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Abstract

We consider a convection-diffusion model with linear fractional diffusion in the sub-
critical range. We prove that the large time asymptotic behavior of the solution is given
by the unique entropy solution of the convective part of the equation. The proof is
based on suitable a-priori estimates, among which proving an Oleinik type inequality
plays a key role.
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1 Introduction and main results
We consider the convection diffusion equation
(CD) w(t, z) + (=A)2u(t, z) + (f(u))e =0 for t >0 and = € R,

where u : (0,00) x R = R, (—A)®/2 is the Fractional Laplacian operator of order o € (0,2) and
f(-) is a locally Lipschitz function whose prototype is f(s) = |s|9"'s/q with ¢ > 1. This model
has received considerable attention since the 1990s due to the interesting phenomena that appear:
there is a competition between the effects of the diffusion and convection terms. Depending on
the parameters o and ¢, the asymptotic behaviour is given by either the solution of the diffusion
equation:

(D) w(t, ) + (=A)*?u(t,z) =0 fort >0 and z € R,
or the convective one
(C) u(t,x) + (f(u)) =0 fort>0and z € R,

or by a self-similar solution of (CD) in a critical case. The classical case v = 2 has been analysed
for all ¢ > 1 in the quoted papers of Escobedo, Vazquez and Zuazua [1, 2] 3].

In the last twenty years there has been a great interest in models with nonlocal diffusion,
specially fractional diffusion since the fractional Laplacian (—A)"‘/ 2 is the infinitesimal generator
of a stable Levy process. There are many applications in physical sciences where models with
anomalous diffusion are needed, see the survey [4] for a description of possible applications, and
the lecture notes [5] for a presentation of recent models involving nonlocal diffusion.

We are interested in the large time asymptotic behavior of solutions to the initial value problem

w1 us(t, ) + (—=A)*?u(t,z) + (f(u), =0 fort>0and z € R,
1.1
u(0,2) = up(x) for z € R.

The critical case ¢ = « makes the difference in the asymptotic behavior since equation is
invariant by scaling uy(t,z) = Au(A*,Az), and admits self-similar solutions. In this case the
asymptotic behavior of the solutions is given by the self-similar solution with mass M (see [6]).
In the supercritical range a € (0,2), ¢ > 2 (in fact for any C?(R) function f with f(0) = 0) the
asymptotic behaviour is given by the fundamental with mass solution of the diffusion model (D)
(see [7]). We will provide more details in next section.

In this paper we consider the case a € (1,2) and the nonlinearity f(u) = |u/?"'u/q in the
subcritical range 1 < ¢ < «, which has been an open issue so far. The main result of this paper is
the following theorem.

Theorem 1.1. For any 1 < ¢ < a < 2, f(u) = [u|7 u/q and ug € L}(R) N L>®(R) nonnegative
there ezists a unique mild solution u € C([0,00), L1(R) N L*¥(R)) of system (1.1)). Moreover, for
any 1 < p < 00, solution u satisfies

(1.2) tim ¢107 2 u(t) = Une(8)] oy = 0,

t—o00



where M is the mass of the initial data and Uys is the unique entropy solution of the equation

ur + (f(u))y =0 fort>0andx € R,
(1.3)

Remark 1.2. We believe that the L°°-assumption on the initial data can be dropped. Through
the paper we will consider nonnegative solutions. The general case of changing sign solutions
can be analysed following the same arguments as in [8, Section 6]. We emphasise that since the
nonlinearity should be locally Lipschitz we should impose q > 1. Since we are interested in the
subcritical case where the convection is dominant we have to impose o > q and hence o should
belong to the interval (1,2).

An interesting phenomenon happens: the diffusion is dominant over the convection for o >
1, having a regularizing effect on the solution. However, in the asymptotic limit as time ¢t —
00, the solution approaches the unique entropy solution to the pure convective equation which is
discontinuous and develops shocks. This phenomenon has been established for the local case a = 2
by Escobedo, Vazquez and Zuazua in [I]. In this paper we prove that this behavior holds as long
as convection wins over diffusion, that is « > ¢. This is done using both parabolic and hyperbolic
arguments and dealing with the difficulties created by the nonlocal operator and the nonlinearity
of the convective term.

The organization of the paper is as follows. In Section [2] we give a panorama on previous results
on the model both in local and nonlocal cases. Also we provide a reminder on the diffusion equation
which will be useful throughout the paper. In Section |3| we are concerned with the existence and
main properties of solutions. Entropy and mild solutions are introduced. The key estimate is given
in Proposition where we show that for any «, ¢ € (1,2] and any initial data uniformly bounded
above and below by two positive constants, the solution of our problem satisfies an Oleinik type
inequality, (u9~1), < 1/t. We emphasize that this estimate does not require ¢ < a. In Section
we prove the asymptotic behavior of solutions given in Theorem

2 Preliminaries

2.1 Panorama: from local to nonlocal diffusion

We describe some of the results known so far for this convection-diffusion model. We try to cover
all the ranges of parameters and finally to better place our contribution in this field.
The general model is

ug(t, ) + Llu](t,x) +b-V(f(u)) =0 fort>0and z e RV,

2.1
2 u(0, ) = up(z) for z € RV,

where L is a Lévy type operator, a)(é) = a(&)0(§), whose symbol a is written in the form
(€)= ke + ) + [ (1 e % — Ly ).

Usually £ € RN, p is a positive semi-definite quadratic form on RY and II is a positive Radon
measure satisfying

/ min{|z|?, 1}1I(dz) < oo.
RN



Two particular cases are the Laplacian, £ = —A and £ = (—A)O‘/ 2 corresponding to k = 0,
w(€) =¢34, M =0and k=0, u(¢) =0, (dz) = |z| "V ~*dz respectively.

Local Diffusion. The local diffusion case has been intensively studied for linear diffusion u; —
Au+b-V(|u|9" u) = 0, see [3] for the supercritical and critical cases (¢ > 1+ 1/N in RY) and [I]
for the subcritical case 1 < ¢ < 2 in dimension N = 1. The subcritical case ¢ < 1 4+ 1/N in any
dimension N > 1 has been analysed in [2] for nonnegative solutions and for changing sign solutions
in [9].

Nonlocal Diffusion. There is always a competition between the diffusion, which is differentiable
of order «, and the convection terms having one derivative. This implies the consideration of
certain classes of solutions: entropy solutions, weak solutions, mild solutions. The study takes into
consideration the fractional order a, the nonlinearity f(u), the dimension N and the regularity of
the initial data ug.

Existence of solutions. For all ranges or parameters o € (0,2), ¢ > 1, the model admits a
unique entropy solution. More precisely, for a € (1,2) and f locally Lipshitz, the existence and
uniqueness of entropy solutions were proved by Droniou [10]. Then Alibaud [11] proved the same
for o € (0,2). Cifani and Jakobsen [12] proved the existence of entropy solutions for the degenerate
nonlinear nonlocal integral equation u; + (—A)*2A(u) 4 (f(u)), = 0 with a € (0,2) and developed
a numerical scheme that gives an idea of the asymptotic behavior of the solution.

The existence of entropy solutions for with merely bounded (possibly non-integrable) data
has been proved by Endal and Jakobsen [13]. If moreover f € C*°, o € (1,2) and ¢ > 1 then there
exists a unique mild solution with good regularity properties, see Droniou, Gallouet, Vovelle [14].

When the diffusion is smaller, a € (0, 1], the convection is dominant. Regularity is lost, since the
convection has the effect of shock formation. There is non-uniqueness of weak solutions, as proved
by Alibaud and Andreianov [I5]. However, uniqueness holds in the class of entropy solutions.

Asymptotic Behaviour. Concerning the asymptotic behavior of solutions there are previous
works in some ranges of exponents.

(i) Integrable data. When the data is ug € L'(RY) there are previous works in the critical
and supercritical cases. The critical case corresponds to ¢ = 1 + C“T_l when the equation
admits a unique self-similar solution U (¢, z) = t~N/*U(1, zt~V/*) with data U(0,z) = M§(z). The
asymptotic behavior u(t,x) — U(t,z) in LP(R)-norms, as ¢ — oo has been proved by Biler, Karch
and Woyczyniski [16]. In the supercritical case ¢ > 1+ aﬁl, a € (1,2), the diffusion is dominant and

then the asymptotic behavior is given by Ct(_A)a/QUQ, the solution of the linear diffusion problem
U + (—A)*2U = 0 with data U(0, z) = ug(z) (see Biler, Karch and Woyczyniski [7]). Some results
in the one dimensional case were obtained by Biler, Funaki and Woyczyniski [6].

In this work we make a step further by describing the asymptotic behavior of mild solutions
in the subcritical case 1 < g < 1+ O‘Tfl and dimension one, that is 1 < ¢ < a < 2, for bounded
integrable data.

(ii) Step-like data. There is an interesting phenomenon when f(u) = u?/2, a € (1,2), sup-
plemented by a step-like initial datum approaching the constants ui, u_ < uy, as ¢ — Fo0,
respectively. In [I7] the authors study the one dimensional case and they prove that the limit
profile is given by a rarefaction wave, that is the unique entropy solution of the Riemann problem

u_, x <0,

wy + ww, = 0, w(O,m):{ wy >0

(iii) The case a € (0,1). When a € (0,1) the convection is negligible and the asymptotic
behavior is given by the solution of the diffusion problem @ This is proved in [18] for step-like
data, quadratic nonlinearity f(u) = u?/2 in 1-dimension. The 2-dimensional case has been analysed



by Karch, Pudelko and Xu [19]. The characterization depends on the fractional order o and the
direction b of the convective nonlinearity in (2.1)).

This analysis can be extended to more general nonlinearities f(u) and the result on the asymp-
totic behavior is the following:

Theorem 2.1. For any a € (0,1), ¢ > 1, f(u) = |[u|7 u/q and ug € L*(R) N L>=(R) there evists
a unique entropy solution u of system (L.1|). Moreover, for any 1 < p < oo, solution u satisfies

1 1
lim ¢507 2 |u(t) — U (1) 1oy = 0,

t—o00

where U is the unique weak solution of the equation

Up(t,z) + (=A)2U(t,x) =0 fort>0 and z € R,

U(0,x) = ug(x) forz e R.

Proof. The proof should follow as in [I8] by using the technique of approximation with a vanishing
viscosity term:
(ue)t + (_A)a/zue + (f(ue))m = eAu,.

Then, the asymptotic behavior is proved for this approximating problem. This method allows to
work with weak solutions. We could also work directly with entropy solutions as in this present
paper, but one should take into account the lack of regularity in x and consider a parabolic scaling
in A\. A detailed proof of these fact does not bring great novelty and we consider it is beyond the
purpose of this paper. O

Remarks. (i) There is a connection with Hamilton-Jacobi equations. By considering the inte-
grated solution v(t,x) = [ wu(t,y)dy, it follows that v(t,z) solves the equation v; + (=AY 2[v] +
%(vx)q = 0, which is a type of Hamilton-Jacobi equation with fractional diffusion. The problem
admits classical solutions when a € (1,2) ([20, 21]). For o = 1 this is related to drift-diffusion
equations ([22]).

(ii) There is a considerable interest in nonlocal equations with zero-order operators L[u] =
J xu — u, where J is a non-singular, integrable kernel. This is a quite different topic, since the
nonlocal operator does not provide any regularity for the solution, as it happens in the fractional
derivative case, and then other techniques must be used. When ¢ = 2, the first author considers
the model uy = J xu —u — (f(u)), in [8]. The asymptotic behavior is given by the solution of
. The case ¢ = 2 has been analyzed in [23]. There are situations when the convection is also
nonlocal, u; = J xu —u + G * f(u) — f(u). We refer to [24] for the supercritical case ¢ > 1+ 1/N
and [25] for the critical case ¢ = 1+ 1/N. However, for the subcritical case, i.e. ¢ < 2 in dimension
one, there are no results on the long time behavior of the solutions.

(iii) The case of nonlinear local diffusion also brings considerable difficulties, for instance for
porous-medium type diffusion and convection the model becomes u; = Au™ — (u?),. The third
parameter m of the nonlinearity changes the behaviour of the solution. For slow diffusion and slow
convection we refer to Laurencot and Simondon [26]. See [27] for fast convection 0 < ¢ < 1 and
slow diffusion m > 1. The asymptotics of both fractional and nonlinear diffusion plus convection
has not been considered as far as we know.

2.2 Reminder on linear fractional diffusion
We recall some useful results concerning the associated diffusion problem @, that is the Fractional

Heat Equation for 0 < a < 2. We consider the initial value problem

(2.2) Up(t, ) + (—A)2U(t,z) =0 for z € R and t > 0,
' U(0,2) = Up(xz) for z € R.



This problem has been widely studied and many results are known (see [28, 29] [30] for the prob-
abilistic point of view, [31] for a nice motivation of the model and the recent survey [32] for a
complete characterization). Some useful properties are proved in [14, Section 2]. For initial data
Up € L'(R) the solution of Problem has the integral representation

U(t,z) = (K(-) % Up)( /Kt x — 2)Up(z)dz,

where the kernel K has Fourier transform f{fé(g) = ¢ l€% If @ = 2, the function K7 is the
Gaussian heat kernel. We recall some detailed information on the behaviour of the kernel K*(x)
for 0 < a < 2. In the particular case o = 1, the kernel is explicit, given by the formula

K} (z) = Ct(|z)* +2)~1

Kernel Kf*(x) is the fundamental solution of Problem ({2.2)), that is K{*(x) solves the problem with
initial data Dirac delta dp. It is known ([30]) that the kernel Kf* has the self-similar form

K (x) =t Fy(|2[t™/),

for some profile function, Fi,(r). For any a € (0, 2) the profile Fy, is C*°(R), positive and decreasing
n (0,00), and behaves at infinity like F,(r) ~ 7~(1+%) Moreover, the solution of Problem (2.2)
behaves as time ¢ — oo as MK, where M = [, Up(x)dx is the total mass:

;(1,1) o
te\ PIU®, ) = MKP(C)ller) =0 as ¢ — oo.

See for instance [32] Theorem 6.3. Throughout the paper we will need the following time decay
estimates on the fractional derivatives of the kernel.

Lemma 2.2. For any a € (0,2), s > 0 and 1 < p < oo the kernel K satisfies the following
estimates for any positive t:

11
(23) HK?HLP(]R) ~ Kt E(l p)7
_lq_1y_ s
(2.4) IIDPE r@y S ¢ Fa-p-2
(2.5) H|D|saxK?HLP(R) < t‘é(l—%)—szl‘

We used the notation |D|* := (—A)*/2. The proof of these estimates is given in the Appendix.

3 Existence of solutions and main properties

3.1 Concept of solution: entropy and mild solutions

We now recall some classical results for systems (1.1)) and ([1.3]). In the case of the conservation law
(1.3) the entropy formulation is as follows.

Definition 3.1. By an entropy solution of system (1.3) we mean a function
w € L>((0,00), LY(R)) N L>®((7,00) x R), V7 € (0, 0)

such that:



C1) For every constant k € R and ¢ € C°((0,00) x R), ¢ >0, the following inequality holds

/OOO/R (|w - k% + sgn(w — k)(f(w) — f(k:))g—i)dxdt > 0.

C2) For any bounded continuous function 1

lim ess/ w(t, z)Y(x)dx = M(0).
t}0 R

The existence of a unique entropy solution of system (|1.3)), as well as its properties were deeply
analysed in [33]. System (1.3) has an unique entropy solution Ups, see [33, Section 2], which is
given by the N-wave profile

Uae(t,2) = (x/t)a1, 0<x<r(t),

0, otherwise,

—1
with r(t) = (q%l)% Mla—D/ag1/a.
Let us first recall the representation of the fractional Laplacian in [20]. For any a € (0,2): there

exists a positive constant c¢(a) such that for all ¢ € CZ2(R), all r > 0 and all x € R the following
holds

(31 [(8)"20)(0) = —e) [ A e [ § plotz) —ola) —ola)z,

e l2[Te |21

Using this representation, we introduce, according to [I1], the following definition of the entropy

solution for system (|1.1)).

Definition 3.2. ([I1]) Let up € L>®(R). We define an entropy solution of Problem (1.1 as a
function u € L*((0,00) x R) and such that for all r > 0, all non-negative ¢ € C°([0,00) x R), all
smooth convex functions n: R — R and all ¢ such that ¢' =n'f', f(s) = |s|7's/q,

| [owone+ otwone)od
(a)/o /R/|Z|erll(u(t,x))/zlgr u(t’xTZTI)J;u(t’x)cp(t,x)dzd:de
+c(a) /OOO/R/|Z|<Tn(u(t,x))‘P(t’””+Z) _|f|§’if)_9”/(t’x)zdzdmt

+/Rn(u0)<p(0,x)dx > 0.

Remark 3.3. In the above definition it is sufficient to consider the particular entropy-flux pairs,
ne(s) = |s — k|, or(s) = sgu(s — k)(f(s) — f(k)), for any real number k.

For any ugp € L>*(R) and f : R — R locally Lipschitz there exists a unique entropy solution
of Problem ([.I). Entropy solutions belong to C([0,00), L} (R)). If ug € L*(R) N L>(R), then so
does u(t), for all t > 0 and u € C([0, 00), L' (R)). All these properties have been proved in [T4} [I1].
The existence of a solution is proved by using an argument based on a splitting time.

In [14], for a € (1,2), and [II] for 0 < o < 1, the authors prove that the entropy solutions in
the sense of Definition are solutions in the sense of distributions. Moreover when a € (1,2),

Droniou [I4] proved that this weak solution is the unique mild solution in the sense of Definition

34 below.



Definition 3.4. We say that u(t,z) : (0,00) X R — R is a mild solution of Problem (1.1)) if

u(t, r) = (K?*Uo)(w)Jr/O (K o)z % f(u)(o, z)do,

forallz e R, t > 0.
The existence and regularity of the mild solution are given in the following Proposition.

Proposition 3.5. For any ug € L>®(R) there exists a unique global mild solution u of Problem

. Moreover it satisfies

(i) inf ug < u(t,z) < supuyp.

(i) If ug € L*(R) N L>(R) then u(t) € C([0,+00) : LY(R) N L®(R)) and [[u(t)]l1w) < [luoll 12 (r)-
(#i) For any s < a+min{a, ¢} —1 and 1 < p < oo solution u satisfies uy € C((0,00), LP(R)) and
u € C((0,00), H*P(R)).

Remark 3.6. Since a + min{a,q} — 1 > 1 we have for any t > 0 that uy(t) € LP(R) for any
1 < p < 00. Moreover for any t > 0, the map x — u(t,x) is continuous. The last property also
guarantees that various integrations by parts used in the paper are allowed.

Proof. The global existence, uniqueness and the first two properties are proved in [14]. We now
prove property (iii). Let us fix T' > 0. We first remark that since u € C([0,T], L*(R) N L**(R)) we
have that f(u) = |u|?"!u/q belongs to the same space.

Step 1. We first prove that we gain some regularity for u, u € C([0,T], H¥P(R)) for any 0 <
s<a—land 1 <p<oo. Let 0 < s <a—1. We have

t
|DPu(t) = |D]° K * ug +/ |DI°0, K, * f(u(o))do.
0

Using the decay of the s derivative of Kf* in (2.4), (2.5) and that 0 < s < a — 1 we find that for
any 1 < p < oo the following holds for any ¢t € [0,7T:

t
DI w(®) ey < (1D EF |1y llwoll e r) +/O 1D 0u K7 o || L1 (w1 f (w(0) | Lo () do
t
<t a +/ (t—o) ado=ta(l+ta)<ta.
0

Step I1. In order to extend the range of s we first recall the chain rule for fractional derivatives
(see [34, Prop. 5 (a)], [35, Prop. 3.1]). For any 0 < s < 1 and F' € C'(R) the following inequality
holds

(3.2) 1D F ()]l Loy S I1F (W)l Lo ) 1 DIl Loz (m)

where 1 < p, p2 < 00, 1<p1§ooand}%:pil+pi2.
Let us now choose two positive numbers s; and sy such that s1 < a— 1, so < 1 and denote
s = s1 + s3. Applying estimate (3.2) to F(u) = |u|9"'u € C*(R) with p; = 0o, p = pa, we obtain

t
D u(®)llzr@) < DKl L1 @) luoll e +/0 1D 0x K- g || 1y 1|12 f (w(@)) || oy dr

s1+1

o 1D u(o) || e (w)-

t
5t‘3+/(t—0)—
0



Assuming that [||D|*2u(t)||rrmr) < t forall t € [0,7] we obtain that for any s < a — 14 s9 we
have

~

t s s s
DUl S5+ [ (—0) o Fdo S5, vie 0.1
0

Repeating the above argument and using Step I we obtain that for any s € (0,«) and any
p € (1,00) we have u € H*P(R) and

DI u(t)l| przy St™a, ¥ Ee[0,T).
Moreover, using the properties of the Hilbert transform we also obtain for any s € (1,a — 1) and

any p € (1,00)
11D e ()| oy S T2, ¥t € [0,T].

Step III. Let us now consider the case s > a. We write the equation for u,:
t
uz(t) = (K) g * ug +/ Op (K o) * f'(u)uy(o)do.
0
Let us consider s = s1 + s2 with 0 < s; < a—1 and 0 < s3 < min{«, ¢} — 1. Thus
D12y (1) | Loy < (1D 200 Kt | 11wy lluo]| o r)

t
+ / DI 00 Ko 11 o I D12 (F ()1t | oy

_st1 t _lts s
S [ =) DI ) L e
Leibniz’s rule ([34, Th. 3], [35, Prop. 3.3]) gives us that

D12 (f (wyua)llp S WD (W)l 1z llps + 11017 wallg) 1 () g,

where ]% = p% + p% = q% + q% and 1 < p1,q1 < 00, 1 < p2,q2 < 0o (Th. 3 in [34] allows the case

p2 = g2 = 00). Choosing ¢1 = p, g2 = 0o we obtain

s+

1
DI 2 un (Ol oy S ¢+ + D+ I,

where
1+sq

112/0 (t = o)™ |IIDI> f'(w)(0) Ipy 1tz () |p.do

and

t _1+sl
2= /0 (t — o) o [[[DI*uz (o) Ipll £ (u(e)) [l o do
For ss < o — 1, using Step II, we have

71+51 71+52

t
IQS/(t—U) a0 ardo ~ T
0

s+1 _s+1
a < t «
~

It remains to estimate the first terrr%. For u, we use the estimates from the previous step since
1 < « to obtain that ||ug(o)|lp, < o~ a. For the term |D|*2 f'(u) we use the fact that f/(u) = glu|?™?
is Holder continuous of order ¢ — 1 so for s, 5 satisfying

52
q—1

O<so<qg—1<1, 0< < B <1,



we have [36, Proposition A.1]

_ —1-52
D12 )" lpy < WD all32/P 1l "7 g

S
T
where ) ]
S9 59
Tom 10 sy
p1 2B T3 (q—1)B
Choosing rg large enough such that

(a1 -7) =1

the last condition is satisfied and moreover the term H|u]q_1_?2\|r3 is uniformly bounded since
u € L'(R) N L=(R). On the other hand for 8 < 1 we have estimates on the term |D|%u in the
L™ (R)-norm, ro > 1, obtained previously. This gives us that

1+

t 71+51 s t _ N s
I < / (t— o) "= 1D £ () [ 1 (0) s < / (t — o) "5 D Pu(0) 1228 uw (0) pndr

t 1+s __Bs2 t 1+s so+1
g/(t—a) « o agaida,g/(t—a) a0 e do < oo
0 0
since 51 < a — 1 and s2 < min{a,q} — 1 < ¢ — 1. To do that we have to check that for fixed
p € (1,00), s2 € (0,g—1) and ¢ € (1,2) the following system has a solution (p1, 3,72, 73)
1 S9 1 59

p§p1<007*
p

S9 1
=——4 —, <B<l,(g—1)——=>—,r9>1.
1 PBro r3g-—1 ( )

B 13

In order to show the existence of 3,73, r3, p1 which solves the above system we proceed as follows:
Given sy € (0,q — 1) let us choose § such that

S2
q—1

< B <1

We now choose 7o > 2p and r3 such that

1
T3 2 max{2p, q—l—SQ} .
B

1 s 1 _g—1 1 _1 1
— =2 < e
p1 fBro 13 T2 r3 T Ty T3

Thus we choose p; such that

The choice of ro and r3 guarantees that p; > p.

As a consequence of the above estimates for any so < min{q,a} — 1 we can always make such
a choice. Then we obtain that u € H*P for any s <1+ a — 1+ min{g,a} — 1 = a+ min{q,a} — 1
and 1 < p < o0. O

Proposition 3.7. Assuming that the initial data is positive and bounded 0 < € < ug < M then the
unique mild solution of Problem satisfies

(i) u(t, ) is also positive and bounded with € < u(t) < M, for all x € R.

(1t) u € Cp°((0,00) x R).

Proof. Using the maximum principle in Proposition we have that e < u(t) < M for all ¢t > 0.
This gives us that the nonlinearity f(s) = s?/q belongs to C*°(e, M) and then the results of [14,
Proposition 5.1, Theorem 5.2] guarantee that v € C;°((0,00) x R). O
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3.2 Smooth approximate solutions

Some of the estimates we need to prove in this paper require positive solutions. This is why
we proceed by considering approximating the problem with positive data which, thanks to the
maximum principle, also admits positive solutions. We will prove the necessary estimates for the
approximating problem and then pass to the limit. Let ug € L°°(R) nonnegative be the initial data
of Problem . We consider the following approximating problem

(ue)e(t, ©) + (—A)2uc(t,z) + |uc|9 (u)y =0 for t >0 and = € R,
(Pe)
ue(0,2) = up(x) for x € R,

where ug . is an approximation of wug.

Lemma 3.8. Let u be the solution of Problem (1.1)) with initial data uy > 0 and let u. be the
solution of Problem with initial data uoe = ug + €. Then for every T'> 0 we have

(33) ||u€ — UHC([(LT];LOO(R)) —0 as €—0.

Proof. Proposition shows that there exists a unique mild solution of Problem with u. €
Ce((0,00) x R) and € < we(t, z) < |lug| poo(m) + € for all x € R, ¢ > 0.

For ug > 0 the maximum principle in Proposition guarantees that u the solution of system
is also nonnegative. Let us choose € < [[ugl|roc(r) and A = 2|ugl[ oo (k). The result follows
from the fact that f(s) = s?/q is Lipschitz on [0, A] and the use of Fractional Gronwall Lemma [37,
Lemma 2.4]. Indeed, using the mild formulation we find that

u(t) = ue(t) = Ky (uo — uo,e) + / (K73)e s+ (f(u(s)) = f(uc(s)))ds.

0
Then

t
w(t) = ue)|l Loy < 1K 21wy w0 — vo,ell oo () +/O K sl w1 f (u(s)) — f(ue(s) || ooy ds
t
<et ch—l/ (t— 8) & Ju(s) — ue(s)]| g ryds.
0

Since o > 1 we can apply Fractional Gronwall Lemma [37, Lemma 2.4] to obtain that for any 7" > 0
there exists a positive constant C(T") such that

[u(t) = ue(t)|| L) < €C(T), Vtel0,T].

This finishes the proof.

3.3 Hyperbolic estimates for (P,

For any € > 0 we now consider initial data in Problem a function wug such that € < g <m
and let ue be the solution of Problem . The following is the key estimate towards the proof of
the asymptotic result.

Proposition 3.9. Let 1 < q,a < 2. For any € > 0 solution ue of Problem satisfies the Oleinik
type estimate:

—_

(3.4) (ud™ 1), (t,z) < e vVt >0,z €R.

11



Remark 3.10. We emphasize here that the result holds for all q, o € (1,2] without the assumption
q < a. When a =2 this estimate has been obtained in [1]. A similar result has been proved in [15]
when o € (0,1) and g = 2 for the regularised equation

w + (—A) %0+ [u)T iy — eugy = 0.

We are not able to use the barrier method as in [15]. The difficulty comes from the fact that one
should prove that for a suitable function, i.e. ®(x) = (1 + 22)7, the term

Alw, z) = =(2 = @u(=2)*[ ] + 2(-2)**[ )]

satisfies z~(FFD (¢, 2) A(®(2), 2(t,x)) > —C, for all z € R and t > 0 where z is a C5°((0,00) x R)
function and B = 2_;'11 > 0. Observe that in the case ¢ = 2 we have B = 0, A(w,2) = (—=A)*?w
and the required estimate holds by choosing v suitably.

Proof. We consider a € (1,2) since the case a = 2 has been treated in [I]. Let z(t,z) = (uc)9 (¢, z).
For simplicity we will not make explicit the dependence on €. Then z € C;°((0,00) x R) and

R a/2 L —
2+ (g—1)z a1 (=A)¥?[za-1] + 2z, = 0.
Let w(t,x) = 2z.(t,z). Then w € C;°((0,00) x R) and it verifies
w + w? + 2wy + z_ﬂ_lA(w, z) = 0.

We continue as in [§] following some ideas from [14} [38]. Let us denote W (t) = sup,cp w(t, x).
Since z is CF((0,00) x R) using the same arguments as in [38, Th. 1.18] we have that W is locally
Lipschitz. In particular W is absolutely continuous so differentiable almost everywhere. We now
differentiate W (t) for ¢ > 0 and obtain the equation it satisfies. Let us choose 0 < s < t. We use
Taylor’s expansion in the time variable ¢:

w(t,z) < w(t —s,z) 4+ swi(t,z) + Cs? < W(t — ) + swy(t, z) + Cs>.
It follows that
(3.5) w(t,z) + s(wQ(t7 z) + 2w (t, x) + 2 P71, 2) A(w(t, x), 2(t, x))) <W(t—s)+ Cs%

Let us fix ¢ > 0 and consider the points z,, such that w(z,,t) = W(t) — 1/n. Following [38,
Lemma 1.17] we have

lim w,(t,z,) — 0.
n—0o0

Moreover, since the sequence (z(t,zp))n>1 is bounded we can assume that, up to a subsequence,
z(t, zn) — p(t) for some function p(t) € [e, m].
Now we evaluate at the point x = z,,. Letting n — oo we can easily see that, up to a
subsequence,
w(t, ) + s(w(t, ) + 2we(t, 2,)) — W(t) + sW2(2).

We claim that up to a subsequence
(3.6) A(w(t,xn), z(t, ) = W(t)L,(t) — o(1)

for some bounded non-negative sequence I,,(t). This implies that, up to a subsequence, I,(t) — q(t)
where ¢(t) > 0. This implies that inequality (3.5 becomes

W(t) + s(W2(t) + p" TP (1) q(t)W (1)) < W (t — s) + Cs™.

12



Letting s — 0 we obtain that for a.e. ¢ > 0, W satisfies
W'(t) + W2(t) + p" P (H)g()W (t) < 0.

Now it follows classically that W satisfies
1
max{W(t),0} < . Vit>0.

To finish the proof it remains to prove claim (3.6). To do that, we use representation (3.1]) with
suitable r = r,, depending on x,, that will be specified latter. Using that 8/(5+1) = 2 — ¢ we write
A(w, z) as follow

A(w(z), 2(2))/c(a)

o w2ty - Pu) -~y
B ( /|y>r ’y|a+1 a ( )/y|<7" |y|a+1 Ay

P / Platy) — ),
ly[>r

b yl*!
B Pz +y) — 2P (2) — y(2PHh) ()

+ 5+1w($) /y|<r ‘y|oz+l dy

_ () | B (@t y) ’ dy

= o [ G+ S ) a2 2] it + RO,

where we have collected the integrals in the ball of radius r in the reminder term R. It is easy to
evaluate each integral in R and prove that

|R(t,w, 2)| S 727 (| 2lloo | (2710)z2) oo + [[wlloo /| (27+azlloc) < Cle, B, 12(E)llcp @)™
Let us evaluate A(w, z) at the point © = x,,. Using that w(¢, x,) = W(t) — 1/n we obtain

A(w(t, zy), z(t, x,))

Pt w,) BTt +y)
< /|y>r [w(t’x") B+1 B+1

dy

) — w(t, z +y)2" (20 + )22, ﬂfn)} Tyt Crie

Pt x,) BT m, ) dy
- Wit -+ - —w(t, o + )27 (t, 20 + y)2(2n —Crt e
JLCIE—— ) .+ )P o+ )(e)|
_ 1/ Zﬁ+1($n) 525+1($n + y)) dy
nJiysr - B+1 B+1 y|o+
P a,) | Bt 4 y) dy |2(t)]5% "
> W (t y4n sy n _Bt;n+ t;n —0270[—700
> ()/|y|>r[ 511 51 ) = 2P (t zn + y)2(t, 2 )] et r e
C

=W(t) L, (2(t),r, xy) — Cri—o —

nr¢

Let us now choose r = 7, such that r,, — 0 and nr; — oo as n — oo. Lemma below shows
that I,,(t) = I(2(t), T, ) is well defined and is uniformly bounded. Moreover, Holder’s inequality
guarantees that I, () > 0. Hence

A(w(t, ), 2(t, zn) > W(t)L,(t) — o(1)

and claim (3.6)) is proved. The proof is now complete. O
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Lemma 3.11. Let z € C}(R) such that 0 < ¢ <z <m and a € (0,2], B > 0. Function

1 B dy
I(z,r,x :/ < P z) + 2P w4 y) — 2(2)2P (z + ) , r>0, zeR,
Gra)= [ (G @ e 0P e ) )

satisfies
2
‘I(Z, T, $)| < C(ﬁ? €, m)HZHCl}(R)

Proof. Observe that for any 8 > 0 we have 8t5! 41 — (34 1)t? ~ (t —1)2 as t ~ 1. Then the
following inequality holds

1Bt9T 4+ 1 — (B + 1)t < O(B) max{1,t*~ 1}t — 1]2, V¢ > 0.

Applying to t = z(z + y)/z(x) and integrating on y we obtain that

L sn B pn _ 5 ) dy
/y|>r(5+1 () + 2P x4 y) — z(x)2" (x + y) PES

1+8
_ 2
< e | |z<x+y>1+az<x>r N
ly|>r |y’
1
C@.cm(lellime | e+ e | )
Il L>°(R) ’y|oc 1 L 1 |y’a+1
The proof is now complete. O

3.4 Estimates for the solution of Problem (|1.1])

We will prove various estimates for the mild solution of Problem by using as the starting point
the estimate in Proposition We recall that u € C((0,00), H*P(R)) for any s < a +¢q — 1 and
1 < p < 00, according to Proposition Remark that and the regularity of u implies that
ue(t,x) — u(t,x) for all t > 0, x € R.

Lemma 3.12. Let u be the solution of Problem (1.1)) with nonnegative initial data ug € L*(R) N
L>®(R). Then the following estimates hold:

1. Mass conservation: [pu(t,z)de =M, Yt>O0.

1
2. Hyperbolic estimate: (ud™ 1) (t, ) < n for allt >0 in D'(R).

1/q
3. Upper bound: 0 < u(t,z) < <qlM> t1/a forallt >0, x €R.
q-—

4. Decay of the LP-norm, 1 < p < oco:
p—1

pg - _1(q_1
Hu(t,-)HLP(R) < <qil> . MqulJr%t q(l p) Vt>0.

2— 2
5. Decay of the spatial derivative: ug(t,x) < C(q)Mth_E forallt >0, a.e. z€R.
6. WHEL(R) estimate:

loc

_ 1/q
wp(t,2)|de < 2RC()M 7t a +2(—L M) Ve viso.
1
j2|<R
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7. Energy estimate: for every 0 <1 < T,

1 1 La g+l
O4/4 < u? Pl 1/ )
/ / (t,x)|*dxdt 2/R (r,z)dx < 5 (q—l) M«

Proof. The mass conservation follows from the construction of the entropy solution in [I4]. For the
second property we consider u. the solution of Problem with ug, = ug + €. Then by Lemma
8 we have that u.(t) — u(t) in L>°(R). This way we are able to pass to the limit estimate
in a distributional sense.

The regularity results obtained in Proposition show that u(t) is a continuous function for
any ¢t > 0. Estimate implies that

(3.7) wl Mt z) —ul(t,y) < 2, Vy<z, Vt>D0.

The proof of the third estimate follows as in [I] (see Lemma 1.2. page 48). Inequality 4 is a
consequence of the mass conservation and previous estimate.
Using the intermediate value theorem we obtain that

u(t.) = ultyy) = (w0 (1) = w0 (1) €,

for some £ between u(z) and u(y). Then according to (3.7)) for any y < x the following holds

1 2-q %
u(t,x) = u(t,y) < —[lu(t)]|7

Then using the upper bound from point we get

u(tax) — u(ta y) < C(q)ML;qt_z
rT—=y

Since w is differentiable a.e. we can let y — 0 we obtain the desired upper bounds for u,.
Denoting Br = (—R, R) and using that u € I/Vli’cl (R) we have

/ |ug (t, z)|dx = / uzdr —I—/ (—ug)dz
Bgr BRﬂ{ux>0} BRﬁ{um<O}
= 2/ ugdr + u(—R) — u(R)
BRﬂ{ux>0}
_ 1/q
<2RC()M 7t 71 +2 < a M> =1/,
q [R—
Multiplying equation (1.1)) by w and integrating by parts
2 a/4 2 _
2dt dx+/| ul*dr = 0.
The decay of the L?(R)-norm gives that

T 1/q
/ / [(—A) 2 dedt < ;/’U,Z(T)dx <q> e
T R R

The proof is now finished. O

IN
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4 Asymptotic behaviour

Let u be the unique mild solution to Problem (1.I)) with nonnegative data uy € L'(R) N L>(R)
obtained in Proposition In order to prove the asymptotic behaviour we perform the method
developed by Kamin and Vézquez in [39]. For every A > 0, we define the rescaled function

(4.1) ux(t, z) := Mu(A%, \z).
It follows that u) is a solution of the problem

(up) + A(=A)2[up] + (up)9  (up)z =0, z€R, t>0,
(Py)
ux(0,2) = Aug(Ax), z € R.

Using the properties obtained in Lemma and the definition of u) we obtain the following
uniform in A\ estimates for ).

Lemma 4.1. Let uy be the rescaled function defined by (4.1). Then the corresponding a-priori
estimates are true.

1. Mass conservation: [pux(t,x)dx =M, Vt>0,VY\>0.

p—1

) "o e (7)) vas 0, vp s 1

2. Decay of the LP-norm: |[ux(t, )| rr) < (ql
q—

3. WHY(R) estimate: for R > 0 we have

loc

2-q 2 q Va 4
/ |(up)zldz <2RC(q)M < t 4+2( M> ta.
Br qi

4. Energy estimate: for every 0 <7 <T and A >0

1 1 Y a1
/ / |(= Ay (t, ) Pdedt < = /ui(T, x)dx < = (q) Yt
2 Je AVES

In what follows we establish the results stated in Theorem by re-writing in an equivalent
manner the asymptotic behavior ((1.2). For 1 < p < co and t > 0 we will prove that

(4.2) lux(t,z) = Upm(t, o) pr)y = 0 as A — oo,

where Ups(t,x) is the solution to the purely convective equation (1.3)). We emphasize that it is
enough to prove (4.2)) only for some t = tg > 0.

Proof of Theorem[I.1. For the reader’s convenience we divide the proof according to the four-step
method developed in [39]. Let us consider 0 < 1 < ta < 0.

Step I. Compactness of family (u)) >0 in C([t1,t2], L (R)). Let Bg = (—R, R). We apply the
Aubin-Lions-Simon compactness argument [40] to the triple W' (Bg) — L?(Br) — H '(Bg).
Estimate (3]) in Lemma and the mass conservation give us that (u))x>g is uniformly bounded in

L>®((t1,t2) : WH(Bg)). Moreover, we can prove that (9yuy)x>1 is uniformly bounded in L?((t1,t2) :

16



H~1(Bg)). Indeed, let us choose ¢ € C.((0,00) x Br). We extend it with zero outside Bg. For
such ¢ and A > 1 we have

t2
/ /(u,\(t,x))tcp(t, x)dxdt‘ <
t1

t2
/ /u/\wtpta:dxdt' + N\
t1

t2
/ /ukgox (t,z d:cdt' + NI
t1

t2
/ / A2y )go(t,:v)dxdt’
t1

/:/ A ux](t, x) (- A)a/490(75,33)d:cdt'

< Nl 22 (e to):2®)) * 19 E2 (11 t2): 1 () +

to 1/2 to 1/2
we ([0 r<—A>a/4[uA1<t,m>|2dxdt) ([ [ -arrelatan)

t1 R t1 R
= w22t o) 22®)) ~ 10N L2 (01 o)1 () F

1/2

<x1 a/tl /\ A up](t, @) dmdt>1/2~ </:/R\(A)O‘/4[go](t,x)]2dxdt>

g—c
< Nulllza(er toy:r2my) - 19ll2n ta)m @y + A2 COML g, t) 100 L2 0):11072(RY)
< CWM, g, t)llell L2ty 1)1 (R))-
This gives us that
Il ieyn-1zay < CMra.ta), VAZ L.

Using classical compactness arguments, see for example [40], we deduce that (uy)y>1 is relatively
compact in C([t1,t2] : L?(Bg)). Therefore there exists U € C([t1,t2] : L?(Bg)) such that uy — U
in C([t1,t2] : L*(Bg)). By a diagonal argument we get that U € C([t1,t2] : L? (R)) and

(4.3) uy — U in C([t1,t2) : LE.(R)) as A — oc.
Step II. Tail control and convergence in C([t1,t], L'(R)). In view of (4.3) we obtain that
uy — U in C([t1,t2] : L}, (R)). In order to prove the convergence in C([t1, 2], L' (R)) we will prove

a uniform tail control of the functions (uy)x>o. More exactly, we prove that there exists a constant
C(M) such that

i~ ¢l/q
(4.4) / up(t, z)dr < / up(x)dx + C(M) —+— |, Vt>0.
|z[>2R |z[>R R R

In view of this estimate, classical arguments give us that

uy — U in C([ty,t2] : LY(R)) as X — oo.
Let us now prove estimate (4.4). Let ¢ € C?(R) be such that 0 < ¢ < 1, ¢ = 1 for |z| > 2,

vr =0 for |z| < 1. Let pr(z) = p(x/R). Multiplying equation (P,)) by ¢ and integrating by parts
we obtain

t t
/u,\(t)ngd:n:/u,\(())«dex—)\q_a/ /u,\(T,:p)(—A)O‘/2<dexd7'—|—/ /ug\(T,x)(goR)xda:dT
R R 0 JR 0o JR

=T+ I1T+1II.
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For A > 1 the first term satisfies

IS/ uA(O,az)dm:/ uo(x)dz S/ uo(z)dz.
|z|>R |z|>AR |z|>R

Using that ¢ € C2(R) and the homogeneity of (—A)*/2 we obtain that

(8) ) @) = (A 0) e/ B)] < 1o

Thus the second term satisfies

¢
II< )\qo‘||(—A)°‘/2tpR(ﬂf)||L°°(R)/ /U)\(T, x)dxdr < )\q*a%tM.
0 JR

The third term is bounded as follows:
, t 4 tl/q
1T < on) ey | () ey < OO -

Using the fact that ¢p is identically one outside the ball of radius 2R we obtain the desired estimate
(@),

Step III. Identifying the limit. We now prove that U € Cj,.((0,00), L}(R)) obtained above is
an entropy solution of system ([1.3). First, by construction in [I1} T4], u is an entropy solution of
Problem and this implies that u) is an entropy solution of Problem . In view of Definition
with the particular choice nx(s) = |s — k| and ¢x(s) = sgn(s — k)(f(s) — f(k)), function uy
satisfies for any ¢ € C2°((0,00) x R) the following inequality:

| [ =Ko + sentur ~ B)(7(r) ~ 7(0)0sp)dodt
—a 00 son(u 2) — u(t’x—i—z) —u(t,x) 2)dzda
() /0 /R en(ux (t ) — k) /zgr o a)zdades

o [T Pt 2) —e@) @)z
+ c(a)\? /0 /R/|Z§T lux(t, ) — k| dzdxdt > 0.

|Z|1+a

We prove that the last two terms, denoted by Iy, Is, tend to zero as A — oco. Assume that ¢ is
supported in (0,7") x (—R, R) for some positive 7" and R. The first term satisfies

T
1
Bl < 26N elmmy [ [ Tt [ e
®) 0 JR |z|>r ’2’14—04
<Cla,r,o)TMAT™* =0, \— oo.
In the case of the second term we have

T
1
Il < (@)A1 iy / / un(tz) — K [ e dz S50, A oo
0 Jl|z|<R+r |z|<r |Z|

Since uy — in C((0,00), L}(R)) and ¢ € C°((0,00) x R) we obtain

/ / lux(t, x) — k|Oppdxdt — / / |U(t,x) — k|pdxdt.
0 R 0 R

Observe that since uy — U in C((0,00), L}(R)) then uy — U a.e. in (0,00) x R. This shows that
the L*°(R) bound in u) transfers to U:

U )| Loo(m) < C(M)t14,
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This shows that f(uy) — f(U) in C((0,00), L}(R)) a

nd
/OO/ sgn(uy — k) (f(uy) — f(k))Oppdrdt — /sgnU E)(f(U) — f(k))Ozpdxdt.
o JRr

We now identify the initial data taken by U at t = 0. We know that any entropy solution is a
weak solution. Then for any ¢ € C2°(]0,00) x R) it satisfies

/ / (uﬁ)ﬁ& + fluy)ps — )\qfauA(—A)amgo) dzdt + / uxp(z,0)dr =0
0 R R

Choosing ¢(s,r) = 0(s)y(x) with v € C2(R), 0(s) = 1,s € [0,t —€), 0(s) = (t —38) /¢, s € [T —€,t)
and using that uy € C([0,00), L}(R)) we obtain that

/Rux(tx dm—/RuA da;—//qu e — AL O‘//UA a/21/1

This implies that

| [ st onpteyde = 0(0)] < Wallmce) [ [ adads + 0000
< MYl ey + DN My

Passing to the limit A — oo we get that for any ¢ € C?(R) we have

| [ Uttoyst)s = 200)] < 1l e

For any ¢y € BC(R) we use an approximation argument and the tail control of uy (so of U) to
obtain that

lim | U(t,z)(x)de = M(0).

t—0 R
This shows that U is the unique entropy solution of system (|1.3)). Since (1.3) has a unique solution,
Upr, then the whole sequence (u)y)aso converges to U not only a subsequence.

Step IV. Conclusion. When p = 1 we have proved that for any ¢ > 0, uy(t) — Ups(t) in L1(R).
For p > 1 we use interpolation, the fact that (u)())x>o is uniformly bounded in L?’(R) and that
U(t) € L*(R). Indeed, we have

lun(®) = Uni )l oy < llua(®) = Une BT (lua )l 2oy + 100 (8)]| 2oy 0.

This proves the result for any 1 < p < oo and the proof is finished. O

5 Appendix

We give now the proof of Lemma We mention that these estimates were done in [41] for
dimensions N > 2 and in the particular case s = « using some technical results of [42]. We provide
here the proof for all s € (0,2) and « € (0,2) in the 1-dimensional case. This requires a more
careful proof since the results of [42] allow only Bessel functions of positive index.

Using the homogeneity of the Fourier transform of K;* the proof is easily reduced to the case
t = 1. To simplify the presentation we will denote K* the kernel K{* at the time ¢ = 1. In the first
case we know (see [30]) that K satisfies




The estimates on the LP(R) norm of K¢ immediately follow.
We now want to estimate (—A)2 K. Using the Fourier transform we have

o

+oo o 1 [tee a
i€ o= €] |€|°de = / cos(:cf)e_l’SI E°de.
T Jo

and
+oo o +oo o
(a0, w) = 5 [ e g = — [ sin(ag)e €6 s

27 J_ o

We consider the case when x is positive and then

400
AR @) = o [ e e

A0 ) = = [ [ e e

where J,, is the Bessel function of first kind with index n. We now use Lemma 1 in [42] but we
need to involve Bessel functions with positive index J,, v > 0. In the second case applying this
lemma we obtain that for |z| large the following holds

and

s 1
(-8)30.K°()] ez

This shows that (—A)29,K* belongs to LP(R) for any 1 < p < oo.
In the first case we perform an integration by parts to obtain that

(A K (2) =~ OOO e K1 o () (5712 — o™t 7712) de.

Applying again Lemma 1 in [42] we obtain that for |z| large

(~A) K (2)] <

~ ‘$|s+1
and then (—A)2 K belongs to LP(R) for any 1 < p < oo.
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