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equation with boundary data

Nina Aguillon? Franck Boyer!
December 15, 2016

Abstract

We study the upwind finite volume scheme on a general mesh for the initial and boundary-value problem
associated with a linear transport equation. For any BV initial and boundary data we prove the (optimal)
convergence rate 1/2 in the L'-norm. Compared to previous works, our main contribution is to take into
account the boundary data and to relax some regularity assumptions on the velocity field.

As an intermediate result, we also provide a complete proof of the BV regularity of weak solutions of
such a general transport problem.

1 Introduction

1.1 Framework and main result

This paper is a contribution to the analysis of the upwind finite volume scheme for the approximation of weak
solutions of the following linear transport problem

Owu(t,x) +v(t,x) - Vyu(t,z) =0, t€(0,T), ze€f,
u(07x) = UO(x)7 T €Q, (1)
u(t, ) = up(t, x), t€(0,7), ze€T, where v(t,z) n(z) <0.

The final time 7' > 0, the velocity field v, the initial data u° and the (inflow) boundary data u, are given. The
domain Q C R? is assumed to be bounded and at least of class C%; its boundary is denoted by I' = 99 and n
is the outward unit normal. We shall use the following notations

Q= (0,7)xQ, TT:=(0,T) xT.

We present in details the upwind finite volume scheme for this problem in Section [3] At that stage, we
only point out that the convergence analysis for this problem has already been done in [Boy12] under general
assumptions, whereas an error estimate was obtained for instance in [MV0T7] in the case where the problem is
posed in the whole space 2 = R? (that is without boundary data) and for a Lipschitz continuous advection
field v. In this work, we would like to prove the same kind of error estimates as in [MVO07] but for the full
problem taking into account the boundary data. Moreover, our assumptions on the velocity field are weaker
than the one in [MV07] since we allow time discontinuities for v.

Let us remark, in this introduction, that the presence of a boundary data really makes the structure of the
solution v more complicated so that the error analysis is not a straightforward extension of previous works,
even though our proof is strongly inspired by the one in [MVQT].
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o First, even if u° and w; are smooth and compatible at time ¢ = 0, this regularity is not inherited at all
times.

As an example let us consider Q = (0, +00) C R, up = 0 and u® € C*() compactly supported in Q. Let
a > 0 such that u%(a) # 0. We take v that depends only on time as follows v(t) = 2(t — a)/a.

For 0 < t < a, we have v(t) < 0, and thus there is no inflow boundary. The exact solution is thus given
by

u(t, z) = u° (ac _ /Ot v(s)ds) — Oz + 2t — 12/a),

and in particular, at time t = a, we have u(a,0) = u°(a) # 0. At time t = a, the velocity field v changes
it sign and thus the inflow boundary data has to be taken into account. The solution becomes

u(t,z) = u®(z + 2t — t2/a)1{w>2t_tz/a_a},

and it is clear that it is no more continuous in space for any time ¢t > a. The solution is not smooth
anymore and thus, even if one regularize the data by any convolution process, we cannot expect that the
associated exact solution of for those regularized data will be smooth. Observe that the regularity
of v is not important in this behavior but only the fact that the inflow/outflow parts of the boundary
may depend on time.

Actually, the suitable assumption we shall need in our analysis is the fact that the inflow part of the
boundary is of finite perimeter (see )

e Observe that, even though the solution clearly does not depend on the values of u; outside the inflow
part of the boundary, we will require in assumption some regularity of u;, on the whole boundary I'T.
If one is only given the values of u; on the inflow part of the boundary, this amounts to require that
there exists some extension of this data on the whole boundary I'" that satisfies .

It seems that this assumption is necessary to guarantee that the solution u of the transport problem has
a bounded total variation as illustrated in Remark given in the sequel.

e Provided that and suitable assumptions on v (weaker than the ones we need for the error analysis)
hold, we can prove that the solution u of has a bounded total variation. This BV regularity result for
the initial- and boundary-value transport problem does not seem to be available in the literature in the
form we need. This property, that has some interest by itself, is thus proved in an independent Section [7]

Let us now state the regularity assumptions we need on the data to perform the error analysis:

u® € BV(Q) N L>®(Q), (2)
uy € BV(I'T) N L>(T7), (3)
divv =0, in Q7,

v e BV(QT)nL>Q), (4)

L, = vaVHLoc(QT) < +o00.
The last assumption says that v is Lipschitz-continuous in space, uniformly in time, but we allow time discon-
tinuities for v.
Roughly speaking, if ua, is the approximate solution given by the upwind finite volume scheme, our main

result will be the following.

Theorem. Assume that the data and the mesh satisfy suitable regularity assumptions and that the time step
fulfills a strong Courant—Friedrichs—Lewy condition, then we have the estimate

| — vuazl Lo 0,m;01 () + // |u —uag||v-n|dodt < CVAz.
T

The precise statement is given in Theorem [£.1] where the hypothesis are described and discussed and the
trace terms are suitably defined.



1.2 State of the art

The estimation of the order of convergence for the linear transport equation on a general mesh has a long
history, going back to Kuznetsov in the 70’s. Let us briefly describe some of the existing bibliography. We
restrict our attention to results on the linear transport equation or involving a boundary data, discretized with
a finite volume method. A wider bibliography extended to nonlinear conservation laws or other numerical
methods can be found in those papers.

o Advection equation with Lipschitz continuous velocity field on R?. When the initial data (and hence
the exact solution) is smooth and when the mesh is Cartesian, the Lax—Wendroff theorem yields the
convergence at order 1 of the scheme. On non-Cartesian grids, the Lax—Wendroff theorem does not
apply because first, the scheme is not consistent in the finite difference sense and second, no uniform BV
bound holds in general (see the counterexample of Després [DesO4al).

However a 1/2 convergence rate can be proved in various norms and for different regularity assumptions on
the data. This was proved in the pioneering work [Kuz76] on Cartesian meshes, in [VV03] for Friedrichs
systems, in [Des04b, [Des04a] for constant velocity fields, and in [MV07, [Mer(08| for space and time
Lipschitz continuous velocity fields. Using a probabilistic interpretation of the scheme, similar results are
obtained in [DLII] for time independent but non divergence free velocity fields.

Let us underline that, on unstructured grids, the order 1/2 is optimal even though the initial data is
smooth, see the example of Peterson [Pet91].

In some cases, the first order convergence can be recovered with additional hypothesis on the mesh,
see [BGP05]. We will not tackle this problem here and will focus on the case of general meshes and BV
data.

e Advection equation with Lipschitz continuous velocity field on a bounded domain. To our knowledge, this
work is the first to give the optimal order 1/2 on a bounded domain with general data. The influence
of the boundary is studied in [CVV00] for Friedrichs system, but the solution is assumed to be smooth.
In [CH99] and [Vig96] orders of convergence are proved in the framework of scalar conservation laws; the
nonlinearity of the flux introduces many difficulties and the best convergence rate obtained so far is 1/4.
Moreover, the fact that the exact solution has bounded total variation is quite hard to obtain. In the
case of a homogeneous boundary condition (i.e. u, = 0), this is proved in [BIRNT79], but the extension to
non-homogeneous Dirichlet condition is quite difficult, as underlined in [CR15|, and requires regularity
on up and some compatibility conditions, see [CR15, Theorem 2.7]. In the case of the linear transport
equation we are able to give a simpler and more general proof, see Section [7] of the present paper.

o Less reqular velocity field. When the velocity field v is not Lipschitz continuous, the exact solution cannot
be obtained by the method of characteristics and it is necessary to build a new framework in which is
well-posed. Within the theory of DiPerna-Lions, the convergence of the scheme (with no evaluation of the
order of convergence) is proved in [Boy12| whereas a 1/2 order of convergence for a suitable distance that
metrizes the weak topology is proved in [SS16]. When v is one-sided Lipschitz continuous, an optimal
order of convergence in the Wasserstein distance has recently been obtained in [DLV16] on Cartesian
meshes. Those cases are beyond the scope of this paper.

In this historical landscape, our work is the closest to [MV07] since we extend their result to the case
where a boundary data has to be taken into account. We actually follow the sketch of their proof. However,
due to the influence of the boundary that complicates the structure of the solution, this extension is not
straightforward. In particular we propose a new way to regularize the exact solution that is adapted to the
treatment of boundary terms and which, additionally, requires less regularity on the vector field v. We will
enlighten throughout the paper the key differences and novelties compared to this reference.

The paper is organized as follows. We continue this introduction with some notation and some useful results
on BV functions. In Section |2[ we expose some results on the exact solution of . Some of them are well
known (weak formulation, renormalization properties) and other are new (Lipschitz continuity of the solution
in the normal direction near the boundary, see Proposition . The upwind scheme and the assumptions



on the mesh are presented in Section [3] Our main result, Theorem is stated in Section [] together with
the intermediate results that we need during its proof. The results concerning the regularization by a space
convolution of the exact solution are gathered in Section[5} Section[6]is devoted to some estimates related to the
properties of the discretization method. The curved boundary and the low regularity in time of the considered
functions complicate the analysis. Eventually, in Section [7| (that can be read somehow independently) we
propose a proof of the BV regularity property stated in Theorem and that we use all along the paper.

1.3 Notation and useful results

Averages and measures In the sequel, if (X, p) is any measurable set with pu(X) < 400 and if ® belongs
to L'(X, u), we denote by
1
Ody = —— / ddu
]ﬁ( w(X) Jx
the average of ® over X.
We shall use the notation H4_; for the (d — 1)-dimensional Hausdorff measure.

BV functions The natural regularity class we shall deal with in this paper is the one of bounded variation
functions. Let us recall the main definitions and properties that we need and that one can find, for instance,
in [AFP0Q].

A function f € L'(U) defined on an open set U of RV with Lipschitz continuous boundary is said to be of
bounded variation if and only if

TVy(f) = sup{/ fdiv®dzx, for & € C°(U,RY), 1@l Loy < 1} < +o00.
U

The space of such functions is denoted by BV(U) and is equipped with the following norm

I fllevwy = Ifllzr @y + TVu(f).

Observe that the total variation is semi-continuous in the following sense : for any f € L*(U) and (f,,), € L' (U)
we have
an _f||L1(U) mO:>TVU(f) SlinningVU(fn)- (5)

We note that W'1(U) € BV(U) and that for such functions, we have TVy(f) = ||V f| 11 ). Moreover, the

set C*(U) is weakly dense in BV(U) in the following sense

For any f € BV(U), there exists a sequence (f,), € C*(U) such that
6
o = £l —= 0, and TV (fa) = [V alirw) —— TVu(f). ©

Moreover, if f € BV(U) N L*(U), then the sequence (f,), can be chosen to satisfy || fu|lzo @) < 2| fllzo -
The trace operator vor : f € C°(U) flou € LY(U) can be continuously extended to BV(U) in the
following sense : for any f € BV(U) and (f,,), C BV(U), we have

Ifr = fller @) + 1 TVu (fn) = TV (f)] — 0= IVov fr — vou fllL av) —0

One can naturally extend all the previous definitions and properties to define the space BV on smooth manifolds
such as I'"' = (0,T) x I.

We shall need at some point the following property that can be easily obtained first for smooth functions
and then extended by a density argument.

Lemma 1.1. For any R > 0, h > 0, we set K = (=R, R)*! x [0,h), L = (=R, R)¥' x (~h,0], and

o= (—R,R)¥ 1 x {0}. We have
dr — d
RES AL

]ifdx—]i’yofda

(2R)*! <TVkur(f), YfeBV(KUL),

and
(2R)d71

<TVk(f), VfeBV(K).



Level sets of BV functions, sets of finite perimeter We say that a subset E of {2 has a finite perimeter
if

PerQ(E) = TVQ(].E) < +00.
The main property we will use is that the level sets of a BV function are of finite perimeter and we can relate
the function to its level sets through the following construction: for any f € BV(Q) and any n € R we define

1irsnys ifn >0,
Xf =1 Ly, ifn <O,
0, if n =0,
and the following result holds.
Theorem 1.2. With the previous notation, for any f € BV(Q) we have:
1. If f € L™(Q), then x? =0 for any n such that [n| > || f| L)

2. The Fubini theorem gives that
f= [ xpdn in 249, and fle = [ Il dn
R
3. Co-aera formula : the total variation of f can be expressed as follows

Va(f) = [ TVa(j)dn = [ Pera(ls > nh)dn

We shall use similar notation and results when € is replaced by Q7 or by the manifold I'”.

Normal and tangential coordinates Since () is assumed to be a bounded C? domain of R?, we can use
the following notations and results (see for instance [Amb00, Boy05| BF13]).
For any £ > 0, we introduce the sets (see Figure

O, ={reQ, dzT)<¢}, and T.:={ze€Q, d(z,T') =&}.

There exists a {o > 0 such that, on O, , the distance map d(.,I") is smooth, and the orthogonal projection Pp
onto I is well-defined and smooth. We recall that Pr(z) is the unique point in I' such that d(z,I") = d(z, Prz).
We consider a C> map 7 : 2 — R such that 0 <n <1,n7=1o0n O,, and n=01in Q\ O,, and we set

Hel
n(z) = —n(z)(Vd(z,T)), VzeQ. (7)
It follows that n is a smooth vector field on Q such that ||n||;«@r) < 1 and which satisfies

n(z) =n(Pr(x)), and z = Pr(z) —d(z,T')n(Pr(z)), Vze O

£q

so that, the following map is a diffeomorphism
(5,%) € [0,&q] x ' 2 — sn(Z) € O, .

With those notations we can use normal and tangential coordinates to make computations near the boundary
of Q. More precisely, there exists a smooth function J : [0,£q] x I' = R, depending on the geometry of the
manifold T, such that J(0,%) = 1 for any # € T, inf|g ¢, J > 0 and such that the following change of variable
formula holds

r) = / F(@ — en(@)J (6, 7)do(F), Ve € [0.6q],
. (8)
o, f(z)dz = /0 /Ff(a: —sn(z))J(s,2)do(Z)ds, V&€ [0,&q].



\\\ d(z,T) \ F

Pp (I) b —_ ,/

—

Figure 1: Notations near the boundary of €

2  Weak solutions of the transport problem

We gather here some results and notation concerning weak solutions of the initial and boundary problem for
the transport equation .

In this work, we assume that the velocity field v is bounded and Lipschitz continuous in space, see (4)).
Therefore, we may try to solve by the method of characteristics that we recall here. We define by X the
flow associated with v (or, more precisely, any smooth extension of v on the whole space) as the solution of
the following Cauchy problem

XX (t;to, x0) = v(t, X (t; to, 70)),
X (to; to, zo) = 0.

A simple computation shows that any (imooth enough) solution of is constant along any portion of the
characteristics curves that is included in 2. If v is tangent to the boundary, or more generally if v-n > 0 (here
the divergence-free condition is not necessary) all the backward characteristics are included in Q and thus we

obtain the exact formula
u(t,z) = u®(X(0;t,2)), Vte (0,T),Vz €.

In the case we are interested in, that is when the velocity field v enters the domain on some part of the
boundary, we need to account for the boundary data and we obtain
wp(t0(t, ), X (12t 2); ¢, 2)) i t2(¢,z) > 0,
ut,z) =19 , ' . 9)
u? (X (0;t,)) otherwise,

where
t°(t,x) = inf{s € [0,t], such that X (;t,x) € Q, V7 € [s,1]},

is the time at which the backward characteristic leaves the space time domain (0,7") x 2.

As in the introduction, we clearly see again in Formula @D that even if u® and wuy are smooth, the solution u
may not be smooth. This is one of the reasons why we cannot reduce the analysis to smooth solutions and
need to cope with weak solutions of the transport problem. Observe that we will not use the formula @D at
any point in the paper, in particular because the entering time t° is difficult to handle.



The advection field v being given, we can define the inflow and outflow parts of the boundary as follows
L = {(t,x) € TT, v(t,z) -n(x) <0}, and T, := {(t,x) € TT, v(t,z) - n(x) > 0}.
For our error analysis to hold, we shall need the following assumption

I'Tis of finite perimeter in T'7. (10)

m

We can now state the following existence and uniqueness result for weak solutions of Problem . This
result is valid under more general assumptions than the one we adopted in the introduction and its proof can
be found in [Boy05, BF13].

Theorem 2.1. Assume that Q2 is a bounded Lipschitz domain and v € L*(0,T; (W1(Q))?) such that divv = 0.

For any u® € L*>(Q), up € L>®(T'T) there exists a unique function u € L>(QT) N C°([0,T], L}()) and a
function yu € L>®(T'T), referred to as the trace of u, which is unique almost everywhere on T'L UTL = and such
that

u(0,.) =u°, and ~yu=wy, almost everywhere in TL,

and

//QT w(Orp + v - Vo) dadt +/Qu°<p(o, Jdx — /Qu(T, (T, ) dz — //FT (vu)pv - ndodt = 0,

for any o € WH([0,T] x Q).

Note that we can always change u, on T\ T, by truncation, in such a way that [|up|| e rry < [Jul| Lo @r)-
In practice, we will often use the following formulation in which the inflow and outflow parts of the boundary

are explicitly separated

//QT u(at(p"'V'Vx@)dﬁﬁdt—F/(;uO(p(O?,)dx_/QU(T’_)QD(T,.)dx

f// ubgov~ndadt7// (yu)pv -ndodt =0. (11)
re r7

out

In addition to the previous well-posedness result, we can also state the following renormalization properties
for the weak solutions that will be useful.

Theorem 2.2. Under the same assumptions as in the previous theorem and for any piecewise Lipschitz con-
tinuous function B : R — R we have that B(u) is the unique weak solution of associated with the data B(u®)
and B(up). Moreover, we have the trace equality v(B3(u)) = B(v(u)) almost everywhere on T UTT

out-
As a consequence of those properties, we deduce the following result.
Corollary 2.3. Assume the same hypothesis as in Theorem [2.1].

o Let E C R be a set such that u° € E, almost everywhere in Q, and u, € E almost everywhere in T'L .
Then, we have u € E (resp. yu € E) almost everywhere in QT (resp. almost everywhere in T'L, ).
In particular the mazimum principle holds: u and yu take their values in the interval [Umin, Umax|, With

Umnin = min (essQinf uO, esE;nf ub> , and Umax ‘= mMax (ess sup uO, ess sup ub> . (12)
Q rT

e The following L?-energy balance equation holds

/ lu(T,.)|*dx + // |yul?|v - n|dodt = / [u®|? dx + // lup|*|v - n|do dt. (13)
Q rr. Q re



We also refer to [Boy05, BE13]| for the proofs of such results. Notice that the same result is true if one uses
the infimum and the supremum of u;, only on I'L in but since this is no more the case for the approximate
solution (see Proposition ), we choose to use here this definition of i, and umax.

Finally, to obtain the error estimate, we will use some regularity properties for the exact solution of our
transport problem with initial and boundary data. The first needed result concerns the continuity of the
solution near the boundary with respect to the normal coordinate. Such a continuity result was proved under
general assumptions in [Boy05], but we shall need here a sharper estimate of the Lipschitz kind that we can
state as follows.

Proposition 2.4. Assume that , and hold as well as the finite perimeter condition . Then there
exists C > 0, depending only on Q, T and v, such that the unique weak solution u of the transport equation
satisfies, for any 0 < £ < £q, the estimate

//T lup(t, &) — u(t,Z — &n(z))] |v(t, Z) - n(Z)|do(z)dt < C (PerpT (Ffl) + TVrr (up) + ||u||Loo(QT)) £.
Fin

Actually, we shall prove a slightly more general result in Section @

The second result we need is the L>(0,7; BV (Q)) regularity of the solution.

Theorem 2.5. Let Q be a bounded C® domain of R?. Suppose that u® satisfies , up satisfies and v
satisfies (), then the unique weak solution u of the transport problem belongs to L>°(0,T; BV(Q)). More
precisely, we have u(t,.) € BV(Q2) for any t € [0,T] and

SEup ] TVa(u(t,.)) < C(|lyru’ — up(0,.)|| 21y + TVa(u®) + TVrr (up)),
te[0,T

where C' depends only on ), v and T
Remark 2.6. It can be easily deduced from this result that the solution w actually belongs to BV((0,T) x Q).

Actually, we shall often use the following weaker version of the estimate

sEup } TVa(u(t,.)) < C(||ull g @ry + TVa(u®) + TVrr (up)).
tefo,T

A complete proof of this result does not seem to be available in the literature, that is the reason why we
give such a proof in Section [7} We cannot directly use the result of [BIRNTI] since it requires much higher
regularity on the boundary data up, see also [CRI15]. Our strategy of proof is to first deal with the case where
Q) is a half-space: here we introduce a uniform Cartesian discretization of {2 and prove a uniform discrete BV
estimate on the approximate solution, then we pass to the limit, in the spirit of [CH99| on the whole space
and [OVO06] for polyhedral domains. Finally we recover the result on the general domain Q by using suitable
change of variables.

We will actually prove a slightly more precise result where neither the BV regularity of v nor the divergence-
free condition are required.

Remark 2.7. The fact that u; is BV on the whole boundary T'7" and not only on the inflow part I'L is actually
a necessary condition for this theorem to hold, as illustrated by the following example.

Consider the domain Q = (0,400). For any k > 1 we set 7, = %2_’“, T, = 0, and for &k > 2, T}, =
Zf;ll 37, =1—2"=Y_ Then, we choose any vy > 0 such that 3, vy < +o0.

We define the space independent velocity field v(¢,z) : (0,1) x 2 — R as follows

Ve fortE(Tk,Tk-‘er)
v(t,z) = 3
—Vk fortE(Tk+Tk,Tk+§Tk).

The velocity field is thus oriented in the inflow direction during a time interval 7 then in the outflow direction
during a time interval 74 /2. Since v does not depend on the space variable z, and ), ., vx < +00, it is clear
that v satisfies (at least away from infinity) and we have -

rf = J (T, T + ) x {0}.
k>1



U(T4, )

Figure 2: Description of the solution exhibited in Remark

Consider now the initial data u® = 0 and the boundary data w;, defined on T'Z by
up(t) = (1 + (=1)k71)/2, for t € (Ty,, Ty + 1),

which means that uy(t) = 1 on (Ty, Ty + 7%) if k is odd, and wu,(t) = 0 otherwise. Observe that u, € BV(T'])
but there is no function u; € BV(I'T) such that @ = up on I'L

mn-°

The exact solution of the transport problem for those data can be computed explicitly, see Figure To

this end we set X; = 0 and
k—1

1
Xk = ZinTj’ Vk > 2,

=1
and we define for any = € R, ]
0 for x>0,
U(x)=41 for —Xp11 <z < —Xj with k£ > 1 odd,
0 for —Xyp41 < < —Xj with k > 2 even.
Then, the exact solution u satisfies, for any k£ and any = > 0,
w(T* z) = U(x — Xy).
As a consequence, the total variation of u(T%,.) is simply given by
TVa(u(T*,.) =k — 1.
Since T, — 1 as k — oo, we deduce that

sup TVgq(u(t,.)) = +o0.
t<1

This counterexample is in fact valid on a (large enough) bounded domain: indeed the sum Z;OT %vaj is finite

and thus the sequence (Xj) is bounded, which proves that the support of the solution « is bounded.

3 The upwind scheme

Let us now introduce the numerical method that we want to analyze in this paper. It is one of the most
classical and simple schemes to approximate the solution of transport problems, the explicit-in-time upwind
scheme.



3.1 The finite volume mesh

We discretize the domain 2 with a mesh 7 made of disjoint cells (the notation for a generic cell is K) and
such that Q = Uge7K. The interior cells, namely the ones such that Hq_1(I' N OK) = 0, are supposed to
be polyhedral, and convex (however this assumption is not essential and could be somehow relaxed), the set
of such cells is referred to as 7'"*. However, since the domain 2 is not assumed to be polyhedral, we do not
make such assumptions for boundary cells that may possess curved faces and may not be convex. The set of
such boundary cells is referred to as 7 = 7\ 70t

For any K € T, |K| will be its Lebesgue measure, and we shall also denote by 0K the set of its faces. A
generic face in the mesh will be referred to as o, and we set |o| = Hq—1(0) its area. The set of all the faces in the
mesh in denoted by 9T; the set of the faces included in I is denoted by 7' and finally 97 ™ = 9T \ 9T
is the set of the interior faces. The notations are illustrated on Figure

A interior cells in 7™t
A exterior cells in 7
virtual cells in T*

—— outflow edges in 7}

..... inflow edges in 97"

interior edges in 97

Figure 3: Notations attached to a mesh and to an example of velocity field v

The mesh size Az is the maximum of the diameters of the cells in the mesh. Since Az is meant to tend to
0, we shall additionally assume that
Az < £} (14)

We assume the following somehow standard regularity properties of the mesh : there exists some a > 0 such
that

K contains a ball of radius adiam(K), VK €T, (15)
1
Card(0K) < o VK €T, (16)
1
> Joldiam(K) < —|K|, VK €T. (17)
oK @

Actually, since the interior cells are supposed to be convex one can prove that, for the interior mesh is
a consequence of assumptions and . However, for exterior cells, needs to be added to the set of
assumptions. Most of the estimates in this paper will depend on the regularity parameter a.

We shall need the following lemma which is proved in [DE06, Lemma 6.3] and uses the fact that interior
cells are supposed to be convex.
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Lemma 3.1. There exists a C > 0 depending only on d and o (appearing in ) such that for any f € HY(Q)

we have 5
di K .
<][ fdz — ][ fdcr) < C“imll()/ IV f[2dz, VK € T™ Vo € IK.
K o g K

The one-dimensional version of this result will also be useful and reads

= | f0d— s

2 b
g\b—a\/ [ (ORdt, Vf € HY(a,b), Ya < b. (18)

We shall finally use the following result which can be proved exactly as in [Dro03, Lemma 7.1].
Lemma 3.2. There exists a C > 0 depending only on d such that for any conver non empty open set U C R?
(diam(U))d+!

we have
_ 1,1
/Uf<x) (]{dey> 0 /U|Vf|dx, Vf e WhY(U).

If two cells K and L share a face, we denote this face as K|L, so that K|L € K. To each exterior face
o € dT we associate a virtual cell L ¢ Q° such that we can write 0 = K|L. We denote by 7* the set of all
the virtual cells we just introduced, the extended mesh being 7 U 7*. Those virtual cells are only a notation
whose interest is to ease the writing of some computations but their precise shape do not enter the analysis at
any point.

We denote by ng, the unit vector normal to K|L, oriented outward of K, this is a constant vector excepted
on the exterior faces that may be non-flat.

The constant time step is chosen as At = T'/N, for some N € N and it will be classically constrained by a
CFL stability condition, see below. Additionally, in order to measure the error only with respect to the
mesh size, we shall assume that

de < C

1
At < adiam(K)7 VK €T. (19)

where « is the same parameter as in —, even if it means to take a smaller value of this parameter.
For n € N we set t" = nAt, and we denote by K™ the time-space cell K™ = (t",¢t"T1) x K, and similarly
for the time-space faces K"|L" = (t",t"*!) x K|L, o™ = (t",t""!) x 0.

3.2 Approximation of the data
We discretize the initial and the boundary data by setting

uly ::][ u’dz, YK € T, and up , :=7§[ uy(t, v)do(z)dt, ¥n < N,Yo € 0T,
K on

and

’LLOAI = Z u%lK € L™(Q), Up,Ag 1= Z Z ug’glgn I LOO(FT). (20)
KeT n<N oedText
We introduce the average velocity fluxes across time-space faces by setting

Vi = 75[ v(t,x) -ngrdo(z)dt, VYn e N,VK|L € JT.
Knan
It is easily seen that
Vi, = —Vi'k, for any n € N and any face K|L € 97 .
With this definition, we can introduce, for any n € N, K € T, the sets
K':={LeTUT" st.K|LeOT, Vg, <0} and K!:={LecTUT" st.K|LedT, Vg, >0}

of the inflow (resp. outflow) neighboring cells of K during the time interval (t*,¢"*1), including the virtual
cells for the boundary cells.

We will also need at some point to distinguish the inflow (resp. outflow) exterior faces so that we introduce
the following notations

OT™ = {K|L € 0T, V2, <0}, and 97" := {K|L € a7, V{2, > 0}.

11



3.3 The upwind scheme

With the above notations, the explicit upwind scheme classically writes

At At
u - u?<+m 3 \KIL\VﬁLUZJr@ > KLV ulk = 0.
LeK™ LeK?

By the Stokes formula, the fact that divv = 0 yields the conservativity property >, gx ’K \L|V£ ;, =0, or
equivalently

SRR = - 3 KILVR,,
LeK™ LeKy

so that we can write the scheme as follows:

w4 ‘K| > KLV, (uf — ul) = 0. (21)
LeK™

It remains to clarify what u? is if L € 7" is a virtual cell. Since the boundary condition in is only imposed
on the inflow part of the boundary, we naturally proceed as follows: let K € T be the unique boundary cell in
the mesh 7 such that K|L € 9T, then the value chosen for u} depends on whether the flow is, in average,
entering or exiting the domain through this face:

ul = “Z,K\L ?fLEKﬁ, (22)
U 1fL€K_’f_.

We recall below the classical L*°-stability result for the upwind scheme. Its proof is easily seen from

Formula .

Proposition 3.3. Suppose that for some A in (0,1), the following strict Courant—Friedrichs—Lewy condition
holds
Vn>0, VK €T, At > |K|L|Vi| < (1-N|K]| (23)
LeK™

Then the numerical solution verifies the discrete mazimum principle
Umin < Uk < Umax, YN >0,VK € T.
where Umin and umax are defined in (12)).

Notice that the stability result still holds for A = 0 but we will need this stronger assumption in order to
take benefit of a small but positive amount of numerical dissipation of the scheme. The same assumption was
made in [MVO07].

Let us denote by ua, (resp yua.) the piecewise constant function on Q7 (resp. on I'T) associated to the

scheme —
une =3 3 g € 12(07),

n<N KeT

YUAz ::Z Z u&K‘LlKn‘Ln—FZ Z u’}(lKn‘LnELOO(FT).

n<N K|LeT™ n<N K|LeT}"

Observe that yua, plays the role of the trace of ua, and that the equality yua, = up ax only holds on the
inflow boundary faces as expected.
In the proof of the error estimate we shall use discrete L?-energy estimates that we recall below.

Definition 3.4. We define the total discrete L2-energy balance of the scheme on the whole time interval as
the quantity

Enz(upe, T) = /

Q

(u%x)de—/(uAI dx—//FT Yuaz)? (v -n)dodt, (24)
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and the numerical L2-dissipation of the scheme as the quantity

Dao(uae,T) = Y K™ —ui)® + Y7 D AtV || KIL|(u} - uf)*. (25)
R EEA

Theorem 3.5. The solution of the upwind scheme satisfies the following energy equality

Enc(tung, T) = — Ej |K|(uptt — § § AtV || KL (uf — uf)?. (26)
0<n<N 0<n<N LeK"
KeT KeT

Moreover, assuming the strict CFL condition , we have the estimate
2
DA;E (UAI7 T) S XgAw (qu7 T) (27)

It proves in particular that Eny(ung, T) > 0, i.e. the L?-stability of the scheme.

Proof. By definition of ua,, yua, and V|, we easily check that

Enr(ungs, T) =Y |K|(u%)® = > |K|(uy)?

KeT KeT
= > > M@RP|KILVEL - > Y AHuR)? KLV,
0<n<N K|LedT" 0<n<N K|LedT}

The proof of is very classical. It is obtained by multiplying the scheme by v}, summing the result over
n and K and finally by using conservativity properties of the numerical fluxes to reorganize the contribution
of each face. This is exactly the same formula (but with slightly different notations) than the one given in
[Boy12 Formula (3.13)]. Notice however that there is a typo in the above reference where a factor At should
be removed in front of the time diffusion term (the one containing u/x™ — u’).

Inequality (27) is proved in [MV07] but without the boundary terms. We thus give a new proof here which,
in addition, is shorter than the one in the above reference.

Let us define the two non-negative terms

Ti= > K| —uk)? and o= > > AtV ||KIL|(uf — ulk)?,
0<n<N 0<n<N LeK™"
KeT KeT -

so that, by definition, we have
gAat(quaT) == *7—1 + 7-2; and DA:L‘(UA:E)T) = 7-1 + 7-2

We just have to prove that 77 can be suitably controlled by 75. To this end, for a given K and n, we take the
square of the formula defining the scheme to get

(ui —ug)® = K2 Z |K|L|VKL —ug) |
LEK™
that we write in the following way

2

2
(i At (ZLeKj |K|L|V£L) (ZLeKz K|L|Viy (ug — “?{))
Uk

—um )2 —
® K2 Yrexn |[KILIVE,

By definition, we have V2; < 0 for any L € K" and we can thus use the Jensen inequality in the last factor
to get
A2 (S percn [KIL|IVELI)

(! = ufe)? < P S IKIE VLI - uk)? ]
LEK™
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and then, by using the CFL condition , we obtain

(UKH —up)? < (1- )\)7|K\ § |K|LHVKL|(UL —up)? . (28)
LeK™

K|L||V{,| > 0 in this computation, but in the case where

this sum vanishes we easily see that all the terms V3, are zero and thus u’}("’l — u’% = 0 and finally still

holds.
Multiplying by |K| and summing over n and K leads to the inequality

Observe that we implicitly assumed that 7, -

Ti<(1=NTs.
We can then conclude by writing

A A A A
Erns(upng, T)==-T1+T2> T2 > mﬂ + 5'72 > 5(71 +7T2) = EDAw(UAw7T)-

4 Main result and sketch of the proof

The aim of this paper is to bound the L!-error between the exact solution (and its trace) of the transport
equation and the approximate solution (and its trace) given by the upwind scheme .
We denote by E(u,uas,T) the total error at time T defined by

E(u,un.,T) ::/ \u—qu\(T,.)dx—F// |[vu — yuaz| |v - n|dods.
Q rT

The rest of the paper is devoted to the proof of the following error estimate theorem.

Theorem 4.1. Assume that u® satisfies , uyp satisfies and v satisfies . Moreover, we assume that the
inflow boundary satisfies . Finally, we assume that the mesh satisfies the reqularity assumptions —
and that the CFL condition holds for some X € (0,1). Then there exists a C' > 0, depending only on £,
T, v, a and X\, such that

E(u,upg, T) < C((l + Perpr (F?;l))||u“Loo(QT) + TVQ(uO) + TVpr (ub)> VAz.

Let us comment the different hypothesis of Theorem

e Hypothesis allows us to deal with the parts of the boundary where v - n changes its sign. This
assumption is particularly useful in the proof of Proposition 2:4] even though we might expect this
proposition to hold even without this assumption.

e Concerning the hypothesis on the velocity field v, we underline that they are weaker than in [MVQT],
in which v is supposed to be Lipschitz regular both in space and time. Here discontinuities in time are
allowed, since we only assume that v has bounded total variation in time (and space).

In this section we give the proof of Theorem and state all the intermediate results we need. Most of
them are proved in the next sections. In what follows, the letter C' denotes a generic constant that may differ
from line to line. In any case, the values of C' will not depend on At, Az nor on the regularization parameter
€ that we will introduce later on.
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4.1 Restriction to indicatrix boundary and initial conditions

We shall use the BV regularity assumption on the data to reduce the problem to the case where the initial and
boundary data are characteristic functions of sets of finite perimeter. We use here the notations of Section [I.3}

From the renormalization property given in Theorem [2.2] it is easily seen that, for any 1 € R, the unique
weak solution to the transport problem associated with the initial data XZO and the boundary data xj, is
nothing but the function x}; moreover its trace is v(x}) = xZ,-

Let us now define u}}, to be the unique solution of the numerical scheme associated with the initial data
X.lo and the boundary data Xu,- Observe that u}, is not, in general, a characteristic function due to the
numerical diffusion of the scheme.

However, since the discretization of the data and the scheme itself are linear, we easily obtain from Theorem
that the approximate solution ua, can be written as

UAz :/uzwdn.
R

It follows that the error E(u,ua,, ) can be bounded as follows

E(uvquaT) S /

E(x7,ul,, T)dn :/ E(x},u},,T)dn.
R

|77|§”u||LOO(QT)

As a consequence of the co-area formula (Theorem 7 we see that Theorem will be proved if we
manage to obtain the following estimate

E(x2,ul,.T)<C1+ PerFT(Fi:Cl) + PerQ({uo > n}) + Perpr ({up > n}))V Az,

for some C independent of 7.
Finally, we are led to prove the following result.

Theorem 4.2. Under the same assumptions as in Theorem [[.1], there exists a C > 0 depending only on €,
T, v, a and A, such that for any set E° C Q (resp. Ey, C T'T) of finite perimeter in 0 (resp. in I'T), we have

E(u,ung, T) < C(1 4 Perpr (TL) + Perg(E®) + Perpr (Ey))VA®,

where u (resp. uag) is the solution of the transport problem (resp. of the upwind scheme ) associated
with the initial data u® = 1go and the boundary data u, = 1g, .

In this result, u® and u; are characteristic functions of finite perimeter sets. This implies in particular, by
Corollary that under the CFL condition ([23)), we have
{u(t,x) € {0,1}, and wua.(t,z) €[0,1], for almost every (t,z) € QF, (20)

yu(t,z) € {0,1}, and yua.(t,x) € [0,1], for almost every (t,z) € I'T.

4.2 Numerical weak formulation. Expression of the L'-error

The approximate solution ua, and its trace yua, are bounded (thanks to the maximum principle, see Propo-
sition but obviously do not satisfy the weak formulation . However, we would like to write a similar
formulation, yet with suitable corrective terms, that they satisfy. This idea was introduced in [VV03l Propo-
sition 5.1] and exploited in [MV07] to successfully obtain a L!-error estimate for the upwind discretization of
a transport problem in the whole space as well.

Lemma 4.3. For every test function o in WH1([0,T] x Q), we have
// Uaz(Orp + v - Vyp)dadt + / ul,(0,.)dx — / uR, (T, .)dx
QT Q Q

_ //FT(’yuAI) v -ndods = pa(p) + vaz(p),
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where the error terms in the weak formulation are defined by

;U'Am(go) = Z ‘K|(u?{+1 - ’LL?()‘# ((p(t,x) - So(tn-i_l’x)) dxdt

0<n<N "
KeT

and

vaz(p) = Z Z At(up — uf)|K|L| (V[?L]%( @dxds—#}( . g0v~nKLdadt>.

0<n<N [cK™"
KeT -

The proof is not detailed since it is very similar to the one in [MVQT] for instance, excepted that one needs
to take care of boundary terms.
When v’ = 150 and u, = 1, are indicatrix functions, we deduce from (29), that

|u —uaz|l = (v —uar)(2u—1) (resp.|yu — yuaz| = (vu — yuaz)(2(yu) — 1)). (31)

Therefore, if we subtract and and use the test function ¢ = 2u — 1, which is also a solution of the
transport equation, we formally obtain the following estimate

E(u,un.,T) §/ |u° fu(i\m|dac+// |up — Yuaz||v - ndodt + 2|pas ()] + 2lvaz (u)l,
Q re

where we have used that pa,(2u — 1) = 2pa,(u) and va, (2u — 1) = 2va,(u).

However, this computation is not valid since w is not regular enough to serve as a test function (it takes
exactly two values 0 and 1 and thus does not belong to Wh1).

The cure proposed in [MV07] to deal with such a difficulty somehow consists in replacing the initial data u°
by one of its regularization (there is no boundary data in this work). When Equation is posed on the whole
space R?, the solution inherits the regularity of the initial data. The authors propose a kind of smoothing
of the initial indicatrix function u® by replacing, roughly speaking, the level set E° by some well-behaved
approximation made of small cubes whose size is controlled all along the flow. Then, they use the regularity
property of the flow to estimate the number of cells that are polluted by this regularization process on the
time interval.

It seems that we cannot use the same strategy in the present work because of the influence of the boundary
data and of the geometry of the inflow part of the boundary, as recalled in the introduction.

As a consequence, we choose here a slightly different approach that rather consists in regularizing the
solution u itself by using a kind of convolution operator in space. Such regularization ideas originate from the
celebrated Friedrichs lemma and its application to the renormalized solutions theory for the transport equation
(see [DL89, Boy05| BE13]). The value of the regularization parameter e will be fixed at the end of the proof
as a function of Azx.

To define the smoothing operator S, we use a non-negative kernel ¢ € C>°(R%), supported in the unit ball
B(0,1), and with integral 1. For any locally integrable function w € L}, .(2), and any 0 < € < £,/6, we define

x—2en<x>—y)dy:

€ ed

(Saw)(e) = [

Q

w(y)¢ ( /B(O , w(x — 2en(z) — ey)¢ (y) dy, for all x € Q. (32)

Here, n is the extension of the unit outward normal vector field to the whole domain defined in . The term
2en(x) in the definition of Scw is a small shift of the point z away from the boundary that ensures that no
value of w outside of € is used in the second integral expression. Indeed, by using the definition of n, in @,
and the condition € < £, /6, we can check that © — 2en(z) — ey € Q for any « € Q and any y € B(0,1). Such a
construction ensures that Scw is smooth and is indeed an approximation of w as € — 0.

We will show below that, if u is a solution to the transport problem, then its regularization is almost a
solution to the transport problem up to an error term that we can estimate. This is the purpose of the following
result.

16



Proposition 4.4. Let v satisfy and v € L*((0,T) x Q) N LY(0,T;BV(Q)) be any weak solution of the
transport equation
Odiu+v-Vu=0,

in the distribution sense. Then its space reqularization u.(t,.) := Seu(t,.) defined as in , with 0 < e < £ /6,
solves the equation
Oite + v - Vue = ge,

in the distribution sense, where g. € L((0,T) x Q) satisfies the bounds
[gell oo @y < Cllullpe(ar),

[9ell L1y < Cellull L1078V ()

for some constant C independent of u and €.
Moreover, u. is smooth and satisfies

infu <infue, supuc <supu, and |luec—ullr=,r;r1 Q) < CcllullLr0,rBV (),
Qr Qr QT T

Cllull 1= ar
IVeatellzror) < Cllullsormvay,  and [Vigudlzsor) € 2

The next theorem gives an estimate on the error between the traces yu and yu, (which is nothing but the
restriction of u. to I'"') which is not given by the previous result.

Theorem 4.5. Assume that the reqularity assumptions , and hold as well as (10). Let u be the
ezact solution of the transport equation and uc(t,.) = Scu(t,.) its regularization defined by . Then,
there exists a C' > 0 depending only on Q, T and v, such that

// lue — yu| [v - n|dodt < C(TVq(u®) + TVrr (up) + Perpr (Th) + [[ull Lo 7)€
T
Those two results are proved in Section

With Proposition and Theorem in hands, we can use 2u, — 1 as a test function in and obtain
the following proposition.

Proposition 4.6. Suppose that v’ = 1po and u, = 1g, are indicatriz functions of finite perimeter sets.
Suppose that assumption holds. Then there exists a C' > 0 depending only on Q, T and v such that

E(u,upg, T) < / |u° —u%m\(m)dx—i—// |up — Yuag| [v - n|dodt
Q rr

+ Cé(l + PerFT (F:{l) + PerFT (Eb) + PerQ(EO)) + 2‘,“Az(ue)| + 2|VA1:(U6)|

(33)

Proof. We set w = 2u — 1 and w. = 2u. — 1. By subtracting the weak formulation for the exact solution
from the weak formulation for the approximate solution and choosing ¢ = w,, we obtain

//QT (uazr — u)(Qpwe + v - Vywe) dedt + /Q(u — upg ) (T, 2)we (T, x) dx

+ // (yu — yupg) we |v - nldodt = / (u® — uQ, ) we (0, ) dx
rx Q

out

+ //T (up — Yupz) We |V - n|dodt + paz(we) + vaz(we).
1_‘in
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Since w, solves the transport equation with right-hand side 2g. (see Proposition , we can write
/(u —upg)(T,2)(2u — 1)(T, x)dx + // (vu — yuag) (2yu — 1) [v - n|dodt
Q rT,.

=2 /Q(u —uag) (T, 2)(u — u) (T, x)dx + 2 /OTut (yu — yuaz) (yu — ue) |v - nldodt

- 2// (upy — u)gedadt + / (u® —uQ,)(2uc —1)(0,z)dx
QT Q
+ // (up — yunz) 2ue — 1) v-ndodt + 2uns(ue) + 2vaz (ue).
ra

By using , and the fact that 2u. — 1 takes its values in [—1, 1], we get

/ |u—uA$|(T,x)d:E+// [vu — yuag| |V - n|dodt
Q Fgut

< 4llull = (ar) / = .| (T, ) de + 4lul| o o) // b=l vl dodt
Q Fout

#tlulleon lgelzsgor) + [ f —uldo+ [[jus = quas iv - nldode
Q Fin

+ 2[paz(ue)| + 2|vaz (ue)|-
Using Proposition [£.4] and Theorem [£.5] we get

E(u,up., T) < C(PerQ(EO) + Perpr (Ep) + Perpr (I‘El) + 1)e + Cellul 10, m;8v(0)

+/ |u0 _ uOAz|dx + //T |up — Yuaz| |v - nldodt + 2|pas(ue)| + 2|vaz(ue)l.
Q Fin

The result follows from Theorem [2.5]
O

4.3 Estimate of the data approximation errors and of the weak formulation errors
We first analyze the size of the error terms related to the discretization of initial and boundary data.
Proposition 4.7. Under the same assumptions as in Theorem there exists a C' > 0 depending only on
Q, T, v, and « such that
[ 1 = uhul(@)do £ CTVa(®) + [0 @) A,
Q

and

//T |up — yuaz| |v - n|dodt < C(”UHLOC(QT) + TVFT(UZ))) VAz.
r;

Note that the main reason for the bound in v/Az, instead of Az, in the second inequality is the lack of
regularity of v. This result is proved in Section [6.1

Using now the properties of the regularization u. we have already established, we can prove the following
estimate for the error terms of the numerical weak formulation pa, (u.) and vag(ue).

Proposition 4.8. Under the same assumptions as in Theorem [{.1}, there exists a C > 0 depending only on
Q, T, a and X, such that

Az  Ax
oz (ue)| + [vaz(u)| < C (\/DAZL’(UAQHT)G + 6) \/||u||L°°(QT)\/||uHL°°(QT) + |lull 0,78V () -
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The proof of this result is given in Section
We have already proved in that Dag(uag, T) is controlled by Eay(uaz, T). It appears from Proposition
that we need now to prove that Ea,(uaz,T) is itself controlled by the L'-error that we are interested in.

Proposition 4.9. The total L?-energy balance term Ea,(uaz,T) is controlled by the L'-error at final time as
follows

Ena(unz, T) < 2|lull o oy E(u, uaz, T). (34)
Proof. Taking into account, we rewrite Eaz(uag, T) as

Enz(ung, T) = /

Q

(8 = 0P @)~ [ (e =) (Tayde = ] G, = 90) (v mydods
Q rT
By the Jensen inequality, the first term [[uQ,||2. — [[u®[|2. is non positive so that we immediately obtain

Ena(unz, T) <2[|ul oo (o) / lune — ul(T, z) dx 4 2||ul| Lo (or) //T [vurz — yu| |v - n|dodt,
Q r
by using the definition of E(u,ua,,T). O

4.4 Conclusion of the proof of the main result

We may now gather the results obtained so far to conclude the proof of Theorem and consequently of
Theorem [£.1] by the arguments developed in Section
Hence, let u® = 1o and up = 1g,, E° and E} being sets of finite perimeter, and € > 0 fixed.

e Propositions [£.6] and [4.7] give

E(“y UszT) < C(E +v Am)<1 + PerFT (Flj;l) + PerFT (Eb> + PerQ<EO)) + 2|MA$(UE)| + 2|VA$(UE)|7

since Az < y/diam(Q)vAz.
e We use now the dissipation estimate (27)), Proposition and the BV regularity result (Theorem [2.5)
to get

E(u,ung, T) <C(e + VAz)(1 + Perpr (TL) + Perpr (Ep) + Perg(EY))

C A
+ — ( SAx(qu,T)?x +

Ax
NoN 6) \/1 +PerrT(F£) + Perpr (Ey) 4 Perg(E9).

e Finally, with Proposition [£.9] we obtain

E(u,ung, T) <C(e + VAz)(1 + Perpr (TL) + Perpr (Ep) + Perg(EY))

C A A
+ ﬁ < E(u, UAQJ,T)?Z‘ + j) \/1 + PGI'FT (qu;l) + PeI’FT(Eb) + PeI‘Q(EO).

e We use now the Young inequality to deduce a bound on E(u,ua,,T’) from the previous inequality

E(u,upng, T) <C <e +VAz+ M) (1 + Perpr (TL) + Perpr (Ep) + Perg(EY)).
€

It remains now to choose € = vV Ax to get the final estimate

E(u,ung, T) < C(1 + Perpr (TL) + Perpr (Ey) + Perg(E°))VAz.
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5 Intermediate results concerning the regularization of the solution

This section is devoted to the proof of some intermediate results we used on the exact solution of the transport
equation, namely Proposition [2.4] Proposition [£.4] and Theorem

5.1 Proof of Proposition

Let us first prove the following lemma.

Lemma 5.1. There exists a C > 0 depending only on Q, such that for any w € BV(Q) and any 0 < € < £q/6
we have the estimate

/ / |w(z — 2en(z) — ey) — w(x)|dyde < CeTVq(w). (35)
o JB,1)

Proof. Let us first assume that w € C>°(Q) and that € is small enough so that 2¢| D n|| ;=) < 1. We can use
Fubini’s theorem and a change of variable to obtain

/”/B(o,l) |w(x — 2en(z) — ey) — w(z)|dydz < /Q /13(0,1)/0 IVw(z — se(2n(z) +y)) - e(2n(z) + y)|dsdy dz
1
— /}3(0’1)/() /QIVw(ac — se(2n(z) + 7)) - €(2n(z) + y)|dzdsdy

2|0 L () + 1 '
<e nL @ + / / / |Vw(z)|dzdsdy
1= 2¢[[ Dm0 JB0,1) Jo Ja

< Ce/ |Vw(z)|dz.
Q

The claim follows by weak density of the set of smooth functions in BV(2). O
We can now prove the proposition.

Proof of Proposition [{.J} The fact that u. solves a transport-like equation is a rather standard computation
(see for instance, the details in [Boy05]) and we simply give here the resulting source term

v(t,z) —v(t,x — 2en(x) — ey)

ge(t,x) = / u(t,x — 2en(zx) — ey) -V{(y)dy
B(0,1)
— 2/ u(t,z — 2en(z) — ey)v(t,z) - Dyn(x)V{(y)dy.
B(0,1)

The L°°-bound on g. immediately follows from the assumptions on v.
Observe now, by integration by parts with respect to the variable y, that we have

/ w(t, o) YD V2 2 260(@) Z ) Gy gy = L [ ulta)(@ive) (s - 2en(s) - e)él)dy =0,
B(0,1) € € JB(0,1)

since v is divergence free. Hence, we can rewrite g. as

v(t,x) — v(t,x — 2en(x) — ey)

-V((y)dy

€

ge(t,x) = /13(0,1) [u(t,z — 2en(z) — ey) — u(t, z)]
- / [u(t, x — 2en(x) — ey) — u(t, av)]v(t7 x) - Dyn(z)V{(y)dy.
B(0,1)

By using the assumption on v and n, and we immediately deduce
T
el L1y < CE/ TVa(u(t,.))dt < Cellul[L10.7:Bv()-
0
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The estimate on ||uc — u|| (0, 1;01 () is straightforward from Lemma and the L*°-bound on u. comes
from the definition . Using similar computations as before, we find that

Vaue(t,z) = / ult,  — 2en(z) — ey) — u(t, z) Vdy — 2/ u(t,z — 2en(z) — ey) D,nV{dy,
B(0,1) € B(0,1)

and thus, by , we get,

[ull Lo 0,7y x 2
IVt a0y x0) < Cllulliorpviay, and [|[Voud|z=(omxe) < O,

The estimates on the time derivatives of u. simply follow from the equality diue = ge — v - Vyue, and the
bounds on g, and V u. we just obtained. O

5.2 Proofs of Proposition and Theorem

We shall actually need a slightly more general result than the one in Proposition [2:4] that we state below. It
will be useful in the proof of Theorem [£.5] when we will need to analyze the trace of the regularization by
convolution of the solution of the transport equation.

Proposition 5.2. Under the same assumptions as in Proposition[2.4), there exists a C > 0 depending only on
O, T and v such that we have the following estimate for any y € B(0,1), and any £ € (0,&q),

I,

in

[v(t,7) - (@)|do(#)dt < C(Pera (I) + TVpr () + [[uf 1= )&

up(t, Z) —u <t, i—¢n(z) + gy)

Proposition is nothing but the case y = 0 of the previous result.

Proof. By the arguments exposed in Section we see that we only need to deal with the case where u® = 1o
and up = 1, for some finite perimeter sets E° c Qand E, C I'T, so that in particular we have the bounds .

e We first prove that, for any £ C I'" of finite perimeter and any ¢ < 2£o/3, we have
’// (fyu(t, z)—u (t, T —&n(T) + gy>) (v(t,Z) -n(Z))do(z)dt| < CE(1 + Perpr E). (36)
E

Indeed, let (f,), a sequence of smooth functions on I'”" that approximate 1z as in @

Since n is a unitary vector field, we easily see that, for any y € B(0, 1), the map
O, (s,2) €10,260/3] x T — & — sn(z) + (s/2)y,
is one to one into a subset of O, and that

IV @y |20 (0,260 /31xT) + IV (@y) " | Lo (tm(a, ) < C

for some C independent of y. Observe that

@, ({&} x I) =T + (£/2)y,
which is just a translation of T',, so that in particular the normal field to the manifold ', + ({/2)y is the
translation of the normal field to I',.
We also define the open set
Ogy := Py ((0,) x ),

that satisfies
057@, C 03/25.
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Figure 4: Definition of O¢ , for some ¢ and y

We introduce a test function ¢ defined in (0,7) x O¢ ,, as follows (and extended by 0 on the whole domain
[0,T] x )
Pt @ = sn(2) + (s/2)y) = fa(t, ), Vs €[0,€],(t,7) €T,

Using this test function in is possible and makes appear a boundary term on I'¢ ,. More precisely
we obtain the following formula (see [Boy05] for similar computations)

[, #tt-arute.) (v0.3) @) dotayar

T
_ / / ot 2)ult, 2)(V(t, 2) - Dip ey (c2yy () do () dt
0 JTe+(§/2)y

/Oéyy

— By definition of ¢, the first integral in just reads

[, Fotts3u0.3) (v6.2) - (@) do(a) .

u® (0, .)dx—l—/

T
u(T, (T, .)dx — / / u(Owp + v - Ve)dzdt. (37)
Oc¢,y 0 O¢,y

£

whereas the second one can be expressed through the affine change of variable  +— z — 3

/OT . fu(t, Prz)u (t,x + gy) (V (t,x + gy) 'n(a:)> do(x)dt.

Using now the change of variable in this integral leads to the expression

/FT fn(t, 2)u (t,fc —&n(7) + §y> J(&, ) (v (t,i; —¢n(z) + gy) . n(j)) do(7)dt.

— The first two terms in the right-hand side of can simply be bounded, since [|p||p @) < 2, as
follows

/ u’p(0,.)dx
Oc.y

y as follows

+ < 4|O¢ y| < 4|Os¢ /2| < 6E|T|| T || Los ((0,60)xT)-

/ w(T, )o(T,.)dx
Oc.y

22



— The last term in is estimated as follows

T T
/ / uw(Opp +v - Vo)drdt| < (14 ||V p=r)) / / |Vizp|dadt
0 oE,y 0 OE,y

T
<1+ HV||L°°(QT))/ /0 |V 2| dedt.
0

3¢/2

Using the definition of ¢, the properties of ®, and the change of variable (), we obtain that this
integral is bounded by

3 _ N
55(1 + [Vl e @) ) 1| oe (0,60 x 1) VRl Low (1@, ) //FT |Vizfnldo(Z)dt.

Gathering all those estimates, using that J(0,Z) = 1 for any & € I' and the fact that
(v (13- en(@)+ 50) (@) ) T - (0. 0@ < V] Lt + L
we finally obtain the bound
‘ / [ 1) (W(t, #) - u (t, F—én(d) + §y>) (v(t,7) - n(Z))do (F) dt’
< C(Ivllpe @ryLatLy)+CllJ | Lo 0,601 x 1) [TIEFC A+ V[ Loo @)1 | £oe (j0,60] x 7)€ (//FT |Vt,ifn|d0(9:”)dt> :
Passing to the limit as n — oo, we obtain

'//E <7u(t,:ﬁ) —u (t, T —¢n(z) + g;;)) (v(t, ) -n(z))do () dt’ < C&(1 + Perpr (E)),

where C' depends only on v and €.
e We first apply to the set ET =T N E,. On this subset of I'7, we have yu = u;, = 1 so that we have

’//E+ (1 —u (WC —¢{n(z) + gy)) (v(t,2)- n(i))do(f;)dt’ < C¢(1 4 Perpr (ET)),

and since the function under the integral is non-positive almost everywhere (because u <1 and v-n <0
on I'L), we finally proved that

i

e Similarly, we apply to the set E~ =T'L N (I \ E}). On this subset of I'7" we have yu = uj, = 0 so
that we deduce

‘/[E (0 —u (W —&n(z) + 5@)) (v(t, %) - n(%))do(2)dt| < CE(1 + Perpr (E7)),

v(t, ) - n(7)|do (&) dt < C&(1 + Perpr (ET)).

up(t, ) —u <t, T —¢&n(z)+ gy)

2

and since the function we integrate is of constant sign, we deduce that

I

e Adding the previous two inequalities and using that Perpr (A N B) < Perpr (A) + Perpr (B) and that
Perpr (I'T\ A) = Perpr (A), we finally obtain

I

up(t, &) — u (t,i —&n(z) + §y> [v(t,Z) - n(Z)|do(z)dt < CE(1 + Perpr (E7)).

up(t, &) — u <t, 7 — én(@) + §y> v(t, %) - n(2)|do (@) dt < CE(1 + Perpr (TL) + Perpr (Ey)).
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We can now easily prove the error estimates between the traces yu and yu..

Proof of Theorem[{.5 The estimate for the inflow boundary simply comes by integration of the inequality in
Proposition with respect to y after multiplication by the kernel ((y) as follows

//r.T lup(t, &) — ue(t, @)| |v(¢t, Z) - n(z)|do(Z)dt

in

< /B(o,l) /FiTn CW)|up(t, ) — u(t, & — 2en(2) + ey)| |v(t, ) - n(z)| do(z) dt dy

< C(PGI'FT (F?;l) + TVpr (U,b) + ||u||L<x>(QT))€.

To obtain the estimate on the outflow boundary terms, we simply write the equation satisfied by |ue —u| (using
the renormalization property in Theorem [2.2))

Oplue — u|l + v - Oy |ue — u| = sign(ue — u)ge,

and we use the test function ¢ = 1 on this equation to obtain

/ |u€—u|(T,.)dx—|—// |ue —yu||v - n|dodt
Q rZ.

= / lue — ul(0,.)dx + // |ue — yu| |v - n|dodt + // sign(ue — u)ge dz dt.
Q rr or

Proposition and the BV regularity property (Theorem then gives

//T lue — yu| [v - n|dodt < C(Perpr () + TVpr (up) + lul| oo (7)) € + Cellul| L1 0,7:Bv (0))
Fout

< C(TVQ(’LLO) + TVrpr (ub) + Perpr (Flj;) + Hu||Loo(QT))€.

6 Intermediate results on the numerical scheme

6.1 Proof of Proposition

We start by proving the following approximation result.

Lemma 6.1. Let f € BV(QT) N L>(0,T, (Wh>*(Q))), and denote its Lipschitz constant by

Lf = sup ||wa(t,')||L0°(Q)-
te[o,T]

Consider a mesh of Q and a time step At as described in Section@ and satisfying — and . For any
n and any K|L € 0T, we set
frr = ]§[ fdodt.
K’H.‘L’H.

1. For any & < &q we have the estimate

Az
S [ faldrdt < CLAXT 87 46+ OFE Vo ()

K|LeaText
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In particular, with £ = vV Az and , we have

3 // f— f2,|dodt < OV, (38)

0<n<N n|Lm™
K|LeaText

with C' depending only on the assumed regularity of f, 0 and the mesh regularity parameter a.

2. We have the following uniform bound

> [ - fuldoasc

0<n<N nan
K|LedT

Remark 6.2. If the trace of f on I'" were in the space BV (I'"') then, with some additional regularity assumptions
on the mesh, we would have been able to improve the estimate by a bound in O(Ax). However in general,
with the assumptions we made on f, we want to emphasize that the BV regularity of the trace does not hold.

Consider the following example with T'=1/2, Q = (0,1): Let ¢ : R — R be a smooth function such that
#(0) = 1 and Supp(¢) C (—1,1) and define f : QT — R as follows

sin(log t)

ft,z) = o 1 ¢(xlogt), V(t,x)e€ (0,1/2) x (0,1).

It is clear that f is continuous on QT smooth in Q7 and that
|02 f(t, )| = | sin(logt)[|¢'(zlog t)| < [|¢'| L=,
so that f is uniformly Lipschitz continuous with respect to . Then we can compute

_ sin(log?)
t(logt)?

cos(logt)

1 in(1 /(z] .
Tlog { ¢(xlogt) + xsin(logt)d’ (xlogt)

Onf(t, ) = ¢(zlogt) +

It follows that

1/2 p1 / 1/2 1 1
0, f|dxdt = 0, f|dadt < . dt | < 400,
[ atiaear= [ [joufldne < 0 + ol | o+ ot ] <o

so that f € BV(QT). However, when one takes the trace of f at z = 0, we have

1/2 /2 | cos(log t)| V2
) dtz/ O f(t,0 dtz/ 7dt—/ — _dt =10,
AT| tf| 0 | tf( )‘ 0 t|10gt| 0 t(logt)g

which proves that the trace of f does not belong to BV(I'T).

Proof of Lemma[6.1. As usual, the proof is given for a smooth function f and the claim is finally obtained by
a standard density argument. For a given n and a given 0 = K|L € 9T, we set o™ = (t",t"*1) x . Moreover,

we shall use the notation
7:7,,0' = [/ f *# f‘ do dt.

1. Here, we only consider exterior faces o € 9T **. With any such face we associate a volume K¢, (that
has nothing to do with the mesh cells, see Fig. [5)) defined through tangential and normal coordinates as
follows

K¢ o :={Z —sn(z), T €0,s€ (0,8}
By using the properties of those coordinates and the change of variable formula , we easily find that,
for some C' > 0 depending only on the geometry of 2, we have
diam(K¢ ) < C(Az +§),

1 (39)
1016 < |Keol < Clole.
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Figure 5: Illustration of the definition of K¢ , for some exterior face o € 9T "

We set K¢, = (tn, ¢+ x K¢, and we observe that, thanks to the Lipschitz-continuity in space of f we
have, for any (t,y) € 0"

|f(t7y) - f(t,z)dx| < Lfdiam(Kf,o) < OLf(Ax +¢).

K5>‘7

By writing f = (f - ft,x) dx) + f(t,z)dz in the definition of T, ,, it follows that

Ke o
]iw f(t,m)dx—]%(?ﬂ f

tn+1

t
<2CLs(Az + &) At|o| + |o] ]{( (‘f(t,x) — ]f f(s,z)ds

tn

Ké.o-

tn+1

Tw < 20L;(Ax + €)Atlo] + \a|/ dt
t

n

dt) dx

tn+1

<20Ls(Az + §At o] + At o] / / |0 f (¢, z)|dt d.
|K€7U| K&g tm

Finally, with the properties , we get

f”+1

A
Tn.o <2CLs(Az + §)At|o| + C?t/ / |0: f (¢, 2)|dt dex,
Ké,g t

n

and by summation over n and o, the first claim follows.
For proving we simply bound the integral of |0; f| over ¢ by the same integral on the whole domain
Q, and then we choose £ = v/ At, with At small enough so that the condition £ < &g is fulfilled.

. Let K € T be any cell in the mesh and ¢ = K|L any face of K. We can make the same computation as
before but replacing the set K¢ , by the actual cell K. We obtain

K|L
Toxciz < 2CLdiam(K)At|K|L| + At||K||| // |0, (t, z)| dt da.
K’n
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Using and , we deduce that

2CLy 1
> Tk < - > AK|+ — > //K |8, f| dxdt

0<n<N 0<n<N 0<n<N
K|LedT KeT KeT
2C LTI 1
< 0L = // 10, f| d dt.
« « Or

We may now go back to the proposition.

Proof of Proposition[{.7 To prove the first estimate, we assume that u° is smooth. We write

/Q\uo—uOAz|d;v: Z /K|u0—u?(|dx+ Z /K|u—u?(|dx.

KeText KeTint

For interior cells (that are convex), we use the definition of u%, in (20), Lemma and whereas for
exterior cells we simply use L*°-bounds to get

C .
/|u0_u0Az|dm§ o E dlam(K)/ \Vu0|dx+2||u0||Loo(Q) E |K|
Q K

KeText K EText

< can/ [Vl |dz + Co|u®|| = o) Az
Q

The claim follows by the density property @
Let us consider now the second estimate.

e We first prove that
//T iy — 0| dordt < c<||ub||Lm(FT) + TV (ub)>\/A . (40)
r

By a standard convolution process similar to the one proposed in but on I'”, we may build a smooth
function uj : I'" — R such that

C
Vi zupll oo (rry < ?HubHLOO(I‘T)v lup — upll 1 (rry < CeTVpr (up).
Since uj, is Lipschitz continuous we immediately see that, by definition of uj A, (see ), we have
€ € € C
lab = uh az ey < ClIVeaupllpoeor) (At + Az) < —|up|| oo o) (At + Az).
Moreover, we have

luy — uf — (up, Az — up AL ory < 2[Jup — upl|prrry < CeTVipr (up).

Combining the two inequalities, and using the triangle inequality, we find
C
|lup — ub7A$HL1(FT) < :H’U,bHLo@(FT)(At + Ax) + CeTVpr(uyp),

and the claim follows by and by choosing ¢ = vV Ax. Note that, with additional regularity assump-
tions on the mesh, one can prove a stronger estimate in Az instead of v/ Az but this is useless for our
purpose.
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e We define v = v - n, where n is the smooth extension of the unit outward normal field introduced in
This function v satisfies the same regularity assumptions as v. We denote by va, the piecewise constant

function
vaz(t, x) = ]5[ v="Vg, if Vte (", t""), Ve € K|L € 9T,
Kn|Ln
and we set
F£7app = {(t,x) eIl va.(t,z) < O} = U o".
n<N
o"edT"”

: : : T T T T
The difficulties come from the fact we have neither Iy, - C I%, nor I}, C Ty, 0.
However, we observe that [v-n| = —(v-n) on I'] | so that we can write

//T |up — Yuag| |v - nldodt = — //T |up — Yuag| (V-1 — va,)dodt
Fin Fin

- //T |up — Yuaz|vaL dodt.
Fin

In the first term we simply bound wu, and yuag by [|ul|pe(qry. For the second integral, we use that

vaz > 0on TE AT o to write

- // |up — Yuaz|vag dodt < — // [up — Yurz|vazdodt < ||v]eo // |up — Yuag|dodt
rt rinre rr

in,app in,app

Wl [ = wssldoat

in,app

r
S||V||<>o// |up — up A |dodt.
T

We have used here the fact that, by definition of the scheme , the trace of the approximate solution

Yua, on the set F%,app is given by up aA,. We have thus proved

// |ub—'yqu||v-n|dadt§2Hu||Loo(QT)// \v—vAm|dadt+||v||oo// lup — up | dordt.
rr rT rT

Using the first point of Lemma for the function v, the CFL condition and the previous estimate
, we finally obtain

//T |up — Yuagl|v - n|dodt < C(|u||Loo(QT) + TVFT(UZ))> VAz.
I

6.2 Results concerning the approximate weak formulation

Proof of Proposition[{.8 The Cauchy-Schwarz theorem yields

(vl = | 30 Il i) (] wetsi) et oy dods

0<n<N
KeT

1/2

Daz(uaz, T) Z | K| <ﬁ{<n (ue(s, ) — ue(t"“,x)) dsdx)2

0<n<N
KeT

IN
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Similarly, the term va,(uc) term can be rewritten as

tn+1

vaz(ue) = Z Z At(u] — u ’K\L‘][ %433 <][ usdaj—][ ueda> ds

0<7L<N LEK™ K|L

+ >0 Y Auf —up)|KIL] ue (Vi — v -ngp)dods
0<n<N LeK™ Kn|L™
and thus
. L\ 12
vaw(ue)l € VDar(uas, T) | D D At][ |K|L||VEL| (7[ uedx—][ u6d0>
0<n<N LEK™ K K|L
ol 3D At|K|L]# ||V, — v - g |dods.
0<n<N LEK™
eT
The claim is thus a consequence of the following two Lemmas [6.3] and O

Lemma 6.3. Under the same assumptions as in Theorem [[.1}, there exists a C' > 0 depending only on Q, T,
v and o such that

Az
>y At]K|L]]§[ u (Vi — v -ngp)dods <07||u|\LN(QT) (41)
0}n<7_1v LEK™ n|Ln

Proof. By definition of V2, , the function V2, — (v - nkr) has a zero average on K"|L"™, therefore we can
replace u. by u. — ( %K"I In uE) in each term, and since u. is Lipschitz continuous, this quantity is bounded
by (At + Az)||Vizte| = @r). It follows that

Z Z At|K|L|ﬁ[ ue(Vig, — v-ngp)dods

O<n<N LEK™ " L"

Az
< (At + Az) ||V el poo (o) Z At|K|L|ﬁ[ Vi, —v-ngrldods SO?HU||LOO(QT)7

0<n<N K" ‘L
K|LedT
where we have used , Proposition and the second point of Lemma O

Lemma 6.4. Under the same assumptions as in Theorem [].1}, there exists a C' > 0 depending only on Q, T,
v and o such that

tn+1

2
Z Z At][ |KI|L|VE L (7[ uedx—][ u6d0>
0<n<TN Lek™ " K K|L

Az Az?
< C||UHL1(0,T;BV(Q))||u|\oo? + CHUH%N(QT)ET’ (42)
and )
n+1 At
> K] (ue(t,2) —uc(t"*, ) dedt ) < Cllull Lo,y lllloc—- (43)
0<n<N Kn €
KeT
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Proof. Let us denote by Tint (resp. Text) the sum of the contributions of interior (resp. exterior) cells in the
left-hand side of .

Since the interior cells are polyhedral, convex and satisfy (15]), we can use Lemma [3.1] as follows
t71.+1

2
Thne = Y. > At][n |K|L|V2, (i{uédx—]iwueda>

0<n<N LeK™
KeTint

tn+1

diam(K
<< Y 3 At][n |K|L|V§L$(L|)/I{|Vzue|2dx

0<n<N LEK™
KeTint

<C|v|lecAx Z Z // |V pue|? dxdt

0<n<N LeK™
KeTint

By using , and Proposition we get

C T Az Az
Ting < EAx/ / Vot dzdt < CjnvzueHLl(QT)HVteHLw(QT) < C?||u||L°°(QT)”U”Ll(O,T;BV(Q))'
o Ja
We can now estimate as follows the contribution of the exterior cells (that may be curved and non convex)
without using Lemma
tn+1

2
Toxt := At][ K|L|\Vg <][ ucdr 7][ u5d0>
' 0<nZ<N LEZK” " | | K K K|L

KeText

<OVlpory Y, D At|K|L|(diam(K))?||Vauel|7~ qr)-

0<n<N LK™

KeText
By using , we deduce
CAx
Tow < Vol Beior) S MIK]
0<n<N
KeText
CTAx
< IV tte]|7 oo (), U K‘ .
KeText
By definition of the exterior cells, we have | crext K C Oag, and thus, with Proposition we get
CT|T|Axz?
Texy < 7HUHL°°(QT)

To prove the estimate , we simply use the Jensen inequality, the inequality and finally Proposition

[44] as follows ,
Z |K| (% (ue(s,z) —u(t™*, 2)) dsdx)

0<n<N
KeT
gt 2
s [ el
o<n<n YK |Jt"
KeT
<At Y // |Oyue(t, z)|> dedt
0<n<N n
KeT

< At|Osucl| oo (ory [|Opuie || L1 (o)

At
< C?”“HLOO(QT)”u”Ll(O,T;BV(Q))-
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7 BV regularity of solutions to transport problems

The aim of this final section is to prove the BV regularity of the exact solution of the linear transport prob-
lem , that is to prove Theorem

The main reference concerning the existence of a solution with bounded total variation to a conservation
law on a bounded domain is the very famous paper by Bardos, Leroux and Nédélec [BIRN79]. Their approach
have recently been revisited in [CR15], making the case of nonhomogenous boundary conditions more rigorous.
Those two papers deal with a framework that is far more general than the linear advection equation we consider
here. However, the regularity assumption on the boundary data which is required in both cases is very strong
(with our notation it would amount to require that, at least, u, € C3([0,T] x I')). Therefore, it cannot directly
be applied to the case where u;, is a BV function as needed in our proof of the error estimate (we recall that
we used this theorem with characteristic functions of finite perimeter sets as initial and boundary data).

For this reason, we present here a proof of the BV regularity of the solution of the linear transport equation
assuming only that the initial and boundary data are themselves bounded and with bounded variation, that
is and . Actually, we will prove a slightly stronger result since the only assumptions we shall need for v
are the following

velL>®Q"), and L, := Vvl Lo (@ry < +00. (44)

In particular we shall not assume that v is divergence free.

Remark 7.1. We would like to mention again that the previous result may fail if we only assume that u; has
only bounded variation on the inflow part I'. of the boundary and not on the whole boundary I'" see the
counter-example given in Remark [2.7]

7.1 Sketch of proof

The proof is basically split into two parts. In the first part, we prove the result in the case where  is a
half-space and u°, u;, are compactly supported. The strategy is very close in spirit to the one in [CH99] with a
treatment of the boundary similar to [OV06] (but less technical since we use a Cartesian grid). For this reason
we may omit some straightforward computations and details. In the second part we recover the complete result
by usual localization arguments and change of variables that are detailed in Section [7.4]

From now on, and until we reach Section we assume that Q = {(21,...,24) € R? : 24 > 0}, so
that I' = R?~! x {0} and we choose a final time 7" > 0. In order to prove the BV regularity of the exact
solution in this setting, we shall prove a discrete BV bound for the approximate solution given by the upwind
scheme on a uniform Cartesian grid of 2. Using such a grid is crucial for it is well known that the uniform
discrete BV bound does not hold on a general grid for such approximations (see the counterexample given by
Després [Des04al).

However, on a uniform Cartesian grid, we shall obtain the uniform discrete BV estimate and the BV
estimate for the exact solution will follow since the approximate solution given by the upwind scheme is known
to converge in C°([0, 7], L*(£2)) towards the exact solution of the transport problem (see [Boy12] for instance).

7.2 Notations
For a given N > 1, we set At =T /N and then we decide to choose
Az = 2d||v|| o At, (45)

so that the CFL condition will be automatically satisfied. Since we use a uniform Cartesian grid, we can use
adapted notation based on a multi-indices. We refer to Figure [6]

e The cells in 7 are given by
K := (k1 Az, (k1 + 1)Az) x - x (kgAz, (kg + 1)Az), with (kq,...,kg) € Z371 x N.
e We identify each cell K with the corresponding multi-index (&1, ..., kq) in such a way that the neighboring

cells of K can be described by
K+€i, 1€ {_da,d}\{0}7
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interior cells in 70t

Q 1 D ka>1
L]

exterior cells in 7

Az K =(0,1) kq=0
virtual cells in 7*
3 kg=-—1
K:(—].,O) K:(an) K:(I,O)
r
N
K =(0,-1)
Figure 6: Notations for the Cartesian mesh
where ey, ..., eq are the vectors of the canonical basis of Rd, and e_; = —e;. Conventionally we set eg = 0,

so that K +e; = K for i = 0.

e The interior and exterior meshes are given by
T = (K = (ky,..., kq), such that kg > 1}, T = {K = (ky,...,kq), such that ks = 0},
and the virtual cells needed to deal with the boundary data are simply defined, by extension, as follows

T":={K = (k1,...,kq), such that kg = —1},

Even if v is not divergence free, we can use the same upwind scheme 1} to compute a convergent
approximation of the transport problem (see [Boy12]).
Using the particular geometry of the mesh, we can rewrite the scheme under the more compact form

uTIL{Jrl = u?( + Z a’TIL(,KJrei (u?(+ei - u?()’ (46>
—d<i<d
where the coefficient a . is defined as follows: af ;o = 0 and for i € {—d,...,d} \ {0}, n < N, we set

At yn .
afk g = _HVK,K+% if Vie ete, <0,
e 0 otherwise.

We recall that
(n+1)At

1
Vi ,127/ / v(t,z)-n do(x)dt,
K,K+e; AxdilAt A K|K e, ( ) K,K+e; ( )

where K|K + e; is the common face to the cells K and K + e;, and ng g4., = €; is the normal vector to this
face, oriented outward of K. We also set Vi ;- = 0 and

1 (n+1)At
uh = uy = up(t, x)do(z)dt, VK € T*,¥n < N. 47
T LIt vl I R L ()
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Observe that the value of v} = uy K|K-+eq with K € T* only appears in the scheme if Viie, x < 0 (or
equivalently if axie, x > 0). However, all the values of ug’ K|K+eq will come up in the BV estimate, in
particular in the terms introduced in Definition [7:2}

To simplify some computations, we shall define values of the approximate solution outside the extended
mesh 7 UT™* as follows

Uk yo , = U, VK €T, Vn<N. (48)

This convention simply allows to deal, without particular care, with quantities like u’ Ye; ulf for any j €
{=d,...,d} and any K € TUT*, even for K € T* and j = —d.

Our aim is to evaluate the total variation of the numerical solution at any time t™. To this end, we shall
need special notations to deal with jumps of the solution or of its trace across faces.

Definition 7.2. e For any n < N and any K € T, we define

Qk = Y luk —ufrel:

—d<j<d
By :=0.
e For any n < N and any K € T*, we define
no.__ n n
Qk = [ug — Wiie,l;
n o .__ n+1 n n n
By = [uf"™ —uf| + E Uk — U qe, |-

—d<j<d

e For any n < N, we set

Qn = Z QnK7

KeTuT*
no.__ n o __ n
B":= Y Bg= > B
KeTuT* KeT*

Observe that the indices j = 4d do not enter the definition of B .

Remark 7.3. The contribution of the virtual cells in Q" can also be written
Yo Qk= Y Juk — .l
KeT™ KeText

All the terms ()% contain values produced by the numerical scheme and that need to be evaluated whereas
all the terms in Bj contain only values of the boundary data that are given, and in particular we have the
following bound

Lemma 7.4. There exists a C' > 0 independent of At and Ax such that

Az N B < C TVpr(w).
n<N-—1

Proof. Let n < N —1 and K € T*. By using Lemma to the function uy, as well as the definition , we
get

1 1
Bic = Azd=t TV(tn’tn+2)X(K‘K+6d)(Ub) * Azt AL d< 4<dTV(t"at"+l)>< ((K\K+Ed)U(K+€j|K+€j +€d)) (un)-
—a<j

The claim follows by summation of those inequality and thanks to . O

Remark 7.5. We shall use at different point the fact that

> Julk —ufki.,| <B4+ Q% Yn<NVKeTUT". (49)
—d<j<d '

33



Let us be more precise on the claim we are going to prove: we would like to find a bound on the total
variation of ua.(t¥~!,.) and on the L! norm of the difference between the trace of the approximate solution
and the discretization of the boundary data at time ¢V ~'. We thus define, for any n,

Yy = TVQ(UAx(tn, )) + H’yqu(tn, ) — ube(t", .)”Ll(p), (50)

and the goal is to bound VN1, A simple computation shows that the first term is the sum of contributions of
the jumps of the function across interior faces

TVo(uas(t",)) = Y |KIL|juf —ufl,
K‘LeaTint
and that the second term is given by
yuac(t™ ) = wpac(t™ Moy = D KK +eallufe — ufeye,| = D KK +ealluf = 45 gse, |-
KeT* KeT*

It follows, by replacing sums over all the faces by sums over all the cells, that we have

AZCd_l
Vn — TL’
5@
and thus we will now work on obtaining a bound on Q™ for any n. The coefficient 2 above comes from the fact
that, in the definition of Q™, each face is counted twice.

We shall need to estimate the initial value V0 as follows.

Lemma 7.6. There exists a C > 0, independent of At and Az, such that
VO < TV (u®) + [lyru’ — up(0, )| 21 ry + C(TV oy, (u°) + TV (0.a0xr (us)),
where uy(0,.) is the usual notation for the trace y{oyxrus as defined in the introduction.

Proof. The bound of the first term simply follows by summing the inequalities given by Lemma[I.] applied to
f=u’ R=h= Az and to two neighboring cells K and K + e;.
Let us now study the second term in TV°.

e By using Lemma [I.T] and the definition of the trace, we have

e Then for any exterior face 0 = [k1Ax, (k1 + 1)Ax) x -+ X [kg_1Az, (kg—1 + 1)Az) and the associated
exterior cell K = [k1Ax, (k1 + 1)Az) x -+ X [kg_1Ax, (kqg_1 + 1)Az) x [0, Az) € T we have

1 Az 0 o
— u (y,xq)dx —][ud:n
[las [ weanin-f

By summation over the faces in 97" and by using

1 Az
yrul(y) — E/{) u(y, vq)dzg| < TVo,, (u°). (51)

dy < TVK(UO).

lvru® = yuRdgllziry < 2TVo,, (u°).
e Similarly, we can deal with the trace at time ¢ = 0 of w; and prove that
lup(0,.) = up,az(0, )] 1y < 2TV (0,a8 <1 (Up)-
Actually, a careful analysis of all the above computations, show that

1% o TVa(u®) + [yru’ = up(0, )| 11 r)- (52)
t—0

34



7.3 Proof of the BV estimate in the Cartesian setting

We can now move to the proof of our regularity result for a domain which is a half-space. More precisely, we
shall prove the following result.

Proposition 7.7. There exists a C > 0 that does not depend on At, Ax such that
Vil < (14 CAHV" + CAz*'B", ¥n e {0,...,N —2}. (53)

From this result we easily deduce our BV estimate.

Theorem 7.8. Assume that Q = R?¥~! x (0, +00), that u° satisfies , up satisfies and v satisfies .
Then, the unique solution u of the transport problem satisfies

S[up ] TVQ(U(t, )) S C(H’YFUO - ub(O, ~)HL1(F) + TVQ(UO) + TVFT (Ub)),
te[0,T

where C' > 0 depends only on T and v.

Proof. From and the discrete Gronwall lemma we obtain
sup V' < C (V04 Y Ae?TIBr ).
n<N n<N—1

Using the bounds on the data given by Lemmas [7.4] and [7.6] we obtain

sup V< O(|Jyru’ = up(0,.) || L1y + TVa(u®) + TVrr (up)).
n<

By the definition of V", and since ua, is piecewise constant in time, we deduce that

s[up : TVQ(qu(t, )) < C(H"}TUO — Ub(o, -)HLl(F) + TVQ(UO) + TVpr (ub)).
tel0,T

We use now the convergence result given in [Boy12|, which says that ua, oo U in C°([0,T], L*(£2)) to obtain
—

the claim, by the semi-continuity property . Observe that the convergence result in [Boy12] is only given
on a bounded domain and for the implicit scheme, but it can be adapted immediately to the explicit scheme
under the CFL condition. Moreover, when dealing with compactly supported data the proposed analysis is
valid on an unbounded domain. This proves the claim.

O
It remains to establish Proposition [7.7]
The first lemma below only depends on regularity property of the velocity field v.
Lemma 7.9. For all K € TUT™*, we have
0K, Kte; — K te; Kte;4e;] < LvAt, Vi, je{—d,...,d}, (54)
and
S dekie— Y Gk e x| < vV~ @r)At < CL AL (55)

—d<i<d —d<i<d

The proof is omitted since it simply uses the assumption on v, the conservativity of the fluxes and the
Stokes formula.

The main idea of the proof of Proposition consists in using the definition of the scheme to express
the jump terms in Q™! by the same kind of terms at time t*. The main issue here is that the values u?(H for
K € T* do not satisfy the scheme since they are explicitly defined by the boundary data by .
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We thus define, for n < N and K € 7 UT*, the quantity
Ry — 0, ifKeT,
T 1 n n n n : *
u?j qu—Z_deSdaK7K+ej(uK+€jqu), if KeT*,

in such a way that we have now the following equality for any n < N and any K € TUT*

n+l _  n n n n n
U = Ug + § A% Kte, Uk e, — Uf) + Ri. (56)
—d<j<d

Thanks to the choice and to the definition of the coeflicients a7 ; we immediately see that, under the
CFL condition , we have the bound

[Ric| < |Bi| + ax ket ie, — uicl, VK €T, Vn. (57)

We may now find a suitable expression of the jump between the values on two neighboring cells at time
t"+1 as a function of similar quantities at time ¢" as follows.

Lemma 7.10. For all K € T, n < N and —d < j < d, we have

n+1 n+1l _ n n n n n n
U —Ugye, = (ufe — UK+ej) 1- E OF Kye;, | T E A rte; (WK te, — U’K-‘rei-i-ej)
—d<i<d —d<i<d
§ n n n n n n
+ (G’K,KJrei - G’K+€]‘ ,K+ej+ei ) (,U’KJrequei - uK+€_7’) + RK - K+8]‘ .

—d<i<d

The detailed proof is omitted; it just consists in writing subtracting formula for K from the one for
K + e; and reorganizing the terms.
We use now the CFL condition and the definition of the coeflicient af ; to get, in particular, that

1— Y afgie | 20, VK €T, ¥n <N,
—d<i<d

so that we can take the absolute values in the formula given by Lemma to get

n+1 n+1 n n n n
lug™ — U’K+ej| < Juf — uK+e_7~| - E OF Kte; | T E OK K+e;
—d<i<d —d<i<d

n n
uK+C7j - U’K—‘—Gi—‘r6j|

+ Z |aTIL(,K+ei - aTIL{+ej,K+ej+ei u?(JrejJrei - UTIL{JrejI + |R?{| + |RnK+ej |

—d<i<d

The last two terms are estimated by (57)), whereas the first term of the second line is controlled by and
(54). By summing this inequality over K € T and j € {—d,...,d} on the one hand and over K € T with
j = —d on the other hand (we use here Remark 7 we obtain

+1 3 L 3
Qn S Z Z |u7}1{ - UTIL{Jrejl 1- Z a?{,KJrei + Z a’?(,KJrei |u7}7(+ei - urfl{+ei+ej|

KeT —d<j<d _d<i<d _d<i<d
n n n n n n (58>
+ E |ufe — upye I [ 1— E OK K+ye; | T E A Fote; UK +e; = Uk teite_
KeText —d<i<d _d<i<d
n n n n n
+ CAz(Q" +B") + E U Ktey UK 1o, — Uk
KeT*

We have now to make a change of index K + e; — K in the terms of the form af r\. [Ug e, = Uk ie,te,
in the first two lines. It is needed of course to take care of the boundary terms. By straightforward algebraic
manipulations we get the following lemmas.
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Lemma 7.11 (Change of indices on the whole mesh).

n n n n n n
E E E OK K+e UK+e; — uK+ei+ej| < E E E A% —e kUK — “K+ej|

KeT —d<j<d —d<i<d KeT —d<j<d —d<i<d
n n n n n n
+ E A ey UK — Uk e, | — E Oy KIUKte, — UK
KeText KeText
+ CB".

Lemma 7.12 (Change of indices for boundary terms).

n n n _ n n n
E E O K+e; UK +e; — uK+ei+e_d| = E § aKfei,K‘uK - UK+e_d\
KeText —d<i<d KeText —d<i<d
n n n n n n
+ E O Kooy W e, — Wi| — E UK ey KIUK—c; — UK
KeText KeText
n n n
- § aKfed,K‘uK - qued"
KeText

Using the previous two lemmas with and using the property , we finally obtain
Q" <(1+CAHQ™ + C(1+ At)B™

n n n n n n n n n
+ E A Korey| UK e, — UE| + E A Fo—ey UK — U, | — E OF ey 5 W e, — Uk
KeT* KeText KeText
n n n n n n n n n
+ E AR Koy Uk te, — Ukl — E U teg K Wi —e, — U] — E Ao, 1| UE — UK e, -
KeText KeText KeText

With a simple change of indices, we observe that
Z a7ll(,K+ed|u7IL(+ed - unK| = Z a?{—ed,K u?{ - unK—ed ’
KeT* KeText
so that we can gather all the terms as follows

Q" <(1+ CAHQR™ + C(1 + At)B™

+ Z (a?(,K—ed - a?{-‘,—ed,K)‘u?( - u’rll(—ed‘ + Z (a”rIL(,K—&-ed - a?{—ed,K”u?(-‘red - u?{ )

KeText KeText
and using once again and , we obtain

Q" < (1+ CAHQ™ + CB™ + C'AHQ™ + B™),
which implies the claimed estimate by multiplying the inequality by Az¢~1
so is the BV regularity theorem in the half-space case.

. The proposition is proved, and

7.4 Proof of Theorem [2.5

Let us denote by Q0 = R4~1 x (0, 4+-00) the reference half-space we introduced in the previous section and by
% = R~ x {0} its boundary.

e The first step of the proof consists in considering the case where {2 has the following form
Q={z R z4>8S(x1,....,2a-1)}, (59)

where S : R%~1 — R is a C? and compactly supported parametrization of the boundary I

We can then build a C? diffeomorphism ¥ : R¢ — R that maps Q° onto © and such that, for some
¢q > 0 we have
(I)(i’vxd) = (E,S(i')) — T4 n(:E,S(E)), VI e Rdil,vxd € (0750)'
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where n is the outward unit vector field of the domain 2. With this change of variable we can set
w(t,x) :=u(t,¥(x)), Vt € (0,T),Vx € Q°,

and prove that w solves a transport problem in Q° with initial data w®(x) = u°(¥(z)), boundary data
wy(t, ) = up(t, ¥(z)) and the advection field v defined by

VOt z) = [(VO)(2)] ' v(t, O(x)), Vte (0,T),Vze Q.

The regularity of ¥ shows that v’ inherits the regularity properties of v (it is however not divergence
free in general), and moreover the change of variable we used maps the inflow part of the boundary for v°
onto the inflow part of the boundary for v. Theorem [7.8|then gives an estimate of w in L>(0,T, BV (Q°))
depending on the total variations of w® and w,. Coming back to u by the change of variable gives the
corresponding estimate on u.

Let us now prove the claim on a general bounded C® domain. We first introduce a finite covering of
Q= U1<i<1QN B(x;,7) in such a way that for any ¢ € {1, ..., I} the set QN B(x;,2r) is the intersection
of Q with an half-space of the form , up to some rotation. We also choose a 7 > 0 such that
T[vlLee@ry < 7.

Since Problem is linear, we can assume that u® (resp. wuy) is supported in Q N B(x;,r) (resp. in
TN ((0,T) x B(zs,7))). A standard estimate shows that, thanks to the choice of 7, the corresponding
solution is supported in Q N B(z;,2r) during the time interval (0,7). Hence, we can apply the claim
proved in the first step and deduce that the solution is BV during the time interval (0, 7) with the suitable
estimate. Using a partition of unity we can then conclude that, for any data «® and wuj, we have

SEP]TVQ(U(L D)) < Clll’llBvo) + llusllverr))-
tel0,7

Applying the same result on the time interval [r, 27], since 7 only depends on 2 and v we get

S[UIQ) ]TVQ(U(t7 ) < C(lJulT, )llBve) + lusllsvr)),
te|T,27

and combining the two estimates finally gives

S[up ]TVQ(U(ta D) < C* (I’ svie) + llusllpyrr))-
te|0,27

By a simple induction, we prove that

sup TVq(u(t,.)) < CT/T(”“O”BV(Q) + [lupllBv (7))
t€[0,T]

Finally, we known that if u® and w, are both equal to a given constant then the solution w is itself
constant. Hence, by standard arguments the right-hand side in the last inequality can be replaced by
C(|lyru® — up(0, )| 1 + TV (u®) + TVrr (up)) for some other value of C.
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