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NONLOCAL POROUS MEDIUM EQUATION: BARENBLATT PROFILES AND OTHER
WEAK SOLUTIONS

PIOTR BILER, CYRIL IMBERT, AND GRZEGORZ KARCH

ABSTRACT. A degenerate nonlinear nonlocal evolution equation is considered; it can be understood as a porous
medium equation whose pressure law is nonlinear and nonlocal. We show the existence of sign changing weak
solutions to the corresponding Cauchy problem. Moreover, we construct explicit compactly supported self-
similar solutions which generalize Barenblatt profiles — the well-known solutions of the classical porous medium
equation.

1. INTRODUCTION

In this work, we study the following degenerate nonlinear nonlocal evolution equation

(1.1) du=V- (lu|V(Ju["2u)), reRY t>0,

o

where m > 1 and V! denotes the integro-differential operator V(—A)2~! a € (0,2). The equation is

supplemented with an initial condition
(1.2) (0, ) = up(x).

First, we construct nonnegative self-similar solutions of equation (1.1) which are explicit and compactly sup-
ported. They generalize the classical Barenblatt-Kompaneets—Pattle-Zel’dovich solutions of the porous medium
equation, see (1.4) below. Second, we prove the existence of sign changing weak solutions to problem (1.1)—(1.2)
for merely integrable initial data, and we prove that these solutions satisfy sharp hypercontractivity L' — L?

estimates.

A nonlocal operator. Equation (1.1) involves a nonlocal operator denoted by V*~! which can be defined
as the Fourier multiplier whose symbol is i€|¢|*~2. This notation emphasizes that it is a (pseudo-differential)

operator of order o — 1. Recalling the definition of the fractional Laplace operator (—A)?% (v) = F~(|£]*Fv)

and the Riesz potential Zg = (fA)’g, i.e. Fourier multipliers whose symbols are |¢|* and |¢|~? respectively (see

for instance [23, Ch. V]), the fractional gradient V*~! can also be written as VZ_,. Finally, let us emphasize
that the definition of V¥~! is consistent with the usual gradient: V! = V; the components of V¥ are the Riesz

transforms; moreover we have V-V®~1 = V2% .V3% = —(—A)%. It is also possible, following the reasoning from
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[12, Th. 1] to define the fractional gradient via the singular integral formula for smooth and bounded functions

v:R 5 R

(1.3) Ve lu(z) = Caa / (v(z) —v(z + Z))M% dz

with a suitable constant Cy o > 0.

Related equations and results. Our preliminary results for the problem (1.1)—(1.2) have been announced
in [3].
First, we would like to shed light on the link between (1.1) and other partial differential equations. Notice

that when o = 2 equation (1.1) coincides with the classical (nonlinear parabolic) porous medium equation
(1.4) Ou=V-(JuV(u"?u) =V-((m-1)u/™"Vu).

For the theory of porous media equations, the interested reader is referred to [27, 28] and references therein. Of
course, for m = 2, the Boussinesq equation is recovered.

The following nonlinear and nonlocal equation

82 Pl
(15) 8tv+|vx| <@> v=20

in the one-dimensional case © € R was studied by the first, the third authors and R. Monneau [4]. Such an
equation was derived as a model for the dynamics of dislocations in crystals. In [4], the existence, uniqueness
and comparison properties of (viscosity) solutions have been proved, and explicit self-similar solutions have been
constructed. Notice that the function u = v,,, where v is a solution to (1.5), solves the one-dimensional case of
(1.1) with m = 2. Thus, equation (1.1) is a multidimensional generalization of the one in (1.5).

Recently, Caffarelli and Vézquez [5, 7] studied nonnegative weak solutions of (1.1) in the case m = 2 in the

multidimensional case. Precisely, they studied the following (nonlocal) porous medium equation in R?
(1.6) Ou =V - (uVp),

with the nonlocal pressure law p = (—A) ®u, 0 < s < 1, obtained from the density u > 0. Notice that,
for a = 2 —2s € (0,2), equation (1.6) reads dyu = V - (uV*1u). For sign changing u’s, our equation (1.1)
is a (formally parabolic) extension of equation (1.6) of the structure of (1.5). In [5], Caffarelli and Vazquez
constructed nonnegative weak solutions for (1.6), i.e. for (1.1) with m = 2, with initial data satisfying: wuo €
L' (R%) N L>®(R%) and such that 0 < ug(z) < Ae%l*l for some A, a > 0. Besides the positivity and the mass
preservation, the properties of solutions, listed in the next paper [7, p. 4], include the finite speed of propagation
proved using the comparison with suitable supersolutions. Further regularity properties of solutions of (1.1)
with m =2 and « € (0, 1) are studied in [6].

Another nonlocal porous medium equation has been proposed in [10, 11, 29]

O + (—A)% (|u|m_1u) =0
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for a« = 1 and « € (0, 2), respectively. Among several other properties like smoothing effects and decay estimates,
solutions of this generalization of the porous medium equation enjoy the L'-contraction property, so, they are
unique. But self-similar solutions are not compactly supported [29, Th. 1.1].

Finally, we recall that the following nonlocal higher order equation, appearing in the modeling of propagation

of fractures in rocks,
Ou =V - (U"V(—A)%u)

(with w > 0 and n > 1), has been studied in [15] in a one-dimensional bounded domain. At least formally, this

equation with n = 1 corresponds to (1.1) with a = 3 and m = 2.

Notation. In this work, Q7 denotes (0,7) x R% The usual norm of the Lebesgue space LP(R?) is denoted
by || - ||, for any p € [1,00], and H*P(R?) with the norm || - || = is the fractional order Sobolev space, see

Section 3. The Fourier transform F and its inverse transform F~! of a function v € L*(R?) are defined by

[W

Fo(€) = (2m)~ /U(J?)G‘ﬂm'g dz, Flu(z)=(2m)"% /v(m) e e de.

Here, all integrals with no integration limits are over the whole space R? if one integrates with respect to
and over the whole half-line RT = [0, 00) if the integration is with respect to t. As usual, wy = max{0,w},
w— = max{0, —w}, so w = wy —w—_. Constants (always independent of x and ¢) will be denoted by the same
letter C', even if they may vary from line to line. Sometimes we write, e.g., C = C(p, ¢,r) when we want to

emphasize the dependence of C' on particular parameters p, ¢, r, for instance.

2. MAIN RESULTS

In this work, we show two main results: we construct explicit self-similar solutions of equation (1.1), as well
as we prove that the initial value problem (1.1)—(1.2) has a global-in-time weak solution which satisfies certain
optimal decay estimates.

We first “recall” the appropriate notion of weak solutions for Equation (1.1), see for instance [27, 28].

Definition 2.1 (Weak solutions). A function u : Qr — R is a weak solution of the problem (1.1)—(1.2) in Qp

if we LYQr), Vo (Ju/™2u) € LL (Qr) and |u|V*(Ju|™2u) € LL (Qr), and

loc loc
// (udrp — [u| V=Y (ju[™2u) - Vi) dt dz + /uo(x)ga((),:c) dz =0

for all test functions ¢ € C>(Qr) N C(Qr) such that ¢ has a compact support in the space variable z and

vanishes near t = T'.

The first main result of this work says that there is a family of nonnegative explicit compactly supported
self-similar solutions of (1.1), i.e. nonnegative solutions that are invariant under a suitable scaling. Observe

that if u(t, z) is a solution of (1.1), then so is L™ u(Lt, L z) for each L > 0, where A = (d(m — 1) + a)~!. Thus,
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the scale invariant solutions should be of the following form

1
dm—1)+a’

for some function ® : R* — R satisfying the following nonlocal “elliptic type” equation

1 €T .
(2.1) u(t,x) = td_Aq) (t_A) with A=

oa— m— x
(2:2) —AV - (y®) = V- ([9[V(|®["7?®))  where y= e
Theorem 2.2 (Self-similar solutions). Let a € (0,2], m > 1. Consider the function ®4 ,,, : R? — R defined as
(2.3) Dan(y) = (Kaall =)

with the constant

o ar (4
“ (A 1)+ )2 (14 §) T (52)
Then, the function u : (0,00) x RY — RY defined by (2.1) with ® = ®, ,, is a weak solution of (1.1) in the sense

of Definition 2.1 in Q, 7 = (n,T) x R for every 0 < n < T < co. Moreover, u(t,x) satisfies the equation in the

pointwise sense for |x| # t@m-DFe  and is min {ﬁ, 1}-Hélder continuous at the interface |x| = tatm—D+a

Remark 2.3. When o = 2 in expression (2.4) below, we recover the classical Barenblatt—Kompaneets—Pattle—

Zel’dovich solutions of the porous medium equation (1.4), see for instance [28, 27].

Remark 2.4. For each M € (0,00) we can find a nonnegative self-similar solution u with prescribed mass
M = [u(t,z)dz (which is conserved in time) by a suitable scaling of the profile @, ,,. Indeed, this self-similar

solution is given by the formula

1

2 o\ m—1
)
+

where, for each M > 0, there exists a unique R > 0 such that [u(t,z)dz = M.

)

(2.4) Ma@twﬁMa<@d<RQ‘HWJMa

Remark 2.5. Self-similar solutions of equation (1.6) (which is a particular case of equation (1.1)) have been
proved to exist in [7] by studying the following obstacle problem for the fractional Laplacian. For o € (0,2) and

U (y) = C —aly|® where a = a(d, @) and C' > 0, one looks for a function P = P(y) with the following properties:

R

P>V, (—~A)2 P >0, and  either P=V or (~A)2P=0.

The novelty of our approach is that we exhibit the explicit self-similar profile @, o defined in (2.3) and, conse-

quently, the ezplicit solution of this obstacle problem: P(y) = Iy (®a,2) (%), where Z, = (—A)™% is the Riesz

potential and R > 0 is a suitable constant.
Next, we prove the existence of weak solutions to the initial value problem (1.1)—(1.2).

Theorem 2.6 (Existence and decay of LP-norms). Let « € (0,2) and

{m>1+%% if a € (0,1],

(2:5) m>3—2 if a € (1,2).
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Given ug € L*(R?), there exists a global-in-time weak solution u of the Cauchy problem (1.1)~(1.2). Moreover,
/u(t,ac)dx = /uo(x) dz

d(m—1)/pta a4 (1 1)
(2.6) lu(®)llp < C(d, o, m)|[ugll 2" 7 am=0Fa 7w

and
forall t >0,

holds with the constant C(d, o, m) independent of p and uyg.

The solution u is nonnegative if the initial condition ug is so. If ug € LP(R?) for some p € [1,00], then

[u@llp < lluoll

holds for all t > 0.

Remark 2.7. Estimates (2.6) are sharp since the decay in Theorem 2.6 corresponds exactly to that for self-similar
solutions constructed in Theorem 2.2. Moreover, for a = 2, they are similar to those for degenerate partial
differential equations like the porous medium equation (showing the regularization effect on the LP-norms of

solutions); see, e.g., [28], [8, Ch. 2].

Remark 2.8. After proving those hypercontractivity estimates in [3], we learned that a similar result is obtained
in [6], however, for a less general model: « € (0,1), m = 2, and nonnegative ug. Moreover, analogous decay
estimates for another fractional porous medium equation of the form dyu + (—A)% (Ju|™ 'u) = 0 were proved

recently in [11].

Compared with the methods used in [5], we propose an alternative strategy of the proof of the existence of
solutions. In this paper, we consider approximating solutions u = u% of the equation

Ou = 6Au+V - (Ju| V¥ G (u)),

considered in the whole space R?, where G.(u) is a sufficiently smooth approximation of u|u|™~2, and then we
pass to the limit with the parameters € \, 0, and J \, 0. Solutions of the approximating equation exist because
the parabolic regularization term dAw is strong enough to regularize equation (1.1) when 0 < o < 2, but of
course not for &« = 2. Our approach resembles the approach to the one-dimensional model achieved in [4, Sec.

4 and 5] via viscosity solutions.

3. PRELIMINARIES
In this section, we collect known results that we will used in proofs of the main theorems.

Bessel and hypergeometric functions. Bessel functions of order v are denoted by J,(z), and they behave
for small and large values of the (complex) variable z like
JV(Z) ~ 1—‘(”;_,’_1)(%)” as 2z — 07

Ju(z) ~ (%)% cos(z — 4 — %)z_% as |z] = oo,
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where for functions f, g, the relation f ~ g means that g — 1. For the proofs of those properties of J,, the
reader is referred to, e.g., [30].
The hypergeometric function, denoted by oF} (a, b;c; ), is defined for complex numbers a,b,c and z as the

sum of the series

= n b n
oF (a,b;c;z) = Z Mz” for |z| <1,

= (¢)nn!

where (a), = F%G(Z;I ), and I" denotes the Euler Gamma function. This series is absolutely convergent in the

open unit disc and also on the circle |z| =1 if R(a +b—¢) < 0.
It is known [19, p. 39] that when b = —n is a negative integer, o F (a, —n; ¢; 2) is a polynomial function of

degree n. In particular, we have

(3.1) oF1(a,—1;¢2)=1— 2.
c
We will also use the following differentiation formula [19, p. 41]
d ab
(3.2) d—(gFl(a,b;c;z)) =—oF(a+1,b+1;¢c+ 1;2).
2z c

The Weber—Schafheitlin integral. If 0 < b < a and if integral (3.3) below is convergent, then the following

identity holds true

o0 b2 Agr v D (KL AEL vtpu—A+1 v—p—A+1 b2
3.3 =, (at)J, (bt) dt = 2 F. ( , ;y+1;—)
3) [ a0 = = 2 2 -

According to Watson, [30, pp. 401-403], this result was obtained by Sonine and Schafheitlin. However, it is

usually referred to as the Weber—Schafheitlin discontinuous integral since there occurs a discontinuity for a = b.

The Stroock—Varopoulos inequality. We next recall the the Stroock—Varopoulos inequality, see [18, Theo-

rem 2.1 and Condition (1.7)] for a proof.

Proposition 3.1. For a € (0,2], w € C°(R?) and q > 1, the following inequality holds true

o 4(qg—1 a a |2 4(g—1 o al?
(3.4) /sgmw|w|q_1 (—A)zwdx > #/}V7 (sgnw|w|5)} dz > #/}Vﬂwﬁ} dz.
q q
Fractional order Sobolev spaces. The fractional order Sobolev spaces are defined as
H*P(RY) = {v e LP(RY) : Vv € LP(RY)} = {v € LP(RY) : (I — A)2v € LP(RY)},
here with p € (1,00), supplemented with the usual norm denoted by || - || gs.», and we refer the reader to the

books [25, 26] for properties of those spaces. In particular for s = a—1 with « € (1, 2), the following well-known
continuous embedding will be used repeatedly
a—1 d o d . d
(3.5) H* HP(RY) € L>®(R?) provided p > P (>1).
o —
We also recall the fractional integration theorem [23, Ch. V, §1.2]: the Riesz potential Z, = (—A)~%2 satisfies

(3.6) [Zsully < Clp; g, 8)ullp

for all s € (0,d) and p, ¢ € (1,00) satisfying % = % -5
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Some functional inequalities. We will use the following Nash inequality

2a
d

2\1+9 a
(3.7) ||UH2( ) < Cn|IVEul3llvlly

valid for all functions v € L*(R?), such that Vv € L?(R?), and with a constant Cy = C(d, a) > 0. The proof
of (3.7) for d =1 can be found in, e.g., [16, Lemma 2.2], and this extends easily to the general case d > 1.

Moreover, we will use the following Gagliardo—Nirenberg type inequality

Lemma 3.2. Forp > 1 and p > m — 1, the inequality

a a 2
(3-8) lully < Cn [V E Jul 2[5 [lull?
holds with
p dir—1)+« d(m —1) + pa
(3.9) = d ’ ot dp-1 TP

Proof. This inequality is a consequence of the Nash inequality (3.7) written for v = |u|?, i.e.

(3.10) [l < o [t

2 ra
2l

and two Holder inequalities

1— . p—1\r
lully < llulfllully™  with = <r - 1) p’
and
-5 . r—2\p
lullg < [lullplfullt with 9 = (p 1) .
Combining the above three inequalities, we get (3.8). 0

4. PROOF OF THEOREM 2.2

This section is devoted to the study of nonnegative self-similar solutions for (1.1) with m > 1. As explained

above, this problem reduces to a study of the elliptic-like equation (2.2) which for nonnegative ® takes the form
Ay ® = dvet(@mt).

Moreover, since we want to construct compactly supported solutions, we are interested in solutions ® vanishing

outside the unit ball By. This is the reason why we consider the Dirichlet problem
—Ay =V @™y in By,
(4.1)
d=0 in R\ B.
It is well known that, in the case of nonlocal operators (such as V=), the homogeneous Dirichlet condition
should be understood in the form ® = 0 outside the domain Bj, and not only ® = 0 on the boundary 9B;.
The reader is referred to, e.g., [2] for more explanations.

We claim that the proof of Theorem 2.2 reduces to the following key computation. Here, o F} denotes the

classical hypergeometric function defined in Section 3.
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Lemma 4.1. For all 8 € (0,2), 8 < d, and v > 0, we have

d=5 _
(4_2) IB ((1 . |y|2)%) _ C:’Yﬁ,d x o F} ( 2 |
Cyp.dy)P =% x o Fy (d2 , 58, 4, %) for |y| > 1,

Lo
e I

: r(3+1)r(4%2 ~ _aD(241)0(45E8
with 07,57(1:2_'6% Copa =2 ﬂF( +1)0( ))

The proof of this lemma is postponed to the end of this section.
The following corollary is an immediate consequence of Lemma 4.1 with 2— 3 = « =+, of the property of o F}
formulated in (3.1), and of the identity (—A)% = (~A)Zy_,. It has an important probabilistic interpretation,

and recently, related results and generalizations have been proved in [13].

Corollary 4.2 (Getoor [14, Th. 5.2]). For all o € (0,2], the identity

r(i+

Before proving Lemma 4.1, we first use it to derive Theorem 2.2.

Proof of Theorem 2.2. We check that u(t,r) = t=9®,,(t"*z) is a weak solution of (1.1) in the sense of
Definition 2.1. First, u € LY(Qr) if and only if ®,., € L'(R%), which is obviously true. For later use, it is
convenient to introduce the function ®,(u) = (1 — |y|2)_%, so that ko ¢®o = @00

The fact that, for all 7,7 such that 0 < n < T, uV*~H(u™"!) and Ve~ (u™~!) are locally integrable in

(n,T) x R? follows from
To—a(®a) € Hye (RY),

which we prove by computing Zs_»(®,). In order to do so, we first assume that o > 2 — d, and we apply
Lemma 4.1 with v = a € (0,2) and § = 2 — «, we use equation (3.1), and we get

(4 3) T (q) )( ) . Ca,27a,d (1 - d-i-%d—Q|y|2) if |y| S 17

| e8I T Gy B (e 1 g )yl > 1

2 0 [yl?

The right-hand side of equation (4.3) defines a locally integrable function because

d+ «a a d+ao
—c= — 1)+ = — .
a+b—c=( 5 )—|—2 5 <0
We then deduce that
A
VO @a)(y) = VIo—a(Pa)(y) = _k—dy for y € By.

Note also that V¥~1(®,) can be computed outside B; thanks to the differentiation formula (3.2).

We now remark that

Do () (VORI 1) (y) = =My Pam(y) for all y € RY,
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which is in L'(R?). Moreover, the following equalities hold true in the sense of distributions in Qr,

Opu(t,z) = —)\t_d”\_lvy . (y@a,m)(t_’\x),

Vo WV (u™ ")) (t2) =t PV, (B m VT OT ().

This allows us to conclude that u is indeed a weak solution of (1.1) in (,7) x R% for all 0 < n < T' < oo if
a>2—d.

Assume now that 0 < o < 2 — d, which means that d = 1 and o < 1. The critical case & = 1 can be obtained
by passing to the limit as a \, 1; indeed, the constants Cy o _.a(d+  — 2) and Cy 2 n.a(d + a — 2) appearing
in (4.3) simplify thanks to the relation zI'(z) = I'(z + 1). If now a < 1, we can argue as above by analytic

continuation. The proof is now complete. 0

Now we turn to the proof of the main technical lemma.

Proof of Lemma 4.1. We first assume that 8 € (0,d) and that v > max{0,d — 2 — 1}, and we then argue by
the analytic continuation with a choice of parameters corresponding each time to o F} defined and bounded for
all |y| < 1.

The Fourier transform of @, (y) = (1 — |g;|2)J%r is expressed in terms of Bessel functions, see, e.g., [23, Ch.

IV, Sec. 3]

1
—zz T ([€)).

2 g
F(@,)(€) =201 (3 +1)
2 &=
Since Zg is the Fourier multiplier of symbol [¢|77, Z5(®.,) is the (inverse) Fourier transform of the following

radially symmetric function

1n (7 1
2;1" (5 + 1) ijd;_‘if(K.D

We recall that by properties of Bessel functions collected in Section 3, we have J,(r) = O (r¥) as r — 0 and
Ju(r) =0 (r*%) as r — 0o. We see that the previous function is integrable since § < d and d < v+ 25 + 1.

Thanks to [24, Th. 3.3], we get

e 1
@) = (G )l [ om0t ar
2 0 tT+ﬂ 2 2

= oir(241) |y|1*%/ =) T ()T, (tly]) .
0 2 2

We obtain (4.2) applying (3.3) with the following choice of parameters:

) d
o if |y| <1, we put )\:%—i—ﬁ,uz%,u:%—l,azlandbzm,

o if |y| > 1, we put )\:%+6,u:§—1,u:di2'y,a:|y|andb:l.



10 PIOTR BILER, CYRIL IMBERT, AND GRZEGORZ KARCH

5. A REGULARIZED PROBLEM

In order to construct weak solutions of (1.1) for general initial data, we first consider the following regularized

problem
(5.1) du=6Au+ V- (JulV* 1 G(w)), u(0,z) = uy(z),

where G : R — R satisfies

G differentiable and increasing,
(5.2) G(0) =G'(0) =0,
G’ locally Lipschitz continuous.

Remark that for m > 3 or m = 2, the function G(u) = |u|™2u satisfies (5.2). For m € (1,3), we consider the

following approximation G = G of |u|™ 2u
G.(u) = sgnu ((u2 + 52)% - s’”1)

with € > 0. The following theorem holds true for a general function G satisfying (5.2).

Theorem 5.1 (Existence of solutions to the regularized problem). Let § > 0 and assume that G is an arbitrary

function satisfying (5.2). Moreover, assume

{Ll(Rd) N L= (RY) if ac(0,1],
Ug €

(5:3) L'RY N (Npsp, HVP(RY)  if a € (1,2),

with po, = % > 1. There exists a unique function u in the space

]

C ([0, 00), LY (R%) N L>(R%)) if a€ (0, ),
1,2),

1
(5_4) u e { mp)pac ([0,00),Ll(Rd) N Ho‘_l’p(Rd)) zf o€ ( ,2

satisfying problem (5.1) in the usual weak sense
(5.5) // (udp — [u|V*"H(G(u) - Ve — 6Vu - Vo) dtdz =0

for all p € C°(Qr).

Moreover, u(t,x) is nonnegative if the initial condition ug is so, and for all t > 0 and q € [1,00] we have
(5.6) /u(t,z)d:c = /uo(z)dx and lu®)llq < lluollq-
Local-in-time existence of mild solutions.

Proposition 5.2. Let p > p, = %. There exists T > 0 depending only on ug, and a function u in the space

C ([0,7), LY(RY) N L>°(RY) if a€(0,1],

(5.7) u€ { C é[O,T),Ll(Rd) n Halvp(%Rd)) if ac(1,2)

such that

(5.8) u(t) = e®Pug + /t Vel =82 P (u(s)) ds with  W(u) = |[u|V* G (u),
0

in C[0,T], LY(RY) N L°°(R%)) where e!® denotes the heat semigroup.
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Remark 5.3. We identify the heat semigroup e’ and its kernel (47715)_% exp (—%). We will use the following

classical fact
_d(1_1\_8
(5.9) [VPesta < Clp,r, B.o)t= 2 =3) 5 o],

with 1 <r <p < oo, and § € [1,2).

Now we turn to the proof of Proposition 5.2.

Proof of Proposition 5.2. We look for a solution u € C([0,T], X) as a fixed point of the map
¢
T :u e e Bug + / Vel =92 W (u(s)) ds,
0

where X is chosen as follows

LY RN N L= (RY) if a € (0, 1],
(5.10) X = {Ll(Rd) NH*LP(RY)  if o € (1,2).

The associated norms are |Ju; + |Jully with Y = L>®°(R) and Y = H* 1P(RY), respectively. We show that T
has a fixed point by the Banach contraction principle as soon as T = T'(||ug||x) > 0 is sufficiently small.

In both cases, it is enough to prove the following lemma.

Lemma 5.4. For all T € (0,1), the operator T maps C([0,T], X) into itself. Moreover, there exist C' > 0 and
v > 0 such that for all u,v € B(0,R) C C([0,T], X),
(5.11) 7 (u) = T)lleqom,x) < Cr(R)T7||u—vlleqo,11,x)

where C1(R) is a constant which also depends on a,d,e,m,d (and on p if « € (1,2)).

Indeed, once this lemma is proved, we first derive
(5.12) T (W) lleo,r1,x) < lluollx + RCL(R)T™

by choosing v = 0 in (5.11) and using estimate (5.9). Now it is enough to choose R = 2||ug|/x and T' > 0 such

that C1(R)T" <  in order to ensure that 7 maps B(0, R) into itself, and is a contraction.

The case « € (0,1]. In order to get estimate (5.11), we first write

(5.13) T(w)(t) — T (v)(t) = / Vel =92 (W(u) — U(v)) (s)ds,

0

and the difference of U’s is represented as

(5.14) U(u) = ¥(v) = (Ju| = [o) VG (u) + o] VTG (u) — G(v)).

Lemma 5.5. For every a € (0,1] and p € (1,00) there exists a constant C(p,a) > 0 such that for all u €

L>(RY) N LP(RY) the following inequality

(5.15) IV=HG(u) = G())llg < Clp, o) <| e G’(Z)) K

holds true with £ = L — =,
g p
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Proof. Since, for a € (0, 1], we have V*~1 = VT, where the components of V? are the Riesz transforms

(which are bounded operators on LP(R?) for each p € (1,00)), we obtain (5.15) from estimate (3.6) as follows
IVe=HG(w) = G))llg < | Ti-a(G(u) = G())]lg < Clp, )G (u) = G)llp < Cllu = v,
O

Now, we come back to the proof of (5.11) with X = L'(R?) N L*>*(R%), First, for all u,v € B(0, R) C X and

some ¢ € (1,00),

19 (w) = ¥()[ls < Cllu— vl VTGl + Cllvllg- V(G (u) — G()lq

o
(5.16) < Cllu = vllg=G'([lulloo) lullp + Cllvllg & ([elloo + [0]lo0) = vl
< Co(R)|lu —vllx

with Cyo(R) = C(a, d,q, RG'(2R)) and % + qi* =1 and % =1 122 We used estimate (5.15) twice to get the

1
P
second line in (5.16), and the inequality ||u||, < |Ju||x which is valid for all r € [1, 00] to obtain the last one.

The estimate of the second norm in X is obtained similarly: for all u,v € B(0, R) C X and some q € (1, 00),
(5.17) 1€ (w) = ()]l < llu =]V G@) g + [0l VETHE (W) = G(0))lg < Co(R)u—v]|x.

Now, we apply inequalities (5.9) with 8 =1, (p,r) = (1,1) and (p,r) = (00, ¢), respectively, and the estimates
(5.16), (5.17) yield

(5.18) [T () = T®)leqor.or @) < CC(R)TE |[u—vllcjo.r),x),
1_d_1
(5.19) 7 (w) = T ()llcgo,r), Lo @ayy < CC(R)TZ7257 |lu — vllepo,7,x)-

Combining (5.13), (5.14), (5.18) and (5.19), we thus get (5.11) for a € (0,1], with v = 3 —

[\NJ[SH

q%, now with a new

constant C1(R) = C(«, d, ¢*, RG'(2R)), where we have chosen ¢* > d to ensure %q% <

N[

As far as the continuity of T (u) with respect to time is concerned, it is enough to study
S(u) = /0 " P95 | p(u(s)) ds.
We fix t € [0,T] and write for h small enough (and positive if t = 0, negative if ¢t = T),
St + ) - S(a) = [ TSI s as + [ TS (P u(s) W) s
t

As above, use two key estimates (5.16) and (5.16) together with (5.9) (and the dominated convergence theorem)

to conclude the proof of Proposition 5.2 for a € (0, 1].

The case a € (1,2). We argue as before, using (5.13) and (5.14). We need now to state and to prove the

corresponding key technical lemma.

Lemma 5.6. For a € (1,2), p> =4, and u € H* P(RY),

a—1’

(5.20) 1G(w) = G)[[ge—rr < Col[ull go—rr + [0l ga-ra)u = 0] go—ror,
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where Cs(||u]| ga=1.0 + [|V]| ga=1.0) depends on ||u|| ga-1.0, ||V|| ga-1.0 and on the W1 -norm of G’ in the interval
D

[0, llulloo + [o]loo]-

Proof. We use the classical identity

(5.21) G(u) — G(v) = K(u,v)(u — v) with  K(u,v) = /0 G'(tu+ (1 —71)v)dr,

and the Moser estimate for the product of two functions in H*~1P(R%), see, e.g., [25, Ch. 2, ineq. (0.22)], to

obtain the following inequality
(5.22) 1G(u) = G(v)lgo—1r < llu = vl [ K (u, 0) [ e-rp + [t = vl go—1r [ K (u, )| co-
Moreover, we recall [25, Ch. 2, Prop. 4.1] that for every increasing locally Lipschitz function H we have
[H ()l =10 < CHH|(|ulloo)Jll zra-1.
for every p € (1,00) and e — 1 € (0,1). Choosing H = G’, we deduce that
1K (u,v) || ra-10 < /01 |G (1 + (1 — 7)0) || a1 AT
(5.23) < ClG"([ullos + Wlloe) (el ra—re + [[0] ra-1.0).-
Moreover, we have the trivial estimate
(5.24) 1K (1, 0) oo < |G [(lulloo + [0]lo0)-
Combining (5.22), (5.23), (5.24) and (3.5), we finally complete the proof of inequality (5.20). O
Now, we are in a position to obtain the estimate of the first component of the norm of X. From (5.14), we
get
(5.25) W (u) = W(v)[ly < Co(R)R[u—vllp + Co2R)[[v]ly lu = v]x < Cs(R)|u —vllx

with C5(R) = CR(C2(R) + C2(2R)). We used inequality (5.20) twice, as well as the fact that ||ull, < C|lul/x
for all r € [1,00] and u € X. From (5.25) and (5.9) with 8 =1 and (p,r) = (1,1), we get inequality (5.18)
where Cy(R) is replaced with Co(R) = C5(R).

The estimate of the H*~1P-norm is obtained analogously. First, we have
(5.26) 19 () = ¥()llp < [lu— 0] VTGl + 0]l VEHG () = G))llp < C3(R)]|lu— vl x.
From inequalities (5.26) and (5.9) with 8 =1 and 8 = « and (p,r) = (p,p), we get
(5.27) I7(w) = T@lleortro-10 @y < CO(RYTE + T3 %) u = vlepo.1) x)-

Finally, combining (5.18) and (5.27), we complete the proof of (5.11) with v = 1 — ¢ and with some Ci(R).
The time continuity of 7 (u) is proved as in the case a € (0, 1], and this achieves the proof of Proposition 5.2.

O
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Regularity of the solutions.

Corollary 5.7 (Regularity of the solutions). Consider ug € L'(R%) N L=(R?) if o € (0,1] (as before), and
ug € LYRY) N (Npsp, H*PP(RY)) if o € (1,2) (a strengthened assumption). Then the solution constructed in

Proposition 5.2 enjoys the following regularity
(5.28) ueC((0,T),LP(RM) nC((0,T), H-P(RY))

for every p € (Pu,00) with

]5 _ d—(lli—a) Zfa € (07 1]7
¢ _d_ if e (1,2).

a—1

In particular, uw = u(t,x) is a weak solution of equation (5.1), i.e.
Ou = 0Au+V - U(u) with W(u) = [u|V* G (u)
in (0,T) x RY in the sense of distributions (cf. equation (5.5)), and

(5.29) / u(t,z) dz = / wo(w) de

for allt € (0,T).

Proof. If o € (0,1], for every u € C(]0,T],X), where the space X is defined in (5.10), we obviously have
u € L((0,T),L>*(R%)). We derive from inequality (3.6) that for all p € (pa,o0), we have Ve 1G(u) €
L>>((0,T), LP(RY)) with po = g=f{=5 > 1. This implies

V- W(u) € L ((0,T), H "P(R?))
for all ¢ € (1,00) and p € (Pa,o0). Thus, the maximal regularity of mild solutions for the nonhomogeneous
heat equation [17] gives us Vu € Li((0,T), LP(R?)) for every q € (1,00) and p € (Pa,00). Consequently,
V- (|U|Va_1G(U)) = f1 + fo with
(5.30) fr=Vu -V IG),  fo=—|ul(=1)2GC(u).
First, we remark that f; € L9((0,7), L?(R)) for every ¢ € (1,00) and p € (pa,o0). Second, we notice that
G(u) € L9((0,T), H-P(R)), hence (—A)2 G(u) € LI((0,T), H=*P(R4)) C LI((0,T), LP(R%)). Hence, we also
have fo € L9((0,T), LP(RY)) for every q € (1,00) and p € (pa,00). Using again the maximal regularity result,
we obtain that

dyu € L((0,T), LP(R?))

for every q € (1,00) and p € (Pa,00). Thus, using the following representation in LP(R%) for all 0 < s < ¢

u(t) —u(s) = / Opu(T) dr,

and the Holder inequality we obtain for every p € (Pa, o0)

1

[[u(t) = u(s)ll, < /: [0ru(r)lp dT < (/t ||0tU(T)||§dT)% (t—s)o,
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i.e. u € CYP((0,T), LP(R?)) for all p € (Pa,00) and B € (0,1). Using inequality (5.15), this estimate implies
that W(u) € C%8((0,T), LP(R%)) for every p € (Pa,00). Now, the classical theory of linear parabolic equations,
see, e.g., [20, Ch. 4, Theorem 3.5], implies that d,u € C®#((0,T), LP(R?)) and u € C*?((0,T), H?(R?)) which
is the desired regularity result.
If a € (1,2), we have u € L9((0,T), H*~'P(R%)) for all ¢ € (1,00) and p € (pa,0), where p, = po =
d/(a—1). Equations (3.5) and (5.20) imply that
(5.31) VelG(u) € L9((0,T), LP(R))
for all p € (pa,o0) and ¢ € (1,00). In particular, ¥(u) = |u|V*~!G(u) € LI((0,T), LP(R?)). Hence, the
maximal regularity gives us
(5.32) u e LY(0,T), H**(RY))
for all p € (py,0) and q € (1,00). We now write once again V - ¥(u) = fi + fo with
fi=sgnuVu- -V Gu), fo=|ulV" G (u)Vu).
In view of (5.31) and (5.32), we have
fi € LU(0,T), L*(RY)).
We now claim that
f2 € LY((0,T), H~+E-)P(RY)),
Indeed,
G'(u)Vu € L1((0,T), LP(RY)).
This implies that
VNG (uw)Vu) € LY((0,T), HH2=)r(R))
which, in turn, implies the claim. Hence,
V- U(u) € L9((0,T), H T E=)»(RY))
for all p € (pa,00) and g € (1,00). Then, the maximal regularity implies that
we LI((0,T), H*F2=)r(RY))
for all for all p € (pa,00) and ¢ € (1,00), thus we see that the space regularity of u is improved. More generally,
the same argument shows that if
w e L(0,T), H*P(RY)), with 8 < a,
then
we LI((0,T), HA+2=2)p(r)),
Now choose the least integer k > 1 such that 8; = 1+ k(2 — @) > «, and notice that S < 2. Then

f2 € L((0,T), H?~*P(R?)) € LI((0,T), L*(RY)).
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Then the maximal regularity implies that dyu € LI((0, 7)), LP(R?)), which implies, as was in the case a € (0, 1],
that u € C%P((0,T), L?(R?)) for all p € (1,00) and 8 € (0,1). The previous reasoning in spaces of the form
L((0,T),Y) extends readily to spaces of the form C%#((0,7),Y). This yields the desired regularity result in
the case a € (1,2).

Moreover, it is known by [20, Ch. 4, Theorem 3.2] that mild solutions of the equation dyu = 6Au+ V- f with
f €C%((0,T), LP(R?)) are in fact weak solutions, i.e. they satisfy the equation in the sense of distributions.

Under these regularity properties, the proof of the mass conservation property (5.29) is completely standard. [

Convexity inequalities. First, we show a simple but useful technical result involving monotone functions and

the fractional Laplacian.

Lemma 5.8. Let a € (0,2]. Assume that g, h € C'[0,00) are strictly increasing functions. Then, for every

nonnegative v € C°(R?) we have

/h(u)(—A)%g(v)dx > 0.

Proof. Notice that for & = 2 this lemma is obviously true, which one checks integrating by parts. Now, let
€ (0,2). Since (—A)2C = 0 for every constant C' € R, we can assume that g(0) = 0. In the same way, we
can assume that h(0) = 0, because [(—A)Zwdz = 0 for every w € C2°(R?). Defining w = g(v), it suffices to

show that

vl

/h(gil(w))(—A) wdz >0

for all w € C*(RY) such that w > 0. To do it, notice that f € C2[0,00) defined via the relation f(s) =

Jo h(g™'(7)) dr for s > 0 is convex (it suffices to check that f”(s) > 0). Hence, using the pointwise inequality

(5.33) (—A)Fg(v) < ¢'(v)(-A)%v,

(see, e.g., [9], [12, Lemma 1]) we obtain [ k(g™ ' (w))(—=A)2wdz > [(—A)2 f(w)dz = 0. O
Next, we formulate a crucial technical tool used in the derivation of various integral estimates for solutions

of the regularized problem (5.1).

Proposition 5.9 (Convexity inequalities). Consider a C? function ¢ : R — R such that, for all7 € R, r # 0,

¢’ (r) >0, and

(5.34) o(r) + 1/ ()| +¢" (r) < C(Ir™ + [rM2)

for some constant C' > 0 and My, My € [1,00). Then for all 0 < s < t < T, the function u given by

Proposition 5.2 satisfies

(5.35)/ u(t,z)) dx—i—/ /w (1)) (=A)3 Glu(r, 2) dxdT—i—&// Vu|2dacd7-</<p( (5, 2)) dz,

where Y(r) = [rlg'(r) — o(r) sgnr.

The proof of Proposition 5.9 is more or less classical, and we recall it in Appendix for the sake of completeness.
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Remark 5.10. Remark that ¢'(r) = |r|¢”(r) > 0, hence the function v is increasing. Since G is also increasing,

the result stated in Lemma 5.8 can be applied to show that the first dissipation term

t

| [ w2 6utra) dear
is nonnegative. The fact that this quantity is finite is a part of the result stated in Proposition 5.9. Moreover,
[18, Theorem 2.2] implies that g,(G(u)) € L*((0,7), H=?(R%)) for a function g, constructed from ¢, see [18]

for the detailed presentation. The special case p(r) = |r|P is treated below.

Remark 5.11. The convexity of ¢ also implies that the second dissipative term in (5.35) is nonnegative. Hence,

Proposition 5.9 implies that [ ¢(u(t,z)) dz decreases along the flow of the regularized equation (5.1).

Corollary 5.12 (Estimates of the LP-norms). For allp € (1,00) and 0 < s < t,

(5.36) /|u(t)|pdx+(p— 1)/t/|u|p_1u(—A)3G(u) dxdT—I—ép(p—1)/t/|u|p_2|Vu|2dT§ /|u(s)|pdx.
In particular, for p > po (see Corollary 5.7),

(5:37) G Jlupdz <=0 =1) [P u-8)3 60 do — 3o~ 1) [ Jul 2| vul

Thus, for all p € [1,00], the norm ||u(t)||, decreases ast increases.

Proof. If p > 3, we can apply Proposition 5.9 with 0 < s < ¢ < T, ¢(r) = |r|?; indeed, in this case, ¢
is a C2-function and satisfies the growth assumption (5.34) with (M, M) = (p,p — 2). Next, since u €
CY((0,T), LP(R%)), we obtain (5.37) from the inequality in Proposition 5.9 by a direct computation. We leave
the details to the reader.

If p € (1,2), we consider, for each i > 0, the function ¢, such that ¢, (0) = ¢},(0) = 0 and
en(r) =plp— (" + 0?2~ =972,
In particular, the function ¢, satisfies the assumptions of Proposition 5.9, hence, we have
/cpn(u(t,:c)) d:EJr/t/wn(u(s,x))(A)%G(u(s,z))dxds
+5/t/<p;;(u(s,x))|Vu(s,x)|2 dzds < /(pn(u(s,x))dx,

with ¢, (r) = || (1), ¥y (0) = 0. Letting now n — 0 and using the Fatou lemma yields the integral formulation
of inequality (5.37).
Thus, we just proved that [|u(t)|, < ||uol|, for all ¢ > 0 and p € (1, 00). By computing the limits as p — oo

and p — 1, the bounds ||u(t)]|1 < [Juoll1 and ||u(t)]eo < |Juol/so are also obtained. O
We can now complete the proof of Theorem 5.1.

Proof of Theorem 5.1. In view of Proposition 5.2 and Corollary 5.7, it remains to prove that solutions are

nonnegative if initial data are so, and that solutions are global in time.
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The positivity property is derived immediately in a usual way from the conservation of mass property (5.6)

and the monotonicity of the L'-norm. Indeed, (5.6) yields

/U(T, 2)dz = /u+(T,z)dx - /u,(T,mdx - /((u0)+ ~ (u0)_)(x) da
and
/|u(T,x)|dx _ /u+(T,x) dz + /u_(T,x) dr < /((u0)+ + (uo)_)(z) dz
(here, as usual, s — max{0, u} and u_ — max{0, —u}). These inequalities imply [ u_ (T, ) dz < [(uo)_ (x) dz,

and, in particular, the assumption (ug)— = 0 gives us u > 0 a.e.

As far as the global existence of solutions is concerned, we argue as follows.

For a € (0, 1], the time interval, where a solution is constructed via the Banach fixed point theorem, depends
only on ||uo|l1 + ||uollco, and this norm of the solution does not increase. Hence, we extend u = u(t,-) to the
whole half-line [0, 00), step-by-step.

For a € (1,2), the Duhamel formula (5.8) and inequality (5.20) with v = 0 yield

t
)10 < ltoll re1.0 + Cr (o) / (t — ) F[|u(s)] a1 ds.

Due to the singular Gronwall lemma, see, e.g., [20, Ch. 5, Lemma 6.7], we deduce that the norm ||u(t)|| ga-1.
cannot explode in finite time. This shows that local-in-time solutions of the regularized equation (5.1) can be

also continued to global-in-time ones. O

6. HYPERCONTRACTIVITY AND COMPACTNESS ESTIMATES

Hypercontractivity estimates. We now turn to prove certain L' — LP estimates for solutions of problem

(5.1).

Theorem 6.1 (LP-decay of solutions to the regularized problem). Let u = u(t, x) be a solution to the regqularized
problem (5.1) constructed in Theorem 5.1. There exists a constant C = C(d,«,m) > 0 such that for all € > 0,

d>0andpe[l,o0],

d(m—1)/p+a
(6.1) u(®) ]l < Clluoll, ™ ¥ ¢~ awnra (1-3)

for allt > 0.

Proof. We first remark that it is enough to prove the decay estimate (6.1) for large p’s, since the general result
follows by the interpolation of the LP-norms combined with the estimate ||u(t)||1 < ||uol/1 from Corollary 5.12.
This is the reason why we will now prove (6.1) for p > max{m —1,1,p,} = pm (see Corollary 5.7 for a definition
of Po).

We also remark that we can assume that M = |lug|1 = 1 by rescaling the solution u in the following

way. First, we consider the function u(t) = j;u (gm%=r) Which satisfies equation (5.1) with suitably rescaled

_6

parameters: 0 = gy

and (if applicable) € = 7. Scaling back, we recover the desired inequality (6.1).
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We first prove the result when Corollary 5.12 holds true with G(r) = |r|™ 27 and in the differential
form (5.37). This is the case when m = 2 or m > 3. In the case m € (1,3), Corollary 5.12 holds true
only in the integral sense (5.36) and for a regularized function G. We will see below how to pass to the limit as
the regularization parameter € goes to 0 and get (5.36) with G(r) = |r|™2r. For expository reasons, we prefer
to present the proof when we indeed have a differential inequality, and then to explain how to adapt it if only

an integral version of it is available.

The proof on Theorem 6.1 in the cases m > 3 and m = 2 is split into two steps: first, we show inequalities
(6.1) with non-optimal constants C' which blow up for p = oo; then, we improve those constants by an iteration
method.

Decay estimates with optimal exponents and nonoptimal constants. Our computation consists in getting the

following differential inequality for p € (py,, 00).

Lemma 6.2. There exists a constant K = K (p,m) > 0 independent of ¢ > 0 and § > 0 such that K and K~!
are bounded as p — oo and

d » “
(6.2)  lullp < —Kllullp,

with a defined in (3.9).

Proof. We get from Corollary 5.12

: _4p((§;2(m1)_21) [o% (=),

after applying the Stroock—Varopoulos inequality (3.4) with w = u|u|™ % and ¢ = -5 + 1. We use next the
Gagliardo—Nirenberg inequality from Lemma 3.2 combined with ||u(t)||1 < |lug||1 = 1 to estimate the right-hand
side of the above inequality. Thus, we get the differential inequality (6.2) with the constant

~ 4(m—1p(p—1)

(6.4) ST

O

With the differential inequality (6.2) in hand, a direct computation shows that every nonnegative solution of

the inequality 5 f(t) < —K f (t)* has to satisfy the algebraic decay

F(t) < <K (% - 1) t)gll.

We recognize (6.1) for p > p,, with the constant C), = (K (% — 1)) “"" Here, let us notice that the constants
C, = C(d,a,m,p) which are obtained at this stage of the proof blow up as p — oo. Thus, we cannot get the

L*°-bound directly in this way.
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Recurrence step. To improve the constant C), and to handle the limit case p = oo, we apply a variation on the
Moser—Alikakos method of estimating the LP-norms with p = 2™ recursively, see, e.g., [1] and [16, Lemma 3.1].

The starting point is the already obtained estimate for p = 2% > m — 1 with the least integer k.

Lemma 6.3. For each n > k, the following estimate

(6.5) [[u(®)||on < Kpt™H  for all ¢ >0,

17277’1,
S+m—1

holds true with p, = and with a positive K, satisfying the recursive estimate

2 (% + ) 41 2 (rnst)] e
Ko(+57) ’

(66) Rn+1 S

where K, is given by formula (6.4) with p = 2"+,

Thus, having this estimate we see that limsup,, . kn < 0o (irrespective of the value of xj, at the beginning
of the recurrence), essentially since Y~ n2~™ < oo, see Appendix B for details. Recall that the constants
K = K, in the preliminary estimates have been such that K, and K, ! were bounded uniformly when p =

2" — o0.

Proof of Lemma 6.3. We combine (6.3) with the Nash inequality (3.10) and two Holder inequalities with 271 <

r=2" 4 —1 <22

[ul|gn+ < ||u||ZHuHé;'Y with % =9 2nr+1’
and
[ully < [[ulldueiffull? with 6 =2— 2":2
As the result, we have
gt < -l 00 ) 2 )

with some K as in (6.2) corresponding to p = 2"*!. Next we estimate the L?"-norm of u(t) using (6.5), and

arrive to the differential inequality for f(t) = ||u(t)||§:i of the form

d —a_mol K(%+m2—;1) un2"(2—a+";;1)
(6.7) &(f(t) d ) > () t d _

n

Finally, we integrate this inequality on [0, ¢] and take a suitable negative power to arrive to (6.6). O

Interpolation between p = 2" and p = 2"*! and the passage to the limit p — oo finish the proof of the

hypercontractivity estimates in the cases m > 3 and m = 2.

To deal with the case m € (1, 3), instead of the differential inequality from Corollary 5.12, we use its integral
counterpart (5.36). In particular, inequalities (6.2) and (6.7) have their integral counterparts as well (see
inequality (7.5), below). Hence, the previous proof works in this case by applying the following lemma with

g(t) =t and g(t) = Ct” for some well chosen positive constants v, C, successively.
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Lemma 6.4. Consider functions f :[0,T] — (0,00) nonincreasing, and g : [0,T] — (0,00) increasing, smooth,

and g(0) = 0. Assume that for a.e. t € (0,T), s <t,

t
fO+ K [ frptigndr < f)
Then for a.e. t € [0,T], we have

F(8) < (Kyg(t) 7.

The proof of this lemma is given in Appendix C for the readers’ convenience. Now, the proof of Theorem 6.1

is complete. O

Compactness estimates. Now, we prove estimates which will allow us to pass to the limit as ¢ — 0 and
d — 0, successively, in the regularized problem (5.1). We are going to use the fact that the approximating
functions G = G. are y-Holder continuous with v = min{m — 1,1} on the interval [0, [[ug| o], uniformly in

e € [0,1]. These estimates are formulated in the following technical lemmas.

Lemma 6.5. Assume that G is ~y-Hélder continuous with v = min{m — 1,1}. For every a € (0,1] and

m > 14152 € (1,2), we have
(6.8) IV Gl < Cllull3,,
with

4= (m—1—-(1—a)/d)~" andp=(1/q+ (1 —a)/d)~".

Proof. Here, it suffices to combine the estimate on the Riesz potential with [|G(u)|, < Cfu||7,. The choice of

g (or equivalently, the restriction on m) ensures that yp > 1. ]

The compactness of a sequence of solutions to the regularized problem (5.1) in the case a € (1,2) is a

consequence of the following estimate.

Lemma 6.6. Consider a y-Holder continuous function G : R — R. Then, for every o € (1,2) such that
(2 —7)a < 2, we have
IV G)llp < Cllull .-
with
a—1 d

(@]
ol p 2

N

Remark 6.7. Note that the assumptions of Lemma 6.6 ensure that p > 2.

Proof of Lemma 6.6. We use successively the fact that H*P(R%) = F3,(R%) [22, p.14], the characterization of
Triebel-Lizorkin spaces with difference quotients [22, p.41], and finally known embedding theorems for Besov
and Triebel-Lizorkin spaces [22, p.31] in order to derive

2

192Gl < CIGE gz < ClGh el et < Cllullyrg 2,

P2y
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where [G], := sup, ., |G(r) — G(s)|/|r — 5|7 and p > 2 is chosen so that the so-called differential dimension is
constant; this yields the condition appearing in the statement of the lemma. The proof is now complete. O
Lemma 6.8. For a € (1,2) and (3 —m)a < 2, there exists p € (1,00) such that

(6.9) IV Gl < Cllull 2 gey

where C' depends on the ~y-Hélder seminorm of G in (0, ||u]|eo) (with v = min{m — 1,1}).
Proof. Apply Lemma 6.6 with v = m — 1. O

Lemma 6.9. If a € (1,2) and m > «, there exists p € (1,00) and r € (1,00) (and r > m — 1) such that

a— m— rtm-—1
(6.10) IV ™ sgnully < Cfljul ™5 senull g2 g -

Proof. Consider v = |[u|™"2— sgnu. Then estimate (6.10) is equivalent to the following one

vafl 73(::,;,1{ <C
| [v] sgnull, < Cllvll ;5.

2 (Ray-
We then apply Lemma 6.6 with v = % and get the desired result if v > 2(1 — é), or equivalently,
re™=l
a—1
Here, in order to find r € (1, %), the condition m > « is needed. The proof is now complete. ]

7. PROOF OF THEOREM 2.6

This section is devoted to the proof of our main result on the existence of solutions to problem (1.1)—(1.2)

satisfying decay estimates (2.6).

Proof of Theorem 2.6. We first consider very regular initial data, i.e. we assume that ug satisfies (5.3). Then,
this condition is relaxed by considering initial data that are merely integrable.

The proof proceeds in three steps: passage to the limit with the parameter of the regularization of the
nonlinearity, then with the parameter of the parabolic regularization, and finally — stability with respect to

initial data.

Passage to the limit as ¢ — 0. Consider ug satisfying (5.3). From Theorem 5.1, we have a sequence of
solutions u. of (5.1) for G, defined in such a way that there exists C' > 0 such that for all € € (0, 1],

[Ga]'y := sup |G8(r) — GE(S)|

rots |r — |7

<C

where v = min{m — 1,1}. Thanks to Corollary 5.12, there exists also a constant C' > 0 (depending on § > 0)
such that for all € € (0, 1],

(7.1) [uellLoo(o.myxray £ Cs NuellL2qo,), o1 2 Ray) < C.

Hence, we can construct a sequence (g5,),, such that

u, — u in L2((0,T), H“*(R?))
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where u,, denotes u.,. Moreover, for all R > 0, the embedding H'?(Bgr) C L?(Bg) is dense and compact.

Using (7.1) we also obtain

/ / lun (£, 2)|? dt dz = 0.
meas(E)—>O ECI0,T] Br

Hence, we infer from [21] (which contains an optimal result on the compactness for Hilbert space valued vector

functions) that, up to a subsequence, for every R > 0,

U, — win L*((0,T) x Bg).
Moreover, passing again to a subsequence if necessary, we can assume that for every R > 0,
(7.2) Vu, — Vu in L2((0,T) x Bgr), u, — u for a.e. (t,z) € Qr,

which imply for all ¢ € C°(Q7),

// UpOrpdt do — // udyp dt dz,

T T

// Vun~Vgadtdz%// Vu-Vepdtde.
Qr T

As far as the nonlinear term in equation (5.1) is concerned, we have
|tn| = |u| for a.e. (t,z) € Qr.
Hence, the dominated convergence theorem combined with (7.1) imply that
[un| Vi = [ulVep in L*((0,T), L7 (RY))
for all ¢’ € (1,00). Lemmas 6.5 and 6.8 imply that
(7.3) vela., (uy,) is bounded in LY(Qr)

for some ¢ € (1,00).
We deduce from (7.3) that we can extract a weakly converging subsequence of (V*~1G., (un))n C LY(Q1)

which limit is denoted by L. Since
G, (uy) = |[u/™ sgnu a.e. in Qr,

we have
velG,, (u,) — Lin LY(Qr), where L=V !(|Ju/™ 'sgnu) in D'(Qr).

In particular, V! (Ju|™ ! sgnu) € LI9(Qr) holds, and

/ VLG, (uy) - Jun |V dt de — // Ve (Ju|™  sgnu) - |u| Ve dt de
Qr Qr

|m—1

as n — oo. Hence, we obtain a weak solution of (5.1) with G(r) = |r sgnr for ug satisfying (5.3).
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By the Fatou lemma, we derive from Corollary 5.12 and Proposition 3.1 the following estimates: for a.e.

t>s5>0,q€[l,00], p € (1,00), uniformly in § € (0, 1],

(7.4) lu®lly < lluolls
4p(p—1)(m — 1) / 5 pipoy |2
7.5 HIE + v (s 5 ’ dsde < p
(7.5) WOl + = e V7 (nulal 57| dsdo < Juts)i
d(m—1)/q+a (1 l)
(7.6) lu@®lly < Cluoll, =7 ¢~ 77

(7.7) 25// |Vul? ds dz < [Jugl|3.

Remark that now we can derive the hypercontractivity estimates in the case m € (1, 3) from inequality (7.5).

We also know that the solution u is nonnegative if ug is so.

Passage to the limit as § — 0. Let u = u’ denote the solution constructed above. We consider
00 = |u|™ sgn u.
Using (7.5) with s =0 and p=m + 1 > 1, we get that, for all ' > 0,
% is bounded in L2((0,T), H 2 3(R%)).
Hence, there exists a subsequence §,, — 0 such that
v, = v in L*((0,T), H2*(R?)),
where v,, denotes v°». Moreover, inequality (7.4) with ¢ = oo implies that for R > 0
meas(E)ligl,EC[O,T] [E /BR [on (t, ) * dt d = 0.

Hence, we can use [21] once more, and conclude that for all R > 0

vp, — v in L*((0,T) x Bg).
Moreover, passing to a subsequence if necessary, we can assume that

u, — u for a.e. (t,x) € Qr,
where u,, denotes u%». Now Lemmas 6.5 and 6.9 imply that
(7.8) Vo (|Ju, ™t sgnu,) is bounded in LY(Q7)

for some ¢ > 1. Hence, we can pass to the limit in the nonlinear term in the weak formulation of equation (5.1).

To complete this proof, notice that inequality (7.7) implies that
8, Vu, — 0in L*(Q7).

In particular,
5n/ Vu, - Vodtdr — 0
Qr

as n — co. We thus conclude that u is a weak solution of (1.1)—(1.2).
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The conservation of mass, the positivity property, the monotonicity of LP-norms, and the hypercontractivity

estimates follow from (7.4)—(7.7) in a standard way.

Stability with respect initial conditions. Assume now that ug € L*(R?) N L>°(R?). Consider an approx-
imating sequence u{} satisfying (5.3). Then, the sequences of LP-norms are bounded and we can pass to the
limit as we did already when letting 6 — 0. We also recover the expected properties of the weak solution.

Assume finally that ug is merely integrable. Then T}, (ug) € L*(R%) N L>(R?) where
T, (r) = min{max{r, —n}, n}.

Hence, there exists a weak solution u, of (1.1). In view of the hypercontractivity estimates, we can extract

a converging subsequence in (n,T) x R, with arbitrary > 0, to a function u” in the following sense
un — u" in L*((n,T) x B(0, R)).

Moreover, the L!-norm of u, is bounded in (0,T) x R%. Then we have

// UpOpp dt do
(0,m) xR
// UpOsp — // u"0pp
(n,T)xR* (n,T) xR

//( e va71(|un|mflsgnun) V(‘pdtdx%//( e va71(|un|mflsgnun) thdtdx
n,4)X n,T)x

<Chn,

as n — oo for each n > 0. We can now conclude the proof of Theorem 2.6 through a diagonal procedure. (|

APPENDIX A. PROOF OF PROPOSITION 5.9

Proof of Proposition 5.9. We fix an arbitrary p > p, = =% First, we remark that

a—1"

//(3tu)¢dtd$+/IUIVO‘_1G(U) ~ V¢dtdz+5//Vu-V¢dtdz =0

for all ¢ compactly supported in time and in L*((0,7), H** (R%)). Recall that we have dyu € C[0,T], LP(R%))
for p > po = =% and ¥(u) = [u|V*~1G(u) € L>((0,T), LP(RY)). To justify the previous equality, it is enough

to mollify the function ¢ in time and space, and remark that the mollified function ¢, satisfies (for n small

enough) ¢,(0,z) = ¢, (T, x) =0, ug, € CY((0,7), L*(R%)) and

//u(@tqbn)dt dz = — //(@u)qﬁ,] dt da.

Letting 7 — 0 and using the regularity of W(u) yields the desired result.
Next, consider ¢(7,z) = ¢'(u(7,x))O,(7), where O, is truncation function in time of [s,¢]. Remark that

¢ € L*((0,T), H? (R%)); indeed, ¢’ (u) € L>((0,T), L (R%)), and we also have for all w € (H»?NL'NL>®)(R?)

" (w)Vwllpy < [[Vwllplle" (w)lq
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with % = 1—%. As far as ©, is concerned, we choose it such that ©,,(s) = 0 and O] (7) = p,(T—s—1)—p,(T—t+n)

where p,, is an even mollifier supported in [—7,n]. Now we can write

J[@wewe,irar= [[awpe,ira

// )(pn(T = t+n) = py(1T — s —n)) dr da.

//(atu)go'(u)@n drdz /cp(u(t,x))dx - /(p(u(s,x))dx.

[u|V(u) = |ule” (u)Vu = V((u)) in LP(RY)

Hence,
Moreover,

thanks to the Stampacchia theorem (u € L>(R%) hence ¢’ and 9 locally Lipschitz is enough). Hence

/ /|u|VO‘ 'G(u) - Vo(u)drda / /va LG(u) - V(¢(u)) dz dr.

It remains to prove that

(A1) / [t

The last inequality comes from the computations we made above. As far as the second inequality is concerned,

ml@

(w))drdz < / /Va_lG(u) -V(¢(u))dedr < co.

we use (1.3) to write

/ [ v 6t V(i) dedr = tin / [ G - cumn)Fy - o) - V() dedyar

where F), is defined as follows

z

Fy(2) = Canrima s oama

Through an integration by parts, we now get
[ ][ Gtiea) - G my ) Vwatra)drdy ir
- [ ][ vowea) F - st asayar
/ [ wtra) = wtr)) (¥ - Fa)ly — a)itutr. o) dedydr.

The first term on the right-hand side equals 0 since F}, is odd. Moreover, we have

nd+o‘+(d+a+1)|z|d+a
(e + Jo] )2

V . Fn(z) = Cd@

Hence, the Fatou lemma yields (A.1). The proof of the proposition is now complete. O

APPENDIX B. FROM (6.6) TO THE BOUNDEDNESS OF £,
Consider 1, = log k,, and write (6.6) as follows

ln+1 S an + bnln
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with
1 2" (2 + ) 1
an = n+1 [« m—1 10g 4 a 27ﬁ—1 )
2 (EJF 2") KH(EJF zn)
b — m—1
" %2”+1+2(m7 1)
Remark next that
C
angc% and bn§1—2—n.

In particular

Using the fact that b, < 1, we get

ZHSZan—i— an g -

n>k n>k

Hence, [,, does not blow up, and neither does x,,.

APPENDIX C. PROOF OF LEMMA 6.4

Proof of Lemma 6./4. First, we remark that we can reduce to the case g(t) =t and K = 1 through a change of

variables.

The proof is simple if f is smooth. If f is not, extend f by 0 to R and consider a mollifier p.. Then write

for t1 < to,
t1—s
f(t1—3)+K/ () dr < f(ty — ).

Now integrate against p.(s) and use the Jensen inequality to get

t1

fet)+ K [ f27N(r)dr < fe(ta).

— 00

We are now reduced to the case f = f., which is smooth. Passing to the limit, the proof is now complete. [
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