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Entropy formulation for fractal conservation laws

NATHAEL ALIBAUD

Abstract. Using an integral formula of Droniou and Imbert (2005) for the fractional Laplacian, we define an
entropy formulation for fractal conservation laws with pure fractional diffusion of order A €]0, 1]. This allows to
show the existence and the uniqueness of a solution in the L° framework. We also establish a result of controled
speed of propagation that generalizes the finite propagation speed result of scalar conservation laws. We finally
let the non-local term vanish to approximate solutions of scalar conservation laws, with optimal error estimates
for BV initial conditions as Kuznecov (1976) for A = 2 and Droniou (2003) for A €]1, 2].

1. Introduction

We study the fractal conservation law

du(t, x) +div(f ) (t, x) + glu(t, )Ix) =0 t>0, x e RV,
u(0, x) = ug(x) x e RV,

(1.1)

where f = (f1, ..., fn) islocally Lipschitz-continuous from R to RV, ug € L°°(RN ) and
g is the fractional power of order A /2 of the Laplacian with A €]0, 1]. That is to say, g is
the non-local operator defined through the Fourier transform by

F(glu(t, )DE) = [E1F(u, )(E).

REMARK 1.1. We could also very well study equations with source term /4 and such
that f and & depend on (¢, x, u). All the methods used in this paper would apply, but this
would lead to more technical difficulties and for the sake of clarity, we have chosen to
present only the framework above.

The well-posedness of the pure scalar conservation law, namely the Cauchy problem

oru(t,x) +div(fw)(,x)=0 >0, x e RV,

1.2
u(0, x) = ug(x) x e RV, (1.2)
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is well-known since the work of Kruzhkov [11], thanks to the notion of entropy solution.
In this paper, we define a notion of entropy solution for (1.1) that allows to solve (1.1) in
the L*° framework. We then consider the problem

oul(t, x) +div(f (u®))(t, x) + eglu®(t, )]J(x) =0 >0, x € RN,

1.3
ut (0, x) = ugp(x) x eRN (1.3)

and we show that u® converges, as ¢ — 0, to the (entropy) solution u of (1.2).

The interest of Equation (1.1) was pointed out to us by two papers of Droniou et al. [7, 6]
which deal with the case A €]1, 2] (the results of these papers are recalled below). One of
their motivations was a preliminary study of equations involved in the theory of detonation
in gases [3, 4]. In fact, X depends on the unknown in the realistic models and is probably not
bounded from below by any Ao > 1. Thus, the case A = 1 is also of interest. Moreover, the
general case A €]0, 1] has many other applications to hydrodynamics, molecular biology,
etc 1, 2].

Equation (1.1) constitutes an extension of the classical parabolic equation

oru +div(f(u)) — Au =0, (1.4)

which corresponds (up to a multiplicative constant) to the case A = 2. In this case, it
is well-known that the Cauchy problem is well-posed and that the operator 9; — A has a
regularizing effect; (1.3) then is called the parabolic regularization of (1.2) and the use
of such a regularization allows to prove the Kruzhkov result. Depending on the value of
A, (1.1) should share properties of (1.4) and/or the non-linear hyperbolic equation (1.2).
Most of the studies (well-posedness, asymptotic behaviour, efc) are concerned with the
range of exponent A €]1, 2] (see [1, 2, 7, 6, 8, 10]). In this case, the operator 9; + g[.]
still has a regularizing effect. The first results on this subject are probably due to Biler
et al. [1] and these results have recently been strengthened in [7], where the existence
and the uniqueness of a smooth solution is proved. Let us also refer the reader to [9, 8]
for the case of Hamilton-Jacobi equations. For A €]0, 1], the order of the diffusive part
is lower than the order of the hyperbolic part; hence, we do not expect any regularizing
effect, since it is natural to think that (1.1) could behaves as (1.2). Let us recall that the
possibilities of loss of regularity in finite time and of non-uniqueness of weak solutions of
the Cauchy problem (1.2) led to the notion of entropy solution of Kruzhkov. The numerical
computations of Clavin et al. [3, 4] lead to think that the solutions of (1.1) may also
loose some regularity; but, this point is still an open question whose answer does not seem
obvious. Neither there is answer to the question of non-uniqueness of weak solutions in
a general framework. To our best knowledge, there is only one existence and uniqueness
result for (1.1) with A < 1. It appears in a paper of Biler ef al. [1] which deals also with
asymptotic behaviour of solutions. They have established the local-in-time (or global with
small initial data) existence and uniqueness of a weak solution of the monodimensional
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fractal Burgers equation (N = 1 and f = |.|2) with & €]1/2, 1] and ug € H'(R). The
proof does not seem adaptable to other dimensions, parameters A or other initial conditions
less regular, since the Sobolev imbeddings and the interpolations used to derive the needed
energy estimates would be no longer true.

Following these comments, a good formulation for (1.1), with A €]0, 1], is probably
an entropy formulation, which we have to define. Let us mention that Carrillo [5] has
also used an entropy formulation to study a scalar conservation law perturbed by a local
degenerate diffusion operator (of the form —A(b(«))). In our case, the operator g is non-
local. Because of this, the inequality (4.16), already mentioned in [8, Lemma 4.1], seems
lead to a too weak formulation, namely (4.17). We discuss this issue in Remark 4.2. To
find a good formulation (see Definition 2.3), we have used an integral formula for g (see
papers of Imbert [9] and of Droniou and Imbert [8] or Theorem [8] or Theorem 2.1 below).

This notion of entropy solution has allowed to prove the following results for (1.1):
well-posedness in the L°° framework, maximum principle, controled speed of propagation
(see Theorem 3.2 which generalizes the finite propagation speed result of scalar conserva-
tion laws), L! contraction, non-increase of the L! norm and the BV semi-norm, etc. The
existence is proved by a splitting method, as in [7, 6] for A €]1, 2], and the convergence of
this method is proved for general ug € LOO(RN ) (in [7], the convergence of the splitting
method has been established only for ug € LOO(RN yn L1 (]RN )N BV(]RN )). Note that
the classical parabolic regularization could also work. As far as the non-local vanishing
viscosity method to (1.2) is concerned, the convergence of u° is obtained in the general case
and optimal error estimates are stated for BV initial conditions, as in [12] for the parabolic
regularization of (1.2) and as in [6] for A €]1, 2]. Let us also refer the reader to [9, 8], which
derive same error estimates (in an appropriate topology) for Hamilton-Jacobi equations.

The rest of the paper is organized as follow. The entropy formulation is given in Section 2
and the main results are stated in Section 3. These results are finally proved in Sections 4-6
(uniqueness and existence for (1.1) and convergence for (1.3), respectively).

2. Entropy formulation
To present our formulation for (1.1), we have to recall the following result on g.

THEOREM 2.1. (Droniou, Imbert 2005) There exists a constant cy(A) > O that only
depends on N and A and such that for all ¢ € S@®RN), allr > 0and all x € RV,

glelen =—en @ | Wﬂ
e+ 2) — () — Vo) .2

—en () |z|N+2

@2.1)

lzl<r

Moreover, when A €]0, 1] one can take r = 0.
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REMARK 2.2. In the sequel, g : C go (RN )—>C go (RN ) is defined by this formula.
For a proof of this result, see [8, Theorem 2.1]. Here is our entropy formulation for (1.1).

DEFINITION 2.3. Let ug € L®(RY). We define an entropy solution to (1.1) as
a function u € L°°(]0, oo[xRY) and such that for all » > 0, all non-negative ¢ €
c(|o, oo[xRM), all smooth convex function n : R — R and all ¢ = (¢, ..., dn)
suchthat¢) = n'f/ (i =1,..., )V,

/(; /]RN (n)d;p + ¢ (u).Vo)
+cN(/\)/ / / n’(u(t,x))u(t’x+ZI3]_AM(I’X) o(t, x)dzdxdt
0 JrV Jjz=r [z|VF

+cN(/\)/ / f pu(e, oy LLEFD OGN 2NN 2 4y
0 RN Jiz|<r F4Ra

+ /RN n(up)p(0,.) > 0. (2.2)

REMARK 2.4. i) Notice that (2.2) for r > 0 implies (2.2) for all ' > r, but not
necessarily for 0 < r’ < r;
ii) when A €]0, 1[, the gradient in the third integral term above can be taken out and
this gives an equivalent formulation.

Here are some properties of entropy solutions.

PROPOSITION 2.5. i) Classical solutions to (1.1) are entropy solutions;
ii) entropy solutions to (1.1) are weak solutions in the sense that

/ / (uorp + f(w).Vo —uglel) + / uop(0,.) =0,
0 RN RV

forall ¢ € CX([0, oo xRN);

iii) entropy solutions are continuous with values in LlloC (RN) (i.e. uis a.e. equal to a
Sfunction belonging to C ([0, ool; LllOC RM)));

iv) if u is an entropy solution of (1.1) then u(0, .) = uy.

The proofs of ii) and iv) are similar to those used for the pure scalar conservation laws
(see [11]), thanks to Theorem 2.1 to treat the fractal part and thanks to iii) to deduce iv).
Hence, these proofs are left to the reader. The item iii) will be needed to prove uniqueness
in Section 4. For a first reading, this item could be assumed in Definition 2.3, since an

et us recall that such a couple (1, ¢) is called an entropy-flux pair.)
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approximating sequence that converges in C ([0, T']; LlloC (RN )) (for all T > 0) will be
constructed in Section 5. Actually, the formulation allows to find item iii) back without
the use of this sequence. For the reader’s interest, the proof is given in Appendix B. Let
us conclude this section with giving the proof of i), which explains how we obtained our

formulation (see also Remark 4.2 about the treatment of the fractal part).

Proof of i). Let us assume that u is smooth and that u € C;°([0, oo[xRN) satisfies
(1.1). Since 5 is convex, n(b) — n(a) > n’(a)(b — a). Hence,

n(u(t, x +z)) — n(u(t, x)) — V() (t, x).z > n'(u(t, x))
(u(,x +2z) —u(t,x) — Vu(t,x).2)

and

u(t,x +2z) —u(t, x)
|Z|N+A

0 (u(t, x)glu(t, )(x) = —en (W' (u(t, x))

lz|=r

N, x +2)) — nu(t, x)) — Vinw))(t, x)).z d
|Z|N+k Z-

dz

—cy (D)

lzl=r
Let us multiply (1.1) by 7' (u(z, x)) to get the following entropy inequality:

u(t,x +z) —u(t, x)

3 (n()) (2, x) + div(p ) (t, x) — ey (W)’ (u(t, x)) " Z|NFA dz

nut, x +2)) —n, x)) — Vi), x)).z
|Z|N+A

—cn() dz <0,t>0,x e RV,

lzl=r

Let us multiply by ¢(#, x) and, thanks to an integration by parts, let us put the derivatives
on this function. Then,

/ f (n()d;p + ¢ (u).Vo)
0 RN

+cN(,\)/ / / o (e, xy XD — ) s e
0 RN |z|>r

|Z|N+)\.

+cN(,\)/ // n@(t, x +2)) — nu(, x)) — Vinw)(, x).z
0 JRY Jiz|=r

|Z|N+)»

o(t, x)dzdxdt
+ AN n(uo)p(0,.) = 0. 2.3)
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Let us now put the fractional derivative on ¢. We let I denote the third term of (2.3). By
Taylor’s Formula,

1 00 _ 2
[ = CN()»)/ / / f (d-o)b ("(”A),)ﬁ’ XFTDIL 0 vdzdxdrde,
o Jo JrN Jpzj<r |z]

1 e’}
—en ) / / / (1—r>|z|—N—*(/ Dz(n(u))(t,x+rz)z-w(t,X)dx>
0 Jo lz|<r RN

dzdtdr.

Note that D?((u))z.z = div,(F) where F = (ziV(nw)).z, ..., z.V(n(u)).z) (here, we
let z; denote the coordinates of z w.r.t. the canonic basis of R"). So, an integration by parts
gives

1 e’}
1=—cN<A>//f (1= o) N
0 0 |z|<r

</N V(W) (, x + tz).2 Vo(z, x).zdx) dzdtdr,
R

1 e’}
=—cN<A>f/ ff (1= D2l ™Y V@)t x + 72).2 Volt, 1).2
0 Jo RN Jiz|<r
dzdxdtdr. 2.4

Let us change the variables by (7, ¢, x, z) — (t,¢,x + Tz, —2) to get

1 [e’s)
1=—cN<x>// // (1 =Dzl ™V V), x).z
0 0 RN |z|<r

Vo(t,x + 17).zdzdxdtdr.
Computing I backward from (2.4) to (2.3) (exchanging the role of (x) and ¢) leads finally
to (2.2).

3. Main results
Here is our existence and uniqueness result for (1.1).

THEOREM 3.1. Ifug € L®(RN), then there exists a unique entropy solution u to (1.1).

The uniqueness derives from a more precise result which generalizes the finite propagation
speed for pure scalar conservation laws. To present it, we have to introduce the kernel of g:
K@,):=F""! (e”"‘A) (defined for r > 0). Letus recall that any solution of 9, +g[u] = 0
can be written by the convolution product u(z¢,.) = K(t,.) * u(0, .). The most important
property of K is its non-negativity, which gives a maximum principle for the preceding
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equation. Such a result is well-known since the work of Lévy [14]. Using fRN K(,.) =
F(K(1,.))(0) = 1 and the homogeneity property K (¢, .) = % K1, t_%.), forallr > 0,
we then see that (K (t, .));~0 is an approximate unit as t — 0. Another important property
that will be needed in this paper is the semi-group property: K (t +s,.) = K(¢, .)* K(s, .),
for all t > O and all s > 0. Then, we have the following result.

THEOREM 3.2. Let ug, vg € L®(RYN). Consider u and v entropy solutions to (1.1)
with initial conditions uy and v, respectively. Then, for all xy € RN, allt > 0 and all
R > 0,

/ lu(z,.) —v(, )| Ef K(t,.)*lup — vol, (3.1
B(x0,R) B(xg, R+L1)

where L is a Lipschitz constant of f on[—m, m], withm = max{|luo|l o gny, V0]l oo M)},
and B(x, r) denotes the open ball in RN of center x and radius r.

REMARK 3.3. i) Notice that this result still holds true for A €]1, 2];

ii) the infinite propagation speed produced by g then can be measured the following
way: if supp(ug) is compact then fB(x,l) lu(1,.)| = O(dist(x, supp(ug))~) (this
can be computed by using that K (1, x) ~ |x|~N=*

as |x| — 400).

, up to a multiplicative constant,

Here are other properties of entropy solutions to (1.1), that will be seen in the course of our
study.

PROPOSITION 3.4. i) For all t > 0, [|u(z, )| poo®Ny = [luoll foognys

i) ifug € LOO(]RN) NnL! (RN), then so does u(t, .), forall t > 0, and u is continuous
with values in LY(RN);

iii) (L! contraction) if ug and vy belong to LOO(]RN) andup— vy € L1 (]RN), then for all
t>0u(t,.)—v@,.) e LY®Y) and ||u(t,.) — v(t, INlprwyy = Huo — vollp1gnyy;

iv) ifug € LX®RM)NBV RYN), thenso doesu(t, ), forallt > 0, with|u(t, )| gy gn) <

|MO|BV(RN)-

REMARK 3.5. On the one hand, all these properties are consequences of (3.1), except
i) which derives from a more precise inequality, where the absolute values are replaced by
positive (or negative) parts (this can be seen with the help of semi-entropies of Kruzhkov,
namely entropies of the form n,f =( -kt and n, = (. —k)7). In fact, this last result
allows to establish more generally a comparison principle between entropy solutions to
(1.1). On the other hand, as noticed in Remark 5.1, items i)—iv) also are consequences of
the splitting method used to prove existence.
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Let us conclude this section with our convergence result for (1.3).

THEOREM 3.6. Let ug € LOO(IRN). As ¢ — 0, the entropy solution to (1.3) converges
in C([0,T]; L} (RN)), for all T > 0, to the entropy solution of (1.2). If moreover

loc

ug € LYRY) N BV (RY), we have the following error estimates: for all T > 0,

1 — ] _[ 0@ i el
Mo ®Y) T Oelne))  if A= 1.

REMARK 3.7. As remarked in [6] for A €]1, 2] and in [8] for Hamilton-Jacobi equa-
tions, if we take f = O then the solution to (1.3) is K (., .) *y ug, where *, denotes the
convolution product w.r.t. the space variable. Then choosing ug = 1_; jjv, the properties
of K allow to see that the error estimates above are optimal.

4. Uniqueness of the solution

This section is devoted to the proof of Theorem 3.2.. We use the doubling variables
technique of Kruzhkov [11].

4.1. Doubling variables technique

Consider u and v as functions of the (¢, x)- and the (s, y)-variables, respectively. Let us
recall that the technique consists in combining the equations on # and v and, choosing
test functions which forces (s, y) to be closed to (¢, x), deducing another equation on
|u — v|. Define sign := I[o,+o00[ — l]—c0,07- Let us consider entropy and flux of the form
nr(a) = la —k| and ¢y (a) = fka sign(t — k) f/(t)dt. Although n; and ¢ are not smooth,
it can be used in Definition 2.3. Indeed, there exists a sequence of smooth entropies (17} ),
which converges to 1 locally uniformly on R and such that, the sequence of derivatives
converges toa — sign(a —k) pointwise on R and stays bounded by 1. The associated fluxes
a— f k“ (nZ)/ (1) f/(t)d7 tend to ¢y pointwise on R, thanks to the dominated convergence
theorem, and | ;' 1)’ (v) f'(t)dz| < [ | f/|(x)d7, for all a € R. The limitn — +o0 in
(2.2), thanks again to the dominated convergence theorem, then implies that the entropy-
flux pair (x,¢x) can be used in Definition 2.3. Let ¥y € C2°([0, oo[x [0, oo[ xRN x RY)
be non-negative. Let us fix (s, y). Let us take ¢(¢, x) = ¥ (¢, s,x,y) and n = n with
k = v(s, y)in (2.3.) and let us integrate w.r.t. s and y. We get

f///|u<r,x>—v(s,y>|aﬂ/f<r,s,x,y>
0 0 RN JRN

+ F(u(t,x),v(s, y).Vir(t, s, x, y)dydxdsdt

+cN(x)/ / f // sign(u(t, x) — (s, y))
0 0 RN JRN Jz|>r
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u(t,x +z) —u(t, x)
|| N+~

+CN(>»)/ / / // lu(t, x) —v(s, y)I
0 0 RN JRN Jiz|<r

W(l‘vs,x‘i‘Z’)’)—W(ﬁS,xv)’) V 1/f(f s, X, y)Z
|Z|N+A

+ /Oo / / o (x) — v(s. W (O, 5. x. y)dydxds = 0, @.1)
0 RN JRN

Y(t, s, x, y)dzdydxdsdt

dzdydxdsdt

where F(a, b) := ¢p(a) = f(max(a, b)) — f(min(a, b)) is symmetric. Same operations
for v, with k = u(z, x), imply that

////|u(f»x)—U(S’y)wsw(t,&x,y)
0o Jo JrRNJRN

+ F(u(t,x),v(s, ¥).Vy¥(t,s, x, y)dydxdsdt

+CN()»)/ / / // sign(v(s, y) —u(t, x))
0 Jo JrRNJRN Jz|=r

v(s,y +2) —v(s, y)
|N+X

+cN<x>f f / // et ) — v(s, )|
RN JRN Jiz|<r

Y, s, x,y+z) =y, s,x,y) = VyU,s,x,y).2
|Z|N+A

v(t,s, x,y)dzdydxdsdt

dzdydxdsdt
o0

+ / / / (t, %) — v (&, 0, x, y)dydxdt = 0. 42)
0 RN JRN

Since the function sign is odd, the sum of the second terms of each inequalities above is
equal to

cNmf / // Uit s, xy)
0 0 RN JRN J|z|>r

sign(u(t, x) — v(s, y)) wlt, x +2) =i, y|—|—|§)+)k— @@, x) = vls. y))dzdydxdsdt.
z

Since sign(b)(a — b) < |a| — |b|, this expression is bounded from above by

v [ [T [ [ vy
0 Jo JRNJRN J|z|=r

|M(tv-x +Z) - U(S’y +Z)| - |u(t,x) - v(s7 y)|
|Z|N+)‘

dzdydxdsdt.
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The sum of (4.1) and (4.2) then implies that

f///Iu(t,x)—v(s,y)l(at+8s)w(t,s,x,y)
0 0 RN JRN

+ F(u(t, x),v(s, ¥).(Vx + V¥ (2, s, x, y)dydxdsdt

+CN(}")/ / / / w(tvsaxs )’)
0 0 RN JRN J|z|>r

lu(t, x +z) —v(s,y +2)| — lu(t, x) — v(s, y)|
|N+A

+CN<A>/ f /R/R/H ut, x) = v(s. )|

Y, s, x+z,y) +yE,s,x,y+72)

=29, s, x,y) — (Ve + V)Y (t,5,x,y).2
|Z|N+)»

+f f / luo(x) — v(s, Y)Y (O, s, x, y)dydxds
0 RN JRN

dzdydxdsdt

dzdydxdsdt

+ /‘00/ / lu(t, x) —vo(W)|¥(t, 0, x, y)dydxdt > 0. “4.3)
0 RN JRN

An integrability argument immediately implies that the third term of (4.3) tends to O as
r — 0. We let I, denote the second term of (4.3). To pass to the limit in /,, we have to
first put the fractional derivative on .

pmenoo [T[T [ ] s
0 0 RN JRN J|z|>r

Y, s, x,y)

| |N+A

—CN()»)/ / A;N /RN /m)rm(t X) = v(s, y)|w(|t ISN*)'CA Y dzdydxdsd:

and changing the variables by (x, v, z) — (x 4+ z, y + z, —z) in the first integral,

vesor [ [ [ ]
0 0 RN JRN Jiz|>r

v, s, x+2z,y+2)
—v(s, y)| B dzdydxdsdt

—CN()\)/ / A;N fRN /m)rm(t X) = v(s, y)|l/f(|t ISN*)'CA Y dzdydxdsdt

:cN(A)'/ f f // (. x) — v(s. )|
0 0 RN JRN Jz|=r

Y, s,x+z,y+2) =y, s,x,)
|Z|N+A

—v(s, y + 2)| dzdydxdsdt

dzdydxdsdt.
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For r < 1, let us cut the integral above, according as |z| < 1 or not, and let us subtract from

oo [ [
0 0 RN JRN Jr<|z|<l

(Vx + Vy)l//(t’ S, x’ y)Z
—u(s. y)| Bz

dzdydxdsdt.
Note that this integral equals 0, since its integrand is odd w.r.t. z. So

1,=cN(A)/ / f /f u(t, x) — v, )|
0 0 RN JRN Jiz|>1

v, s, x+z,y+z) — ¥, s, x,y)
|N+A

+cN<A>/ / / f/ (t, %) — (s, y)|
RN JRN Jr<|z|<1

vt s, x+z,y+2) =@ s, x,y) = (Vu + V)P, 5, x,y).2

dzdydxdsdt

B dzdydxdsdt.
Again by an integrability argument,
o0 [o/0]
lim I, =cN(X)f / / / / lu(t, x) — v(s, y)I
r—0 0 Jo JrRNJRN Jiz=1
W(tvsv-x +Zay+z) - w(tﬂsvx’ y)
2N dzdydxdsdt
o o0
+CN(?»)/ f / f / lu(z, x) —v(s, y)I
0 0 RN JRN Jz|<1
ts b} 3 - ts s Ay - V V tv s Ay .
Y, s, x+z,y+2) — ¢, s,x,y) — (Vx + Vy) ¥z, s, x y)zdzdydxdsdt
|Z|N+A
and thanks to Fubini’s Theorem,
0 o0
lim I, = / / / / lu(t, x) —v(s, y)|
r—0 0 0 ]RN ]RN
v, s,x+z,y+2)
_W(tasaxa )’)
cy () dz
|z]>=1 |Z|N-HL
w(t’ssx +Za y +Z) - w(tssvxv )7)
—(V,+V t,8,x,9).2
+cy () (V 2k Y) dz | dydxdsdt.

lz]<1 |z|V+2
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Passing to the limit as r — 0 in (4.3),

////Iu(t,X)—v(s,y)l(az+3s)w(t,s,x,y)
0 0 RN JRN

+ F(u(t,x),v(s, ¥).(Vx + V¥ (@, s, x, y)dydxdsdt
v, s, x+2z,y+2)

00 oo —y(t,s,x,y)
s — s A
+/O fo /RN/RN'”“ =il |exd [ i

W(I,S,X +Zv y +Z) - W(tvsvxa }’)
_(Vx + V)‘)w(ta s, X, y)Z
|Z|N+)‘

+cev(A)

dz | dydxdsdt

lz|=1

+ / / / lug(x) — v(s, Y)W (0, s, x, y)dydxds
0 RN JRV

+ / / / lu(t, x) —voWI¥ (¢, 0, x, y)dydxdt > 0. 4.4
0 RN JRV

Let us take ¥/ (¢, s, x, y) = 0, (s — 1) pp(y — x)¢ (¢, x), where 6, € C2°(]0, v[) and p,, €
CX°(B,) (where we let B, denote the ball B(0, i)) are two approximate units and ¢ €
c(|o, oo[xR™) is non-negative. Simple computations imply that

0 + )Y (2,5, x,y) = Ou(s — 1) pu(y — x)0 P (1, x),
(Vx + V)Y, s,x,y) =0u(s — 1) ppu(y —x)V(z, x)
and, thanks to (2.1),

w(tisvx_’_zsy—‘rz) - W(I,S,X, y)dz

cv(A) e B
) W(f,syx‘l‘z,Y‘i‘Z)—Iﬁ(tasvxvY)—(Vx+Vy)1/f(f»S,x,)’)-Z
A
P g 2V *
=—0u(s —Dpu(y —x)glot, )1(x). 4.5)

Moreover, 6, is equal to 0 on ] — oo, 0] and ¥ (¢, 0, x, y) = 0. By (4.4),

////Iu(t,X)—v(s,y)|9u(s—t)pu(y—X)azcb(t,x)
0 0 RN JRN

+ F(u(t’x)9 U(S, )’))91;(3 - f)Pu(y —x)V¢(t,x)
— lu(t, x) —v(s, VIO (s — )pu(y — x)gle (7, )(x)dydxdsdt

+/ / / luo(x) — v(s, )6y (s)pu(y — x)¢(0, x)dydxds > 0.
0 RN JRN
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We have

F(u(t, x),v(s,y)) = f(max(u(t, x), v(s, y))) — fmin(u(t, x), v(s, y)))
< Llu(t,x) —v(s, y)l,

where L is a Lipschitz constant of f on [—m, m] with m = max{| ] oo @Nys V1] oo @My}
Then

////Iu(t,x)—v(s,y)lé’u(s—t)pu(y—X)
0 0 RNV JRN

@ (t.x) + LIVt x)| — gl (¢, )1 (x)) dyddsds
+ /0 / f 10(x) — V(5. )16y ()0 (y — 1) (0, x)dydxds > 0. 4.6)
RN JRN

We let I, and J, , respectively denote the first and the second term of (4.6). Define
® = 8,¢ + LIVo| — gl¢] and w (v, ) =1, — [;° Jan |l — v|®|. Let us recall that
Jgy P = 1 and that forall # > 0, fooo 0,(s — t)ds = 1; hence, Fubini’s Theorem gives

[ fowmom= [ ], [
0 RN 0 0 RN JRN

—v(t, )0y (s — ) pu(y — x)P(t, x)dydxdsdt.
Since ||a| — |b]| < |a — bl

[Ju(t, x) = v(s, YO (s — ) pu(y —x)P(z, x)
—lu(t, x) —v(t, x)|0,(s — 1) pp(y — x)P(z, x)|
< [v(t, x) = v(s, PIu(s — Dpu(y — x)| P, x)|

for all (1, s, x, y) € [0, 0o[x[0, co[xRY x RN and
w1 (v, M)</ _/ / / lu(, x)
—v(s, IO(s — ) pu(y —x)|P(t, x)|dydxdsdt.

Let us change the variables by (¢, x, s, y') = (¢, x,s —t, y — x). Then

w1(v,u)§/ /f/
0 0 RN JRN

V(%) = (1 + ', x + 310,50, (6@ (2, )l dy'ds'dxd
o0
= /0 f O =T 0@ g0 e 0 (P’ @47)
R

where we have first integrated w.r.t.(¢, x) and we let 7, denote the translated function
(. — h). Let us prove that the function

(s'.¥) €10, 0o[ xRN — [|(v = T(_y —yy V)Pl 11 0. 00[x BV
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is continuous. Recalling that v € L*°(]0, oo[xRN) C LllOC (o, oo[xRN), the continuity of

the translation in L' implies that (s”, y') € [0, co[ xRN — T—s',—yyV € Llloc(]O, oo[xRM)

is continuous. Moreover, Taylor’s Formula and Fubini’s Theorem applied to (2.1) give

o lp(t, x +2)| + @ (2, x)|
18T8111 11 o ooty < N (R) [0 / ) / ) = dzdxdt

1 00 2
(I =1)| D¢z, x + t2)|
+c )»// / / dzdxdtdr.
v o Jo Jr¥J:<r |z|N—2+2

Integrating first w.r.t. (¢, x),

2
181011110 copxzy < CUIRIILIoccpcnmy + DO, 0 e, 4.8)

where C is any constant that only depends on N and A. We deduce that g[¢] €
L' (10, co[xRY) and a fortiori ® € L'(10, co[xR"). Similar arguments allow to prove
that ® € L>®(]0, oo[xRY) and this completes the proof of the continuity of (s/, y') —
(v — ’T(_S/,_y/)v)cb||L1(]0,OO[X]RN). By (4.7) and classically results on approximate units,
lim, ;0 @1 (v, u) = 0 and we have proved that

lim Iu,ﬂzfo ANIM—UI(3z¢+LIV¢I—g[¢])-

v,u—0

As far as J, , is concerned,
Jop < / / / o) — 1o ()16 ()0 (y — X) (0, X)dydxds
0 RN JRN
+ /0 / / 100 () — Vo118 (8)pu (¥ — X)B (0, x)dydxds
RN JRN
+ / / / 100 (¥) — v(s. VIO ()pu(y — )0, X)dydxds
0 RN JRN

< / o — ol (0..) + @2() + w30, ). 49)

R

where
(1) = / 1~ Ty )b 0. )1y 2 ) > 0. a5 > 0,
R
o0

and w3(v, 1) = /0 1100 — 005, Dop # SO, 1 ey (5)ds.

By Proposition 2.5 items iii) and iv),

w3(v, ) — 0 as (v, u) — (0,0) (4.10)
and the limit (v, u) — (0, 0) in (4.6) implies that for all non-negative ¢ € CZ°([0, oo[x]RN ),

/ / Iu—v|(3r¢+L|V¢|—g[¢])+f o — vol¢(0,.) = 0. (4.11)
0 JrN RN
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4.2. Conclusion

LetT > 0,xg € RV, M >~ LT,0 < § < w and y € CfO(R+) non-negative,
non-increasing and equal to 1 on [0, M]. Let ® € C2°([0, T 4 §[) be non-negative. Define

o(t,x) =OWK(T +8—1,)%y(l. —xo| + LH(x)if0 <t < T, (¢, x) = 0 if not.

REMARK 4.1. The use of the parameter § and the test-function ® of (4.13) will be
necessary when proving the item iii) of Proposition 2.5 in Appendix B. The reader who has
admitted this property in a first reading can consider that § = 0 and that ® is defined by
() = [ 0,(T — s)ds.

Note that y (|. —xo| + L.) € C°([0, T + 8] x RYM) since it equals 1 on a neighbour-
hood of [0, T + 8] x {xo}. By Lemma A.l and the non-negativity of K, ¢ belongs
to Cgo([O, oo[xRN ) and is non-negative. On the one hand, let us prove that ¢ can
be used in (4.11) although its support is not compact. By the properties of K, ¢ €
C ([0, co[; L'®RM)) N L1 (10, oo[; W>(RY)) and by Lemma A.1,

dp(t,x) — LOMK(T +8 —1,.) % y'(|. — xol + L1)(x) — gl (7, )](x)
=0 (t)K(T +8—t,.)*y(. —xo| + L) (x), (4.12)
forallz € [0, T + &[ and all x € RY. Estimate (4.8), derived before, still holds true for all
¢ € C2°([0, oo[ xRY) N L1 (10, oof; W21 (RY)). We deduce that 3,¢ € L'(]0, co[xR"),
thanks to (4.12), and that g is continuous from C;° ([0, oo[xRM)YN L0, oof; WELHRN)),
endowed with the norm of L'(]0, oo[; W2 !1(RY)), into L' (]0, oo[ xRY). The density of
C([0, oo[xRY) in
E ={w:w e C([0, 00; L' ®RY)) N L' (10, oo[; W>' R"))
and 3w € L'(]0, oo[ xRY)}

then implies that ¢ can be used in (4.11). On the other hand,

.= X

V(. )| = | OO KT +5—1,.) % (

%y’ (I — xol + Lt)) (x)

|. — xol
—OMK(T +6—1t,.)* y’ (]. = xo| + Lt) (x)

IA

because y is non-increasing and by (4.12),
dp(t, x) + LIVP(t, x)| — gl (r, )I(x) < O (VK (T +8 —1,.) x y(|. — xo| + L1)(x),

forallz € [0, T + 8[ and all x € RV. Let us take

Q) = /OO 0,(s — T)ds, 4.13)
t
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where 6, is an approximate unit as before with 0 < v < § (in order that supp(®) <
[0, T +8[). We get ®(0) = 1, for v sufficiently small, and ®'(¢) = —0,(t — T). By (4.11),

T+6
/ 0, —T) </ lu(,.) —v(t, JIK(T +86—1t,)*xy (. —x0l + Lt)) dt
0 RN
§/RN lug — volK(T + 6, .) * y(]. — x0l). 4.14)

By the properties of K, ¢ € [0, T +6[— K(T +6 —1t,.)xy(]. —xo| + Lt) € LOO(RN) is
continuous and sup;¢jo 751 1K (T +8 —1,.) * ¥ (l. — xol + LI 1 gV\ gy — 0 as R —
~+o00. By Proposition 2.5 item iii), the limit as v — 0 in (4.14) gives

AN lu(T,.) —v(T, )|K@,.)*xy (|. —xo| + LT)
5[1;1\/ luop — vol K(T +6,.)xy (l. — xol) . (4.15)
Since K is an approximate unit, the limit as § — 0 gives
/RN lu(T,.) —v(T, )y (I. = xol + LT) = /]RN luo — vo|K(T,.) *y (|. = xol) ,

= fRN Y (. = x0DK (T, .) * |ug — vol.

The last equality is obtained by using Fubini’s Theorem and the parity of K (7, .). For
any real R > 0, we take M = R + LT. The characteristic function 1p(y,, r+L7) can be
approximated, in L (RN ), by functions of the form y(|. — xo|), where y € CX° (RT) is
non-negative, non-increasing and equal to 1 on [0, M]. Passing to the limit in the inequality
above, we get (3.1) withm = max{||u||Loo(RN), ||U||Loo<RN)}. In fact, this result suffices to
prove the uniqueness of an entropy solution to (1.1), and (3.1) with the best constant will
be a consequence of Remark 5.1.

REMARK 4.2. Observe that
if u is smooth then for all entropy 1, n’(u)g[u] > glnw)]. (4.16)

This leads to the following formulation for (1.1) which is more simple than (2.2): for all
non-negative ¢ € C2°([0, oo[xR™) and all entropy-flux pair (1, ¢),

/o /RN (()drp + ¢ (u).Vo + n(u)gle]) + /RN n(uo)e = 0. (4.17)

Let us explain why we do not have used this formulation that will be called intermediate. It
is immediate that “classical = entropy = intermediate = weak” (the second implication
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derives from the limit r — 400 1in (2.2)). Conversely, the question of the implication “inter-
mediate = entropy” is open. It is relied with the possible non-uniqueness of intermediate
solutions to (1.1). From a technical viewpoint, (4.17) seems to be unappropriate to use the
doubling variable technic. Indeed, the term (g, + gy)[¥] corresponding to (4.5) behaves as
glpy] (this is easy to see if u and v are in L' and ¢ = 1). Then we can not pass to the limit
as i — 0. In the case of a local degenerate diffusion of the form —A(b(u)), this problem
can be resolved by putting a gradient operator on test-functions, thanks to an integration by
parts (see [5]). In our case, this is no tractable since (—A)M* + (—A),))‘/4)1ﬁ behaves
as (—A)M4 P Thus, we should put the operator g on n(u), but this need some regularity
on n(u). Even if n(u) is regular enough, the non-locality of g and the doubling variable
technique give us a diffusive term in (4.11) which is computed from |u(x) — v(y)| and
which can non-vanish even if u = v.

5. Existence of the solution

We construct here an entropy solution to (1.1), thus concluding Theorem 3.1. We use a
splitting method, asin [7, 6] for A €]1, 2]. For§ > 0, letus constructu® : [0, oo[x]RN — R
the following way: we let u®(0,.) = wug and, for all even p and all odd ¢, we define by
induction

(a) u® on 1pd, (p+1)8] x RY as the solution to 9, u’ +2g[u‘3] = 0 with initial condition
u®(ps, .), that is to say u®(z, x) = K (2(t — pé),.) xu’ (ps, )(x);
(b) u® onlgé, (g + 1)8] x R" as the entropy solution to d;u° + 2 div (f (%)) = 0 with
initial condition u‘s(q& ).
It is well-known that both equations above do not increase the L® norm and that

their solutions are continuous with values in LIIOC(RN ). We thus have defined
ub € C([0, oof; L. (RM)) such that

loc
1® (¢, ) ooy < o]l ooy (5.1)

forall § > Oandall ¢t > 0.

5.1. Compactness result on the sequence (u®)s=0

Let us prove that {u® : § > 0} is relatively compact in C ([0, T]; Ll (RM)) (forall T > 0).

loc
The starting point is the following approximate generalized propagation speed property for

ub: forallh € RY and all R > 0,

/B W’ ((p + 18, ) — T’ ((p + 1)8, )|

s/ K((p +28,.)  luo — Truol, (5.2)
BryLps
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for all even p and
/ 1’ ((q +1)8, ) — T’ (g + 1)8, )]
Br
< / K (g + )8, .) * lug — Thuol, (5.3)
BRr+Lg+1)s

for all odd ¢, where L is defined as in Theorem 3.2 (with vg = Tjug). The proofs of (5.2)
and (5.3) are very similar and we give only the proof of (5.2). It is immediate that (5.2)
holds true for p = 0 and in what follows, we assume that p > 2. For all integer n such that
0 <2n < p, define

I(n) = / KQn+ 138, .) * [u((p — 2n)8, ) — T’ ((p — 2n)8, )|
BRryrons

The finite propagation speed for scalar conservation laws and (5.1) imply that forall y € RV
andall0 <2(n+1) < p,

/ 6 ((p — 2008, % — y) — u((p — 2m)8.x — y — W)|dx
BRr+r2ns
< f lu’(p —2n—1)8, x —y) —u’((p — 2n — )8, x — y — h)|dx.
BRri12n8+128
Multiplying by K (2(n 4 1), y) > 0 and integrating w.r.t. y, Fubini’s Theorem gives

/ KQn+ 138, .) * [u((p —2m)8, ) — T’ ((p — 2n)8, )|
BRr+-L2ns

IA

/ KQn+ 18, ) *ub(p—2n—1)8,.) — Ta(u® ((p — 2n — 1)8, .))|.
BRriL2(n+1)s

Since

u((p—2n—138,.) — T’ (p —2n — 1)8,.))
=KQ28,.)% @’ ((p =2+ 1)8,.) — T ((p — 2(n + 1))8, ),

the semi-group property of K gives I(n) < I(n+ 1), forall0 < 2(rn + 1) < p. Conse-
quently, 7(0) < I(p/2). Since u® satisfies the fractal equation on |pd, (p + 1)8] x RV,

/B W’ ((p + 18, ) — T’ ((p + 1)8, )| < 1(0)
R

and the proof of (5.2) is complete.
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The rest of the proof is based on the following lemma.

LEMMA 5.1. Let E be a Banach space. Let A C E. If, for every u > 0, there exists
A, C E relatively compact such that A C A, + B(0, u), then A is relatively compact in
E.

This lemma is classical and for instance it is used in the proof of Kolmogorov’s Theorem.
LetT > 0and R > 0. For all u > 0, we define uZ(t, x) =ul(t,.) * pu(x), where p, is
any approximate unit as before. Let us use the lemma above with E = C ([0, T']; L' (Bg)),
A= {u®:8 > 0}and Ay = {uz 1§ > 0}. Let us begin by the proof of the relative
compactness of A, in E. By (5.1) and Young’s Inequalities, ui(t, ) ecy (R™) and all
its derivatives are bounded independently on ¢ and §. Moreover, the associativity of the
convolution product implies that

ul (1, x) = KQ(t = 8p), ) = ul (p8, )(x),  (t.x) €]ps. (p + 18] x RV,

for all even p. Thus by Lemma A.1, ”Z is a classical solution to the fractal equation on
1ps, (p + 1)8] x RV, By the continuity of g from W22 (@RY) into Cp(RY), the time
derivative of u;i is bounded, independently on ¢ and &, on each interval where the fractal
equation is satisfied. Moreover, it is well-known that the entropy solution to the hyperbolic
equation satisfies this equation in the distribution sense. In particular, Btuz = —f(u’) %,
Vpu in D'(1¢8, (g + 1)S[xRYM), for all odd ¢. Estimate (5.1) and Young’s Inequalities
thus give us a bound on the time derivative, independently on ¢ and &, on each interval
where the hyperbolic equation is satisfied. To sum-up, we have proved that the family A,
is bounded in Cp([0, T] x Bg) and equilipschitz-continuous on [0, oo[xRN. By Ascoli-
Arzela’s Theorem, A, is relatively compact in Cp ([0, T'] x Bpg)anda fortiori in E. Now,
we define w () = sups.q [u® — qu||E. The set A C A, + B(0, w(n)) and it suffices to
prove that lim, .o w(u) = 0 in order to use the lemma above. By (5.2), (5.3), Lemma A.2
and the finite propagation speed for scalar conservation laws (to estimate the translations
for all t > 0),

lim sup sup/ Wb, ) — Thwl@, )| =0 (5.4)
h—05-0te[0,T] I By

and classically with approximate units, lim,_ow(u) = 0. The proof of the relative
compactness of A in E and thus of {u®:8 > 0}in C([0, T]; LIIOC(RN)) (forall T > 0) is
now complete.

5.2. Entropy inequality for u®

Recalling that qu is a classical solution to the fractal equation (thus of (1.1) for f = 0 and
g replaced by 2g), it is already proved in Section 2. (see the proof of Proposition 2.5. 1))
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that
(p+1)8 s
f f 0w )org
pé RN
(p+1)8 ub Lt x +2) — uZ(t, x)
+2env(A) n (u (1, x)) £ o(t, x)dzdxdt
RN Jiz|>r |Z|N—HL

(1’“)5 3 Vo(t, x).
+2CN(/\) / f s, N AUE St "’A(,x)k 002 ) dvar
RN Jz|<r |z| N+

+/ n(uu(pS,-))w(pS, ) —/ n(uu((er D3, Ne(p+1)4,.) =0 (5.5
RN RN

for all r > 0, all smooth entropy 1 and all non-negative ¢ € C2°([0, oo[xRM) (note that
@ is not necessarily null for t = (p + 1)8 and we get a new boundary term). Moreover,
u,‘i converges to u® as ;1 — 0 a.e. on |pé, (p + DS[xRYN and by (5.1), ”i stays bounded
by [luoll oo gy The limit & — 0 in (5.5), thanks to the continuity of  and 1’ and to the

dominated convergence theorem, then gives

(p+1)8 s
/ / nu’)o e
pé

(p+1)8 5 8
+2cN(,\)/ / f W @ 6,0 DO EFD WD g gzaxar
RV |z|>r |Z|

(p+1)8
+2cN(,\) ! // @b (¢, xy LT D W) =Vt 02 )
RN |z|<r

|Z|N+A
+/ N’ (ps, )e(ps, .)—/ N’ ((p + 18, Ne((p + 1)8,.) >0, (5.6)
RN RN

for all even p. Consider now any flux ¢ associated to 1. Let us recall that, as far as the
hyperbolic equation is concerned, the following inequality is taken as definition of entropy
solution.?

(g+1)s (g+1)s
/ / n(u‘s)af<p+2/ /d»(u W
q8 RV

- fR L1 (@8, (g, )~ fR LN D8 e+ D8 )20, (5T

for all odd g. Summing now (5.6) and (5.7) for all even p and all odd g (notice that since
@(t,.) = 0 for ¢ sufficiently large, these sums are finite and we keep only the boundary

2The presence of the boundary term for t = (g + 1)4, that generally not appears in the definition, is obtained

by the continuity with values in Ll (RN) of the solution.

loc
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term for t = 0),

/O /R , N’ (t, ) d(t, x) + ¢ @’ (t, x))e(t, x)2(1 — x5(t))dxdt

o0 ) _ .0
+cN(A)/0 / /H 0 @ (t, 1) (I’xTZlZ])M“ ) o, x02x5 () dzdxdr
RN z|>r

o0 — -V .
+enty / / / 0 (1, ) 2L D) "’ffv’ff P25 (Odzdxd
0 RN J|z

|<r Iz

+ f n(uo))e0,.) =0, (5.8)
]RN
where x5 := 3 oen p Lips, (p+1e1-

5.3. Passing to the limit as § — 0

Since u® converges as § — 0 to u in C([0, T']; LIIOC(RN)) (for all T > 0), up to a sub-
sequence, the convergence still holds true in Llloc(]O, oo[xRN ) and a fortiori a.e. on

10, co[xRRY, up to a subsequence. Using again (5.1) and the continuity of #’, the domi-
nated convergence theorem implies that

/ 8 WX +2)— s .
/RN /;|>r” e = |Z|ZI3/+AM ) @(., x)dzdx

— /N /II n’(u(.,x))u(”x Tzfz,;u("x) ¢(., x)dzdx in L'(10, oo[),
R zZlzr

as § — 0. Classically 2yxs — 1 in L°°(]0, oo[) weak-* and the second term of (5.8)
converges to the second term of (2.2), as § — 0. Similar arguments allow to pass to the
limit in the other terms and deduce that u is an entropy solution to (1.1). The proof of
Theorem 3.1 is now complete.

REMARK 5.1. Since the solutions to both the hyperbolic and the fractal equations sat-
isfy the properties of Proposition 3.4, it is quite obvious that u® also satisfies these properties
and thus so does u.

6. Vanishing viscosity method

We conclude this work by the proof of the convergence results of Theorem 3.6.

6.1. Error estimates

We begin with the case ugp € L@RM) N L'®RY) N BV(RY). We use again the doubling
variable technique, as in [12] for A = 2 and in [6] for A €]1, 2]. In the sequel, we let C
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denote any non-negative constant that only depends on 7', N, A and the L' N BV norm of
ug. Let us recall that by definition,

/ / (77(14)3t§0+¢(u)-V¢)+/ n(uo)¢(0,.) = 0
0 JrN RN

for all entropy-flux pair (1, ¢) and all non-negative ¢ € C2°([0, oo[xRM). Arguing as in
Subsection 4.1, we get

////Ius(t,X)—u(s,y)l(az+83)¢(t,s,x,y)
0 0 RN JRN

+ Fu®(t,x),u(s, ).(Vx + VU (t, s, x, y)dydxdsdt

o0 o0
+C8/ / / / vt s, x,y)
0 0 JRN JRN Jiz|>r

£(t, —u(,
sign(u® (1, x) — u(s, y)) WX T|Z13/+Au ( x)dzdydxdsdt
z

+c8f / / f/ U (1, %) — u(s, y)|
0 0 RN JRN Jiz|<r

¢(f,5sx +z, y) - w(hS,X’ y) - ngb(t,s,x, y)Z
|Z|N+)‘

dzdydxdsdt
o0

+/ / / luo(x) — uls, Y (0, s, x, y)dydxds
0 RN JRN

o0
+/ f / W (1, ) — o ()W (1, 0, x, y)dyddr = 0.
0 RN JRN

We take ¥ (¢, 5, x, y) = 6,(s — 1) pu(y —x)O(#). In fact, u® and u are in L! and there is no
integrability problem. Note that, as in Subsection 4.2, ® will be chosen as a primitive of an
approximate unit and we still let C denote some constants also depending on fooo ®<T,
Jo7 10’ =1 and ©(0) = 1. We have

/00/00/ / W (1, x) — (s, )0y (s — £)pu(y — x)©'(1)dydxdsd
0 0 ]RN RN

+Cef f f // Ou(s — 1)pu(y — X)O)
0 0 RN JRN J|z|>r

£(t, —ut(t,
sign(u®(t, x) — u(s, y))u G _:—|Z’3’Hu @ x) dzdydxdsdt
z

+Cg/00/00/ f / |"‘8(t’x)_”(s’)’)|9u(5—t)®(t)
0 Jo JRNJRY Jjz|=r

Pu(y—x—=2) — pp(y —x) + Vo, (y — x)
|Z|N+)‘

* dzdydxdsdt

+/ / / luo(x) — u(s, Y)60u(s)pp(y — x)O(0)dydxds > 0. 6.1
0 RN JRN
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We let I, and J, denote respectively the second and the third term of (6.1). We have

I,SCS/OO/OO/ f / 6u(s — Dpu(y — X)O)
0 0 RN JRN J|z|=r

lu®(t, x +z) — u®(t, x)|
|Z|N+A

1) e(t, — Ut (.
:Cs/ / / YA x”;,H” @Ol eavar.
0o JrN Jig=r |z|

Integrating first w.r.t. x,

dzdydxdsdt,

o0
I, < CS/ f Ozl N MNT (¢, ) — ut(r, M prwyydzdr. (6.2)
0 Jizlz=r
By Proposition 3.4 iii) and iv),
7= (@, ) —u® @, Mgy < 2lluoll @y
and ||T—z(u€(t, ) — ug(f, ')“LI(RN) =< ||u8(tv -)||BV(RN)|Z| =< |M0|BV(RN)|Z|1

forallt > 0. For 0 < r < 1, let us cut the integral term of (6.2) in two pieces according
as |z| > 1 or not. Let us use both last estimates on each of one part, respectively. We get

o0
I < Cs / / Oz~ N *dzdr,
0 |z|>1

e} 1 dt
+ Cs/ / Ozl N dzdt < Ce+Ce | = (6.3)
0 Jrslzst T

r

Let us now bound from above J,. By Taylor’s Formula and Fubini’s Theorem,

1 e’} e’}
Jr:Ce// / / // (1 ) — s, VI = D)u(s — DO
o Jo 0 RN JRN Jz|<r

D?p,(y —x —12)2.2
|Z|N+A

1 o) o)
= cg/ / f / / (1= 1)0y(s —)O@)|z| N
o Jo Jo JRN Jigl<r

(/N luf(t, x) — u(s, y)|D2pM(y — X —T12)7.2 dx) dzdydsdtdr.
R

dzdydxdsdtdr,

By Lemma A.3, [u®(t,.) — u(s, y)| € BV (RVM) and an integration by parts gives

1 00 o)
Jr=Csff f /f (1= D)8 (s — NOW)|z] N
0o Jo Jo JRrRN Jjzl<r

(f Vouly —x —t2).2d(D(lu’(t,.) — u(s, y)|))(x).z> dzdydsdtdr,
RN
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where the integral is taken w.r.t. the bounded borel measure D(|u®(¢,.) — u(s, y)|).z. By
Fubini’s Theorem,

1 [ SIete)
J. = Cg/ / / f (1 —-1)0,(s — t)@(t)lzI_N_)‘
0 Jo 0 lzl=r

(/ (/ Vou(y —x —t2).2d(D(lu’(t,.) — u(s, y)|))(x).z> dy) dzdsdtdr.
RN \JRV
(6.4)

By Lemma A.3 |D(|u®(t,.) — u(s, y)|)| < |Du®(t,.)| and the term in parenthesis above is
lower than [z|* [pv (fav [Vou(y —x — 12)| d(|Dué(t, .)|)(x)) dy. Note that | Duf (z, .)| is
finite and its tensor product by the Lebesgue measure satisfies the hypothesis of Fubini’s
theorem. Then, this integral is well-defined and we can moreover first integrate w.r.t. y to
bound it from above by

2 2
|z|“u® (¢, ~)|BV(RN)||VPM||L1(RN) <zl |’40|BV(]RN)||V:0M||L1(]RN)-

With smoothing kernel of the form o, = wNp(u~l), we have HVoullpi@yy = cut.
Then

1 00 00
J, < Cep™! f / / f (1= 1), (s — )O®)|z| N> *dzdsdrdr,
0o Jo 0 |z|<r

= Cs,u_lrz_’\.

Using (6.1) and (6.3),
o0 o
/ / / f |u (2, x) — u(s, Y)|Ou(s — 1) pu(y — x)O'(1)dydxdsdt
0o Jo JrNJRN
o
+ / / / [uo(x) — u(s, )16v(s)pu(y — x)®(0)dydxds
0 JRN JRN
1
d
> —Ce — Cs/ a _ Cs,u_lrz_)‘.
r T)L
Recalling (4.7) and (4.9) derived in Subsection 4.1,
o0
/ / u® —u|® > —wi(v, p) — w2(n) — @3(v, )
0 JrRN
1
d
—Ce— C&‘/ R T (6.5)
s T

where the role of # and v are now played by u® and u, respectively. By Fubini’s Theorem,

o0
w] (U’ I’L) =< \/0 GU(S/) (/NH(M - (—s’,—y’)u)®/||L1(]0’OO[X]RN),0;L()’/)‘1)’/> dS/.
R
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Since u € L>®(]0, oof; L'(RY)) and ® € C2°([0, oc[), the term (T(—5',—yu)®' is con-
tinuous w.r.t. (s’, y’) from [0, co[ xRY into L!(]0, oo[xRY). Since Pu € CSO(IRN),
s" € [0, co[— ANH(” - 7’(—5/7—}”)’4)®/|}Ll(]O,oo[xRN)pM(y/)dy/

is continuous. Consequently,

limsup w; (v, p) < /NH(” = T0.-1O|| 11 10,001 e )Y,
L :

v—0

- /0 [ 1 = Ty e, Dl © @03y .
]RN

o0

<c / f O D11y 1op )y d,
0 RN

<Cu,

since supp(p,) C By, and the BV seminorm of u is non-increased. Moreover, wz () < C
and recalling that lim, .o w3 (v, n) = 0 (for all u > 0), the limit v — 0 in (6.5) gives

= Ldr
0 RN P

We take ® as in Remark 4.1 of Subsection 4.2. Then
o0 1 drt
f (/ lu(t,.) — u®(z, .)|) 0,(T —t)dt < Cp + Ce + CS/ —+ Cepn~ 172
0 RN r T

and letting v — 0, fon [u(T,.) —u®(T, )| < Cu+ Ce + Ce frl ‘Ti—f + Cepn~'r?>~*. The
limits in order r — 0 and u — 0, for A €]0, 1[, and an optimization w.r.t. r and u (which
gives r = u = ¢), for L = 1, then give the error estimates of Theorem 3.6.

6.2. Convergence for ug only L*°

Let us approximate ug in LL_(RY) by u?t € L*@®") n L'(RY) N BV (RY) bounded by
[luoll oo gny- Recalling that K (¢., .) is the kernel of the fractal operator £g, the classical

and generalized finite propagation speed results imply that for all 7, R > 0,

llu® = llcqo.riLt sry

< lu® —uplleqo ity + 14 = unlleqo.ry:L gy T e = wlleqo.r1:L1(BR))»
< sup f K (et,.) * |ug — ugl + Crw (&) + ||lug — uoll L1 (Bgopr)s (6.6)
tel0.71 By 1y

where C,, and w(¢) derive from the last Subsection. We have proved that C, does not
depend on ¢ and that lim,_,o w(e) = 0. By (A.3),

limsup sup / K (et, ) * |luo — ugl < lluo —uglli e, o4y
e—>0 1€[0,T] Y BryLs
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for all r > 0. The limit » — 0 then gives

limsup sup / K (et,.) * |ug — ugl < |lug — ”8||L1(BR+LT)-
e—0 1r€[0,T] Brirs

Recalling (6.6), lim sup,_, o [[u® — ull¢cqo.17:.1 (Bg)) = 2Ilu0 — u8||L1(BR+LT) and the limit

n — +oo completes the proof. [J

A Technical results

LEMMA A.l. Let T > O and ¢ € CX([0, T] x RM). Define w = K %, ¢. Then,
w e C([0, T1 x RY) and

qw(t,x) — K(t,.) *x00(, . )(x)+ glw(, )](x) =0, 0<t <T,x € RV,

Let us now assume that ¢ does not depend on t and only belongs to Cp° (RN). Then
w e C;o([O, oo[xRN) and w is a classical solution to the fractal equation o;w + g[w] = 0
on 10, co[ xRY.

Proof of Lemma A.1. LetT > 0and ¢ € C°([0, T] x R™). By Fourier transform,

w(t, x) = F e MY x o, )x) = F e M Flo, ) (x).

By the theorem of derivation under the integral sign, we immediately get that w is smooth
with all its derivatives bounded. Moreover,

aw(t, x) = —F (e Fpt, ) (x) + F e M Farp(t, ) (),
=—B+ K(t,.) * 0r0(t, .)(x), (A.1)

where B = F~1(e~!" (|.* F(o(t, .)))) (x). Next,
B=K(t, )« F ' (.I"Fle@t, ) x) = K(t,.) * gle(t, )](x).
Since ¢(z, .) € S(RY), Theorem 2.1 can be applied. By Fubini’s Theorem, we get

t,x—y+2z) —oel,x—
B= —cN(x)/ / K, 2L E XTI Z OO g,
RN Jz|>r |z]

1x - — o, x —y) — Vo(t,x — y).
—cN(x)/ / K,y PEX Y+ — o jcvxy) AGE P LI
RV Jjz|<r |2+

w(t,x +z) —w(t,x)
|Z|N+A

wt,x+z)—w(,x)— K(@,.) *Vo(, )(x).z
[N+ dz,

dz

=—cy(D)

lz|=r

—cy (D)

Izl <r 4
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where we have first integrated w.r.t. y to get the last equality. We complete the proof of
Lemma A.1 for ¢ € Cp°([0, T] x RM) by using Vw(z, x) = K(¢,.) * Vo(t, .)(x).

Let us now assume that ¢ does not depend on ¢ and only belongs to C;° (RM). Consider
op € C® (RV) such that all its derivatives converge to all the derivatives of ¢ locally
uniformly on RY and stay bounded independently on n. Define w,, (¢, x) = K (t, .) %@, (x).
By the preceding step, w), is a classical solution to the fractal equation. By the homogeneity
property of K,

supf K(z,.)s/ K1), (A2)
t€[0.7] JRM\B; RM\B 12,

forall T > 0 and all » > 0 and the family {K (¢, .) : 0 < ¢ < T} is equi-integrable at the
infinity. By similar cutting of approximate units as in the proof of the next lemma, one can
see that all the spacial derivatives of w, converge locally uniformly on [0, co[ xR to all
the derivatives of w and stay bounded independently on n. By (2.1), so do the fractional
(spatial) derivatives (see [8, Proposition 2.1] for more details) and by the fractal equation,
so do the first temporal derivative. Moreover, the theorem of the derivation under the
integral sign implies that all the derivatives of w,, satisfy the fractal equation. Arguing by
induction, all the derivatives (classical and fractional) of w,, converge to all the derivatives
of w locally uniformly on [0, co[ xR and stay bounded independently on 7. In particular,
w e Cgo([O, oo xRN ) and the limit in the fractal equation completes the proof. O

LEMMA A.2. Let w € LOO(RN). Then forall L,R,T,r,e > 0,

sup / K (et,.) * |w|
t€[0,T] Y Br+Lt

< NwllztBryrrer) T Wl poo@ny mes (Bryrr) K(1,.). (A.3)
RN\B(ST)—I/M

Proof of Lemma A.2. Still using (A.2),
/ K (et,.) * |w|
Bpr
=/ K (et, y) (/ Iw(x—y)ldX>dy
BRriLt BRr+Lt

+ / K(et, y) (/ |w(x—y)|dx) dy,
RV\B, Bris

< Nwllz1(Bgy sy T W poo@rymes(Brrr) K(,.).
RN\B(ET)A//\,

Let us then take the supremum w.r.t. ¢ € [0, T'] to complete the proof. O

LEMMA A 3. Lerw € L}

loc

RYYNBV(RY) and n : R — R Lipschitz-continuous, with
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a Lipschitz constant equal to 1. Then, n(w) € BV(RN ) and its total variation satisfies
[D(n(w))| < [Dw|.

Proof of Lemma A.3. Consider ¢, = p, * w, where p,, is an approximate unit as before.
The smooth functions ¢, converge to w as 4 — 0 and in Lll0 - (RM), with gradients bounded

in L' norm by lwlgy @y Since n(gy) — n(w) in Llloc(RN) and a fortiori in D'(RV),

the gradients converge in D’ (RN RN ). Moreover, V(n(¢,)) = n'(¢u)Ve,. Then,
||V(n(g0M))||(L](RN))N < |wlpygn) and Banach-Alaoglu-Bourbaki’s Theorem implies

that V(n(¢,)) converges to any ¢ € MyRN RN), up to a subsequence, for the weak
convergence of measures. Identifying the limit in D’ RN, RM), » = D(n(w)) and we
already know that n(w) € BV(RN ). Moreover, for all F € CO(RN ,RM)

/ F.V(n(%))sf IFIVg,l.
RV RY

Since Vg, = p, * Dw, |[Vo,| < py * |[Dw| and the limit 4 — 0 implies that for all
F € CoRN,R"), [y FAD(n(w)) < [gn |F|d|Dw|. The proof is now complete. O

B Proof of Proposition 2.5 item iii)

The following proof is based on the continuity of 1 («) with values in L*>° (]RN ), endowed
with the weak-% topology, for all entropy 1 and the doubling variables technique. Let us
also refer the reader to another method used for the pure scalar conservation laws by Martin-
Vovelle.

We begin by a technical lemma that will be needed.

LEMMA B.1. Let u € L*®(]0, co[xRN) and 6, be an approximate unit as before. Let
us assume that 0, is of the form 6,, = v_le(v_l.). Then, for a.e. t €]0, oo[

1) u(t,.) is a measurable function essentially bounded by ||u| | 220 (10,00 xRN "
i) forall y € CX®N), limy_q [y~ [en u(s, X)0u(s — )y (x)dxds = [on u(t, )y.

Proof. Let D be a countable dense subset of C?O(RN ) for the topology of the L'-norm.
The lemma above, with ii) satisfied for all y € D, is an immediate consequence of Fubini’s
Theorem (in particular, for the measurability mentioned in 1)) and of the existence of the
Lebesgue’s points of the locally integrable functions s — fRN u(s,.)y (forall y € D). For
y € CSO(RN ) and any sequence (y,), C D which converges to y in L' (RY), we have

/'00/ u(s, x)0,(s — )y, (x)dxds — /OO/ u(s, x)0,(s —t)y(x)dxds
0 RN 0 RN

as n — oo and independently on v > 0. The theorem of inversion of the limits then
implies ii) for all y € C2° (RY) and this completes the proof of Lemma B.1. O
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Let us return to the proof of Proposition 2.5 item iii). In the sequel, we let dom u denote
the set of r €]0, oo[ such that the items i) and ii) of the lemma above hold true.

FIRST STEP. Let us prove that u is Lipschitz-continuous on [0, co[ with values in
L®(RV), endowed with the weak-* topology. Let 7| and #, belong to domu. Let us assume
without loss of generality that #, > ¢;. Consider test-functions of the form

t
e, x) = </0 Ov(s —11) — Oy (s — 2)ds ) y (x).

Let us take ¢ in the weak formulation of Proposition 2.5 item ii) and, thanks to Lemma B.1
ii), let us pass to the limit as v — 0. We get

RN
n

=/ /N(f(u).VV — uglyD) = Clly lhyas v (2 — 1), (B.4)
I3t R

where C is any constant that only depends on the L°°-norm of u and the flux f (in the
sequel, we still let C denote such a constant). Taking the supremum w.r.t. y € C° (RM)
such that ||y [|y2.1 g~y < 1, we deduce that

[lu(ta,.) —u(t, )| < Cltr — t1l,

WZ,]/(RN)

for all #1, #» € dom u. Then, u can be continuously extended in a unique way as a contin-

uous function from [0, oo[ into W2'1/(RN ) since it is a Lipschitz-continuous function on
a dense subset (indeed, the Lebesgue measure of [0, co[\dom # is null). Banach-Aloaglu-
Bourbaki’s Theorem then implies that this extension is with values in L®@®RY) and is
continuous on [0, oo[ for the weak-* topology.

SECOND STEP. Let us prove that  : {0}U (domu Ndomu?) — L}, (R")is continuous
from the right. Let us now assume that #; belongs to domu N dom u? (i =1,2)withn > 1.
Consider the entropy 7 = |.|> and ¢ any flux associated to 7. As noted in Remark 4.2.,
the entropy solution u of (1.1) is a fortiori an intermediate solution and arguing as in the

preceding step by using (4.17), we get
[y = [y + Cliyliyegm e - o, B.2)
RN RN

for all nonnegative y € C2° (RV). Simple computations then show that

/ (ultr, ) —u(ty, )y =f u*(t, .)y+/ uz(tl,.)y—2/ u(ty, Ju(ty, )y,
RN RN RN RN
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for all nonnegative y € CX° (RN ). Since u(ty,.)y € Ll(]RN ), the preceding step and
(B.2) implies that u(t», .) converges to u(ty, .) in L%OC(RN) asdomu Ndomu? > 1, — tr.
Moreover, similar arguments with test-functions of the form ¢ (¢, x) = ftoo 0,(s—T)dsy (x)
(T € domu Ndom uz) allow to prove that u(T, .) converges to ug in Llloc (RN) asdomu N
domu?>T — 0.

Conclusion. Let us prove that {u(t,.) : t € dom u N dom u?} is relatively compact in
Ll (RM), thus concluding that u € C([0, col; Ll (RM)) with the help of the first step.

loc loc
We can argue exactly as in Section 4 to establish (3.1) for all entropy solutions # and v of

(1.1) and all ¥ € dom u N dom v. Indeed, the continuity property of the second step suffices

to prove (4.10) and (4.15), only points where the continuity with values in LIIOC(RN ) of

entropy solutions has been used. Then, arguing as for deriving (5.4) Then, we can get an
estimate on the translations of u(¢, .) and by the essentially bound mentioned in the item
i) of Lemma B.1, Kolmogorov’s Theorem implies that {u(¢,.) : t € dom u N dom u?} is

relatively compact in LlloC (RM). Thus, the proof of Proposition 2.5. iii) is complete.
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