taken over so-called transport plans 7 that
are joint measures on the product space Q x  with marginals (p—pp)™ and (p—pp) ™.
Roughly speaking, the quantity on the left-hand side measures the minimal total cost
that is necessary to transfer the configuration p into the configuration pp, if the
transport over a distance z costs log (z/r + 1). Finding and characterizing the “best”
transport plan 7 is a central question in the theory of optimal transportation. The
minimal total cost is a mathematical distance between p and pp and metrizes weak
convergence. In section 4 below, we will review properties of this (Kantorovich—
Rubinstein) distance function that are relevant for the comprehension of this paper.

With the understanding that Kantorovich—Rubinstein distances metrize weak
convergence, the statement in Theorem 2.1 can be seen as an estimate on the rate of
weak convergence of approximate solutions defined by the upwind finite volume scheme
toward the unique solution to the continuous problem. For finite time intervals and
small mesh sizes, the vk term dominates the convergence rate as \/hf[ul[f1 (=) > h.

For r = Vh ~ /h||lu| L1 (L), the right-hand side becomes independent of A < 1 and
the estimate turns into

. 2 —y| )
inf log| —=— +1) dn(x,y) < C,
wawmmMm»/y g( Vvh (@)

uniformly in h < 1 and ¢t < T for some fixed finite 7. In other words, under the
assumptions of the theorem, the rate of weak convergence of approximate solutions
toward the solution of the continuous problem is at most 1/2.

We will see in section 7 below that our result is optimal in two respects: On
the one hand, we will show that for general rough initial data one cannot expect
convergence rates in strong norms. More precisely, for any s € (0, 1) we find an initial
configuration in L! such that

= Hlp = pller ey +#+0

as h — 0. On the other hand, we can show for the same example that the rate of
weak convergence is at least 1 — s/2. This coincides with our findings in the limiting
case where s " 1.

Rate 1/2 convergence for the upwind scheme has been known for a long time in
the case of regular (e.g., Lipschitz) vector fields: Even though the scheme is formally
order 1, for nonsmooth initial configurations, the optimal convergence rate falls down
to 1/2. Among the many papers proving this result, we mention [17, 21, 27, 11, 20,
19, 6, 9, 10, 1]. To the best of our knowledge, in this paper, we provide the first
analytical results on the convergence rates in the case of vector fields with spatial
Sobolev regularity. Numerical evidence for this rate was reported earlier by Boyer [4];
see also subsection 2.4 below. Convergence (without rates) of the scheme in the
DiPerna-Lions setting was obtained by Walkington [29] and Boyer [4].

The reason for the loss in the convergence rate for nonsmooth initial data is the
occurrence of numerical diffusion. In a certain sense, the approximate scheme behaves
like the diffusive approximation

Op+ V- (up) — hAp =0,
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which on the level of the Lagrangian variables is understood as a stochastic differential
equation

(15) dipy = u(t,by) dt + V2h AW,

where W, is a Brownian motion in R™. This motivates that the upwind scheme
has a probabilistic interpretation. Recently, Delarue, Lagoutiére and Vauchelet [10]
interpreted the upwind scheme in the form (8) as Kolmogorov forward equation of a
Markov chain on the mesh 7 with jump probabilities given by p%,; (9). By doing
so, they were able to prove a 1/2-rate of convergence for the upwind scheme applied
to the continuity equation with a one-sided Lipschitz vector field. In our case of
Sobolev vector fields, we define 1; as a continuous state Markov chain on ) with
a suitable jump kernel between the elements of the mesh. This Markov chain is a
time-discretized version of the stochastic differential equation (15) with a noise term
still depending on the details of the mesh (cf. Lemma 5.4 and (38) below). Moreover,
this noise term determines the 1/2-rate of convergence (cf. Lemma 5.5 below).

At the end of this subsection, we try to convince the reader that estimates on
logarithmic distances as the one in our main result appear quite naturally in the
context of continuity and transport equations. We will do so on the Lagrangian level,
that is, we consider the flows (cf. (17) below) ¢ and ¢, of two bounded Lipschitz
vector fields v and wy,. It is not difficult to see that

t,x) — t,x 1
(16) log (|¢( ) 7n(ﬁh( )| + 1) < HVuHLl(Loo) + ;Hu—uhHU(Lm),

uniformly in ¢ and 2. Hence, choosing r = 7, = [|[u — up||p1(z~), we see that the
velocity gradient controls the logarithmic distance of trajectories relative to the dis-
tance of the vector fields r,. The argument for this estimate is straightforward and
follows from the calculation

‘dlog (|¢(t,x) —én(to)| 1> ‘ < lu(t, d(t, z)) — un(on(t, 2))|
dt r (6t 7) — onlt2)] + 7
by triangle inequality and integration. A generalization of (16) to the case where

u has spatial Sobolev regularity is due to Crippa and De Lellis [8]. In the Eulerian
framework, an analogous estimate was derived recently in [23, 24].

2.4. Numerical experiments. We now present some numerical findings in fa-
vor of our analytical results. In two series of experiments, we applied the explicit
upwind finite volume scheme to initial data with jump discontinuities. In the first
series, the scheme is run with a constant vector field, and in the second one, we used
a stationary Holder regular field belonging to WP for any p with 1 < p < 2. In both
cases we find that the convergence rate is at least 1/2 if the error is measured in the
L' as well as the H~! norm.

Let us describe our experiments in more detail. We consider the continuity equa-

tion on the two-dimensional unit torus 2 2 [0, 1)f,er. As initial datum, we consider

. 112 11)2
po(x):{l ifx € [0,2) U[Q,l) ,
—1 else.

In our first series of experiments, we run the experiment with the constant vector field
ue = (0,1)T. In the second experiment, we choose us = (v,.5)T with v = v(z3) given
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“u'n

(a) Exact solution ) Constant vector field u. (¢) Sobolev vector field ug

FiG. 1. Illustration of numerical diffusion of upwind scheme (Mesh size h = 2710).

(2) sin? (2mx2) if 25 € [0,1),
v(T2) = 1
7 —sin® (<2may) if @ € [3,1).

It is clear that v is Holder continuous with exponent 1/2 and belongs to W for any
1 < p < 2. In both cases, we flip the sign of the vector field at time 7" = 1. As the
continuity equation is time reversible, the exact solution reaches the initial state at
time 7' = 2. Notice that both vector fields are divergence-free with |ju||pe = 1.

We run the simulations on a Cartesian mesh of size h ranging from 27! to 27°.
The time step size is fixed to 6t = h/4.

Figure 1 illustrates the effect of the numerical diffusion in the upwind scheme in
both experimental series. The reference is the exact solution displayed in the plot
on the left. The plot in the middle is computed with the upwind scheme using .,
and the plot on the right is computed using ug. As is clear from the definition of the
scheme, diffusion can only happen in the direction of the flow. For this reason, the
vertical transitions at 1 = 0 and z7 = 1/2 remain sharp under the constant vector
field u..

Figure 2 shows the computation of the final numerical error versus 1/h measured
both in the L! norm and the (homogeneous) H~! norm. The H ! norm metrizes weak

100 ; T I T T T 1T % 100 B T T T T TrIr] T T 1111 ]
1071 ¢ ] I ]
B ] 10t 8 E
1072 1 ] I ]
:\ L] Lol ] 1072;\ L] Lol 3
102 103 102 103
(a) Constant vector field uc (b) Sobolev vector field ug

FiG. 2. Computation of the numerical error versus 1/h measured in terms of the L' norm
(—o—) and the H=! norm (—8—); as a reference we display the line h1/2 ( ).
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convergence just as the Kantorovich-Rubinstein distance, though both measures are
in general not equivalent. Indeed, on the one hand, Kantorovich-Rubinstein distances
with concave cost functions are often bounded by the H~! norm. In our case, the
sublinearity of the logarithm implies the bound

. xr — . xr — 1 1
u;f//log(' Ty'+1) ar<int [[ 22 dn = Lo—pullir < Hllo—pullg

because || = 1. See also [22, Lemma 1]. Here, ||p — ppllj;-1.1 in its primal rep-
resentation is also know as the Wasserstein distance Wi(p, pp) with cost function
c(z,y) := |z — y|. On the other hand, if p; is converging to p weakly (in the sense of
measures), then the Fourier coefficients F(p — pp) (k) = f[071)2 e~k (p—pp)(x) dr are

vanishing pointwise. In particular, using the Fourier representation of the H~' norm
in the periodic setting, it holds for any K € 27N that

lp=pnlls =Y K2 F(o=pn) k)P < kI3 F (0= pn) (k)P + K 2| p—pal 2
ke(27Z)? [k|<K

Because p and py, are both bounded in L2, by choosing K sufficiently large, the latter
shows that pj, is converging to p in H !,

In our numerical tests, we have chosen the H~! norm over the Kantorovich-
Rubinstein distance as the latter is particularly easy to compute numerically. The
computation in Figure 2 shows that in both experiments, the numerical error does
not exceed the rate 1/2 in the regime of small mesh sizes. Moreover, we observe that
the H~! decay is slightly steeper than the L' decay. We interpret this feature with a
certain enhanced “mixing effect” caused by the scheme with rough vector fields.

3. Properties of the continuous model. If u : [0,7] x Q@ — R? is a smooth
vector field on the bounded Lipschitz domain © in R¢, then the flow of u is the
mapping ¢ : [0,T] x © — R? solving the ordinary differential equation

(17) Org(t, x) = ult, o(t, x)),  ¢(0,z) = .

Thus t — ¢(t, x) is the trajectory of a particle transported by u and starting at = € Q.
The condition that u is tangential at the boundary, see (2), guarantees that there is
no flow out of the domain.

In the present paper, we consider vector fields under low regularity assumptions.
We recall from (13) that u is uniformly bounded and weakly differentiable in the
spatial variable, and it is nearly incompressible in the sense that

(18) A= [(V-w) " [ Lo,y L= (@) < 0.

Under these assumptions, a generalized notion of a solution of (17) is needed: A
mapping ¢ : [0,7] x Q — R? is called a regular Lagrangian flow, if
1. for a.e. x € Q, the mapping t — ¢;(x) := ¢(t,x) is an absolutely continuous
integral solution, i.e.,

t
o(t,x) == +/ u(s, (s, z))ds for all ¢t € [0,T];
0

2. there exists a constant A independent of ¢ € [0, 7] such that
LU p7(A)) < ALY(A)  for any Borel subset A of Q.

The constant A is often called the compressibility constant of ¢.
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The existence, uniqueness, and stability of regular Lagrangian flows in the setting of
our paper have been proved by DiPerna and Lions [12] (for vector fields with bounded
divergence); see also [8] for a quantitative approach (under the milder assumption

(18)).

The compressibility assumption (18) implies that the generalized Jacobian

Ji(x) = exp (/0 (V-u)(s, ¢u(x)) ds)
is bounded below,
(19) e < Joy(x),

and for any f € L'(2) we have thanks to the boundary condition (2) the change of
variable formula

(20) | renan o= [ s e

Notice that we may choose A = e* in the definition of regular Lagrangian flows. A
comprehensive analysis of the generalized Jacobian can be found in [7].

With the help of regular Lagrangian flows, solutions to the continuity equation (1)
take on an elegant form. Indeed, if p is the unique solution with initial datum pg,
we may simply write p(¢, - ) = (¢¢)4po, where # denotes the push-forward operator,
defined by

/Qfd(cb)#uz/ﬂfwdu,

for any Borel function f and any Borel measure p. Thanks to the change of variables
formula (20), we thus have the identity p(t, ¢:(+)) Jpe(-) = po(-). Therewith, we can
estimate

20 19
lo(t, |, 2 /Q 1ot e(@)|"Tdr(x) dz < AV poL,,
and thus
(21) ol < A ¥ {lgolle-

The relation between the continuity equation (1) and the ordinary differential equa-
tion (17) is reviewed in [3].

4. Transport distance with logarithmic cost. In this section we review some
properties of transport distances with logarithmic cost functions. For a comprehen-
sive introduction to the theory of optimal transportation, we refer to Villani’s mono-
graph [28].

Given two nonnegative distributions p; and py of the same mass p1[Q] = p2[Q)],
a transport plan or coupling 7 is a plan that determines how the distribution p; is
transferred to the distribution py. These are characterized by the condition

m[Ax Q] = / prdr, wQx A= / p2 dz for all measurable A C €.
A A
In this paper, we will rather use the equivalent characterization
(22) /(cp(x) + f(y)) dm(z,y) = /gopl dx + /épg dx for all ¢, & € C(9).

The set of all transport plans between p; and py will be denoted by II(pq, p2).
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The problem of optimal transportation is to minimize the total cost that is nec-
essary for transferring configuration p; into configuration p,. Here, we will always
assume that costs are measured relative to the distance of shipment. Given a non-
negative cost function ¢ on [0,00), this amounts to minimizing the total transport

cost //C(|x7y|)d7r(l‘,y)

among all admissible transport plans m € II(py, p2).
In most parts of this paper, we will consider logarithmic cost functions ¢(z) =
log(z/r + 1) with some positive parameter r, and we write

: |z —yl
Dy(p1, ps) = f log [ =9 4 1) dn(x,y).
(p1,p2) ﬂenl(lllohpz)// og( e m(z,y)

As any concave function, the logarithmic cost function induces a metric on €2 by setting
d(x,y) = ¢(Jxr —yl|). This crucial insight has a number of important consequences that
we gather in the following.
e The minimal total cost D, constitutes a distance on the space of densities
with equal mass on Q; cf. [28, Theorem 7.3]. In particular, it obeys the
triangle inequality for all densities py, p2, p3 € L1(Q),

(23) D,(p1,p2) < Dr(p1,p3) + Dr(ps, p2)-

In the literature, such distances go by difference names, including “Wasser-
stein distance,” “Monge-Kantorovich distance,” or “Kantorovich-Rubinstein
distance” depending on the context and the mathematical community. In
this paper, we will choose the third of these options, as motivated by the
following observation:

e There holds the Kantorovich-Rubinstein dual representation for any p1, p2 €
L)

Dy (p1, p2) = Sip{/z/fd(m —p2) : [Y(x) —Y(y)| < log<xry| + 1) }

cf. [28, Theorem 1.14]. In particular, the transport distance between two
densities p; and po only depends on their difference p; — po and there holds
the transshipment identity

(24) Dr(php?) :DT((/)I —P2)+7(P1 —Pz)_)~

Moreover, the latter allows for extending the definition of the Kantorovich—
Rubinstein distance to any two not necessarily nonnegative densities of same
mass.

e Kantorovich—Rubinstein distances defined for densities on a compact do-
main 2 metrize weak convergence for measures, i.e.,

D,(pn,p) >0 <— /fdph%/fdpfor all f€C(Q)ash—0;

see [28, Theorem 7.12] for more details.

e The minimum in the primal and the maximum in the dual formulation are
both attained; see, for instance, Exercise 2.36 and Theorem 2.45 in [28]. We
will denote the optimal transport plan by mops. A characterization of mopt
was given by Gangbo and McCann [15]; see also [28, Theorem 2.45].
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e It has been shown in [23] that the mapping ¢t — D,.(p1(t), p2(t)) is absolutely
continuous with derivative

(25) S0 pal0)| < [ D=t

|$_y|_|_,r, dﬂopt(xvy)v

if p1 and po are two integrable distributional solutions of the continuity equa-

tion Op+ V- (up) = 0. In (25), Topy = Topt(t) is the optimal transport plan

for D, ((p1(£) — pa(D)*F, (o1 (1) — pa(£))7):
We conclude this section with a particular coupling 7 € II(p1, p2), which applies to the
case where the densities can be written as the push-forward of the same density under
different flows, p1 = Yup, p2 = ¢xp. More generally, let (¥(2))zeq and (¢(z))zeqn be
two families of random variables on the common standard probability space (2, F,P).
Let E denote the corresponding expectation and P, (¢ € dy) := P(¢p(z) € dy). Then
for any nonnegative p, we have (¢4p)(dy) = [P,(¢ € dy) p(dz) and it holds that

(26)  Dr(Pgp, pp) < /JEI [log('wr_‘b' + 1)} p(dz) = E, [log('w ; il + 1)}

In the following, we will refer to this coupling as the standard coupling. In particular,
we can apply the standard coupling to the regular Lagrangian flow ¢, from section 3,
which is then interpreted as a random variable with P, (¢; € dy) = 04, (2 (dy).

5. Properties of the upwind scheme. In this section, we derive some intrinsic
properties of the upwind finite volume scheme. Except when noted otherwise, all these
properties will be valid for any (unstructured) tessellation 7, for which the regularity
condition (3) is active.

5.1. Basis properties. Let us start by discussing the relation between the two
CFL conditions (10) and (11). The following lemma shows that (11) is sufficient
for (10) provided the implicit constant is chosen small enough.

LEMMA 5.1 (verification of CFL condition (10)). Suppose that the mesh T sat-
isfies (3) with constant Cy and that u € L* (L= NW?P). Then it holds for any K € T
and all n € [0, N] that

n ot
(27) Z D, = 0t Z LUy, < Coﬁuoo,
L~K L~K
where ul is defined in (11).

Proof. By using the definition 7k = |K|L|/|K| and the one of w7 in (6), we
arrive at

tntt
d—1
5tZTKLuKL |K|LZK< . /KLU I/KLdH dt>
Now, since u € L'(L> N W1P), its time average ftt:ﬂ wdt is in L= N WY and in
particular in L™ N W1, since Q is bounded. Hence, we can apply a trace estimate
and obtain
L

5t S menulh < (5t][ lll e dt 3

L~K L~K

|KIL| 19K] _
5t '!’L C _ 7L
K] K[ h oo

where the last step follows by the regularity property (3) (or (4)). d
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In the next lemma, we summarize classical properties of the upwind scheme.
These are monotonicity, mass preservation, and stability. Notice that for the deriva-
tion of these properties, the numerical CFL condition (10) is sufficient.

LEMMA 5.2 (stability estimates). The upwind finite volume scheme has the fol-

lowing properties:
(i) If p) >0, then pt > 0 for all n € [0, N].
(ii) For any n € [0, N] it holds that

(28) /pﬁ dx = /p% dx.

(iii) For any q > 1 it holds that

T
_1 _ _1
(29) llpnllzoe(zay < exp' (/0 (V- u) |L°°dt> [ PP S 2
Proof. Let us first note, that under the CFL condition (10) it holds that

1—(5t Z TKLU?(E 2 0,
L~K

and therefore 0 < p7, <1 for all K,L € T. As a consequence, we deduce from (8)
that p" is defined as a conical combination of (p}); ., which in turn implies (i).
Summation over K € T in the upwind scheme (8) results in

Z |K|PnJr1 Z ILIpL kT = Z IL|p7 Z PLK:

KeT K,LeT LeT KeT

which implies (28), since Y, p}; = 1. This proves (ii). Moreover, by applying the
modulus and the triangle inequality to the above identity, we obtain the case ¢ = 1
in the estimate of (iii).

Now, we prove the other pivotal estimate for ¢ = co. At first, we calculate

IKlLI e
ILlpt — ot —Ukp)
|K‘ I;_ LK — LZV;( |K| KL
gntt
/ w-vdHT Nt
tn OK
t"+1

71,/ ][V'udxdt.
K

Then, applying the absolute value and taking the maximum in (8), we find that

tn+1
‘Pn+1| = <|K| L;F|LPLK> maX|PK| < (1 +/ (V- u)iHLOO(Q) dt) %g%i‘ﬂ?(\

After passing to the supremum in the spatial variable we thus have

t'n.+1
<t Vo) || e (q dt %!
max|oic”| <+ [0 e oy ) i
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The statement in (29) with ¢ = oo then follows by iteration thanks to the elementary
inequality IL,(1 4+ a,) < exp (>, an).

Summarizing the previous two steps, we have found that the upwind scheme at
time step n defines a bounded linear operator from L' tonL1 with norm bounded
by 1, and from L* to L™ with norm bounded by exp(fot [(V-u)"|lL~dt). The
Riesz—Thorin interpolation theorem then yields the result for any ¢ € [1, oo]. 0

5.2. Probabilistic interpretation. We will see in section 6 below that it is
enough to consider configurations that are nonnegative. Note that this is consistent
with the upwind scheme by the first property in Lemma 5.2 above. We will thus
assume from here on that p% > 0 for all n € [0, N] and all K € T.

Following the ideas of Delarue, Lagoutiére, and Vauchelet in [9, 10], we associate
random characteristics with the upwind scheme. Therefore, we construct a Markov
chain (J™),eN, with state space 7. We use TN0 as the canonical space and (J"),en,
is then the canonical process. The o-field A is generated by sets [],.n A™ with
A™ C T and A™ =T for any sufficiently large value of n. The canonical filtration is
F=(F"=0(J%...,J"),en,  We endow (TN, A) with a collection of probability
measures (Px)xer. Here, the element K € T is the initial point for the process
(J™)neNgs i-e., it holds that Px(JY = L) = i, . Moreover, P defines the Markov
chain (J™)pen, with transition matrix (p% )k, Le7 as defined in (9). We thus have
the relation

P(J"" =L | F") =ph.,.

For p, a nonnegative measure on 7, we define P, by

Pu(-) =Y n(K)Pk(-).

KeT

This is a Markov chain starting from p, i.e., P, (J° = K) = u(K). We will denote by
Jp the law of the Markov chain at time n started from p.

In the following lemma, p™ denotes the solution of the upwind scheme at time
n € Ny considered as a vector indexed by the control volumes K € T.

LEMMA 5.3 (flow representation of approximate solution). The solution of the
upwind scheme is the push-forward of the discretized initial datum by the Markov
chain, i.e., p" = J;;po for allm € N.

Proof. The proof is identical to [10, Lemma 3.6]. Just recall that (7) can be rewrit-
ten in the form (8), which gives the evolution of the law of the Markov chain J". 0O

We now define random characteristics (¢")nen, as a Markov chain with state
space 2 C R?. We use the canonical space QN° with o-algebra B generated by sets
[1,en, B", where (B"), o, is the family of Borel sets in R such that B® = R for
any sufficiently large n . We will use two filtrations. First, the canonical filtration
Fra = (Fpa =0o(®°, ..., Y"))nen, and second the just defined coarse filtration F =
(Fr=0o(J%...,J")
JF c R4

Then, we endow (QNo, B) with a family of probability measures (P.), ., gener-
ating a continuous-state Markov chain started in z, whose jump kernel at x € K is

neN,» Where J k€ T is the corresponding Borel measurable cell
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given by

(30)

’ P 0z(dy)  for dy € K,

where pi; is defined in (9). Hence, it holds that

(31)

P.(y"* € dy | Fra) = ¢"(¢", dy).

For any Fra-measurable nonnegative u, we set P,,(-) = [P.(-) u(dz). In the follow-
ing, we will exclusively start the Markov chain from F-measurable densities like the
discretized initial data p) as defined in (5).

Let us collect some properties of the random characteristics and point out the
close links between the Markov chains (J"), o, and ("), cn, -

LEMMA 5.4. Suppose that p% is nonnegative. Then the following holds:

(i)

(iii)

The distribution w;&pg is constant on each cell K € T. Moreover, if p} is
given by (12), then pj = 1/);202- In particular, it holds that

(82) P (" € du | J") = W

Hence Y™ is uniformly distributed over any control volume K € T, and thus

]P’pg(w” e K) :sz(J” =K).

If EP% denotes the expectation under the law Ppﬁ’ then

(33) Ejo [ — 4" [ 4"] = dtup ("),

where the net flow uj(x) for x € K is defined by

(34) up(z) == uy = Z p}L{Lw with TK ::][ xdx.
= ot K

If K is a control volume of a Cartesian tessellation, then u', is related to the
net outflow over the edges by the identity

(35) up = Z VLU .
LK

The relation
€ i= Yt — g — Byt — " | F]

defines a family of fﬁjl measurable random variables (§" € Rd)neND satis-
Jying

(36) E¢" | F*]=0 and |€"| <4h a.s.

Moreover, for any m > 1, there exists a constant C > 0 only depending on m
such that

(37) E[|¢"|™ | F'] < Cotul, k™,

where u? is defined in (11).
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Formula (35) is the only place in this paper in which the assumption that 7 is a
Cartesian triangulation will be used. We will further comment on this after Lemma 6.5
below.

Proof. First, we verify that ¢ p% is constant on each cell K and that the constant
satisfies the same recursion as the solution of the upwind scheme in (8). We note that
2 by definition (5) is absolutely continuous with respect to the Lebesgue measure
and by construction of the jump kernel (30) so is w;}épg for any n > 1. Therefore, we

let ¢ be a continuous test function on € and calculate

[ e @)® [[ o w.do) vy i)

= Z / (Z pLK][ x)dx + o(y )sz> w;pi(dy)

LeT K~L

To show that w”H p;, is constant on any K € 7, we argue by induction. Since
w#ph = ph the base case is settled. Now we assume that w;pg is constant on every
K €T and denote these constants by c}. Then we obtain

/ (@ )1/)n+1 h( Z Z|L|CLPLK][ o(x)dx.

LeT KeT

Now, if ¢ is such that §, ¢(z)dr = 0 for all K € T, the right-hand side vanishes.
Hence, also w;frl pY(dz) is constant on any K € 7.
As a consequence, by choosing ¢ as the characteristic function for some fixed

K € T (which can be done by approximation), we infer the identity

[Kleptt = > |l i
LeT

Comparing this formula with (8) and recalling that ¢% = p%, the uniqueness of the
explicit scheme yields that c} = p}j for any n. Hence p”+1 w;ﬂ Y.
For the second property, we calculate for K € T fixed:

E n+l _ n n (31) // dv) dz
[v vyt e K] = K| (=, dy)
(20 ZpKL][][ —x)dydz

LK
Z P (xp —xK) = dtulk.

LK

In the case of uniform rectangular meshes, we have for all L € 7T the identity

|K|L||x;, — 2k | = | K| and can further rewrite
- 9)2|K\L| T — TK) unt Z
= Z/KLu
L~K K L~K

We now turn to the proof of (iii). The measurability and mean-zero property
of & follow immediately from the latter’s definition. In view of (33) and (34), the
norm of £™ can be estimated by

€7 < [ = "] + ot [l

<2h+2h Y ply < 4h.
L~K
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For the further characterization of ", we calculate using a test function ¢ on R%,

E —x — dtu'n dy) d
[o(€” (32)7[ﬂ/ @ —0tuyn)q" (x,dy) da
(30) z : t t n
pJan 5tuJ'n, pJn f:c—é'tan)dydx

L~Jm

Choosing () = |x|™ as a test function, we obtain the estimate (in which we suppress
the m-depending constant)

E[™ [ F] Sh™ > phag + [0t uhn|™ SB™ Y plag,
LeJgm L~Jn

where we used the estimate

( m
|6t ufn]™ S (h Z pJnL) <h™ Z Pinr-

LNJ’IL LNJ"

The conclusion now follows from (27). 0

From part (iii) of the above lemma it follows that the random characteristics
satisfy the discrete difference equation

(38) Y =yt = St (") + €7,

which is a time and space discretized variant of the stochastic differential equa-
tion (15). We therefore expect that the martingale part Y, &¢ behaves like a rescaled
random walk of scale h. This conjecture will be confirmed by the following lemma, in
which an h'/2 bound on the martingale part is established.

LEMMA 5.5 (martingale estimate).  Suppose that p% is nonnegative. For any
1 <r < oo there exists a positive constant C such that

O (y/hlull s ggey + 1) IR

Our proof of Lemma 5.5 is (in parts) similar to the one of [10, Lemma 4.5].

k T
(39) Epg|‘ sup ‘Zgn

0<k<N| =)

Proof. For the proof, we note that we can convert p9 into a probability measure
by normalizing p% /||p? ]| ;.. Hence, we take the expectation with respect to an initial
F-measurable probability distribution, which we omit in the following part of the
proof. Let My := Z?;Ol €* with My := 0 and M} := sup;<,<;|M¢|. Then by (iii) of
Lemma 5.4, it holds that

E[My | F*71 = My_y +E[¢F1 | PR = My,
—_— ——
=0
and thus Mj is a discrete mean-zero martingale. This observation turns out to be
crucial for the remainder of this proof as it enables us to apply two well-known mar-
tingale maximal inequalities to (My). One of these is the Burkholder-Davis—Gundy
inequality [16, Proposition 15.7], which for any r € [1, 00) takes the form

E[(M;)] < CE[[M]F].
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Here, [M], is the quadratic variation of (M) given by
k k—1
2 n|2
[M}k:Z‘Mn_Mnfﬂ :Z|£ I
n=1 n=0

and C, is a constant dependent only on r. Note that we have ]E[[M];ﬂl < ]E[[M]k]%
for any r € [1, 2] thanks to Jensen’s inequality. For these values of r, it is thus enough
to consider the expectation of the quadratic variation, which by linearity and the law
of total expectation becomes

k—1 (37) k—1
E[[M],] :Z]E[E[\g”ﬂf’“” < Chot> ul.
n=0 n=0

This estimate gives the conclusion in the case r € [1, 2].

We furthermore notice that in expectation, the quadratic variation is equal to the
L? norm of M, as a consequence of the orthogonality of (£), cf. (36), and the law of
total expectation. The previous estimate thus implies

k—1
(40) E[|Mg*] = E[[M],] < Chét> ul.

n=0

In the case r > 2 we will use the second of the aforementioned martingale esti-
mates, namely, Doob’s inequality [16, Proposition 6.16]: It holds for all » > 1 that

1 r

E[(M;)]" <

1

—E[IM]

For the remaining statement of the lemma, it is thus enough to estimate the L" norm
of the martingale M}, for all » > 2. We will furthermore restrict our study to even
values of r, that is, we assume that r = 2s for some s € N. The general case then
follows by Jensen’s inequality as for r € [1,2). We argue by induction over s. The
induction base is settled for the case s = 1, which we just have proved in (40). Hence,
we assume the induction hypothesis

k—1 3
(41) E[|M]"] < C, (h <6t >l + h>)
n=0
to hold for any r € R with 2 <r < 2s — 2. To begin the induction step, we calculate
S
| Myi1|* = | My + €° > = (|Mk\2 + 2( My, €5) + |§k|2>

= M s | M 20 (2(Mi, €5) + ¢4

=:1
s ¢
#3 (0) 0 (o) )
=2
=:1Iy

In the estimation of the term I, it is crucial that | M [2¢~Y M, and € are orthogonal
in expectation. Indeed, thanks to (36) and the law of total expectation, it holds that
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E[| M |2~ (M, €%)] = B[| My |*—Y E[(My,, €*) | F¥]] = 0. Similarly, with the help
of (37), we derive E[|My[>¢=D[¢*|?] < hétul E[|M]>5=Y]. We have thus shown
that

E[I] < Chét u’;OEDMk\?(s—U}.

Using essentially the same arguments as in the last estimate, we can get control over
the terms IIy. Indeed, with the help of (37), since £ > 2, we have

E[1I;] < OE[|M]€|257E|£IC|K} N ]E[|Mk|2(S4)|£k|2e}
< Cotub h*IE[IM[P ] + Stub R | [M 00

It will be convenient to define UX = Zﬁ;é ul . Combining these two estimates and

applying the induction hypothesis (41), we then obtain

S S - S
E[\Mk+l|2 } = E||M,|? +sI+Z(€)]]g:|
(=2

- . 2s 2-e
SE[|M**| + Cotul) > (h(5t UL + 1)) = ht!
) . (=2

_ _ 2s e s
< E||M|**| + C6tur h® (Z((St UL T R 4 hs—l)
) . =2

< B[|M ] + ot ne ((6eUL) ™ ),

25— -2 s— s—2— £ _
where we have used the fact that Z?iz ST = 3102 \/52 b < Cla*~t+
b*~1) in the last inequality. Iterating this estimate and using My = 0, we obtain for
any k € N that

k—1
E[M*] <C3 stul v ((5t Uny Tt 4 hs—l) < Ch* (5tUE +1)°.
n=0

This proves the statement in (41) for = 2s. For intermediate values r = 2s — o with
o € (0,2), we estimate by using Jensen’s inequality again

1

1
25-01%5-0 o2
Bl = E[(ME) )7 <]

Slm

This concludes the proof. 0
6. Proof of the error estimates.

6.1. Proof of Theorem 2.1. We start with the observation that it is enough
to consider the case of nonnegative (approximate) solutions. Indeed, in view of the
superposition principle for the continuity equation, that is, p(t) = (¢¢)#po, it is clear
that solutions are nonnegative if the data are. In particular, if the functions p1 denote
the solutions corresponding to the initial data p(j)[ > 0, then p+ > 0. Moreover, by
the uniqueness of the Cauchy problem, it holds that p = p;y — p_ is the unique
solution with initial data pg = pg — py . With regard to Lemma 5.2, the same holds
true in the discrete setting: The solution to the upwind scheme can be split into
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prn = (pn)+ — (pr)—, where (pp)+ is the nonnegative discrete solution with initial data
(p?)h (first decomposed then discretized). Now, by the transshipment property (24)
and the triangle inequality (23) of the Kantorovich—Rubinstein distance, we estimate

Dy (p; pr) < Dr(p+, (pn)+) + Dr(p—, (pn)-)-

To prove Theorem 2.1, it is therefore enough to control the distances between the
nonnegative densities on the right.
We keep t € [t",t"T1) fixed and split the Kantorovich-Rubinstein distance be-

tween p(t) = (¢¢)gpo and pp(t) = w;pg according to

Dr(p(t), pu(t))

(42) < Dr((96)#P0s (Den)#P0) + Dr((Sen) p0s (P ) ) + Dr((Pem ) o V5 7)-
Here we have used the triangle inequality for D,; cf. (23). The first term in (42)
measures the error caused by the discretization in time, the second one measures the
error due to the discretization of the initial datum, and the third term quantifies the
error of the upwind scheme. The estimates of the first two terms are contained in the
following two lemmas.

LEMMA 6.1 (error due to time discretization). There exists a constant C such
that

Ch
Dr((6) o (0e-) ) < 10g (2 41) lpalr

LEMMA 6.2 (error due to discretization of initial data). There exists a constant
C such that

h 1
D@0 onr (60)4h) < Ctog (% +1) (Ioolles + A% ol s o)

Here and in the following, ||u[|z1(w1.») can be replaced by the homogeneous part
Vul[£1(zry in situations where  is a convex domain.

To estimate the third term in (42), we first estimate the transportation distance
with the help of the standard coupling (26),

Dy (¢ )0h, Vph) < Epo {log (W + 1)] :

Using the evolution laws in (17) and (38) together with the concavity of the logarithm,
we obtain

n—1 n—1
(00w 30 < B g (12 ==

r

[ uls, ¢(x)) ds — stup = (yn )|
| pen— 1( ) Pl —gn-1| 4y :

This procedure can be repeated. After n — 1 iterations, we have the estimate

)

S u(s, ds()) ds — ot uj, ()|
+
% ‘i |<bte(w) R A Mg R

erh

(43) Dr((¢t")#p27 1#;1/’2) l10g<

t“
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Let us denote the first term by T and note that the second term on the right-hand
side of the previous estimate is furthermore controlled by the sum 77 + 15 + T3, where

tZ+1

(44) 1, .—Z [ [ @) s, o) ) ds

u(s, dpe (z)) — uls, )|
& e *Z/ l @) S e

t£+1

(46) Ts :— ‘/ u(s, ) ds — otul, (v°)|].

We thus have to estimate the terms in (43)—(46). This is the content of the following
lemmas.

The term in (43) is caused by the numerical diffusion introduced by the upwind
scheme, which is manifested as a sum of centered random variables. Our proof of (43)
consists of an application of martingale estimate from Lemma 5.5.

LEMMA 6.3 (estimate of Ty (43)). There exists a constant C' such that

1og< + 1) = (e gy + 1) ol

The next term (44) involves a time-shift, and we use again the CFL condition (11).
In addition, in this estimate, we use the maximal function of the gradient of v to bound
the difference.

LEMMA 6.4 (estimate of Ty (44)). There exists a constant C such that

té+1

h 1
Z [l 6uw) — s, du @) i) ds < O A ol .
t

To estimate the term in (45), we use a combination of the maximal function
estimate and the martingale estimate from Lemma 5.5.

LEMMA 6.5 (estimate of Ty (45)). There exists a constant C' such that
4
o [u(s, dre () — uls, ¥°)]

Z/tf (2) = = Ry €5+
1
<c (1 2 (\/huunmm +1) ) A% ool s,

The control of (46) crucially relies on the particular form of the averaged velocity
field ulh introduced in (34) and the regularity of the mesh. To be more specific,
our argument is based on the identity (35) which seems to be valid on Cartesian
tessellations only. At this stage, it is not clear to us how to estimate T3 (46) in the
case of more general, possibly unstructured, tessellations, though some ideas from
the construction in [9] may be relevant. We plan to address this question in future
research.

LEMMA 6.6 (estimate of T3 (46)). There exists a constant C such that

n—1

1
5 ley
=0

t[+1

/ u(s,we)ds — 6tufl(@/}e)
"

h 1
B C; A% lpoll 14 ||U||L1(W1,p)~
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A combination of the Lemmas 6.1-6.6 completes the proof of Theorem 2.1.

6.2. Proof of Lemmas 6.1-6.6. In this subsection, we turn to the proofs of
Lemmas 6.1-6.6.

Proof of Lemma 6.1. From the CFL condition (11), we deduce

t
@) = (@) < [ Juls,u ()] ds < Gt < Ch

for a.e. x € , with the consequence that

D, ((¢¢)#po, (¢tn)#Po)(2§6)/ log (W + 1> po(x) dx

Ch
< log (r + 1) llpollz1-

This proves Lemma 6.1. ]

The statement in Lemma 6.2 is a stability estimate for the continuity equation
which has been recently proved in [23, Proposition 1] and builds up on [5, Proposi-
tion 2.2]. In order to have a self-contained representation, we will sketch its short
proof for the convenience of the reader.

We need some preparations. At the heart of the proof is a Crippa—De Lellis-
type argument, cf. [8], that allows to estimate integrals of difference quotients by LP
norms of gradients. The argument makes use of the theory of the maximal function
operator M, defined for a function f on R? by

(M@ =swp [ 11wy
r>0J B,.(x)

We will make use of two properties. First, maximal functions bound difference quo-

tients in the sense that

1@ =l _

) ey

(MVf)(2) + (MY f)(y))

for a.e. x,y. Furthermore, M maps L to L? for any p € (1, c0] with the estimate
(48) [Mflle < ClfllLe-

The first estimate is elementary and can be proved similarly to Morrey’s inequality.
In fact, its proof is contained in [13, p. 143, Theorem 3]. The second one can be found
in many standard references on harmonic analysis; see, e.g., [25, p. 5, Theorem 1].

In order to make use of the maximal function estimates, it will be convenient to
introduce a Sobolev extension of u to R%. We thus let @ : R — R¢ denote a Sobolev
function with @ = w in 2 and such that

(49) lallwrr < Cllullwr.

The construction of @ can be found, for instance, in [13, p. 135, Theorem 1].

Proof of Lemma 6.2. We apply the estimate (25) with p1 = (¢¢)xpo and ps =
(¢¢) 4% and obtain with the help of (47) and the marginal conditions (22)

<C Q(MW) [(¢¢)(po — pf))| da.

LD (60400, (90)469)
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Integration and Holder’s inequality yield

D, ((d¢) 00, (94)4P3) < Drlpo, ) + CIMVE|| L1 (1)1 (¢) # (P0 — pi) | Lo (L0)-

To bound the second term we invoke (48), (21), and (49) and obtain

_ 1
MVl L1 Loyl (D)2 (po — pi) | Lo (ray < ClIVull (o)A [|po — pf Il e

For the first term, we recall from the definition of p9 in (5) that py and p share
both the same mass on each cell K € 7. We may thus choose mx € II(xk po, XKP(;)L)
and define m = ), . Tk. By construction, m is a transfer plan in (po, p?). In
particular,

h
r(po, ) < D //108 ( 1) drg (z,y) < log (T + 1) [0 = Pl

KeT

Since [|p2|lL: = ||poll 1, the statement follows with the triangle inequality. d

Proof of Lemma 6.3. We use the sublinearity of the logarithm

s ) < e e

apply the martingale estimate (39) from Lemma 5.5, and recall the identity ||p?| ;1 =
llpollzr- O

Proof of Lemma 6.4. We recall that the CFL condition in (11) guarantees that
|ps(z) — ¢ye(z)] < Ch for ae. x € Q and every s € [t!,#/T1); cf. the proof of Lemma
6.1 above. It thus follows via (47) that

t€+1

[ [0~ utso0ldhdz s

(o1 s
<Ch/ /MVU phdxderCh/ /MVU , e )P da ds.

Summing over ¢ and applying Holder’s inequality and the bound on the Jacobian (19)
thus yields

t/+1

Z / / (s, ) — u(s, )| dizds < CRAS [ MVl 1 (1) |63 .

It remains to invoke the fundamental inequality for maximal functions (48) and the
continuity of the extension operator (49) to deduce the statement of the lemma. 0O

Proof of Lemma 6.5. We first apply Holder’s inequality to the expectation,

|U’(S7 ¢t5) B ’LL(S, ¢€)|
|foe — 8 — Spsy EF + 7

juls, ) — uls, )P
=5 l G — 1T

1/q

|¢t/Z - w"\q
q
e — ¢ — Thzs €| +7)

E(ﬂ%)q (
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The second term on the right-hand side can be bounded with the help of the triangle
inequality and the martingale estimate (39) by

1/q

60 — 01"
q
(I =t = izt €bl+7)

" qq1/q 1
] §O<1+T( h|u||L1(L°°)+h)>”p(i)L”Lq-

Notice that the martingale estimate extends to sums starting at ¢ via the triangle
inequality. For the first term, we have

|u(57 (rbtf) _ ’U,(S, qu)lp
Eq 7
|¢tf — 1 |p
as a consequence of (47). Thus, with regard to (21), (29), (48), and (49), the latter
yields

1
gk

k=t

11
< Egppyal17 + B

} <C / (MVa)(s, ye (2))P dx + C By [(MVa)(s, )7

,¢Z — 71/1[ i % :

Combining the previous estimates, integration over [t¢, t*1] and doing the summation
in £ yields the result. a

Proof of Lemma 6.6. By the assumption of a Cartesian tessellation, we have for
each control volume K € T the identity

Z I/KL(b . l/KL)Jr = b

L~K

241
for any vector b € R%. In particular, choosing b = fttg fK udxrds, where K € T is
such that ¢! € K, it holds that

t[+1
/ u(s,z/)z)ds — 5tu£(we)
1+

241

/t; ]{((u(s,qpe)—u(s,x)) dr ds

R +
+ VKL ][ u-vigrdrds| — /
Z ( tt K tt

L~K

+
][ w-vgp dH ds
K|L

=14 1L

In view of (47), the first term is controlled as follows:

t2+1 t2+1
|I| < Ch </te (MVa)(s,¢") ds + /té ]i(MVﬂ)(s,x) dmds) .
tZ+1

For the second one, we use the fact that (-)* is 1-Lipschitz continuous and compute
e+t
/ ][ U'VKLd‘TdS*/ ][ u- v dH ds
tt K tt K|L

<y
L~K
t@+1
u—][ udx
K

<c ][
tt OK

dH 1 ds.
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Now, we use the estimate

o

u—][ udy’ dH¥ < C/ |Vu| dz,
K K

which is a consequence of the trace estimate

1
/ v|d’H,d1§O</ |v\dx+/ |Vv|dx)
OK h K K

(cf. (3)) applied to v = u — §, vdz, and of the standard Poincaré estimate

J.

u—][ udy‘dwﬁh/ |Vu| dx.
K K

Therewith, we obtain the estimate

] e+

|17] < %/ / |Vu|d1:ds§0h/ ][ |Vu|dzds
| | Jue K t K

because |K|/|0K| < |K|Y/® < h thanks to the isoperimetric inequality. Applying the
expectation and doing the push-forward then yields

|

/ u(s, %) ds — bt ul (1)

(1 e+l

<ch / / (IMVu| + [Vul) 0 (dr) ds,
tl

where we used the identity

E

J2

][ fdz
K (%)

By |/ fds] = 3 st [ sa

KeT

in which K(x) denotes the control volume in 7 that contains x. Hereby, in the
first expectation, pY is interpreted as a function from © to R and hence the first
expectation is an integral, whereas in the second one it is considered as a vector
in R7 and the second expectation is thus a sum. We use Holder’s inequality, the
fundamental estimate for maximal functions in (48), the continuity of the extension
operator (49), and estimate (29) to conclude. ad

7. Optimality. Our intention in this section is to demonstrate that our main
result is (almost) optimal with regard to two aspects:

1.

We state a simple example which illustrates that within the setting of this
paper one cannot expect to prove a priori upper bounds on (polynomial)
convergence rates in strong Lebesgue norms. To be more specific, for any
small € we find an initial configuration such that the approximate solution
given by the upwind scheme converges toward the exact solution of the conti-
nuity equation with a rate not faster than ¢; see (52) below. Taking the limit
€ \¢ 0, this entails that uniform rates cannot exist for strong norms. It is
thus natural to seek estimates on the rate of weak convergence, as provided
in our Theorem 2.1.

Notice that this observation is not a contradiction with the error analysis
conducted, for instance, in [19, 20]. In these works, the authors study conver-
gence rates under regularity assumptions on the initial datum: They assume
that ug has BV regularity. Our theory, however, is valid for data that are
merely integrable.
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2. Our computations show that our findings in Theorem 2.1 are almost optimal

in the following sense: For any small ¢, there exist initial configurations for
which we can bound the rate of weak convergence from below by 1/2 — ¢; see
(53) below. This lower bound almost matches the 1/2-a priori upper bound
from Theorem 2.1.
Apart from the unpleasant fact that upper and lower bounds do not exactly
agree, there is a second mismatch with regard to the measures of weak conver-
gence. We are not able to bound the logarithmic Kantorovich-Rubinstein dis-
tance D, suitably from below. Instead, we study the slightly larger Kantoro-
vich—Rubinstein distance with Euclidean cost

Wilppn) = _int [ [z sl ara.y).
mell(p,pn)

This distance is frequently referred to as 1-Wasserstein distance. By the

Kantorovich-Rubinstein theorem [28, Theorem 1.14], it satisfies the duality

formula

(50)  Wilp.pn) = sgp{ [#to=myde: 1ote) - 6wl < fe - yl}.

Let us now consider the advection equation with a constant velocity field v =
U>0onR,

Op+U0,p=0 and  p(0,z) = po(x).

Its exact solution is given by p(t,xz) = po(x — tU). To define the corresponding
approximate solution, let us choose the control volumes K = hlk,k+1) C R for some
small h > 0, and we write p} instead of pl for solutions of the upwind scheme (7).
Notice that the latter reduces to

wir o OtU . StU StU\ ,  6tU
P =Pk = TPk T TP 1—7 Pe = Pk-1:

Next, we choose the time step 0t size such that §¢tU = h/2, which in particular
satisfies the CFL condition (10). Moreover, the scheme becomes in this simple case
n

Pt = 1(p} + pi_,). By iterating this identity, we arrive at

n 1 = n 0
(51) Pk = on Z <m)pkm'

In order to prove the aforementioned optimality of our error estimate in Theo-
rem 2.1, we have to choose sufficiently rough data. For some parameter s € [0,1), we
choose the following (singular) Riemann problem like initial distribution:

0 for z <0,
po(z) =<z~ forz € (0,1],
0 for x > 1.

By the explicit solution to the continuous problem, we have for any ¢ > 0 and all
x € [0,tU] that pp(t,z) — p(t,x) = pn(t,z). This error is caused by the numerical
diffusion, and we expect it to be the main contribution to the total error.
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Our argumentation will be based on duality. We thus let 1) be a suitable non-
negative test function with supp C [0,tU]. Further properties of ¢ will be specified
later.

Suppose now that t € [t", t"+1) for some positive even number n = 2(¢ + 1), so
that £+ 1 <tU/h < £+ 3/2. We then have

/wph ®)dz= | o) d:c>h§jw v ‘51’h222n<”)wkp2m,

k=0m=0
(k+1)h
where ¥, = 1 dx. Notice that pk . = 0 for k < m. Hence, changing variables
and the order of summation, the latter turns into

4
/ V(pn(t) = p(t)) do > imz_jo (jﬂ ij) th Kok

=:5(m)

Notice that the right-hand side is furthermore decreased if we restrict the summation
over m to the set [0, |v//]] and if we substitute the displayed binomial coefficient by
( ﬁfn). Moreover, the de Moivre—Laplace theorem yields

l 20 B 20 1 {—m 1 20—(—m) 1 _WT?>L
\v—m)  \v—m)\2 2 NN

for ¢ sufficiently large. Here, by a =~ b we understand a = b(1 + o(1)) as £ > 1. We
thus have

Q

[Ve/2]

[ vty = ot iz 2 = > Stm

We now address the L! lower bound. For this purpose, we choose ¢ (z) = 1 for
z € [0,tU], and hence also i, = 1 for all k € [0, /], and we obtain

m (m+1)h mh dx (mh)l—s
m)=nh pO:/ podxz/ —_—=—
I;J k 0 0 xs 1—s

if h is small enough so that mh < 1. Therewith, we arrive at

[Ve/2] 1—s
h1 * 1 \/E
Ion(®) = o0 = s [ vlon@) ~ o) e 27— 7 37 m ,
¥l pee <1 -5
because ¢ ~ tU/h ~ 1/h for t > 1 and U ~ 1. Hence, setting ¢ = (1 — s)/2, this
computation shows that

2 lim h™%|[pp, — pl| 1 z1
(52) Lim A=l pn = pllzr(o.)x0.8)) 2

for any R sufficiently large.
The computation for the Wasserstein distance is similar. We choose the 1-
Lipschitz function ¢ (z) = tU — x on [0, tU] and obtain

dz - (mh)?=*

(m+1)h
S(m)%/o (10— (€= mph— ) T > s
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This leads to the lower bound

(50) p2—s Lve/2] N

Wi(pn(t), p(t)) 2 T @i gs‘o mTr2 T

By choosing s = 1 — ¢, we thus find the almost optimal lower bound

1+e
(53) Wi(pn(t), p(t)) ~ VR

We finally remark that it is not clear to us whether the weak convergence rates are
optimal for more regular, e.g., BV, data. Our numerical experiments in section 2.4
suggest that this could be the case; cf. Figure 2.

8. Discussion. Let us finally discuss possible extensions of our main result. It
would be desirable to remove the restriction to Cartesian meshes. The major obstacle
consists in the incompatibility of the construction of stochastic characteristics with
more general meshes. A way to overcome this in the Lipschitz setting was proposed
in [9]. At this point, it is not clear to us how to adapt this approach under the weaker
regularity assumptions of the present work.

Another question concerns the applicability of our approach to the implicit up-
wind scheme. We are positive that this application is possible. The argumentation,
however, rather relies on the Eulerian specification. This is ongoing research.

We remark that in order to establish stability estimates for continuity equations it
is not essential that the system is conservative. In fact, in [23], arbitrary source terms
are included in the right-hand side of (1). The restriction to conservative flows in the
present paper is, however, crucial as it allows for a clean probabilistic interpretation
of the scheme. In this context it should be mentioned that it is currently unclear how
to extend the theory from [23] to the transport equation in nondivergence form or to
nonlinear conservation laws or systems. For the same reason, the present convergence
analysis does not directly apply to the associated upwind schemes.

Finally, there is a way to make sense to the continuity equation in the case of
measure valued solutions. The underlying well-posedness theory is based on the notion
of renormalized solutions which was first introduced in [12]. Whether the present work
extends to this framework is not obvious to the authors.
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