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NONLOCAL DISSIPATION MEASURE AND [! KINETIC
THEORY FOR FRACTIONAL CONSERVATION LAWS

NATHAEL ALIBAUD, BORIS ANDREIANOV, AND ADAMA OUEDRAOGO

ABSTRACT. We introduce a kinetic formulation for scalar conservation laws
with nonlocal and nonlinear diffusion terms. We deal with merely L! ini-
tial data, general self-adjoint pure jump Lévy operators, and locally Lipschitz
nonlinearities of porous medium kind possibly strongly degenerate. The cor-
nerstone of the formulation and the uniqueness proof is an adequate explicit
representation of the nonlocal dissipation measure. This approach is inspired
from the second order theory unlike the cutting technique previously intro-
duced for bounded entropy solutions. The latter technique no longer seems
to fit our setting. This is moreover the first time that the more standard and
sharper tools of the second order theory are faithfully adapted to fractional
conservation laws.
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1. INTRODUCTION

In this paper, we define a kinetic formulation for scalar conservation laws with
nonlocal and nonlinear diffusion terms. We consider initial-value problems of the
form

1) Ou+V - F(u) + g[A(u)] =0, (t,x) € RT x R4,
u(t =0,2) = up(z), r € RY,
where u = u(t, x) is the unknown function, V denotes the gradient operator with re-

spect to = and g is an integro-differential operator properly defined at least on D(R%)
by

@ alil(@)i= =PV, [ (ol +2) = pla)ut) dz,
Rd
where 1 is a (Borel) measure and pu(z)dz abusively stands for du(z) or p(dz).

Throughout, the initial data ug is assumed merely integrable, and the other data
are assumed to satisfy the following conditions:

(3) F € Wio(R,RY),

(4) A € W,5>°(R) and is nondecreasing,

(5) p >0 with ({0}) =0 and [, (|2]> A D)pu(z) dz < oo,
(6) 1 1s even, i.e., it is invariant by the application z — —z.

The principal value in is defined as the limit

(7) glel(z) = —lim [ (p(z +2) — (@) ulz) dz,

|z|>r

which makes sense because of f@. For all fixed » > 0, we also have

(8) glel(z) = - / (e(x+2) = @(x) = 2 Vop(2) 1z 120 ) p(2) dz.
Rd

The operators of the form correspond to generators of pure jump Lévy pro-
cesses. By @ we restrict to self-adjoint operators. They constitute a general class
of nonlocal diffusive operators [47]. Their use in scalar conservation laws goes back
to [46] on the Chapman-Enskog expansion involving a convolution operator corre-
sponding to [y < co. Scalar conservation laws with singular nonlocal diffusions
were considered later for instance in semiconductor growth [5I] or gas detona-
tions [2I]. A typical example of such a diffusion is the fractional Laplacian (—A)%,
a € (0,2), corresponding to p(z) = c|z|7979; see [38]. More recent models led to
further study scalar conservation laws with nonlocal and nonlinear diffusions; see
for instance [45] on radiation hydrodynamics. Our setting covers all these prob-
lems. As a byproduct, it includes the nonlocal diffusion equation d;u+ g[A(u)] =0
and allows for porous medium nonlinearities A(u) = |u|/™ 1u with m > 1; see
[24, 25| 26, 27] for an extensive account on these PDEs. For other related PDEs
with nonlocal and nonlinear diffusions, see [I1], 12, [I4] and the references therein.
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State-of-the-art. Equation may degenerate and should share properties with the
scalar hyperbolic conservation law

(9) ou+V-F(u)=0
and the degenerate parabolic equation
(10) ou+V-F(u) — AA(u) = 0.

Their main difficulties are the possible creation of singularities and the nonunique-
ness of weak solutions. Since the fundamental work of Kruzhkov [37] who defined
entropy solutions for first order equations and established well-posedness in the L*°
framework, many other well-posedness results were obtained. We refer to Carrillo
[15] for the entropy formulation of elliptic-parabolic-hyperbolic problems involving
Leray-Lions type operators. The more delicate anisotropic diffusion case has been
treated by Bendahmane and Karlsen in [7] using, in particular, the insight from
the paper [19] of Chen and Perthame. The setting of [19] is different because the
kinetic formulation is used to achieve well-posedness; this concept goes back to
[13, 29] and to the classical work [40, [4I] of Lions, Perthame and Tadmor. An
extensive account on the kinetic formulation of conservation laws can be found in
[44]. One of the advantages of the kinetic formulation is that the L' space is natural
for both existence and uniqueness.

Several authors have extended the notion of L* entropy solutions to nonlocal
problems of the form . We refer to [33, 34, [42] [39] [49] [45] and the references
therein for the case f p < oo. The case of singular operators is more delicate and
the first results were concerned with conservation laws with memory nonlocal in
time. The adequate notion of entropy solutions was introduced in [22] by Cockburn,
Gripenberg and Londen; see also [30]. It was adapted later in [I] for fractional
diffusions in space with a focus on the equation

(11) Ou+V-F(u)+ (—A)2u=0.

The pioneering work on goes back to Biler, Funaki and Woyczynski [10]. Now
the well-posedness is well-understood: If o > 1, there is a unique smooth solution
[10, 28] 16} [48, 23]; if o < 1, shocks can occur [0, B5] and weak solutions can be non-
unique [2]; for any a € (0,2), there exists a unique entropy solution corresponding
to the classical one when it exists as well [I]. The entropy solution theory was
finally extended by Karlsen and Ulusoy [32] to pure jump Lévy operators and by
Cifani and Jakobsen [20] to nonlinear diffusions such as in (T]).

As concerning L' data, Wei, Duan and Lv recently introduced a kinetic formu-
lation in [50] for L' N BV solutions of when o < 1. This situation is very
particular since (—A)2u € L' and this allows to treat the diffusion as a zero order
term. In general, we do not know whether A(u) is locally integable for unbounded
solutions and non-globally Lipschitz A. We thus have difficulties to define g[A(u)]
as a distribution.

To conclude this state-of-the-art, note that the concept of renormalized solutions
[9) 18] provides another framework for L! data. It was extended to nonlocal problems
but essentially for elliptic PDEs as far as we know; see e.g. [3, [36].

Main contribution. The present paper extends the kinetic formulation of Lions,
Pethame and Tadmor [40, 41] to (I); see Definition [§] The main results are the
equivalence with entropy solutions in L' N L>, the well-posedness in L! and the
L' contraction principle; see Theorems and The cornerstone of the theory
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is a new explicit representation of the nonlocal dissipation measure in the spirit of
Chen and Perthame [19]; see Theorem [6]

Technically, the uniqueness proof does not rely on the cutting technique used in
every known proofs on L™ entropy solutions. This technique was based on first
order like arguments which no longer seem to fit our setting. Here we faithfully
adapt the more standard and sharper tools of the second order theory and this is
our main technical contribution. To give more details, we need to recall some facts
on entropy solutions.

Various entropy inequalities. An entropy solution to @D is a function u = u(t, )
such that for all £ € R,

Orfu =&+ Vo - {sgn(u — §)(F(u) — F(§))} <0

in D’'((0,00) x RY), where sgn(+) := ||’ is the sign function. The uniqueness can be
achieved by using the Kruzhkov device of doubling the variables [37]. For second
order equations, one needs to take into account some form of parabolic dissipation.
This can be achieved in two ways. The first way was developed by Carrillo in
[15] and consists in recovering such a dissipation from the entropy inequalities.
The second way was introduced in [I7] by Chen and DiBenedetto and consists in
explicitly including a proper form of dissipation in the entropy inequalities; see
also [31 19} 8, [18]. For , this gives

Ofu =&+ Vo - {sgn(u — §)(F(u) — F(¢))}

(12) ALl A) — A()] < —20(u— &) A'(u) [ Vul?,

where 0(-) := 1sgn’(-) is the Dirac measure at zero. In [20], Cifani and Jakobsen
used the following entropy inequalities for :

Olu =&+ Vo - {sgn(u — §)(F(u) — F(£))}

—PV. / (|A(Tou) — A(E)] — [A(u) — A(§)]) u(2) d=
(13) |zl<r

sl ) [ (Alrw) — Aw)a(z)dz <o,
|z|>r
for all £ € R and all » > 0, where 7,u designs the function (¢, z) — wu(t,z + z). The
idea is to treat the integral in |z| > r as a zero order term and neglect the other
integral as r | 0; cf. also [22] 30 [T];

A natural question is whether it is possible to reformulate in the spirit of
(12). A first try was attempted by Karlsen and Ulusoy in [32] but their uniqueness
proof reduces to recover . Here we reformulate with a new proper form of
nonlocal dissipation:

O~ € + V- {sgn(u — O(F(w) — F(©)))
1)+ ollA) ~ AQN <~ [ 1A~ A eomstu oy ()
]Rd

=n
where eonyfu,r.u} () is the characteristic function of the real interval of extremi-
ties u and 7,u. This will be the cornerstone of the kinetic theory.
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A successfull kinetic formulation. Following [40, 4T, [T9] 44], we obtain the kinetic
equation in x(&; u) := 0¢ (€] — |€ — u|) /2 by derivating in &:

(15) Oix(§u) + F'(§) - Vax (& u) + A'(§)g2[x (& u)] = ¢(m +n)

in D’((0,00) x R¥1) where m > 0 is unknown and n > 0 is defined as in (14).
The advantage of when u is merely L' is that it makes sense even if F(u)
and A(u) are not Li . It seems better to consider the kinetic equation from ,
because derivating would give the term &(u — &) f|z|>r(A(Tzu) —A©))u(z)dz
which does not obviously make sense. Small and large jumps z are thus treated

in the same way in our uniqueness proof thanks roughly speaking to the explicit
dissipation in and Lemma

Outline of the paper. Our main results are stated in Section [2| and proved in Sec-
tions The uniqueness is first proved formally and then rigorously in the spirit
of [19, 44]. It is the core of the paper. The existence could be established without
relying on entropy solutions, making the kinetic theory self-sufficient as in [19] [44],
but here we use a known existence result for entropy solutions to be brief.

Reminders of our notation. The symbol V is used for the gradient in x and V2 for
the Hessian. The symbol 6(¢) designs the Dirac mass at £ = 0. In integrals, we use
the notation §(€) d¢ for dé(&) or §(d§). We do the same for the other measures 1(z),
m(t,x, ), etc. Note that u in is o-finite and Fubini’s theorem applies to define
its product with dz, etc., which we denote by u(z) dx dz, etc. Further notation is
introduced in Section Bl

2. ENTROPY AND KINETIC SOLUTIONS: DEFINITIONS AND MAIN RESULTS

Let us now give the rigorous definition of entropy and kinetic solutions and state
our main results. In order to avoid unnecessary technical issues, we only use C?
entropies u — S(u).

Let us recall the notion of entropy solutions to from [20], see also [22] [30, 1]
32]. Given any convex C? function S : R — R, we consider

n:R—-R?Y and B:R— R,
satisfying

n=8F and B =5A4"
Throughout such a triplet (S,7, ) is refered to as an entropy-entropy fluz triple.
Definition 1 (Entropy solutions). Let ug € L* N L>(R?) and (3)-(6) hold. A

function u € L (R*; L (RY)) N L>®°(R* x RY) is an entropy solution of (1)) provided
that for all entropy-entropy flux triple (5,7, 8), all » > 0, and all nonnegative test
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function ¢ € D(RH),

// )0 + n(u) - Vo) dt dx

0 R4

+ // / S'(u(t,z)) (A(u(t,x + 2)) — A(u(t, x))) o(t, x)u(z) dt dz dz
(16) 0 Re |z|>r

L PV / / / Blult, 2)) (9t + =) — p(t, ) (=) dt da d

Remark 2. (1) The original definition of [20] was actually given with the en-
tropies of Kruzhkov. The definition above is an equivalent reformulation
already used for instance in [32] Section 6] or [5, Section 7].

(2) The principal value makes sense by (B)—(6) (see (7) and (8)).

(3) Here it may look that we are integrating a Lebesgue measurable function
u with respect to the Borel measure p. An easy way to avoid such measur-
ability issues consists in only considering Borel representative of u.

(4) As usually, classical solutions are entropy solutions and entropy solutions
are weak (distributional) solutions; see [20] for more details.

Here is the well-posedness result from [20].

Theorem 3 (Well-posedness of entropy solutions). Let ug € L' N L>®(R?) and
let us assume f@. Then there exists a unique entropy solution u of . This
solution belongs to C([0,00); L' (R%))NL>(R* x R?) with u(0,-) = ug(-). Moreover,
we have essinf ug < u < esssup ug,

[ult, Ml Lr ey < lluollzr@ey  for all t >0,
and if @ is the solution of associated to (0,-) = dg(-) € L* N L>(R?), then
Hu(t, ) - ﬁ(t, ')||L1(]Rd) S ||U() — ﬂO”Ll(Rd) fOT‘ all t Z 0.

To motivate our kinetic formulation, we need to reformulate the entropy in-
equalities with a proper form of nonlocal dissipation in the spirit of [17], see also
[31 9L [8, 18, 32]. The key point is the following elementary Taylor’s identity: For
all a,b € R,

(17)  S'(a)(A(b) — A(a)) = B(b) — B(a) — /S”(é)\A(b) = A Leonv{a,b} () dE,

R

where throughout the paper, conv{a, b} stands for the interval

conv{a, b} := (min{a, b}, max{a,b}),
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and I cony a5} (+) denotes its characteristic function normalized (everywhere defined)
by

if min{a, b} < ¢ < max{a, b},

if ¢ =a orb,

otherwise.

(18) Il-conv{a,b} (5) =

O o= =

Remark 4. In , the choice of the value % at the endpoints of the interval
conv{a, b} is dictated by the regularization procedure exploited in the uniqueness
proof, since nonlinearities S with singular second derivative are used. In this section,
this technical detail can be neglected since S is assumed to have the C? regularity.

Remark 5. In the sequel, we will use other characteristic functions defined as
usually. To avoid confusion, they will be denoted by 1 (and not 1). For instance,

if ¥ C R, then
1 iféek,
1 =
£(¢) {0 if not.

The result below is a simple rewritting of the entropy inequality based on
the identity and a passage to the limit as r | 0.

Theorem 6 (Explicit representation of the nonlocal dissipation). Assume f@
and let ug € L* N L>®(R?). A function u € L> (R*; L*(R?)) N L=(R* x RY) is
an entropy solution of if and only if for all entropy-entropy flux triple (S,n, 5)
and all nonnegative ¢ € D(RH1),

[ [ st o - stgli ava
(19) 0 Re N
+ [ Sw@)e0a)dr= [ [ 8" @ntt.a ¢l drdo e,
Rd

0 Rd+1
where the function n : RT x R4 — [0, 00] is defined by

(20) n<t7 €, 5) = / |A(u(ta T+ Z)) - A(é-)|11conv{u(t,x),u(t,1:+z)}(f)lu’(z) dz.
R

The proof of Theorem [f] is deferred to Section [

Remark 7. Throughout n is refered to as the nonlocal dissipation measure. This is
a nonlocal version of the parabolic dissipation measure 26(u—&) A’ (u)|Vu|? obtained
for the degenerate parabolic equation . Here, we get a measure absolutely con-
tinuous with respect to the Lebesgue one, since n € L'(RT xR9*1) as a consequence
of Inequality with §” = 1.

We are now ready to define the notion of kinetic solutions. We use the framework
of [0, A1) [44] and especially the insight of [I9] by including the identification
of the dissipation measure in the formulation. We consider the kinetic function
X : R? - {—1,0,1} defined by

1 if0 <& <u,
(21) x(&u):=¢ -1 ifu<é<O,
0 otherwise.
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Note that v € L>®(R*; L'(R%)) if and only if x(&;u(t, ) € L°(R*; LY (RIH)).
Note also that one has the following simple representation:

(22) S(u) — 5(0) = / S'(€)x (£ u) de.
R

These observations lead us to the definition below where Inequality is roughly
speaking rewritten with the y function. Throughout the paper,

M* stands for the space of bounded Borel measures
and
Lg° stands for the space of a.e. bounded functions vanishing at infinity.

Definition 8 (Kinetic solutions). Let ug € L'(R?) and (3)-(6) hold. A func-
tion u € L=(R*; L}(R?)) is a kinetic solution of provided that there exists a
nonnegative measure m € ML _([0,00) x R%*1) such that for almost all £ € R,

(23) / / (m + n)(t, 2, €) dt dr < v(©),

0 R
for some v € LE(R¢), and for all ¢ € D(R¥+2),
(24)
/ X(&u) (Oup + F'(8) - Voo — A'(€)gzlp]) dt du dE
0 Rd+1

4 / (& 0 (2))(0, 2, €) dr d = / / (m + ) (t, 2, €)Dep(t, 2, €) db e,

Rd+1 0 Rd+1
where n is the nonnegative function defined in (20]).

Note that has to be understood in the distribution sense, that is to say

(25) / / (4 1) (b, 2. €)p(€) dt dx dE < / V(E)p(€) de,
0 ]Rd+1 R

for any nonnegative ¢ € D(R¢), where hereafter, we sometimes write Re to highlight
dependence of functions and measures on the kinetic variable .

Remark 9. The measure m is referred to as the entropy defect measure. It is a
priori unknown but a posteriori uniquenely determined (see Theorem [13)); in other
words, the couple (u,m) is the unknown of the kinetic formulation (24)).

The next remark enumerates standard properties of kinetic solutions which re-
main valid in the nonlocal setting. Most of them will not be needed, so we refer to
the arguments of [40], 411 [T9], 44] for proofs.

Remark 10. (1) If up € L* N L=®(RY),

supp(m + n) C {essinfug < & < esssupug} .
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(2) If ug € L' N L2(RY),
Vi 1
0 Rd+1

(3) If up is merely integrable, then for almost all £ € R,

//(m +n)(t,x, &) dtde < v(§),
0 Rd
where v/(§) := ||(uo — §) T 1esollLr(may + [[(uo — €)™ Le<oll L (ray € L°(Re).
(4) Tf Sa(ug) € L'(RY) where S4(€) := [ (A(C) — A(0)) dC,
[ Atuto + 2) = Alult.)? () de dwdz < S0
0 R2d

This should be compared to the usual H' estimate for degenerate parabolic
equations [I5], since for g = (—A)?% the above estimate reads

|A(U)|L2(R+;H%(Rd)) <y ||SA(U0)||L1(R‘1)~

Here is another standard property of convection-diffusion conservation laws that
remains valid for the nonlocal case, and which we often use throughout. It says
that we can reformulate Definition [8) by expressing the initial data in the classical
sense.

Proposition 11. Assume that (3)-(6) hold and that ug € L*(RY). Then u €
L>®(R*; LY(R?)) is a kinetic solution of if and only if there exsits a nonnegative
measure m € ML _([0,00) x R4*Y) such that holds together with the following
conditions:

Oix (& u) + F'(§) - Vax(§u) + A'(€)g2[x(& u)] = de(m +n),
(26) i Jult, ) — wo() ey =0,
and limg|o fot Jza ffR(m—i—n)(sw,g) dsdrdé =0, VR >0,

where the equation holds in D'((0,00) x R? x Re) and the limits are taken in the
essential sense.

We can now state the two main results of this paper.

Theorem 12 (Equivalence between entropy and kinetic solutions). Let (3) (6]
hold, ug € L' N L=(R?%) and u € L= (RT; LY(RY)) N L>®(R* x R%). Then u is an
entropy solution of if and only if it is a kinetic solution of .
Theorem 13 (Well-posedness in the pure L' setting). Let ug € L'(RY) and let us
assume f@. Then there exists a unique kinetic solution u of and a unique
measure m satisfying Definition @ This solution belongs to C([0,00); L*(R4)) with
u(0,) = uo(-). Moreover,
[u(t, )1 ray < lluollpr ey for allt =0

and if U is the solution of associated to (0, -) = dig(-) € L*(R?), then

lu(t, ) —@(t, )l L1 (ray < lluo — Gollp1(ray  for allt > 0.
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Remark 14. More generally, we have
~ + ~ \t+
[(u(t, ) —a(t, )=l wey < [[(uo — @0)=[| L1 (ray,
so that ug < g entails u < 4.
The rest of this paper is devoted to the proofs of these results. The proof of
Proposition [T1]is given in Appendix [B] for the sake of completeness.
3. PRELIMINARY LEMMAS

In this section, we give some basic results that will be useful in the sequel.

3.1. Main properties of the kinetic function y. Let us begin with some prop-
erties concerning the function defined in . We omit the proofs which can be
found in [44], for instance.

Let us first make precise the definition of the sign function used throughout:

1 ife>0,
sgn(€) :=4¢ -1 if&<0,
0 ife=0.

Lemma 15. (i) For any reals u and &,

sgn(€)x(&u) = [x(& )] = (x(&w)*.

(ii) For any reals u and G,

fu o] = / (€ ) — (&) de = / ((€5 ) — x(& )2 de.
R R

Remark 16. The map u € L®(R*; LY(RY)) — x(&u) € LR LY(RIT) is
thus an isometry.

3.2. Main properties of the nonlocal diffusion operator g. Let us continue
with standard results on the operator defined in . The proofs are gathered in
Appendix for the sake of completeness; see also [38] [47, 20, 4 [5].

Let us first precise the sense of ¢ for sufficiently regular functions.

Lemma 17. Under 7@, g is still well defined by from W2L(RY) (resp.
CZ(RY)) into LY(RY) (resp. Cp(R?)). It is moreover linear, bounded, and

(21) [eolfidn= [ solpldn vs e W) vo € GErY),
R R

Remark 18. If f is merely integrable, we can thus define g[f] in the distribution

sense by (gf], ¢)o'.p == [ fyle]-

Let us continue with another useful formula; it is interpreted as an integration
by parts formula involving the square root of g.

Lemma 19 (Bilinear form). Assume (5)—(6), f € W (R?) and f e Whe(RY).
Then

[Falride =5 [ (@)~ f)(F@ - F)ute - ) dady.

Rd R2d
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Remark 20. (1) The Borel measure u(x — y) dx dy is defined as the pushfor-
ward measure

wlx —y)dedy = Ty (u(z) de dz)

associated to T : (z,2) € R?*? (2,7 + 2z) € R*. We can thus change
variables by

(28) [t~y dzdy = [ faot 2ntz) dods
R2d R2d

for any Borel measurable f : R%¢ — [0, oc].

(2) Note that pu(x —y) dx dy is o-finite because u(z) dz is o-finite. The Fubini’s
theorem then applies to define pu(z — y) dz dy d¢ := (u(z — y) de dy) ® d€,
etc.

Here is a version of the previous result with time-dependent functions f, as we
will have to deal with such functions in the sequel.

Lemma 21. Assume (5)-(6) and let f = f(t,z,€) and f=f(t,z &) be such that
£V f,Vof € C([0,00) L' RT) and f,V.f € L¥(R x R,
Then g.[f] € C([0,00); L*(R4*Y)) and for almost any t > 0,

(20) / Foal Fldz de

Rd+1
_! / F(t,€) — (6, )t 2,€) — Flt,y, )il — ) dur dy d.
R2d+1

3.3. Main properties of the nonlocal dissipation measure n. Let us end up
with lemmas in relation with the function defined in . The first one is the
rigorous justification of .

Lemma 22. Under the assumption , the formula holds for all S € C*(R)
and a,b € R (with f' = S’ A’).

Proof. Setting I := (b) — B(a) — S’'(a)(A(b) — A(a)), we have to prove that
(30) I= [ S"€)1A4) = A Leanvtan €) de.

R
This relies upon the following version of the Taylor’s formula:

b
B(b) — Bla) = B'(a)(b—a) + / B(€)(b — €) de
b

— S'(a)A(a)(b — a) + / (S"(€)A(€) + S'(€)A"(€)) (b— €) de.

We also have A’(a)(b—a) = A(b) — A(a) — fj A" (&) (b — &) d€; hence,
b b

I= / S"(E)A(€)(b— €)de + / (S'(6) — S'(a)A"(E) (b — €) d = I + I,

a a
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Let us use again Taylor to rewrite the first term:

b b
h=/9%>A@—ma—!mmm—o« ¢

b b b
=/W@M@—Mw%—//W@A%M—OM%
a a 5

= Jl — JQ.

By the monotonicity of A(-), we recognize that .J; is the right-hand side of . It
thus only remains to prove that J, = I>. But, we can rewrite I as

b €
5://W@A@m—@@@

and the fact that I, = .J, follows by the Fubini theorem. [l
The result below will be crucial in the proof of the uniqueness.

Lemma 23. Assume (4)). For a,b,c,d € R, define
F(a,bc,d) = /A'(f) (x(&a) = x(&0)) (x(&¢) — x(& d)) dE,
R
|A(b

G(a7 bv ¢, d) = ) - A(C)‘]lconv{a,b} (C) + |A(d) - A(a)lnconv{c,d}(a’)a
having in mind . Then
Ya,b,c,d € R there holds F(a,b,c,d) < G(a,b,c,d).

Proof. Note first that x(£;a) — x(&;0) = sgn(a — b)Leonvia,p}(§) if & is not an
extremity of conv{a,b}, so that

(B1)  Flabed) - / A/(€)sgn(a — b)sgn(c — d)Leomasneons fout) (€) dé.
R

Let us now argue in several cases according as the way a, b, ¢ and d are ordered.
Note first that F' could be nonpositive, whereas G is always nonnegative. We thus
do not need to consider the cases where F' < 0, which, by , reduces our study
to

e cither a < b and ¢ < d,

eorb<agandd<ec.

Note next the symmetry F(a,b,c,d) = F(c,d,a,b) and the analogous symmetry for
G. We can thus also assume without loss of generality that a < ¢ in every cases,
that is to say:

e cither a < b, c<d and a <c,

eorb<a,d<canda<ec.
Moreover, we can assume that conv{a, b} Nconv{c, d} is neither empty nor reduced
to a singleton, because F' would equal zero by otherwise. This allows to precise
again the preceding cases by

e cither a < c < b and ¢ < d,
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eorb<agandd<a<ec.
Let us finally divide these cases into the four following ones:

1. either a < c < band ¢ < d,
2.ora=c<bandc<d,
.orb<aandd<a<c.
4. orb<aandd<a=c

In both the first and the second cases, we have

Fla,b,e,d) = / Lo y(end)—(eumingoay) () A'(€) dé = A(min{b, d}) — A(c).
R

As far as G is concerned, we have

A(b) — Alc) in the first case,

G(a,b,c,d) = {%(A(b) —Alc=a)) + %(A(d) — A(a=c¢)) in the second one,

taking into account the monotonicity of A(-) and the specific definition of 1 in .
In both cases, the monotonicity of A(-) implies that F(a,b,¢,d) < G(a,b,c,d). We
argue similarly for the third and fourth cases, which completes the proof. O

For the accurate proof of the uniqueness, we will need to consider truncations of
the preceding quadruplet, namely Tr(a), Tr(b), Tr(c) and Tr(d), where

® =Ly e
for any given R > 0. Here is the precise result that we will use.
Lemma 24. Assume and R > 0. For any reals a, b and &, we have
(33) - (&) (x(§a) = x(&0) = x(& Tr(a) — X (& Tr(D))
and
(34)  [A(D) — A(Tr(&)Leonv{a,b} (TR(E))
2 [A(Tr(b)) — A(TR(E) Meconv{Tr(a),Tr(v)} (TR(E))
(with the representation )

Proof. The identity is immediate since 1(_ g g)(§)x(§;u) = x(§; Tr(u)) for any
reals u and &. Let us now prove (34]). To do so, note that for any reals b and &,
(35) |A(b) = A(Tr(E))| = |A(Tr(b)) — A(Tr(E))];
indeed, the monotonicity of A(-) implies that
|A(Tr(b)) — A(TR(E))]
A(R) — A(Tr(S)) < A(b) — A(Tr(£))  ifb> R,
= 1 [A(0) = A(TR(S))] if —~R<b<R,
A(TRr(8)) — A(—R) < A(Tr(E)) — A(b) ifb< =R,
so that always holds. With in hands, the proof of is obvious in the
case where conv{Tg(a), Tr(b)} C conv{a,b}; indeed, we then have

lconv{a,b} (TR(f)) > ]]-COHV{TR(a),TR(b)} (TR(g))
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(even if Tg(€) = a or b, in which case both these functions take the value 3). When
that inclusion fails, a and b are necessarily either both greater than R or both lower
than —R. The right-hand side of thus equals zero everywhere, which completes
the proof. O

4. EQUIVALENCE BETWEEN ENTROPY AND KINETIC SOLUTIONS

This section is devoted to the proof of Theorem Let us first justify the
reformulation of the notion of entropy solutions in terms of the nonlocal dissipation
measure (|14)).

Proof of Theorem [ Let us assume that u € L= (R*; L}*(R?)) N L (Rt NR?) is an
entropy solution in the sense of Definition (1} thus satisfying the inequalities (L6]).
Let I, denote the nonlocal term in |z| > r of . Applying the identity , we
have

Irz// /(5(u(t,x+z))—ﬁ(u(t,x)))cp(t@)u(z)dtdxdz

- 7/ / /S”(§)|A(u(t,x + 2)) = A Leony {ut,z) u(te+2)3 (&)

0 Re|z|>r R
~o(t, 2)p(2) dt dx dz d¢
= J, - K,.

We can integrate by parts, as in the proof of Lemma [17]in Appendix [A] to rewrite

(36) g = / / / Blu(t, ) (@t z + 2) — p(t, 2))pa(z) di d .

0 R4 |z|>r

We then obtain by passing to the limit in as r | 0, thanks to the monotone
convergence theorem giving us that

lim K, = 7//3”(5)@(1%,:6)

0 R R

' / |A(u(ta x + Z)) - A(é)'ﬂ-conv{u(t,ac),u(t,x+z)}(5)#(2) dz dt dz df
R4

=n(t,z,§)

Conversely, if we now assume that holds, then we cut all the nonlocal terms
according as |z| > 7 or not. Putting all the |z| > r parts at the left-hand side, we
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get that

first order + initial terms

—|—// / (B(u(t,z + 2)) — B(u(t, z)))p(t, x)u(z) dt de dz

0 R4 |z|>r

- 70 / / / S"(EIA(u(t, z + 2)) = A(E) | Leonv {u(t) u(t,z+2)} (€)

0 R4 |z|>r R
c(t,x)u(z) dt de dz d€

oo

+P.V// / Blu(t,z)))(p(t,x + 2) — p(t, z))u(z) dt de dz

0 R |z|<r

> /OO/ / /5"(5)\14(”(%56 +2)) = A& Meonv{u(t,a) u(ta+2)} (&)

0 Ra|si<r R
~o(t, x)p(z) dt de dz dE,

where we have done the reverse integration by parts than in (36) to rewrite J, in
its initial form. The left-hand side is thus the same than in, again by .
Since moreover the right-hand side is nonnegative (the test ¢ being nonnegative in
our considerations), we already have and the proof is complete. O

With Theorem [ at hand, we can establish the equivalence between entropy and
kinetic solutions by following standard arguments from [40} [4T] [19], [44]. Let us give
details for completeness. We will use Proposition whose proof is postponed to
Appendix [B] We will also use the two following lemmas.

Lemma 25. Let ug € L'(R?), assume that 7@ hold and suppose that the
function w € L>®(R; LY(R%)) N L>®°(R* x RY) is a kinetic solution of (I). The
associated measures then satisfy supp(m + n) C {essinfu < & < esssupu}.

Proof. If £ ¢ [essinfu,esssupu], x(§;u) = 0 by and thus J¢(m +n) = 0 in
D'((0,00) x R x (R \ [essinfu,esssupu])) by the first line of (26]). The result
follows from and the last line of . (|

Lemma 26. Let f@ hold and consider an entropy solution u of with initial
data ug € L*NL>®(R®). Then the associated nonlocal dissipation measure n belongs
to the space L'(RT x R4t+1),

Note that this is the rigorous justification of Remark [7}

Proof. Consider S(u) = “72 which is integrable in . Take associated nonlinearities
vanishing at zero so that n(u) and 8(u) are also integrable in z. Consider the test
function ¢y (t)¢(x/M) in with 0 < ¢, € D(]0,00)) pointwise converging to 1
as k — oo, such that ¢} < 0, and with 0 < ¢ € D(R?) such that ¢(0) = 1. The

limit M — oo implies that

/ S(uo(2)) o (0) do > / / S"(€)nlt, . €) i (t) dt da de,

R4 0 Rd+1



16 N. ALIBAUD, B. ANDREIANOV, AND A. OUEDRAOGO

thanks to the fact that S(u)g} = u?¢},/2 < 0, to Lemma |35 in appendix and to
Fatou’s lemma. Since S” = 1, the limit & — oo completes the proof.
O

We will finally need a classical density result recalled below.

Lemma 27. Let ¢ € D((0,00) xR4*1) be nonnegative. Then it can be approvimated
(for the topology of D) by functions of the form

N
i=1
for some integer N and nonnegative p; € D((0,00) x R?) and ¢; € D(R¢).

The property can be obtained by mollifying ¢ = ¢(¢,z,§) with an approximate
unit of the form p. (¢, x)0.(£) and discretizing the convolutions.

Proof of Theorem[13, Assume first that v € L°(R*; L}(R?)) N L2 (R*T x RY) is a
kinetic solution and let us show that it is an entropy solution. Recall that x(&;u) =0
if £ ¢ [essinf u, esssup u] and note that x(& up) = 0 as well by the middle line of
(26). By Lemma we can then choose test functions in of the form

(t,2,8) = o(t,2)5'(€),

with ¢ € D(R; x R?) and S € C°(R¢) convex, up to modifying S for large |¢|.
Using in addition the identity , we deduce that

// u)Opp +n(u) - Vo — B(u)gle]) dt dx

/ / 0)s +1(0) - Voo — B(0)gli]) dit dax

0 Re
+ / S(up(x))e(0, x) dxf/S(O)go(O x)dx
_ / / S7(E) (m + n)(t, @, )p(t, x) dt da dE.
0 Rd+1

Noticing that the sum of the second and fourth integrals of the left-hand side is
zero, we obtain for smooth entropies. But, it is clear that S can be chosen
merely C? by an approximation procedure.

Conversely, assume that u is an entropy solution and let us show that it is
a kinetic one. We use the reformulation of Proposition |11} Since we have
u € C([0,00); LY(R?)) with u(0,-) = ug(+) by Theoreml, we already know that

lim [|u(t, ) — uo()|| L1 ey = 0.
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Let us now construct m as the distribution

(37) m(t,xz,§) =
¢
/ (Dex(Gu) + F'(C) - Vax(Gu) + A'(Q)gz[x (G u)]) dC — n(t, x, §).

The integral is well defined in D’((0,00) x R4t1) since x(&;u) = 0 if € < essinf u.
The distribution m is thus well defined since n € L*(R* x R4*1) by Lemma It
satisfies the equation in by construction and it only remains to show the other
conditions of Proposition Let us first show that

(38) supp(m) C {(¢,z,&) : essinfu < & < esssupu}.
Firstly, it is immediate from that

supp(n) C {(t,x,&) : essinfu < & < esssupu}.
Secondly, implies that for any locally Lipschitz S(-),

S
' ) | S(u)—S(0) if &> esssupu,
_/ SOx(Gu)de = {0 if € < essinf u.

Taking these facts into account in with S as the identity, F' and A, we find
that
0w+ Vi F(u) + gz[A(w)] — (VL F(0) + g.[A(0)]) if € > esssupu,
m= =0
0 if £ < essinfu.

But, the remaining term of the right-hand side equals zero thanks to the weak
formulation of (T), see [20]. This completes the proof of (B38).
The test functions of Equation can thus also be taken of the form

(t,2,8) = o(t, 2)S"(8),

for any 0 < ¢ € D((0,00) x R?) and S € C°°(R¢) convex, up to modifying S for
large |£]. This gives us that

(m, pS")pr p

- / X(E) (S'(E)0p + (S'F)(€) - Voo — (S'A)(E)gli)) dt d d

- [ [ s"©nttn et dtdvag,

0 Rd+1
where we recognize the terms in again by . Hence
<ma QOSN>'D','D Z 07

for such ¢ = (¢, z) and S = S(§), which implies that m is a nonnegative Radon
measure on (0, 00) x R*! by the density claim of Lemma To conclude, we need
the result below.
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Lemma 28. The measure m thus constructed on (0,00) x R satisfies, for almost
every £ € R,

[ee]
[ [+ iaedas < vie)
0 Rd
(in the sense of (25)) where
v(€) = l(uo — &) Lesollnrray + (w0 — €)™ Lecoll 1 (ray
is such that v € LY (Re).

Let us admit it for a while and complete the proof of Theorem Extending
m on [0, oo) x R by m({t = 0}) := 0, we obtain a Radon measure such that
157 Jza f (m+n)dtdzdé < oo, for any R > 0. The last condition of (26] follows
from the domlnated convergence theorem. The proof is complete. [

Let us now prove the preceding lemma.

Proof of Lemma[28 Recall that before admitting Lemma u was an entropy
solution of (1) and 0 < m € ML _((0,00) x R¥*1) was such that and hold.
For any to > 0, 0 < ¢ € D((0,00) x RY) and S € C*(R¢) convex, we thus have

oo

/ / (€ u) (F/(€) - Vg — A'(€)galiol) dt du e
to Rd+1
//S 8t<pdtdl‘+ / S to, to, )d
to R4 Ri+1

- / / S"(€)(m + n)(t, 2, €)p(t, ) di d de.
to Rd+1

As previously, we choose ¢(t, x) := ¢k (t)d(x/M) with ¢ nonincreasing on [tg, 00),
pointwise converging to 1 as k — oo, 0 < ¢ € D(R?), and ¢(0) = 1. Then for any
S > 0 with S(0) = 0, the successive limits M,k — oo imply that

/S (to, = dx>//S” (m +n)(t, z, &) dt dz d,

to Rd+1

thanks again to the fact that S(u)¢) < 0, Lemma and Fatou’s lemma. Now
considering any arbitrarily given 0 < ¢ € D(R), we can take

- / {(€=OF1eso+ (€= Q) Lewo p ¥(€) dC
R

because it is convex, zero at zero, and nonnegative. Hence

(oo}

/ B(E) (m + ) (t, . €) dt dac d

to Rd+1

< / {(ulto, ®) — O Leso + (ulto, ) — O Lo} 9(C) do dC

Rd+1
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which is the desired result for the initial time ty. We get the result as ty | 0 by
recalling that u(tg, ) — ug(-) in L*(R9), see Theorem O

5. UNIQUENESS AND L' CONTRACTION FOR KINETIC SOLUTIONS

This section and the next one are devoted to the proof of Theorem Here
we focus on the L' contraction principle that we restate below for the reader’s
convenience.

Theorem 29. Assume 7@ and let u and U be two kinetic solutions of with
respective initial data ug and g belonging to L*(R%). Then,
(40) Hu(t, ) — ﬂ(t, ')||L1(Rd) S HUQ — 110||L1(Rd) fO?” a.e. t Z 0.

As usually in the kinetic setting, we first give a formal proof which will be made
rigorous later by a regularization procedure.

We will follow the guidelines of [19] without needing to regularize in & similarly to
what is done in [44]. This simplification will be also possible in our setting roughly
speaking because the nonlocal dissipation measure is absolutely continuous.

5.1. A formal proof of uniqueness. During this formal proof of , u(t,x) is
often shortly denoted by u(x); this means that we abusively omit the time variable
if there is no confusion. Moreover, x(&; u(t, x)) is shortened to x(&;u) (as we did
many times already). Let now m, n, m and 7 be the measures associated to u and
u, respectively. Let us recall that n and n are given by 7 that is to say:

n(t,z,€) = / A+ 2)) — AE©) Leom (o uiosa En(z) dz,

(41) -
ﬁ(t7 Z, 5) = / |A(7:L(£U + Z)) - A(&)|]]-conv{ﬂ(z),ﬁ(ac+z)}(5)/1'(2) dz.
Rd

As in [19], we introduce the following microscopic contraction functional

(42) M(t,2,€) = (x(&ult, ) — x(&a(t, @)))°

and consider its derivative with respect to time:

. d
M(1) = / M(t,x,€) dx d€.
Rd+1

Having in mind the properties given in Lemma [I5] we see that on the one hand,

M(t) = / B {IX(E )| + IX(& )] — 2 (& wx(€ 3]} do d

Rd+1

- / sgn(€) (D (€ u) + Oy(€: @) da de

Rd+1

2 [ (@ a(E ) + x(& Do(E ) dedg
Rd+1
and on the other hand,
d

M(t) = %”u(tv ) = a(t, )| ray-
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So we reach to if we get the property M(t) < 0.
To do so, let us consider the equation of x(&;u) written in . Multiplying it

by sgn(€), we get
43)  Ox(&u)l + F'(€).Valx(&w)| + A(§)galIx(&w)[] = sgn(§) e (m + n).
In the same way, we have
(44)  Ox(&a)| + F'(€).Valx(&a)| + A/(§)galIx(& 0)[] = sgn(§)0e (m + 7).
Secondly, we multiply the equation of x(&;u) by x(&;@), and do similar computa-
tions for u, to get
(45)  x(&@)Ix(§u) + F'(€).x(§0) Vax(§u) + A ()X (& 1) ga[x (& )]

= x(& )0 (m +n).
and
(46)  x(&u)0x(§:0) + F'(§)-x(&w) Vax (& @) + A/(E)x (& u) gz [x (& )]

= x(&§u)0(m + 7).
Now we add the equalities and from which we subtract twice the sum of
those given in and . Then, after an integration over R*! we get

M(t) = / (sen(€) — 2x(€; 8)0e(m + n) di de

Rd+1
+ / (sen(€) — 2x(E; )0 (17 + 7) d dE
(47)
2 / A(E) {(x(E: ) g (€ )] + X(E0) g (& D))} dr
Rd+1

Notice that we have omitted several terms because - at least formally - they are
equal to zero, namely

FI(€) - Valx(&u)| dade = 0 = / F/(€) - Valx (€ @) da d,

Rd+1 Rd+1

as well as

/ FI(€) - (& )V 0) + X(E0) Vax (€ 1)} der

Rd+1

- / FI(6) - Valx(& w)x (& 1)) ddE = 0
Rd+1

and

/ A(€)gollx(Ew) ] drde = 0 = / A(€)gulIx(E )] de de.

Rd+1 Rd+1
All these equalities stem from the use of the Fubini theorem and from the fact
that, in a sense, the functions x(&,u) and x(§, @) vanish as [£] — oo due to their
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integrability. To get the last equality, we have also (formally) used Lemmal[l9] Now
it remains to show that

Li(t)+ LIx(t)+ Is(t) <0
in . For the first term, we use that
Ogsgn(§) =26(¢) and Oex(&a) =0(8) —0(§ — w).
We use similar (formal) calculations for the second term and infer that

Ii(t) + I2(t)
=2 / {(6(¢ —a(x))(m +n)(t,x,8) +6(§ — u(x))(m +n)(t, x, ) } dv df

Rd+1

<-2 [ (e ae)l Ao + 2) = A©) Leomtuterater o € nle) do da de

R2d+1
-2 / 8(& — u(x))[A(a(z + 2)) = A(E) Meonv{a(a).i(x+2)} (E)p(2) da dz dE,
R2d+1

thanks to the nonnegativity of the measures m, m and to explicit representations
(41) of the measures n, . After the integration in £, we get

Ii(t) + I2(t)
< -2 / |A (x))|ﬂﬁ(z)Econv{u(w),u(y)}/”'(x - y) dx dy
-2 / |A (x))|ﬂu(w)éconv{ﬁ(w),ﬂ(y)},u'(w - y) dx dya

where we have also (formally) changed the variables by = 4+ z — y and used the
symmetry pu(y — z) = p(z —y) in (6). We recognize the G-term of Lemma [23] and
thus infer that

L(t) + Io(t) < —2 / G(u(), uly), i), a(y))ue — y) de dy.
R2d

Further, we use Lemma [19] to rewrite the last term I5(¢) as follows:

B =2 [ A K& u@) - xEuw)
R2d+1
Ax(& ) = x(& aly))} ple — y) da dy dE.
We recognize the F-term of Lemma Hence
() =2 [ Fua),u(y). @), )t ) de dy
R2d
and finally M(t) = I,(t) + Io(t) + I3(t) < 0, since
F(u(@), u(y), u(z), a(y)) < G(u(z), uly), @(z), u(y)),

by Lemma This completes the formal proof of the L! contraction.
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5.2. Accurate uniqueness and L' contraction proof. Let us now give the
rigorous proof of Theorem For brevity, we set x = x(¢,z,£) = x(&u(t, x))
and do similarly for @. Next, we follow the regularization approach of [44] thus
considering € > 0 and some approximate unit

1 t) 1 T
pe(t,x) == —p1 | = | P2 (*) :
€ €) e €
with kernels satisfying

p1 € D((_LO))7 p2 € D(Rd)a
pr,p2 > 0and [pp1 = [pap2 =1
Given f € LL (Rt x R¥*1) (or M}

loc o), we denote its regularized version by

fe(t,l‘,f) = (f *pe)(ta$a§) = //pe(t — 5T = n)f(877]7§) deﬁ~
0 Rd
This can also write

fit.) = [ [ odos-mf+ st ndsdy
0 Re
(with the pushforward measure, cf. Remark . Note that the symbol ‘x’ denotes
the convolution in (x,t) without convoluting in £&. We then define

Me(t,2,8) :== [Xe| + [Xel — 2XeXes

48) M) = / Me(t,a,€) dude = ME(1) + MS(E) + M5(1),
Rd+1

where M{, M5 and Mg correspond to the contributions of the respective terms of
M¢(t,z,€) to the integral M®(t).

We shall see that this is a regularized version of the microscopic contraction
functional . Here is the main lemma that we will have to prove.

Lemma 30. Let the assumptions of Theorem [29 hold and let € > 0 be fized. Then,
we have M€ € C'([0,00)) with MS(t) <0 for all t > 0.

Let us admit this result for a while and complete the proof of Theorem [29] For
that, we argue as in [44]. For the sake of completeness, we provide details.

Proof of Theorem[29, Let us recall that
(49) x € L®°(RT; LY (R)) N L®°(RT x R4
by Remark It is standard that x. — x in LL ([0, 00); L' (R4H1)), as € | 0, while

loc

remaining bounded in L>(R*; L!(R4+1)) N L°(RT x R¥*!). Recalling then that

M(t,z,) = (x = X)* = x|+ [x] - 2xx
and
M(t) = / Mt 2, €) da dé = Jut, ) — (t, )| 1 gy,
Ra+1
we infer that M(-) is the limit of M*(+) in L] ([0, 0)). By Lemma
t >0 [lu(t,-) —a(t, )l L1 (ra)
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is essentially nondecreasing and we get by using that

lim [[u(t, -) = a(t, )ll 2 @) = lluo — voll 2 @e)-

Let us recall that the latter limit is a consequence of Proposition proved in
Appendix [B] This completes the proof of Theorem (I

Let us now establish Lemma Before, we need some technical results. The
two first ones work as in [44]. Let us give details for completeness.

Lemma 31. Let u € L= (R*; LY(R?)) and € > 0. Then
Xe € C([0,00); LY (R4T1)) N L°(RF x RIH)
and all its derivatives in (t,x) satisfy the same property.
The proof is immediate from since xe = X * Pe.
Corollary 32. Let u,i € L (R*; L}(RY)). Then M€ € C([0,00)) with

(50)  ME(t) = / sen(€) (Frxe + ko) dw dé — 2 / Oy ] dzde ¥t > 0.
Rd+1 Rd+1
Proof. By for almost every (t,x,&) there holds sgn(x(t,z,£)) = sgn(§); this

property is inherited by x., for all e > 0. Hence we have |x.| = sgn({)x. €
C([0,00); L*(R4*1)) with a time distribution derivative satisfying

Alxel = sa(©)dx. € C((0, 00); L RIH)),
For any ¢ € D((0,00)) and ¢ € D(R¥ 1), we thus have

|| oot gdizds =~ [ [ pote s drdre,

0 Rd+1 0 Rd+1

Since we know that x. and dyx. belong to L ([0,00); L*(R?*1)), we can take ¢ = 1
and find that

sen(€)dx. dede in D'((0,00)).

7 t— / [Xe| dx d€

Rd+1 Rd+1
This gives the contribution to of the term M = [ouy x| dw d€ from (48).
We argue in the same way for the terms M$5, M§ and justify in the sense of

distributions. In particular M¢ € C*(]0,00)) since the right-hand side of is
continuous by Lemma O

The next lemma is specific to nonlocal diffusions especially . It will allow
us to avoid regularization in ¢ during the whole proof of uniqueness, as mentioned
previously.

Lemma 33. Assume 7@ and u is a kinetic solution of (for some L' initial
data). Let m and n be the associated dissipation measures. Let € > 0 be fived.
Then:

(i) me+ne € W,m>2([0, 00) x RH1) and 9 (me +n.) € C([0,00); L*(R? x K), for
any compact K C Re,
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(ii) there exists ve € Co(Re) such that

/(me +ne)(t,x, &) de < v (),
Rd

foranyt >0 and £ € R,
(iii) and for any (t,x,&) € [0,00) x R+

(met (62,8 = [ [ |A(t+ 5,24 2 +0) = A)
0 R2d
. ]lconv{u(t+s,w+7]),u(t+s,w+z+7})}(f)pe(_s) _77):“(2) ds d?? dz

with the function 1 everywhere defined in .

Proof. First, let us prove that m. and n. and all their derivatives in (¢, z) belong
to L (R* x R¥+1). We have for instance

(Oyme, )1 D

=7 [ mtsn6) 7) [ et 0.t~ 50—y dtd | dsdn e,

0 Rd+1 0 Rd
for any ¢ € D((0,00) x R*1). By we deduce that
[(Oime, ©)p | < [|0pelloc [Vl oo ®) 0l L1 e+ xRA+1),

which proves that dym,. € L= (Rt x R*!). We argue the same way for the other
derivatives in (¢, z) of m. and n..
Now taking the convolution of the equation satisfied by x in gives

dixe + F'(§).Vaxe + A (§)gzlx] = O¢(me +ne) in D'((0,00) x Rd+1)-
We deduce that 9¢(me +mne) € LS. ([0,00) x R¥1), by what precedes, which proves

loc
the first part of . The second part is also immediate from the above equation
and Lemmas 31 and 211

Let us now prove . We use again to see that

/ (e + 1) (1,2, €)p(€) di dE

Rd+1
=/ / (m+n)(s,n,&) pe(t —s,x —mn) ©(&) dsdx dndg
N————™——
0 ke =p1((t=s)/e)pa((@—n)/)e1~"
<ol [oeyeteae,

R

for every ¢ > 0 and nonnegative ¢ € D(R¢). Setting C. := %, we infer

/(me +ne)(t,x, &) de < Cev(§),

Rd
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for almost every . We can replace the right-hand side by v. € Cy(R¢), if choosing
such a v, satisfying v, > C.v. This is the case if we take for instance

€]
ve(§) :== 20 / esssup v(() dr
€] ¢l=r
1€1/2

(recall that v € Li°(R¢)). The pointwise inequality in is then easily deduced
from Fatou’s lemma.

Let us finally prove . Only at this point, we use in passing the regularization
in £&. We consider a kernel § € D(R¢) that we assume to be nonnegative, even, and
such that f 0 = 1. Let us take the approximate unit

05(§) = %9 (g)

and define (me +n¢)s == (M +ne) *¢ 05. For each (¢, 2,€) € [0,00) x R4, we have

(e + )5t 2, €) = / / (m + 1) (5.7, Opelt — 5,2 — m)0s(€ — €) ds d d

0 Rd+1
o0

> / / n(t+ 5,2+ 1, + Cpe(—s, —1)05(C) ds di dC

://Ié(tax,f;sm,z)ﬂe(*&*W)M(Z)deUdZ,
0 R2d

where I stands for the expression

/ |A(U(t +s,z+z+ 77)) - A(§ + §)| ]lconv{u(t-i-s,m-l—n),u(t+s7w+z+77)}(f + C)GB(C) dC
R

Let us pass to the limit as ¢ | 0 in order to obtain . Note first that the left-hand
side always converges towards (m. + n.)(t,x,€) by the item ({if) established above.
As far as the right-hand side is concerned, we have

1(51% Is = |A(u(t +s,z+z+ 77)) - A(€)| ]lconv{u(tJrs,achn)7u(t+s7w+z+n)}(5)

for every fixed (s,n,z) € Rt x R??, taking into account the everywhere represen-
tation (18]). Indeed, this limit exists also for £ being an extremity of the interval,
1

in this case, the value 5 appears at the limit because the kernel ¢ is even. Fatou’s

lemma then completes the proof of . O
We are now ready to prove Lemma [30]

Proof of Lemma[30 Similarly to the formal computations, we will show that the

right-hand side of is nonnegative by integrating the equations in x. and Ye.

Recall that

(51) 8tXE + F/(g)'VIXE + A/(g)gz [Xe} = a&(me + ne)
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(with a similar equation for y.). Since the terms in F’(£) and A’(£) may not be
integrable in &, we need to truncate. This amounts to rewrite (50)) as

(52) Me(t) = lim { / / sen(E)dhxe — 2%.Dpxe) da de

R—o0
Rd —

/ / sgn(&)OeXe — 2X0eXe) dx d«f} vt > 0,
Rd —
and estimate the terms in brackets before passing to the limit. Note that the above
limit holds by Lemma [31] In the sequel € > 0 is fixed.

For any R > 0, each term of (51)) belongs to C([O ); LY(R? x (=R, R))) by
Lemmas and. In particular, we can integrate (51) in € R? and ¢ € (—R, R)
for any fixed t > 0. Proceeding so by previously multiplying by sgn(&) gives

(53) //sgn )Oexe dx dE = //sgn &)0e(me + ne) dx dE.

Rd —_ Rd —
Indeed, let us make precise that the contributions to this calculation from the
convection and the nonlocal diffusion terms in vanish, due to the integration
by parts in z. Its validity is justified, in particular, by Lemma [31] which gives us
enough regularity to apply : We get, e.g.,

/ / sgn(&)A'(€)ga[x.] dx dé = = / / {sgn()A'(€) —sgn(€)A'(€)}

Rd — de _

which indeed equals zero. Similarly, we use Lemma [31] and the Fubini theorem to

show that
/ / Sgn ViXedrd§ =0,

Rd —
see also [44]. Let us now integrate the right-hand side of ( in £ first. The
regularity in Lemma [33|f) justifies that for any ¢ > 0 and almost every x € RY,

R

/ sgn(&)0g (me + ne)(t, x, &) dé = —2(me + ne)(t, z,0) + Z(m6 +ne)(t,xz, £R).
—R +

Using Lemma [33|(ii) to bound the terms in +R after the integration in x, we con-
clude that for any ¢ > 0 and R > 0,

(54) //sgn V0uxe dar dE — —2/(m6+n6)(t 2,0) dz + og(1),
Rd — Rd

where o(1) — 0 as R — co. Note that og(1) depends on € but we do not need to
care about it since € is fixed up to the end.
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The computation in (54]) will serve us to bound the limiting right-hand side of

. Let us leave it aside for a while and do another computation that will be
needed. Now let us multiply by X. and integrate as before. We get

/ / oDy da de

Rd —
(55)
-/ / ROm+ n) dod — [ / A (€)%egalx] da € + R(u, )
Rd — Rd —
=: R( ) - JR( ) _R(u7u)7
where R(u, @) := — [pa f F'()XVaxedx dE. To compute the first integral, we
write that

o0 R
://(/Xt‘f‘Tx-i-@6)85(m6+n€)(tx§)d§>pe( T, —0) dr dx df
R

0 R2d

where we first integrate in . Recalling the definition of
Xt+72+0,)=x(&at+7,240))

given in and having in mind , we get that
Ia(t) = / /(me b o)t Ta(i(t + 7,2 + 0)))pe(—7, —0) dr da df
(56) 0 R2d
— /(me +ne)(t,x,0) dx

Rd

with the truncation function T(-) defined in (32). In this reasoning, the use of
is justified by Lemma . We can also split the right-hand side of in two
integrals since the last integral is finite by of the same lemma, which implies
that the first one is finite as well. Applying now the item , we deduce that

(57) In(t) > 1 - / (me +nd)(t,,0) dz,
Rd
I:= // / [A(u(t + s,z + 2z +1n)) — A(Tr(a(t + 1,2+ 0)))|
0 0 R4d

. ]]-TR(ﬁ(t+T,at+0))Econv{u(t+s,m+n),u(t+s,r+z+n)}
- pe(—8, =) pe(—7, —=0)pu(2) ds dr dx dn df dz.
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Let us rewrite I with the pushforward measure in (28], which amounts to change
the variables by (z,z + z) — (x,y). We get

/OO/OO/ u(t+s,y+mn) — A(Tr(a(t + 7,2 +0)))|
0 0 R4d

' HTR(ﬁ(t+T,m+9))€conv{u(t+s,z+n),u(t+s,y+n)}

pe(=8,=n)pe(—7, =0)u(x — y) ds d7 dx dy dn d
— [ [ ] 146) = ATl Vrgorccomstan

0 0 R4d

“pe(=s, =m)pe(=7, —0)p(x — y) ds dr dx dy dn db,

with the convenient notation

a:=u(t+s,x+n),
b:=u(t+s,y+n),
c:=u(t+7,x+96),
d:=a(t+ 7,y +0);

(58)

note that d will appear later when doing the same computations for @. Using in

addition ([34), we deduce from that

///ﬁ 2(5) — A(TR()] L e)cons (T (e) Tn (61}
0 0 ]R4d
(59) - pe(—8, =) pe(—T, =) u(x — y) ds dr dx dy dn df
- /(m6 + ne)(t, z,0) de.
]Rd

Let us now focus on the second integral in . Let us integrate it by parts as in
(29) which is again justified by Lemma We get

//A ) Dxe(t,2,€) = Xe(ts 1, )} DX (b2, €) — Xelt, 1, )}

de_
“p(x —y) da dy de.

After writing the formula of the convolution products, x. = x * p. and Y = X * pe,
and using the convenient notation , we obtain that

;////Al ) {x(& a) = x(&0)} {x(&0) — x(&d)}

0 0 R4d —R
- pe(—8, =) pe(—7, =0 p(x — y) ds dr da dy dn 6 dE.
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Applying , we infer that
Jr(t)

/ / / / A(€) [(& Tr(a)) — x(& Ta(®)} (x(€ Tr(©) — X(E Tr(d)}

0 R4d R
-pe(— =M pe(—=T, —0)pu(z — y) ds dr dx dy dn do dE.

Now substracting twice to , while taking into account the preceding lower
bound of Ig(t), we finally deduce that

R
(60) (sgn(§)rxe — 2XeOixe) dx d§ < 2R(u, @) + or(1)
1

///Pkpe 8, =n)pe(—7, —0)u(z — y) ds dr dx dy dn db,
0O 0 ]Rzld

o / A'() {x(E: Tr(a)) — X(& Tr (b))} {x(& Tr(e)) — x(& Ta(d))} d

= 2[|A(Tr(b)) — A(Tr(e)| Uy () cconv{Tr(a), Tr(b)}-
Inverting the roles of v and @, we get a similar estimate of the form

(61) // sgn(§)IiXe — 2xeOiXe) dv d§ < 2R (U, u) + or(1)

]Rd p—
+ Pk pe(_sa_n)pe(_Tv_e)M(x_y) dsdr dx dydUdH,
iy
. / A'() {x(E: Tr(a)) — X(& Tr(B)} {x(& Tr(e)) — x(& Ta(d))} de

R

= 2|A(Tr(d)) — A(Tr(a))| L1y (a)cconv{Tr(c). Tr(d)} -
We again recognize the F-term and G-term of Lemma if adding to ,
more precisely

Py + P, = 2F(Tg(a), Tr(b), Tr(c), Tr(d)) — 2G(Tr(a), Tr (), Tr(c), Tr(d))

which is nonnegative. Injecting the sum of and into then implies
that for any t > 0,

ME(t) < Jim {2R(u, @) + 2R (@, u) + or(1)}

where og(1) — 0 as R — oo and

R(u, @) + R4, u) = //F z [XeXe] dx d€ =0,

thanks to an integration by parts in z justified by Lemma [31} see also [44]. We get
that M<(t) < 0 and complete the proof. O
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6. EXISTENCE OF KINETIC SOLUTIONS

Let us now prove the existence part in Theorem that is to say the result
below. The complete proof of Theorem [13|is given just after.

Theorem 34. Let ug € L' (R?) and assume (@) -(6). Then there exists at least a
kinetic solution u of which belongs to C([0,00); L1 (R?)).

Theorem [34] can be proven from the kinetic approach without relying on entropy
solutions, in the spirit of [44]. However, in order to shorten the paper we will use
the known existence result for entropy solutions [20].

Proof of Theorem[3]. Let us define uf := Ty (ug) € L' N L=(RY), with the trun-
cation function of (32). We have uf — ug in L*(R?) as k — co. Let uy; be the
associated entropy solutions given by Theorem [3| By the L' contraction principle,

lur — uplleqor;nt mey) < lug — g L1 (ray,
for any T > 0 and integers k,p. This Cauchy sequence thus converges towards
some function v € C([0,00); L*(RY)) in C([0,T]; L' (R%)), for any T > 0, and
almost everywhere in R x R? (up to some subsequence). We will show that this
u is the desired kinetic solution.
By Theorem each uy is a kinetic solution with some measure m;, satisfying
the estimate of Lemma 28 Since

(Th(uo(z)) — &) F1aeso < (uo(z) — £)FLieo,

we deduce that for all integer k£ and almost any ¢ € R,

(62) //(mk +ng)(t, 2, &) dt de < v(€),

0 R4

with the same fixed v(£) = [[(uo — §) " Lesoll 1 ey + [ (w0 — €)™ Le<oll L1 (rey- By the
weak compactness of measures, there is some ¢ € ML _([0,00) x R4*!) such that

[ [ s niageta itz [ [ attogottn ) dedwag,

0 Rd+1 0 Rd+1

for any ¢ € C,(R%+?) (and up to another subsequence if necessary). This is suf-
ficient to pass to the limit in since x(&ur) — x(&u) in C([0,T); LY (REHL))
for any 7' > 0. But, we get the measure ¢ instead of m 4+ n at the right-hand side.
Nevertheless, we can rewrite ¢ as m + n, for some nonnegative measure m, if we
can prove that ¢ > n. Let us do so. For any 0 < ¢ € C.(R%+2),

(63) / /(mk—i-nk)(pdtda:dfz/ / nkgodtdxdfz/lk(z)u(z)dz,
0 Rd+1 0 Rd+1 Rd

Iu(z) = / / Aty 2 + 2)) — A Leoms us (oo (100017 (€) (s, €) dt dar d.

0 R+t =Qu(t,7,2,8)
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Recall that ug(t,z) — w(t,z) almost everywhere, let us say for (¢,x) ¢ N with
N C Rt x R negligible. For any z € RY, we thus have uy(t, 2 + z) — u(t,z + 2)
for any (¢,x) not in the negligible N — (0, z). Hence
klinolc Qk(ta Tz, 5) = ‘A(u(t7 T+ Z)) - A(g)|]1conv{u(t,:r),u(t,w+z)}(6)7
=:Q(t,x,2,§)
for any (t,z,¢) € RT x Rt such that (t,2) ¢ N U (N — (0,2)) and & # u(t, ).

We recognize the complementary of the graph of w; the latter has zero Lebesgue
measure in R x R4, Fatou’s lemma then implies that

o0

likminffk(z)zf / Q(t,z, 2,8t x, &) dtde dé Vz e RY.
—00
0 Rd+1

Applying again Fatou’s lemma to the right-hand side of (63)), we obtain ¢ > n. We
thus have reached all the conditions required in Definition [8] excepted , but the
latter is immediate from . |

Proof of Theorem[I3 Tt only remains to check the uniqueness of m. Note that the
equation in determines m for ¢ > 0, since u is unique. But, the last condition
of implies moreover that m({t = 0}) = 0. This completes the proof. O

APPENDIX A. PROOFs OF LEMMAS [I7], [I9] aAND [21]
Proof of Lemma[I7 The boundedness of g follows from the formula

(64) glf](x) = / (Flatz)—f(@)u(z) dot / / (1=r)V? f(at72)22u(z) dz dr.

|z[>r |z|<r O

The integration by parts formula follows, as r | 0, from the cutting

[ e+ a) = @@ e = [ fat ) dd:

[z|>r |z|>r
- [ s@e@ut) ded
|z|>r
and the changes of variables  + z — x and —z + z in the first integral. O

Proof of Lemma[19 We have

Lim = [ (fa+2) = f@)F () dodz

|z|>r
= / f(@) f(@)ul(z) dedz — / fl@+2) f(@)u(z) de dz
[z|>r |z|>r

- / (@) — F@) F@)ue — y) de dy,

lz—y|>r
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after having rewritten both the preceding integrals with the help of (28). We can
exchange the roles of x and y thus getting also

L= [ ()~ fe)uty - 2) ) d dy
le—y|>r  =—(f(z)=f(y))n(z—y)
Applying each of these formulas to half of I,., we get

L=5 [ U@ - 1w)F@ - f)ut -y dedy

lz—y|>r

Now we conclude by passing to the limit as r | 0. This is justified since

/ F(@) — F)IF@) — Fo)lute — v) de dy
/|f f+ 2)|F @) — fa+ o)) dedz (by (@)

< £ llwrr ey | Fllwr oo ety /(lZl A 2)(|z] A2)u(z) dz,
which is finite by . O

Proof of Lemma[2], Use Lemma [17] to show that g, [f] € C([0, 00); L' (R4T1)) and
Lemma (19| for the formula . O

APPENDIX B. PROOF OF ProOPOSITION [I1]

We follow the guidelines of [I9] [44]. Let us first give technical results.

Lemma 35. Let ¢, € C°(RY) and ¢ppr(z) := ¢(x/M). Then g[pare] — ¢(0)g[e]
pointwise as M — oo while being bounded uniformly in large M. In particular
glom] — 0 pointwise.

Proof. The uniform bound in large M holds since g : CZ(R?) — Cy,(R?) is bounded.
For the convergence, use to write

glérre — H0)e(@)
/ (Bare — B0)0) (& + 2) — (s — B(0)0)(@)| () dz + C / 2u(z) d
|z|>r |z|<r

with C' independent of » > 0 and large M, and let then M — oo and r | O
successively. O

We can then use test functions as below.

Lemma 36. Assume @)-(6) and v € L>°(RT; L' (R?)) is a kinetic solution of
(1) with initial data ug € L*(R?). Then, for any Lebesque point T of the locally
integrable function t € RT +— u(t) € L' and any ¢ € C{°(RY x R¢) compactly
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supported in &,
(65)

R’H'l Rd+1

/ (€0 (), €) i dE + / X(Ew) (F'(€) - Voo — A(€)gulio]) dt du de
0

- / (€ (T, x)) ol €) di dE + / / (. + ) (¢, 2, €)Dep (. €) dt e dE.

Rd+1 0 Rd+1

Proof. Take the test o (t)p(x/M)p(x,€) in where @i (t) :=1— fot px for some
standard mollifier p; = px(t) approximating 6(t = T') as k — oo, and ¢ € D(R?)
satisfies ¢(0) = 1. Let then k, M — oo successively by using Lemma [35| and the
dominated convergence theorem. O

Let us continue with standard results. The first one is the de La Vallée Poussin
criterion for weak compactness in L' (or equivalently weakly sequentially compact-
ness by Eberlian Smulian theorem), cf. e.g. [43] p. 19].

Lemma 37. For any ball B C R%, {ux}r C LY(B) is relatively weakly com-
pact if and only if there exists a nonnegative and conver function ® such that
limg| 00 % = oo and {®(uy)}x is bounded in L*(B).

To establish the strong convergence, we will argue on the weak-x limit of the
kinetic functions and the properties below will be needed.

Lemma 38. Let us assume that uxy — u in Ll (RY)-w and x(& ux(x)) — X(z,€)
in L= (R4 ~wx. Then:

(i) x € LY(B x R¢) for any ball B C R4,

(i) w(e) = [ X(.¢)dC and [ (%, ¢) — x(¢u()) d <0 for ace. (x,€),
(iii) ugx — @ strongly in Li (R?) when X = x(£;7).

loc

See [44] Lem 2.3.1] for the proof of (i), [44, Lem 2.3.3] for the first part of
and 7 and [44, Thm 2.2.1] for the second part of . We are now in position to
prove the time continuity of kinetic solutions at ¢ = 0 by reproducing the arguments
of [19, @4].

Proof of Proposition[11 Let ug € L*(R?), u € L®[R*;LY(R?)) and 0 < m €
M _([0,00) x R4*1) be such that holds. We have to prove that — (26),

loc
the difference being in the sense of the initial datum.

Claim = . This follows from a standard approximation procedure of
test functions in D([0,00) x R4*1) by test functions in D((0,00) x RI*L). The
details are left to the reader.

Claim (24) = ([6): Strong continuity in Li (R?). The main property to

establish is the second line of , on which we focus now. Consider an even,
nonnegative and strictly convex C°° function ® such that lim¢_ o % = 0o and
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J ®(up) < ooH We claim that for any Lebesgue point T' of t — u(t),

T

(66) /@(u(T,x))dx+/ / <I>”(§)(m+n)(t,x,§)dtda:d£:/(I)(uo)dac
J

R4 0 Rd+1

To prove this, take ¢(z,£) := ¢(z/M)({/R)P' (&) in with ¢ € D(R?) and
0 < ¢ € D(R) such that v is even, nonincreasing on R*, and ¢(0) = ¥(0) = 1.
Letting M — o0,

X (& uo () (§/R)'(§) d d€ = / X(&u(T, 2))(§/R)D' (&) dar dg

Rd+1 Rd+1

T
[ [ e mes o/ me (€ drdos

0 Rd+1

T

1 / /
JrRO/RZI (m +n)(t, z, &P (§/R)P'(§) dt dz dg,

thanks to Lemma [35| as well as and the dominated convergence theorem. To
continue, we need that to cancel the last integral as R — co. This will be the case
if v®' € LF(R) with v from . For this sake, it suffices to fix a smaller ® from
the begining, if necessary, in order to have also this property. Letting R — oo then
implies thanks to the monotone convergence theorem to handle all the other
terms.

Consider now Lebesgue points ¢ of t — w(t) such that ¢ | 0 as k — oo. By
and Lemma {ug = u(tg, ) }x is relatively weakly compact in L{ _(R?). Hence

up — U in Llloc(Rd)fw7 x(&up(z)) = x(z,§) in L‘X’(Rd'*'l)fuhk7

up to taking a subsequence if necessary. Taking eventually another subsequence,
[t a=mee) M=) w

thanks to . Letting T'=t; | 0 in implies that

X (€ o () ol €) dx dE = / X, €) (e, €) du de

Rd+1 Rd+1

+ [ mie.goc(s.€) dode,
Rd+1
that is x(x,&) — ({;uo( )) = dem(x,§). Since [p,m(x §) dr < v(§) € LP(R)
by stability of ( at the weak hmlt m(z,§) fg X(z,¢) — x(Guo(x))) dC

thanks to the 1tem (i) of Lemma The limit as £ — 400 then implies that
' x(z,¢) d¢ = up(z) and it follows that % = up and m < 0 by ({if). This nonnegative

1 Take e.g. a regular version of £ — Skt (€l =)™ where 3,5 f‘ |ug| < oo for some

fixedd=7r1 <7ro<...

ug >y
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measure is thus zero which implies that x(z, &) = x(&; uo(x)) and ux — ug strongly
in Llloc(Rd) by '

Claim = : Strong continuity in L'(R?). Let R > 0 be arbitrarily fixed
and let us prove that

(67) sup / |Tr(ur)|dx — 0 as M — oo,
kENIEIZM

with T from (32). Consider a regularization of d%\TR(fﬂ given by Sg * 65 where

Sr(0) =0,

sgn(§) for [£] < R,
Sgr(€) = {sen()(R+1-[¢) for R<[{] <R+1,
0 otherwise,

and 0 < 65 € D(R) is an approximate unit as § | 0. Note that
(68) || >Sgr(:) > |Tr(:)| and (Sr*05)" > =1 p_1_Rr)U(—R R+1) * b5
Now choose ¢(z,€) := ¢dpr(x)(Sg * 05) (§) in where ¢ (z) = ¢(a/M) with

0 f <1/2
o(x) = or || <1/2, and 0< ¢ <1 elsewhere.
1 for |z| > 1,

Doing this with T' = ¢, we infer that

ty

[ suxtstun)de+Ca [ [ &)l (V6u] + lgloa]) dedo g

> 2L 0 Ri+1
ty
> / S * 05 (u(ti, 7)) do + / / (4 ) (6,2, €)a () (S  05)"'(€) it dr dE,
|z|>M 0 Rd+1

for some Lipschitz constant Cr of F and A on the support of (Sg x 0s)’, thus
independent of small §. Letting 6 — 0 while using then implies that

/\TR(uk)|dx§ / lug| dx

|z|>M |z|> 2L
tr
+Cr IX(& W) (Vo + |g[oad]]) dt da dg
/]

+/ / / (m 4+ n) dt dz d€.
0 |z|>24 R<[§ISR+1
The claim is now obtained by using Lemma to cancel the penultimate

integral as M — oo, as well as and the dominated convergence theorem for
the last integral.

Conclusion. By and the previous LlloC convergence, Tr(ug) — Tr(uo)
in LY(RY) for any R > 0 up to a subsequence. Hence uy — wug in L'(R?) since
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limp_, o SUpPy fluk|>R lur| = 0 by (66). This completes the proof of the middle line

of . Since the first line is immediate and the last one is a consequence of ,
the whole proof is complete. ([l
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