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We also establish a result of controled speed of propagation that generalizes the finite propagation
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Keywords: Fractional Laplacian, fractal conservation laws, entropy formulation, vanishing vis-
cosity method, error estimates.
Mathematics Subject Classification: 35B30, 35165, 35182, 35510, 35S30.

1 Introduction

We study the fractal conservation law

(1.1)

Opu(t, z) + div(f(w))(t, z) + glu(t,.)](x) =0 t>0, zcRV,

u(0,x) = up(z) z € RV,
where f = (fi, ..., fv) is locally Lipschitz-continuous from R to R, uy € L=®(RY) and ¢ is the
fractional power of order A/2 of the Laplacian with A €]0, 1]. That is to say, ¢ is the non-local
operator defined through the Fourier transform by

Flglu(t, D)) = [€PF(u(t,))(€).

Remark 1.1. We could also very well study equations with source term h and such that f and
h depend on (t,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
abowve.



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

{Btu(t,:v) +div(f(w)(t,z) =0 t>0, xR, 12)

u(0, ) = up(z) r € RV,

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

{&,us(t,x) + div(f(u®))(t,x) + eg[us(t,.)](x) =0 t>0, r€RY, (13)

uf(0,x) = up(z) r € RN

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, A depends on the unknown in the realistic models and is probably not bounded
from below by any A9 > 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

O+ 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, etc) are concerned with the range of exponent A €]1,2] (see [1, 2, 7, 6, 8,
10]). In this case, the operator d; + 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 et 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 fractal Burgers equation (N = 1 and f = |.|?) with A\ €]1/2,1] and
up € 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(u))). 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 2.1), we
have used an integral formula for g (see papers of Imbert [9] and of Droniou and Imbert [§] 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 The-
orem 3.2 which generalizes the finite propagation speed result of scalar conservation 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 € L>(RY) (in [7], the convergence of the splitting method has been established
only for ug € L¥(RM) n LY(RYN) N BV(RY)). 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(X) > 0 that only depends on
N and X\ and such that for all p € S(RN), all 7 > 0 and all z € RV,

T+ z2)— e r+2)—p(r) —Vep(z).2
slele) = e [ HER I ey [ RIS ERE VAN o)

Moreover, when X €]0,1[ one can take r = 0.
Remark 2.1. In the sequel, g : CR°(RY) — C2°(RYN) 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 2.1. Let ug € L®(RY). We define an entropy solution to (1.1) as a function u €
L>=(]0, 00[xRY) and such that for all v > 0, all non-negative ¢ € C([0,00[xRY), all smooth



convez function n: R — R and all ¢ = (¢1, ..., on) such that ¢, =n'f! (i=1,..,N)(}),

| [, oo+ o0.90)
+en(V) /O h /R ) /MZT o (ult, x))“<t’xTzf]3H“(t’x) ot 2)dzdadt

ten () /Ooo /RN / ) n(ut, ) 2T ) = é%ﬁ - W(t’x)'zdzdxdw/m n(u0)(0,.) > 0.
- (2.2)

Remark 2.2. i) Notice that (2.2) for r > 0 implies (2.2) for all v’ > r, but not necessarily for
0<r <r;

it) when X\ €)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 2.1. i) Classical solutions to (1.1) are entropy solutions;

i1) entropy solutions to (1.1) are weak solutions in the sense that

[ [ e+ g9 —uste) + [ wet0. =0,

for all p € C(|0, OO[XRN);

iii) entropy solutions are continuous with values in L} (RN) (i.e. u is a.e. equal to a function
belonging to C([0,00[; L}, .(RN)));

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

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 2.1, since an approximating sequence
that converges in C([0,T); L},.(RY)) (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 7.2. Let us conclude this section with giving the proof
of 1), 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 ug is smooth and that u € C£°([0, co[xRY) satisfies (1.1). Since
7 is convex, n(b) — n(a) > n'(a)(b — a). Hence,

n(u(t,z + 2)) = nu(t, z)) = V(n(w)(t, ).z = 0 (u(t, 2)) (u(t, z + 2) — ult, z) - Vu(t,z).2)

'Let us recall that such a couple (1, ¢) is called an entropy-flux pair.




and

1 (u(t, z))glu(t, )] (z) = —CN(/\)U'(U(@H?))/||>
—en(\) /| i} n(u(t,z + 2)) — n(u(t,z)) — V(n(u))(t, z)).z ;

’Z‘N—i-)\

u(t,z + 2z) —u(t,x)

|z|N+/\ dz

Z.

Let us multiply (1.1) by 7' (u(t,z)) to get the following entropy inequality:

u(t,x + z) — u(t, )

2] N+ dz

Or(n(w))(t, ) + div(é(u))(t, =) — en (M’ (u(t, z)) /

227

—en(N) / . n(u(t,z + 2)) - U(TZEV?A) VOG22, 0 40 2 eRY

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

[7 [, mwa+ oo
+CN()\)/OO/RN/|I> n,(u(t’x))U(t,x—|i—|z]3[:/\u(t,x) ot 2)dzdadt
+en(A / /RN /||< u(t, x4 2)) — n(u(t,z)) — V(n(u))(t,x).2 ot 2)dzdudt

|z|N+)\

+ [ e, 2 0. (23

Let us now put the fractional derivative on ¢. We let I denote the third term of (2.3). By
Taylor’s Formula,

. bopeo (1 —7)D?*(n(w))(t,z + 72)2.2
I = cN()\)/ / /RN/|<7« EhEs o(t, x)dzdzdtdr,

= env(N) / / / (1 —7)]z|7 VA </ D?(n(w)(t,z 4+ 72)z.2 @l(t, :E)dx) dedtdr.
|z|<r

Note that D?(n(u))z.z = div,(F) where F = (21V(n(u)).2, ..., 2,V (n(u)).2) (here, we let z;

denote the coordinates of z w.r.t. the canonic basis of R"V). So, an integration by parts gives

I = —ex(\) /01 /OOO /|ZST(1—T)12NA< [ V@)t +72).2 Vgo(t,a:).zdx) dzdtdr,

1 proo
= —cn(N) / / / / (1= 7))z ™ N AV((w)(t, x4+ 72).2 V(t, ©).2 dzdzdtdr. (2.4)
0 Jo RN J|z|<r
Let us change the variables by (7,t,z,2) — (7,t,2 + 72, —2) to get

I=—cn(X / / /RN /Z|<7~ (1= 1) |2 N AV () (t,2).2 Vo(t, © + 72).2 dzdadtdr.

Computing I backward from (2.4) to (2.3) (exchanging the role of n(u) and ¢) leads finally to
(2.2). ]



3 Main results

Here is our existence and uniqueness result for (1.1).
Theorem 3.1. If ug € L®(RY), 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(t,.) := f_l(e_tHA) (defined for t > 0). Let us recall that any solution of dyu + g[u] = 0 can
be written by the convolution product wu(t,.) = K(t,.) * u(0,.). The most important property
of K is its non-negativity, which gives a maximum principle for the preceding equation. Such a
result is well-known since the work of Lévy [14]. Using [pn K(1,.) = F(K(1,.))(0) =1 and the
homogeneity property K(t,.) = t_¥K(1,t_%.), for all t > 0, we then see that (K (¢,.)):>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(t,.) « K(s,.), for all t > 0 and all s > 0. Then, we have
the following result.

Theorem 3.2 (Finite-infinite propagation speed). Let ug,vg € L®(RY). Consider v and v
entropy solutions to (1.1) with initial conditions uy and vo, respectively. Then, for all zo € RY,
all t >0 and all R > 0,

/B(%’R) lu(t,.) —v(t,.)| < / K(t,.) * [ug — vol, (3.1)

B(z0,R+Lt)
where L is a Lipschitz constant of f on [—m,m], with m = maX{HuoHLoo(RN), H’UOHLoo(RN)},
and B(z,r) denotes the open ball in RN of center x and radius r.
Remark 3.1. i) Notice that this result still holds true for X €]1,2].

i1) The infinite propagation speed of (1.1) can be measured the following way: if supp(ug) is
compact then fB(z 3 lu(1,.)| = O(dist(x, supp(ug)) ™) (this can be computed by using that

K(1,2) ~ 2|~V up to a multiplicative constant, as |z| — +00).

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

Proposition 3.1. 4) For allt >0, [|u(t,.)|| o @y < [|tol|poomny);

i) if ug € L®°(RN)NLYRY), then so does u(t,.), for allt > 0, and u is continuous with values
in LY (RN);

i) (L' contraction) if ug and vy belong to L®°(RN) and ug — vo € LY(RYN), then for all t > 0,
u(t,.) —o(t,.) € LYRY) and |Ju(t,.) — v(t, M zr@yy < lluo — voll L1 @mwy;

w) if up € L®°RN) N BV(RY), then so does u(t,.), for all t > 0, with [u(t, ) py@yy <
|UO|BV(]RN)'



Remark 3.2. 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 i = (. — k)" and my = (. —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.

Let us conclude this section with our convergence result for (1.3).

Theorem 3.3. Let ug € L¥(RYN). As e — 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 ug € L*(RY) N

loc

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

H € _ H _ 0(6) if )\6]0,1[,
MO ED) T O mE)))  if A= 1

Remark 3.3. As remarked in 6] for X €]1,2] and in [8] for Hamilton-Jacobi equations, if we
take f = 0 then the solution to (1.3) is K(e.,.) *; ug, where %, denotes the convolution product
w.r.t. the space variable. Then choosing ug = 1_y v, 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 uw 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 u and v and, choosing test
functions which forces (s, y) to be closed to (t,x), deducing another equation on |u — v|. Define
sign := 1[g 4oo[— 1]—oc,0]- Let us consider entropy and flux of the form ng(a) = |a—Fk| and ¢r(a) =
fka sign(t — k) f'(r)dr. Although 7 and ¢y are not smooth, it can be used in Definition 2.1.
Indeed, there exists a sequence of smooth entropies (7;!),, which converges to 1, locally uniformly
on R and such that, the sequence of derivatives converges to a — sign(a — k) pointwise on R and
stays bounded by 1. The associated fluxes a — f;(nﬁ)/(T)f/(T)dT tend to ¢ pointwise on R,
thanks to the dominated convergence theorem, and | [i(n2)'(7) f'(7)dr| < [ |f'|(7)dr, for alla €
R. The limit n — 400 in (2.2), thanks again to the dominated convergence theorem, then implies
that the entropy-flux pair (n,¢5) can be used in Definition 2.1. Let 1) € C2°([0, oo[x [0, co[ xR x
RM) be non-negative. Let us fix (s,y). Let us take o(t,x) = 1(t,s,2,y) and n = n with



k =wv(s,y) in (2.1) and let us integrate w.r.t. s and y. We get
L[]ttt = sl (t,s,.9) + Flutt.a),0(5.)- Tt 5.,)dydodsde
o Jo JrNJRN
—l—CN()\)/ / / / / sign(u(t, x) —v(s,y))u( A ?,Hu( ’:C)w(t, s, x,y)dzdydzdsdt
0 Jo JRNJRN J|z|>r |2

o) [T 7L e v

w(t7 5, T + Z, y) - w(tv S, fan) - Vﬂb(@ S,Z‘,y).z
‘Z‘N—"_)‘

+/ / / lup(z) —v(s,y) (0, s, z,y)dydxds > 0,
0o JRNJRN

dzdydxdsdt

(4.1)

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

/0 /0 /]RN /]RN lu(t, z) —v(s,y)|0s¥(t, s, z,y) + Fu(t,x),v(s,y)).Vy(t, s, z,y)dydzdsdt
Fen(V) /0 /0 /]R ) /R ) /Wsign(v(s,w—u(t,:c))”(s’yTzi@;”(s’y)w(t,s,x,y)dzdyd:cdsdt

o) [T 7L e )

¢(t7 S, T,Y + Z) - ¢(t7 S’CUaZ/) - vy¢(t7 S,.I',y).Z
|Z|N+>\

+/o /RN /RN [u(t, z) — vo(y)[1(t, 0, z,y)dydzdt > 0.

dzdydxdsdt

(4.2)

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

o [T [ vy

sign(u(t, z) — v(s,y)) (ult, 2 +2) = vls, y|:_|;)+)/\_ (u(t,7) = v(s,9)) dzdydxdsdt.

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

oo [T PRy

lu(t,z + 2) —v(s,y + 2)| — |u(t,x) — v(s,y)]

PR dzdydxdsdt.




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

/Ooo /OOO /RN /RN u(t, z) — v(s,y)|(0; + 0s)0(t, 5, 2, y)

+ F(u(t, ), v(s,9))-(Va + Vy)o(t, s, z, y)dydedsdt

+cN(A)/OOO/OOO/RN /RN L Vs

[ut,z +2) —v(s,y + 2)| — |ult, x) —v(s, y)|dzdyd:cd8dt
|Z’N+>‘

Ten(A ///RN/RN/.Q u(t,z) - v(5, )|

Bt 5,7 + 2,y) + 0t s, 0,y + 2) = 200t 5,2,y) = (Va + Vy)t(t 5, 2,9).2
|Z|N+>\

+ /OOO /RN /RN lup(z) — v(s,y) (0, s, z,y)dydrds
+/0 /RN /]RN lu(t, ) —vo(y)|1(t, 0, z,y)dydzdt > 0. (4.3)

An integrability argument immediately implies that the third term of (4.3) tends to 0 as r — 0.
We let I, denote the second term of (4.3). To pass to the limit in I, we have to first put the
fractional derivative on 1.

o0 o
=c ()\)/ / / / / lu(t,x + 2z) — v(s,y + Z)|W dzdydzdsdt
0 RN JRN Jiz|>r £
U(t, s, z,y)
—c u(t, x) S,y dzdydxdsdt
WO [ Lo Lo [ o0 = oo S
and changing the variables by (z,y,z) — (x 4+ z,y + 2, —2) in the first integral,
A)/ / / / / lu(t, z) —v(s,y)]w(t’s’$;f;y+z) dzdydudsdt
0 &Y JrN Jp2>r |2
v(t, s, z,y)
—c u(t, x) S dzdydxdsdt
WO [ Lo Lo [ 000 = oo
(e e}
A A N e R ]
0 0 RN JRN J|z|>r

w(tvsax + 2y + Z) - ¢(t7 S>$7y)
’Z|N+)‘

dzdydxdsdt

dzdydxdsdt.

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

) / / / / / jult, ) — (s, )| 2T YVVES T2 g g g dar.
0 0 RN JRN Jr<|2]<1 |Z|




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

S /|z|21 ju(t, ) — v(s, )]

w(t737$+zay+z) - @Z)(t,s,fﬁ,y)

N dzdydxdsdt
z
+en(A / / / / / u(t, ) — v(s,y)|

RN JRYN Jr<|2 |<1

Again by an integrability argument,

}%IT:cN(A)/OOO/OOOAN /RN /|z|21 lu(t, ) — v(s,y)|

w(tvsﬂf‘i‘%y‘f‘z) - w(tasw%.?y)

[N dzdydxdsdt
+en(A ///// u(t, z) — v(s,y)
RN JRN Jz|<1

t t T t, sy Y).
Uity s,z + 2,y +2) — (L, f ﬁvﬁ (Ve + Vy)o(t,s, z,y).2 dzdydzdsdt
z

and thanks to Fubini’s Theorem,

. Y(t,s,x+ 2,y +2) —(t,s,2,y)
o= [ [ fo o (ovo [ -

B2

t —YP(t — (Vg t,8,2,Y).

Passing to the limit as r — 0 in (4.3),

/OOO /OOo /RN /RN lu(t, ) — v(s,y)|[(8s + 0s)¥(t, 5,2,9)

+ F(u(t, ), v(s,9))-(Va + Vy)U(t, s, 2, y)dydrdsdt
T/J(t737$+279+2) _w(t787$7y)
/ / /]RN /]RN (t,z) —v(s,y)| ( N(A) . ERER dz

t - t - T ta [ad] .

+ /000 /RN /RN luo(z) — v(s,)|¥(0, s, z,y)dydrds

i /o /RN /RN lu(t, z) = vo(y) [ (t,0, 2, y)dydzdt > 0. (44)

10



Let us take ¥(t,s,2,y) = 0,(s — t)pu(y — x)é(t, ), where 6, € C°(]0,v[) and p, € C°(By)
(where we let B,, denote the ball B(0,u)) are two approximate units and ¢ € C2°([0, co[xRY)
is non-negative. Simple computations imply that

(5t+3s)¢(t78,1?,3/) - GV(S—t)pu(y—l?)atgf)(t,ﬁ),
(Vx+Vy)¢(t78,$,y) = Gy(s—t)pu(y—x)VgZ)(t,a:)

and, thanks to (2.1),

w(tv S, T + ZY + Z) - ¢(t75a337y)
|Z|N+)\

?l)(taS’fL‘ + 2,y + Z) B ¢(t75ax7y) B (VCE + Vy)¢(t787x7y)'z
’Z’N+>‘

= —0,(s — t)puy — 2)g[o(, )] (). (4.5)
Moreover, 6, is equal to 0 on | — 0o, 0] and ¥(¢,0,z,y) = 0. By (4.4),

/ / /RN /RN (t,2) = v(s,Y)|0u (s = t)pu(y — 2)0r9(t, )

+ F(u(t, z),0(s,9))-0u(s = 1) pu(y — 2)Vo(t, z)
= [u(t, ) = v(s,y)|0u (s = )pu(y — 2)g[8(t, )] (x)dyddsdt

/ [ L o) = o5, )16, (5)puly ~ 2)6(0,2)dydods > o
RN JRN
We have
Flu(t,2),0(5,)) = f(max(u(t, z), v(s,9))) — f (min(u(t, 2),v(5,9))) < Llu(t, z) — o5, 9),

en(A) dz

|2[>1

+cen(N) dz

|2I<1

where L is a Lipschitz constant of f on [—m,m] with m = max {||u||Loo(RN), ||U||Loo(sz)}. Then

/ / /RN /RN u(t, z) = v(s,y)|0u (s — t)puly — )

(Dr6(t,2) + LIV(t, 2)| — glo(t, )](x)) dydadsdt
[ o) = o5, $)puly ~ 2)600, 2)dydzds = 0. (46
0o JrRNJRN
We let I, and J, respectively denote the first and the second term of (4.6). Define @ :=

Orp + LIV| — g[¢] and w1(1/ 1) =|Lu — 5 Jan [u— v|®|. Let us recall that [y py =1 and
that for all ¢ > 0, fo (s — t)ds = 1; hence, Fubini’s Theorem gives

/0 /RN fu=—vi® :/0 /OOO /RN /RN [u(t, 2) = v(t, 2)|6,(s — t)pu(y — 2)O(t, v)dydudsd.
Since [|a| — [b]| < |a— ],

[lu(t, ) = v(s,9)10u(s = )puly — 2)®(t, 2) — [u(t, z) — v(t, 2)|0(s — t)pu(y — 2)@(t,2)]
< [o(t,z) = v(s,9)|0u(s = puly — 2)[®(t, z)]
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for all (¢,s,2,y) € %[0, o[ xRN x RY and

(v, 1) ///RN/RN v(t,x) — v(s,9)|00(s — )pu(y — )| ®(t, )| dydwdsd.

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

) < / / / / o(t, @) — ot + &', + )60 (s)p ()DL, )|y ds' dadlt
RN JRN
- /0 /R 10 T ) @1 g e B (5 5 (4.7)

where we have first integrated w.r.t. (¢,x) and we let 75 denote the translated function ¢(.—h).
Let us prove that the function (s, %) € [0, co[ xRN — [(v=T(—s,—yyv) @l L1 (j0,00[x RN} 18 continu-
ous. Recalling that v € L°°(]0,00[xRY) C Li (]0,00[xRY), the continuity of the translation in
L' implies that (s',y) € [0,00[xRY — T_y _,nv € L, (]0,00[xRY) is continuous. Moreover,

Taylor’s Formula and Fubini’s Theorem applied to (2.1) give

otz + 2)| + |B(t, 2)|
o6l ooy < ev) [ [ [ P DA oy

(1 —7)|D%p(t,x + 72)|
+en(A / / / / dzdxdtdr.
RV Jeo<r |2 N2
Integrating first w.r.t. (¢,z),

Hg[(b]HLl(}O,oo[XRN) < CHQSHLl(]O,oo[XRN) + CHD2¢HL1(]O,OO[><]RN)N2’ (48)

where C is any constant that only depends on N and A. We deduce that g[¢] € L!(]0, 0o[xRY)
and a fortiori ® € L'(]0, 00[xRY). Similar arguments allow to prove that ® € L>°(]0, oo[xRY)
and this completes the proof of the continuity of (s',y") — [|(v — Z(_g —y)0)@|[11(0,00[xRN)- BY
(4.7) and classically results on approximate units, lim, , .o w1 (v, #) = 0 and we have proved that

nmzwﬁié Awm—v<@¢+MV¢—gmw

v,u—0

As far as J,, is concerned,
LMS/ / /Iw@%www@@m@—@MQ@@MM
0o JRNJRN

+ /000 /RN /RN lvo(x) — vo(y)|0u(8)pu(y — 2)P(0, z)dydads

+ /0°° /RN /RN lvo(y) — v(s,y)|0u(3)pu(y — 2)$(0, z)dydrds
< / lug — vo|(0,.) + wa () + ws(v, p),  (4.9)
RN

where

nlp) = [ 10 = Ty00)6(0,2) 53y ) o/ =0, a5 =0,

ond o) = [ [150 = 0(s, D+ 60,3 sy 1 5)ds.
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By Proposition 2.1 items iii) and iv),
wy(v, 1) = 0 as (v, 1) — (0,0) (4.10)

and the limit (v, u) — (0,0) in (4.6) implies that for all non-negative ¢ € C°([0, co[xRY),
| u ol @+ V6l = gie) + [ a0 = wl(0.) 20, (111)
0o JRN RN

4.2 Conclusion

Let T >0,20 e RN, M > LT, 0< 6 < % and v € C2°(R™) non-negative, non-increasing
and equal to 1 on [0, M]. Let © € C°([0,T + d[) be non-negative. Define

o(t,x) = OW)K(T +6 —t,.) %y (. —wo| + Lt) (z) 0<t<T, ¢t z)=0if 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 2.1 in Appendiz 7.2. The reader who has admitted this
property in a first reading can consider that 6 = 0 and that © is defined by O(t) = ftoo 0,(T—s)ds.

Note that 7 (|. — x| + L.) € C°([0,T + 6] x RY) since it equals 1 on a neighbourhood of
[0,7+ 6] x {z0}. By Lemma 7.1 and the non-negativity of K, ¢ belongs to C5°([0, 0o[xRY) 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([0,00[; L*(RY)) N L(]0, co[; W2L(RY)) and by
Lemma 7.1,

Op(t,x) = LOW)K(T 40 —t,.) x5'(|. = w0l + Lt) () — gle(t, ))(z)
=O0'()K(T+6—t,.)xv(|. — xo| + Lt)(z), (4.12)

for all t € [0,7 4 6[ and all 2 € RY. Estimate (4.8), derived before, still holds true for all
¢ € C°([0,00[xRY) N L1(]0, 0o[; WAL(RY)). We deduce that 9,¢ € L'(]0, 0o[xRY), thanks to
(4.12), and that g is continuous from C°([0, co[xRY) N L1(]0, oo[; W2L(RY)), endowed with the
norm of L'(]0, co[; W31 (RY)), into L(]0, oo[xRY). The density of C°([0, co[xRY) in

E={w:we C([0,00[; LYRY) N L]0, cof; WHLRY)) and dyw € Ll(]O,oo[xRN)}

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

IVo(t,z)| = [0 K(T +6 —t,.) * (,iiﬁn (|. = mo| + Lt)) (z)

<-OW)K(T+6—t,.)*v (|. — zo| + Lt) (z)
because 7 is non-increasing and by (4.12),
Or(t, ) + LIVe(t, 2)| — glo(t, ))(z) < O'(O)K(T+6 —t,.) x7(|. — zo| + Lt) (),

for all t € [0,7 + 6[ and all z € RY. Let us take
o) = / 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(©) C [0,7 + J]).
We get ©(0) = 1, for v sufficiently small, and ©'(t) = —0,(t — T'). By (4.11),

T+6
A &@—IU<4Nm@)—v@JHQT+5—uJ*7@—xd+Lﬂ)ﬁ

S/ lug — vo| K(T + 9, .) xv(]. —xo|). (4.14)
RN

By the properties of K, t € [0,T +6[— K(T +6—t,.)*(]. — x| + Lt) € L=®(RY) is continuous
and supyejo rpof [|K (T + 0 —t,.) x¥(|. — zo| + Lt)|[ 1w\ By — 0 as R — +oo. By Proposition
2.1 item iii), the limit as v — 0 in (4.14) gives

/|Mnywwgm@)mm—mu¢ng/yw_%m@+@w7q_my@w)
RN RN

Since K is an approximate unit, the limit as § — 0 gives
[ @) =@l =0l +27) < [ o= wlK(T) 5 (.~ o).
RN RN

_ / 7 (I = o) K(T, ) * |up — vol.
RN

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(;, r+r7) can be approximated,

IN

in LY(RY), by functions of the form ~(|. — zo|), where v € C°(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)
with m = max{||ul|feo®ny), |[v]|feo@n)}. 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 n, n'(u)glu] > g[n(u)]. (4.16)

This leads to the following formulation for (1.1) which is more simple than (2.2): for all non-
negative ¢ € C°([0,00[xRYN) and all entropy-fluz pair (n, ¢),

/ / u)Orp + d(u). Ve +n(u)glel) +/ 1(u0)p(0,.) > 0. (4.17)

RN

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 derives
from the limit r — 400 in (2.2)). Conversely, the question of the implication “intermediate
= entropy 7 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
technique. Indeed, the term (g, + gy)[¥] corresponding to (4.5) behaves as g[p,] (this is easy to
see if u and v are in L' and ¢ = 1). Then we can not pass to the limit as y — 0. In the case
of a local degenerate diffusion of the form —/A(b(w)), 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 ((—Dp)M* + (—=2A,)M*4) behaves as (—A)MAp,. Thus, we should put the
operator g on n(u), but this need some regularity on n(u). Even if n(u) is reqular enough, the
non-locality of g and the doubling variable technic give us a diffusive term in (4.11) which is
computed from |u(z) — v(y)| and which can non-vanish even if u = v.
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5 Existence of the solution

We construct here an entropy solution to (1.1), thus concluding Theorem 3.1. We use a
splitting method, as in [7, 6] for A €]1,2]. For 6 > 0, let us construct u® : [0, 00[xRY — R the
following way: we let u‘s((), .) = up and, for all even p and all odd ¢, we define by induction

(a) u® on |pé, (p+1)] x RN as the solution to dyu’ + 2g[u’] = 0 with initial condition u®(pd,.),
that is to say ud(t,z) = K(2(t — pd),.) x u®(pé,.)(x);

(b) u® on ]gd, (¢ + 1)8] x RY as the entropy solution to dyu’ + 2 div (f(u®)) = 0 with initial
condition u’(gd, .).

It is well-known that both equations above do not increase the L° norm and that their solutions
are continuous with values in L} (RY). We thus have defined u’ € C([0,oc[; L}, .(RY)) such
that

|6 (£, )l oo vy < Iluol] poo gy (5.1)
for all 6 > 0 and all ¢t > 0.

5.1 Compactness result on the sequence (u’);-g

Let us prove that {u’ : § > 0} is relatively compact in C([0,77]; L}, .(RY)) (for all T > 0).
4

The starting point is the following approximate finite-infinite propagation speed property for u°:
for all h € RN and all R > 0,

/ 1 (p + 1)5,.) — T (w(p + 1)3,.))] < / K((p+2)8,) % luo — Touol.  (5.2)
Br BRr+Lps
for all even p and

/B ¥ (g + 1)8,.) — T (g + 1)5,.))] < / K((q+1)8..)  uo — Thuol,  (5.3)

BRryL(¢+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) = /B K(2(n+1)8,.) % [ul((p —2n)8,.) — T’ ((p — 2n)4,.))|.

The finite propagation speed for scalar conservation laws and (5.1) imply that for all y € RV
and all 0 <2(n+1) <p,

/ ¥ (p— 2n)8, 2 — ) — u’((p — 26,7 —y — h)|da
BRryLons

< / W ((p—2n — )82 — ) —uw’((p— 20 — 1)o@ — y — h)|d.
BRryrLons+12s
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Multiplying by K(2(n + 1)d,y) > 0 and integrating w.r.t. y, Fubini’s Theorem gives
[ K@ 08 0k - 206, - Tu(w (0 - 203.)
Br+r2ns

< / K(2(n+1)8,.) % [ul((p—2n—1)8,.) — T’ ((p — 2n — 1)6,.))|.
BRryL2(nt1)s
Since
u’((p—2n—1)5,.) = Tp(u’((p — 2n — 1)5,.))
= K(20,.) * (*((p = 200+ 1)),.) = Tu(u’ ((p = 20 +1))3,.)))

the semi-group property of K gives I(n) < I(n + 1), for all 0 < 2(n + 1) < p. Consequently,
I(0) < I(p/2). Since u’ satisfies the fractal equation on |pd, (p 4 1)d] x RY,

/B [’ ((p+1)3,.) = Ta(u’((p+1)5,.))| < 1(0)

and the proof of (5.2) is complete.
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 pn > 0, there exists A, C E
relatively compact such that A C A, + B(0, 1), then A is relatively compact in E.

This lemma is classical and for instance it is used in the proof of Kolmogorov’s Theorem. Let
T >0and R > 0. For all u > 0, we define uZ(t, z) = u’(t,.)*p,(z), where p, is any approximate
unit as before. Let us use the lemma above with E = C([0,T]; L*(Bgr)), A = {u’ : § > 0} and
A, = {uz :0 > 0}. Let us begin by the proof of the relative compactness of A, in E. By (5.1)
and Young’s Inequalities, ud(t,.) € (e (RM) and all its derivatives are bounded independently

“w
on t and 0. Moreover, the associativity of the convolution product implies that

ud (t,z) = K(2(t — dp),.) = ud(pd, ) (x), (t,x) €]pd, (p+ 1)8] x RV,

for all even p. Thus by Lemma 7.1, uZ is a classical solution to the fractal equation on |pd, (p +
1)6] x RN, By the continuity of g from W2°(RY) into C,(RY), the time derivative of ui is
bounded, independently on t and J, 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, 8tui = —f(u) %, Vp, in D'(]g6, (¢ + 1)5[xRN),
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 Cy([0,7] x Bg) and equilipschitz-continuous
on [0,00[xRY. By Ascoli-Arzela’s Theorem, A, is relatively compact in Cy([0,7] x Br) and a
fortiori in E. Now, we define w(u) = supg~g ||u® — quE The set A C A, + B(0,w(p)) and it
suffices to prove that lim, .qw(x) = 0 in order to use the lemma above. By (5.2), (5.3), Lemma
7.2 and the finite propagation speed for scalar conservation laws (to estimate the translations for
all t > 0),

lim sup sup / (L) — T (L)) = 0 (5.4)

h—0 >0 te[0,7) / Br
and classically with approximate units, lim,_.ow(u) = 0. The proof of the relative compactness
of Ain E and thus of {u®: § >0} in C([0,T]; L} (RY)) (for all T > 0) is now complete.
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5.2 Entropy inequality for u’

Recalling that ui 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 2.1 i)) that

(p+1)8
/ / () drp
pd RN H

(p+1)d ul (t,x + 2) — ud(t, x)
+ 2¢en (A / / / "l t,z)) p t,x)dzdxdt
N (A) . o MZT??( p(t, ) B o(t, )

(p+1)8 _ _
o(t,x+ z) —p(x) — Vo(t,x).z
+ 2en (A / / / W (t, dzdxdt
N( ) 05 RN \z|§rn( p,( )) |Z|N+)‘

+ /RN n(up,(pd, ) (pd, ) — /RN n(ul((p+ 1), )e((p+1)5,.) >0 (5.5)

for all 7 > 0, all smooth entropy 7 and all non-negative ¢ € C>°([0, co[xR") (note that ¢ is not
necessarily null for ¢ = (p+ 1)d and we get a new boundary term). Moreover, ui converges to u’
as u — 0 a.e. on |pd, (p+ 1)6[xRN and by (5.1), UZ stays bounded by [|ug|[pe(®~). The limit
i — 0 in (5.5), thanks to the continuity of 7 and 7’ and to the dominated convergence theorem,
then gives

(p+1)8 s
/ / n(u®)owp
pd RN

(p+1)8 ) 6
+ ZCN()\)/ / / n (u(t, x))u (2 + Z]\),Jr/\u (t,2) o(t, x)dzdxdt
pé RN J|z|>r ’Z’

(p+1)é _ _
+2cn(A) / / / n(ud(t,z)) ot +2) SOJE/J?A Velt, x)'zdzdxdt
P RN Jz|<r ||

+/ n(ué(p&-))so(p&-)/ n(w’((p+1)3,.)e((p+1)8,.) =0, (5.6)
RN RN

for all even p. Consider now any flux ¢ associated to 7. Let us recall that, as far as the hyperbolic
equation is concerned, the following inequality is taken as definition of entropy solution.?

(g+1)8 5 (g+1)8 5
/6 /RN n(u )3t90+2/ ¢(u’) Ve
q

qd RN

+/ n(ué(q&-))@(q&-)—/ n(u’((q+1)3,.)¢e((q+1)5,.) >0, (5.7)
RN N

R

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

2The presence of the boundary term for ¢t = (q 4 1)d, that generally not appears in the definition, is obtained
by the continuity with values in L},.(R") of the solution.
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t=0),
/ /RN 3(t,2))Brplt, ) + S(ud (1, 2))Violt, 2)2(1 — xs(t))dadt
ven) [T ) o080, D) o ygoyizana
+en(h) / - /R ) /Mq o (¢, 2)) 2 E T2 = yiﬁv 2) = Velb2)-2y ()dedede

+ [ nw)p0.) 2 0. (59

where X5 1= > oven p 1lps,(p+1)5]-

5.3 Passing to the limit as § — 0

Since u® converges as § — 0 to u in C([0,T; L} (RY)) (for all T > 0), up to a subsequence,
the convergence still holds true in L} (]0,00[xRY) and a fortiori a.e. on ]0,00[xRY, up to a
subsequence. Using again (5.1) and the continuity of 7', the dominated convergence theorem
implies that

u‘s . z _u5 L
/RN /|Z>r77'(u5(.,g;)) < —|i_2|1\)7+>\ C )90(.,33)dzdx

— /RN /|Z|ZT n’(u(,x))“(,l’—:-zﬁg];u(,x) 90(,$)d2d$ in Ll(]0,00D,

as 0 — 0. Classically 2ys; — 1 in L*(]0, 00[) 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 satisfy the
properties of Proposition 3.1, 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 3.3.

6.1 FError estimates

We begin with the case ug € L¥(RY) N LYRY) 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' 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,

/ /RN WOy + $u).V )+/RN 1(u)p(0,.) > 0
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for all entropy-flux pair (1, ) and all non-negative ¢ € C°([0, 0o[xRY). Arguing as in Subsec-
tion 4.1, we get

0 N RN S U

—|—C€/ / / / ¢(t,s,3},y)
0 0 RN JRN |z‘2r
us(t,x + z) — us(t, x)

sign(u®(t, x) — u(s,y)) 2V dzdydzdsdt

+cg/0mAwANAN/Z§r|ua<t,x>—u(s,y>|

w(ta 5, + Z, y) - w(ta 87'%'73/) - vl‘w(tv S,.I',y)-z
’Z‘N—"_)‘

+/0 /RN /RN |uo(z) — u(s,y)[¥(0, s, x,y)dydzds
—i—/o /RN /RN |us (t, ) — uo(y) | (t, 0, z,y)dydzdt > 0.

dzdydxdsdt

We take 9(t, s,2,y) = 0,(s—t)pu(y —2)O(t). In fact, u® and u are in L' and there is no integra-
bility 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 0 <T, fooo |©'| =1 and
©(0) = 1. We have

/OOO /OOO /RN /RN [ (£, ) — uls, 9)|0,(s — )pu(y — 2)0O'(t)dydadsdt

ves [T /ere”(s‘“p“@‘”@“)

€ €
sign(u® (t, z) — u(s,y))u (2 —;—2’2'13[+/\u (t, 2) dzdydxzdsdt

+ce/ooo/ooo/RN /RN /lm (8, 2) — s, 1)[0u(s — H)O(1)

puly —x—2) = pu(y —x) + Vpuly — x)
‘Z|N+)‘

w7 @)~ uls 6oty ~ 2)0(0)dydads = 0. (6.1)
0 JRN JRN
We let I, and J, denote respectively the second and the third term of (6.1). We have

L < ce /0 h /0 h /R ) /R ) /MZT 0,(s — Dpuly — 2)0()

”U,E(t,x + z) — ug(tv .’L')‘
’Z’N+>‘

o I3 _ €
— Ce / / otz t2) —w ol 0
0 RN J|z|>r

= dedydadsdt

dzdydxdsdt,

|Z’N+>‘
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Integrating first w.r.t. z,

I, < CE/ Ot)|2)] N M T L (uf(t, ) — ui(t, M1 @ydzdt. (6.2)
0 |z|>r
By Proposition 3.1 iii) and iv),

T2 (u=(, ) = w(t, )|y < 2[[uollpr vy
and [Tz (u"(t,.)) = u* (&, )l 2y < |[u” (& )l gy @y 2] < Juol vy 2],

for all ¢ > 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

I. < CE/ O(t)|z| N dzdt,
0 |z|>1

0 1 d
+C£/ / O(t)|z| N M dzdt < Ca—i—Ce/ { (6.3)
0 Jr<lz<l r T

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

Jrzcs/ol/ooo/ooo/w /RN /Mr 0 (8, ) — u(s, )| (1 — )0, (s — £)O(t)

D2puly—x—72)

|Z|N+)\
:cg/o1 /OOO/OOO/RN /IZlSr(l—7‘)0,,(3—t)@(t)|z|_N_/\

</ € (t, ) — u(s,y)|D*puly — v — 72)2.2 da:) dzdydsdtdr.
RN

“Z dzdydrdsdtdr,

By Lemma 7.3, [uf(t,.) — u(s,y)| € BV(RY) and an integration by parts gives

Jr = 05/01 /OOO /Ooo /RN /|Z|<r<1 —7)0,(s — )O(t)|z| VA
( | VPuly —z =722 d(D(e(t, ) —uls, y)\))(x)z) dzdydsdtdr,

where the integral is taken w.r.t. the bounded borel measure D(|u®(¢,.) —u(s,y)|).z. By Fubini’s
Theorem,

( /RN ( [ Veuly =@ = 72).2d(D(u(t, ) = uls, y)\))(m)z) dy> dzdsdtdr. (6.4)

By Lemma 7.3, |D(|u(t,.) — u(s,y)|)| < |Duf(t,.)| and the term in parenthesis above is lower
than |2|? [on (Jan [Vou(y — @ — 72)| d(|Duf(¢,.)])(2z)) dy. Note that |[Duf(¢,.)| is finite and its
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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

22w (¢, )| gy @) IV oull @y < 121wl gy sy |V ol vy

-1

With smoothing kernel of the form p, = u=p(u~1.), we have IV pullpr ey < Cp~'. Then

1 o) o0
Cep! / / / / (1= 7)u(s — DO()|2|-N+2"Ndzdsdtdr,
0 Jo 0 |z|<r

—1,,42—)\'

Jr

IN

= Ceu
Using (6.1) and (6.3),

L[ L] o) = uts.lous — 0puly - 21/ () dydodsde
o Jo JRNJRN
s [T ale) = s, l0n (9o — 2)0(0)dydeds
0 JrRNJRN
bdr —-1,2-X
Z—Ca—C’E/TT)\—Cs,u reTo.
Recalling (4.7) and (4.9) derived in Subsection 4.1,
& Lar
|t =18’ = —n ) = wnl) = wntonp) = Ce = Ce [ T —cen P (69)
0 RN r T
where the role of v and v are now played by u® and u, respectively. By Fubini’s Theorem,
wi(v, p) < /0 0,(s") (/RNH(U - T(_S/’_y/)u)@"‘Ll(}07oo[xRN)pu(y’)dy’> ds'.

Since u € L*(]0, oc[; L'(RY)) and ©' € C([0, o0]), the term (7(_y _,u)©’ is continuous w.r.t.
(s',y') from [0, 00[xRY into L(]0, c0[xRY). Since p, € CZ(RY),

S/ S [0, OO[—> /RN ‘ ‘ (u — /T(,s/,,y/)U)@/‘ ‘L1(]0’OO[><]RN)pM(yl)dy/
is continuous. Consequently,

lim sup Wl(”? :u) < /RN ‘ ‘ (u - ,T(O,—y’)u)@/‘ ‘Ll(]O,oo[xRN)p“(y,)dy,’

v—0
- /0 /]RN [u(t,.) = Ty (u(t, )| 1@y ©' () puly’)dy'dt,
C/ / ©' (1Y |pu(y)dy'dt,
0 RN
Cp,

since supp(p,) C B, and the BV semi norm of u is non-increased. Moreover, wa(u) < Cp and
recalling that lim,_,ows(v, u) = 0 (for all > 0), the limit ¥ — 0 in (6.5) gives

/0 /RN lu — uﬁ]@’ >—Cu—_Ce— C’e/ 7%\— _ Ce?,u_lr2_>‘_
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We take © as in Remark 4.1 of Subsection 4.2. Then

00 1
/ (/ u(t, ) —uf(t,.)|> 0,(T — t)dt < CM+C’6+Cs/ dr + Cep~ 22
0 RN .

A

and letting v — 0, [pn |u(T,.) —u*(T,.)| < Cu+Ce+Ce le % +Cep~ 1722, The limits in order
r — 0 and p — 0, for A €]0, 1], and an optimization w.r.t. r and p (which gives r = u = ¢), for
A =1, then give the error estimates of Theorem 3.3.

6.2 Convergence for ug only L*

Let us approximate ug in Li (RY) by u? € L®RY) N LY(RY) N BV(RY) bounded by

loc

|[to|| oo (mvy- Recalling that K (e.,.) is the kernel of the fractal operator g, the finite propagation
speed and the finite-infinite propagation speed results imply that for all T, R > 0,

|[u® = ulleqo,r);L1 (BR))
< = wuglleqorsn Br)) + 11U — unlleqom;n Br)) + 1un — ulleqor;L1 (Br))s

< sup / K(et,.) * lug — ug| + Crw(e) + [lug — wollL1(Byy 10y (6.6)
tE[O,T} BR+Lt

where C;, and w(e) derive from the last Subsection. We have proved that C,, does not depend
on ¢ and that lim._,gw(e) = 0. By (7.3),

limsup sup / K(et,.) * |lugp — ug| < ||up — u8||L1(BR+LT+'r)’
e—0 tE[O,T] BR+Lt

for all » > 0. The limit » — 0 then gives

limsup sup / K(et,.) * lug — ug| < ||uo — u8||L1(BR+LT)'
e—0 tE[O,T] BR+Lt

Recalling (6.6), limsup,_,q [|u® —ul|c(o,);01(BR)) < 2llwo —ugl|p1(Bg, ) and the limit n — 400
completes the proof. [ |
7 Appendix

7.1 Technical results

Lemma 7.1. Let T > 0 and ¢ € C2°([0,T] x RY). Define w = K #, ¢. Then, w € C°([0,T] x
RN) and

Ow(t,x) — K(t,.) * dup(t,.)(z) + glw(t,.)](z) =0, 0<t<T,zeRV.

Let us now assume that ¢ does not depend on t and only belongs to CI?O(RN). Then w €
C2(10, 00[xRY) and w is a classical solution to the fractal equation Syw+glw] = 0 on |0, co[xRY.
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Proof of Lemma 7.1. Let T > 0 and ¢ € C°([0,T] x RY). By Fourier transform,

w(t,z) = FH M) wp(t, ) (@) = FH (M F (o(8,) (@),

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

oro(t.w) = —F (PP F (p(t,)) (@) + F7 (P F (0(t,) ) (@),
= —B+K(t,.)*dp(t,.)(z), (7.1)

where B = F~! <e_t|'|A (I.PF (e(t, )))) (x). Next,
B = K(t,.)+ F~ (LMF (p(t,)) (@) = K(t) + g [p(t,)] (@),
Since ¢(t,.) € S(RY), Theorem 2.1 can be applied. By Fubini’s Theorem, we get

et,x —y+2) — ¢,z —y)
B =—cn(A / K(t,y dzdy
( ) RN J|z|>r ( ) |Z‘N+)\

t,r—y+2z2)—pt,x—y) —Ve(t,z—y).2z
CN(A)/RN p K(t,y)(p( y+2) — o y) — V( y) dxdy,

ERiR
w(t,z+ z) —w(t, )
— —en(V) /|Z>r e ds

—en(V) /|Z|<T w(t, o+ z) — w(t,ﬁlﬁvi(t, D« Vo(t, ) z).z .

where we have first integrated w.r.t. y to get the last equality. We complete the proof of Lemma
7.1 for ¢ € C°([0,T] x RN) by using Vw(t, z) = K(t,.) * Vi(t,.) ().

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

sup / K(t,.)ﬁ/ K(1,.), (7.2)
t€[0,7] JRN\ B, RNM\B__1/x,

for all "> 0 and all 7 > 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[xRY and
stay bounded independently on n. In particular, w € Cg°([0, 00o[xR¥Y) and the limit in the fractal
equation completes the proof. |

23



Lemma 7.2. Let w € L¥(RY). Then for all L,R,T,r,e >0,

sup / K(et,.) x |w|
t€[0,T] Y Br+ Lt

< |lwllL1(Bryprsr) + W] Loo @y mes (BR+LT)/ K(1,.). (7.3)
RN\B(ET)_I/AT

Proof of Lemma 7.2. Still using (7.2),

/BR K(et,.) = |w]
- /BTK(gt,y) </BRW |w(z —y>!dx) dy
+f vy, KCO) ( /| LGS y>|d:c> dy,

<l (Bas sy + 0] ooy mes(Bay o) / K(1,.).
RN\B(ET)fl/)‘T

Let us then take the supremum w.r.t. ¢t € [0,7] to complete the proof. |

Lemma 7.3. Letw € L} (RY)NBV(RY) and n : R — R Lipschitz-continuous, with a Lipschitz
constant equal to 1. Then, n(w) € BV (RN) and its total variation satisfies |D(n(w))| < |Dw|.

Proof of Lemma 7.3. Consider ¢, = p, * w, where p, is an approximate unit as before. The
smooth functions ¢, converge to w as u — 0 and in L} (RY), with gradients bounded in L'
norm by |w|py g~y Since n(e,) — n(w) in L (RN) and a fortiori in D'(RY), the gradients

loc
converge in D'(RYM,RY). Moreover, V(n(¢u)) = n'(¢,)Ve,. Then, V() (zr @y~ <
|w|gy @~y and Banach-Alaoglu-Bourbaki’s Theorem implies that V(n(p,)) converges to any

V¥ € My(RY,RM), up to a subsequence, for the weak convergence of measures. Identifying the
limit in D'(RY,RY), ¥ = D(n(w)) and we already know that n(w) € BV (RY). Moreover, for
all F € Co(RN,RM)

/ FV((e,)) < / PVl
RN RN

Since Vi, = puxDw, |V,| < pux|Dw| and the limit ¢ — 0 implies that for all F' € Co(RY,RY),
Jan FdD(n(w)) < [gn |F|d|Dw|. The proof is now complete. ]

7.2 Proof of Proposition 2.1 item iii)
We begin by a technical lemma that will be needed.

Lemma 7.4. Let u € L=(]0,00[xRY) and 6, be an approvimate unit as before. Let us assume
that 0, is of the form 6, = v=10(v=1.). Then, for a.e. t €]0, 00|

i) u(t,.) is a measurable function essentially bounded by ||ul| o0 (j0,00[xRN);

i) for all v € C(RN), limy—o [y~ [pn u(s, )0, (s — t)y(z)dzds = [ ult,.)y.
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Proof. Let D be a countable dense subset of C>°(RY) for the topology of the L'-norm. The
lemma above, with ii) satisfied for all v € 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 — [pn u(s,.)y (for all ¥ € D). For v € C°(RY) and any
sequence (v, ), € D which converges to v in L'(R"Y), we have

/OOO /RN u(s, )0, (s — t)y,(zr)dxds — /OOO /RN w(s,2)0,, (s — t)y(x)dwds

as n — 400 and independently on v > 0. The theorem of inversion of the limits then implies ii)
for all v € C°(RY) and this completes the proof of Lemma 7.4. [

Let us return to the proof of Proposition 2.1 item iii). In the sequel, we let dom u denote the
set of ¢ €]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, o[ with values in L>(RY),
endowed with the weak-x topology. Let t; and t2 belong to dom u. Let us assume without loss
of generality that to > t;. Consider test-functions of the form

otte)= ([ (s — 1) — 05— s ) o(2).

Let us take ¢ in the weak formulation of Proposition 2.1 item ii) and, thanks to Lemma 7.4 ii),
let us pass to the limit as v — 0. We get

[t —utt = 7 [ (70097 - ugh) < Clllhyaaany ta - 1), (7)

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. v € C®(RY) such that
[[7llw21@yy < 1, we deduce that

Hu(t27')_u(t1>~)‘| 21" N S0|t2_t1|>
w21 (RN)

for all ¢1,to € dom u. Then, u can be continuously extended in a unique way as a continuous
function from [0, co[ into W2’1I(RN ), since it is a Lipschitz continuous function on a dense subset
(indeed, the Lebesgue measure of [0, 00[\dom w is null). Banach-Aloaglu-Bourbaki’s Theorem
then implies that this extension is with values in L>(R¥) and is continuous on [0, oo[ for the
weak-x topology.

Second step. Let us prove that u : {0} U (domunNdomu?) — L} (RY) is continuous from the
right. Let us now assume that ¢; belongs to dom u N dom u? (1 = 1,2) with ty > t;. Consider the
entropy 1 = |.|? and ¢ any flux associated to 1. 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

/ u?(ta,.)y < / w?(t1, )y + Clyl w2 @y (B2 — t1), (7.5)
RN RN

for all nonnegative v € C>°(RY). Simple computations then show that
[ttty = [ aegn+ [ -2 [ attut o,
RN RN RN RN
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for all nonnegative v € C2°(RY). Since u(t1,.)y € L'(RY), the preceding step and (7.5) implies
that u(t,.) converges to u(t1,.) in L2 (RY) as dom u N dom u? > ¢y — ¢f. Moreover, similar
arguments with test-functions of the form ¢ (¢, ) = [ 6,(s — T)ds v(x) (T € dom u N dom u?)
allow to prove that u(T,.) converges to ug in Li (R") as dom u N domu? 3 T — 0.

Conclusion. Let us prove that {u(t,.) : t € domundomu?} is relatively compact in Li, (RY),

thus concluding that u € C([0, 00[; L}, .(RY)) with the help of the first step. We can argue exactly
as in Section 4 to establish (3.1) for all entropy solutions v and v of (1.1) and all t € domuNdomuv.
Indeed, the continuity property of the second step suffices to prove (4.10) and (4.15), only points
where the continuity with values in L} (R™) of entropy solutions has been used. Then, we can
get an estimate on the translations of u(¢,.) and by the essentially bound mentioned in the item
i) of Lemma 7.4, Kolmogorov’s Theorem implies that {u(t,.) : t € dom u N dom u?} is relatively

compact in L} (RYN). Thus, the proof of Proposition 2.1 iii) is complete.
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