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Abstract. We consider an evolution equation whose time-diffusion is of fractional type, and we provide
decay estimates in time for the L*-norm of the solutions in a bounded domain. The spatial operator that we
take into account is very general and comprises classical local and nonlocal diffusion equations.

1. Introduction
1.1. General time-fractional diffusion equations

The goal of this paper is to consider evolutionary equations with nonlocal time-
diffusion of fractional type, which is modeled by an integro-differential operator. The
space-diffusion that we take into account can be both local and nonlocal, and in fact our
approach aims at general energy estimates in an abstract framework which will in turn
provide asymptotic decay estimates in a series of concrete cases, including nonlocal
nonlinear operators, nonlocal porous medium equations and possibly nonlocal mean
curvature operators.

More specifically, we consider equations of the form

%u + N[u] =0, (1.1)

with o € (0, 1). In this setting, the solution u is a function u = u(x, t), with x lying in
a nice Euclidean domain, ¢ > 0, and Dirichlet boundary data. The variable x will be
referred to as “space,” and in the examples that we take into account, the operator N
possesses some kind of “elliptic” features, which make (1.1) a sort of “diffusive,”
or “parabolic,” equation. In this spirit, the variable ¢, which will be referred to as
“time,” appears in (1.1) with a fractional derivative of order « € (0, 1), and we
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thereby consider (1.1) as a fractional time-diffusion. In the examples that we take
into account, the diffusion modeled on the operator N can be either “classical” (i.e.,
involving derivatives of integer order, up to order two) or “anomalous” (since it can
involve fractional derivatives as well, in which case we refer to it as a fractional
space-diffusion).

We also recall that integro-differential equations are a classical topic in mathematical
analysis, see, e.g., [54,70]. Fractional calculus also appears under different forms
in several real-world phenomena, see, e.g., [42,51,66]. In particular, time-fractional
derivatives find applications in the magneto-thermoelastic heat conduction [30], wave
equations [17,49], hydrodynamics [7], quantum physics [9], etc. See also [47,65] for
existence and uniqueness results and [4,5,68] for related regularity results in the local
and nonlocal spatial regime. The recent literature has also widely considered time-
fractional diffusion coupled with p-Laplacian space-diffusion, see, e.g., [18,45,46,73]
and the references therein.

In the framework of nonlocal equations, a deep and useful setting is that pro-
vided by the Volterra integral equations, which often offers a general context in
which one develops existence, uniqueness, regularity and asymptotic theories, see,
for instance, [6,21,22,33,36,37,56,63,71,72] and the references therein.

The setting in which we work in this paper is the following. We consider the so-
called Caputo derivative of order « € (0, 1), defined as

o o d [Tu(r) —u(0)
3, Lt(t) = E/(; Wdl’, (12)

up to a positive normalization constant that we neglect (see, e.g., [14]).
Goal of this paper is to study solutions

u=u(x,t):R" x [0, +00) = [0, +00)
of the initial value problem

0Fu(x,t) +N[u](x,t) =0 foranyx € Qandt > 0,
u(x,t) =0 forany x € R*\Q and ¢ > 0, (1.3)
u(x,0) = up(x) for any x € Q.

In our notation, €2 is a bounded subset of R” with smooth boundary and N is a possibly
nonlinear operator. For concreteness, we suppose that the initial datum uo does not
vanish identically and lies in L (2) for any g € [1, +00) (as a matter of fact, weaker
assumptions can be taken according to suitable choices of the parameters). In any case,
from now on, the initial datum ¢ will be always implicitly supposed to be nonnegative,
nontrivial and integrable at any power and the solution u to be nonnegative and smooth.

The main structural assumption that we take is that there exist s € (1, +00), y €
(0, +00) and C € (0, +00) such that if u is as in (1.3), then

lully~ia) @) < C fQ w1 e, ) Nlud(x, 1) d, (14)
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where we used the notation

1/s
lullLs ) (@) == (/Q us(x,t)dx) )

For simplicity, we considered smooth solutions of (1.3) (in concrete cases, the notion of
weak solutions may be treated similarly, see, e.g., the regularization methods discussed
on page 235 of [69]).

After providing a general result on the decay of the solutions of (1.3), we will
specify the operator N to the following concrete cases:

the case of the Laplacian,

the case of the p-Laplacian,

the case of the porous medium equation,

the case of the doubly nonlinear equation,

the case of the mean curvature equation,

the case of the fractional Laplacian,

the case of the fractional p-Laplacian,

the sum of different space-fractional operators,
the case of the fractional porous medium equation,
the case of the fractional mean curvature equation.

The general result will be obtained by energy methods for nonlinear operators (see,
e.g., [27]). Our approach will largely exploit a very deep and detailed analysis of the
time-fractional evolution problems recently performed in [39,69], and in a sense, our
results can be seen as a generalization of those in [39,40,69] to comprise cases arising
from space-fractional equations, nonlinear nonlocal operators, geometric operators
and nonlocal porous medium equations.

Also, the general framework that we provide can be useful to give a unified setting
in terms of energy inequalities.

Our “abstract” result is the following:

THEOREM 1.1. Let u be as in (1.3), under the structural condition in (1.4). Then,

lull¥ s ) (1)
O lullLs @ (1) < —%. (1.5)
Furthermore,
lullLs @) () < T (1.6)

for some C, > 0, possibly depending on C, y, o and |\ug|| s ().

We point out that the result in (1.6) is quite different from the decay estimates for
classical time-diffusion (compared, e.g., with [27]).

Indeed, in (1.6), a power-law decay is provided, while the classical uniformly elliptic
time-diffusion case presents exponential decays. The power-law decay can be under-
stood by looking at the solution of

de(t) = —e(t)
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for t € (0, +00) with initial datum e(0) = 1 and at the first Dirichlet eigenfunction ¢
of a ball B normalized in such a way that the corresponding eigenvalue is equal to 1,
namely,

Ap = —¢ in B,
¢ =0 on 0B,
loll2) = 1.

Then, the function u(x, t) := e(t) ¢ (x) satisfies the fractional heatequation 97 u = Au
in B, with zero Dirichlet datum, and

lullz2cp) = le(®)]. (1.7)

The function e is explicit in terms of the Mittag-Leffler function (see, e.g., [48,53] and
the references therein), and it satisfies e(¢) ~ ,lu ast — +o00.

This fact and (1.7) imply a polynomial decay of the L?-norm of the solution, in
agreement with (1.6).

The decay presented in (1.6) is also different from the case of fast nonlinear diffusion,
in which the solution gets extinct in finite time, see, e.g., Theorem 17 in [27].

We now specify Theorem 1.1 to several concrete cases, also recovering the main
results in [40,69] and providing new applications. Several new applications will be
also given in [3].

1.2. The cases of the Laplacian, of the p-Laplacian, of the porous medium equation
and of the doubly nonlinear equation

The doubly nonlinear operator (see, e.g., [58]) is a general operator of the form
ur— Apu™, (1.8)

with m € (0, 400) and p € (1, 400).
When m = 1, this operator reduces to the p-Laplacian

Apu = div(|VulP~2Vu),

which in turn reduces to the classical Laplacian as p = 2.
When p = 2, the operator in (1.8) reduces to the porous medium operator (see,
e.g., [67] and the references therein)

ur— Au™,

which again reduces to the Laplacian when m = 1.
In this setting, we have the following result:

THEOREM 1.2. Suppose that u is a solution of

o, m
0 u=Apu
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in Q x (0, +00), withu(x,t) =0 for any x € 02 and any t > 0. Then, for any s €
(1, +00),

lullLs @) @) < (1.9)

o k]
1 + ¢ mp=D
for some C > 0.

As special cases of Theorem 1.2, we can take m := 1 and p := 2, which correspond
to the p-Laplacian case and to the porous medium case, respectively. We state these
results explicitly for the convenience of the reader.

COROLLARY 1.3. Suppose that u is a solution of
fu = Apu
in Q x (0, +00), withu(x,t) =0 for any x € 02 and any t > 0. Then, for any s €
(1, +00),

C

llallzs @) (1) < T /D

for some C > 0.

COROLLARY 1.4. Suppose that u is a solution of
fu = Au"

in Q x (0, 4+00), withu(x,t) =0 for any x € 02 and any t > 0. Then, for any s €
(1, 4+00),

lull s ) (1) < W,
for some C > Q.

When p € (2, +00) in Corollary 1.3, the case @ ' 1 recovers the classical decay,
see, e.g., Theorem 21 in [27].

For results related to Corollary 1.3 when p = 2, see [50,52]. Corollaries 1.3 and 1.4

can be compared with Theorems 8.1 and 9.1 in [69], respectively.

1.3. The case of the mean curvature equation

The setting in Theorem 1.1 is general enough to deal with nonlinear operators of
mean curvature type and to consider equations of the type

» . ( Vu(x, 1) )
u(x, 1) = div | ——m—— ) . (1.10)
V14| Vulx, )?

We recall that the right-hand side of (1.10) corresponds to the mean curvature of the
hypersurface described by the graph of the function u, see, e.g., formula (13.1) in [35].
The result obtained in this setting goes as follows:
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THEOREM 1.5. Suppose that u is a solution of (1.10) in 2 x (0, +00), with u(x, t)
= 0 forany x € 02 and any t > 0. Assume that either

ne{l,2} and sup/ V14| Vulx, )?dx < +o00 (1.11)
Q

t>0
or
sup |Vu(x,t)] < +oo. (1.12)

xef2, >0
Then, for any s € (1, +00),

llellLs @) (1) < , (1.13)

141«

for some C > Q.

1.4. The case of the fractional Laplacian, of the fractional p-Laplacian and of the sum
of different space-fractional operators

The setting in Theorem 1.1 is general enough to comprise also the case of operators
modeling spatial nonlocal diffusion of fractional kind. The main example of such
operators is given by the fractional Laplacian of order o € (0, 1), which can be
defined (up to a multiplicative constant that we neglect for simplicity) by

(—A) u(x) :=/ ) —u®) 4 (1.14)

R |_x _ y|n+20 !

Here and in the following, we implicitly suppose that these types of singular integrals
are taken in the principal value sense. The fractional Laplacian provides a natural
framework for many problems in theoretical and applied mathematics, see, e.g., [10,
44,64] and the references therein.

Several nonlinear variations in the fractional Laplacian can be taken into account,
see, e.g., [23,28,38,43,57] and the references therein. In particular, for any p €
(1, +00), one can consider the operator

Of course, when p = 2 the operator in (1.15) reduces to that in (1.14). In this setting,
we have the following decay result for solutions of fractional time equations whose
spatial diffusion is driven by the nonlinear fractional operator in (1.15).

THEOREM 1.6. Suppose that u is a solution of

ru(x, 1) + (—A)‘;u(x, )=0

in Q2 x (0, +00), with u(x,t) = 0 for any x € R"* \ Q and for any t > 0. Then, for
any s € (1, 4+00),

lullLs @) @) < (1.16)

1+ re/(p—1)°
for some C > 0.
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When p = 2, decay estimates for nonlocal equations have been very recently
obtained in [40].

An extension of Theorem 1.6 holds true also for sums of different, possibly nonlin-
ear, space-fractional diffusion operators:

THEOREM 1.7. Let N € N, N > 1. Let o1,...,0ony € (0,1), p1,...,pN €
(1, 400) and B1, ..., By € (0, 400). Suppose that u is a solution of

N
O uCe, 1)+ Y B (=N ulx,1) =0
j=1

in Q x (0, +00), with u(x,t) = 0 for any x € R" \ Q and for any t > 0. Then, for
any s € (1, +00),
C

1+ 1%/ Pmn—1) (1.17)

lull s @) (@) <

for some C > 0, where

Pmax = max{pi,..., pn}.

More general settings for superpositions of fractional operators can be also consid-
ered in our setting, see, e.g., [12].

Another interesting case arises from the sum of fractional operators in different
directions. Precisely, fixed j € {1,...,n} one can consider the unit vector ¢; (i.e.,
the jth element of the Euclidean basis of R"), and define the fractional Laplacian in
direction e, namely,

u(x) —u(x + pe;)

o1 120] dp.

(=03)u(x) = /
R

with o; € (0, 1). Then, given By, ..., B, > 0, one can consider the superposition of
such operators, that is,

(—Ap)7u(x) =Y Bj(=d7 )7 u(x).

j=1

Here, we are using the formal notation o := (o1,...,0,) and 8 = (B, ..., Bn).
Notice that (—Ag)? is similar to, but structurally very different from, the fractional
Laplacian, since the nonlocal character of the fractional Laplacian also takes into
account the interactions in directions different than ey, ..., e,: for instance, even
ifop =---=o0, =1/2and By = --- = B, = 1, the operator (—Ag)? does not
reduce to the square root of the Laplacian.

These types of anisotropic fractional operators (and even more general ones) have
been considered in [31,59-61]. In our setting, we have the following decay result:
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THEOREM 1.8. Suppose that u is a solution of
OFu(x,t) + (—Ap)u(x, 1) =0

in Q x (0, +00), with u(x,t) = 0 for any x € R" \ Q and for any t > 0. Then, for
any s € (1, +00),

’

s (1) <
llell s () (1) e

for some C > 0.

More general operators, such as the sum of fractional Laplacians along linear sub-
spaces of R”, as well as operators in integral superposition, may also be taken into
account in Theorem 1.8, but we focused on an explicit case for simplicity of notations.

1.5. The case of the fractional porous medium equation
We consider here a porous medium diffusion operator of fractional type, given by
ur— (—A)%u™,

with o € (0, 1) and m € (0, +00), where (—A)? is the fractional Laplace operator
defined in (1.14).

In the classical time-diffusion case, such equation has been introduced and analyzed
in [25,26] (remarkably, in this case, any nontrivial nonnegative solution becomes
strictly positive instantaneously, and this is a different feature with respect to the
classical porous medium equation).

In our setting, we will consider the time-fractional version of the space-fractional
porous medium equation and establish the following decay estimate:

THEOREM 1.9. Suppose that u is a solution of
u+ (—A)u" =0

in 2 x (0, 400), with u(x,t) = 0 for any x € R" \ Q and any t > 0. Then, for
any s € (1, +00),

lellLs @) (@) < , (1.18)

IR

141
for some C > 0.
Similar results may also be obtained in more general settings for doubly nonlinear

and doubly fractional porous medium equations. We also observe that, for m = 1,
Theorem 1.9 boils down to Theorem 1.6 with p := 2.
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1.6. The case of the fractional mean curvature equation

The notion of nonlocal perimeter functional has been introduced and analyzed in
[13]. While the first variation in the classical perimeter functional consists in the mean
curvature operator, the first variation in the nonlocal perimeter produces an object,
which can be seen as a nonlocal mean curvature and which corresponds to a weighted
average of the characteristic function of a set with respect to a singular kernel. The
study of such fractional mean curvature operator is a very interesting topic of research
in itself, and the recent literature produced several contributions in this context, see,
e.g., [1,8,11,20,24,32,34,55]. The nonlocal mean curvature also induces a geometric
flow, as studied in [15,16,19,62]. See also [29] for a recent survey on the topic of
nonlocal minimal surfaces and nonlocal mean curvature equations.

For smooth hypersurfaces with a structure of complete graphs, the notion of nonlocal
mean curvature can be introduced as follows (see, e.g., formula (3.5) in [32]). For
anyr € Rand o € (0, 1), we set

r dt
F(r) .=/O T (1.19)

and we consider the (minus) nonlocal mean curvature operator corresponding to the
choice

. <u(x,t) —u(x +y,t)> dy. (1.20)

Mas, 5= [ o o]

In this setting, we provide a decay estimate for graphical solutions of the fractional
mean curvature equation, as stated in the following result:

THEOREM 1.10. Suppose that u is a solution of
1 , 1) — , 1
at“u(x,z)=/ _ F(u(x+y ) —u(x )) dy
R |y["Te |yl

withu(x,t) = 0 for any x € R" \ Q and for any t > 0.
Assume that

sup  |Vu(x, )| < +oo. (1.21)

xe, t>0
Then, for any s € (1, +00),
s 1) < am——
s @ @) < 5 T
for some C > Q.

The recent literature has considered the evolution of graphs under the fractional
mean curvature flow, see Section 6 of [62]. In this respect, Theorem 1.10 here can be
seen as the first study of evolution equations driven by the fractional mean curvature
in which the flow possesses a memory effect.

The rest of the paper is devoted to the proofs of the above mentioned results. First we
prove the general statement of Theorem 1.1, and then, we check that condition (1.4)
is verified in all the concrete cases taken into consideration.
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2. Proofs

We will exploit the following result, which follows from Corollary 3.1 in [69].

LEMMA 2.1. Lets > 1,u : 2 x [0, +00) = Rand ug(x) := u(x, 0). Let v(t) :=
lullzs @) () and suppose that ug € L*(S2), and for every T > 0, thatu € L*((0, T),
L5 (2)). Then,

v (1) 37 v(r) S/ W lx, 1) O u(x, t)dx.
Q

As a technical remark, we recall that in our setting u is supposed to be smooth
in (space and) time, and this allows us to exploit Corollary 3.1 in [69]. Indeed, in
Corollary 3.1 of [69], the interaction kernel is in principle assumed to be in H 1] (0, T)),
and in particular, no singularity is permitted at + = 0. Nevertheless, in [69] there is
also a remark after Corollary 3.1, stating that the desired inequality remains true
in the singular case provided that u is sufficiently smooth (which is the case under
consideration in our setting), and hence, Lemma 2.1 here follows from Corollary 3.1 in
[69], e.g., by means of a Yosida approximation argument for the fractional derivative.

2.1. Proof of Theorem 1.1

Without loss of generality, we can suppose that [lugl| s (@) # 0, and we set v(¢) :=
lull s () (¢). Hence, recalling (1.3) and Lemma 2.1,

v ) 8% () < — / w = x, 1) N[ul(x, 1) dx. Q2.1
Q
Using this and (1.4), we thus find that
1 B Us71+y @)
—1 1+
VOV < — 5 lullp ) () = ——F— (2:2)

From (2.2), we plainly obtain (1.5) at all # for which v(¢) # 0.

But at the points ¢ at which v(¢) = 0, we see that (1.5) is also automaticallyl
satisfied in view of the following observation: using that u is smooth, combined with
the Holder’s Inequality with exponents s /(s — 1) and s, we have that, a.e. t > 0,

3 . 1/s
67(_/9 lu(x,t)] x)
(1-5)/s
< </ |u(x,t)|de) /lu(x,t)ls_l
Q Q

4 )
ar’

d
8—’:()6, t)| dx

(I=s)/s (s—=1)/s u s 1/s
< </ lu(x, )| dx) (/ lu(x, 0)|° dx) (/ —(x,1) dx)
Q Q Q| ot
Jat L5 (Q) ’

For another approach allowing for the division by the prefactor in (2.2), see Lemma 2.1 in the recent
preprint [41].
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Hence, v is Lipschitz continuous, and therefore, we see that

v(t) — v(t)
m ——— =0,
o (t—1)¢

and as a consequence,

d ["v(@) —v() 9t Lu@) —v(t)
— | Y dr=| —Ldr—a| ——2dt
dt Jo (t—1) 0o (t—1)" 0 (t—o)lte
()t Lut) —v(r)
=—"—7 _a 4/ Zdr
- 0 (t —7)lte

Comparing this with (1.2), we find that

t _ t —
9 u(t) = i/ v(t) — v(t) dr—i—i/ v(t) —v(0) dr
0 0

dt (t—1)« dr (t—1)
IO a/f v —v@ o d (v(®) — v(0)) £~
n l—«a 0 (t—1)lte dr l—«a
o' ") — v(1) @) ' (1) — v(0)
I RS “/0 o Tt T T
B Tu@) —v(r) v(t) — v(0)
_a/O (t—‘t)1+°‘dt+ " .

Therefore, at points ¢ where v(¢) = 0, using that v > 0, we see that

o _ () v(0)
i v(t)——a/o (t—r)H“"dr_ e <0,

which gives that (1.5) is satisfied in this case as well.
Now, we prove (1.6). To this aim, we consider the solution w(#) of the nonlinear
fractional differential equation
Yt
fw(t) = _w?() for any > 0,
2.3)

w(0) = v(0).
When y = 1, the function w is explicitly known in terms of the Mittag-Leffler function,

see [48,53]. The general case y > 0 has been dealt with in detail in Section 7 of [69].
In particular (see Theorem 7.1 in [69]), it holds that

_— 2.4)
for some C, > 0, possibly depending on C, y, o and v(0). Moreover, by (1.5), (2.3)

and the comparison principle (see, e.g., Lemma 2.6 in [69]), we have that v(7) < w(?)
for all + > 0. Using this and (2.4), we obtain (1.6). ]
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REMARK 2.2. We observe that the constant C in (1.5) is exactly the one coming
from (1.4). If needed, the long-time behavior in (1.6) can be also made more precise
in terms of |ug|l s (o). Indeed, recalling formula (41) in [69], in the notation used for
the proof of Theorem 1.1 one can define

to := C w=1/%(0),
with C > 0 depending only on «, y and C and
- w(0) ifr € [0, 1],
w(t) =
w(0) (1o/)*" if 1 € (19, +00),
and conclude that w(z) < w(¢). In this way, for large ¢, we have that

i -
_ o w(0) tg’/y  uollzs (Cc IIMOII(LS(S);))/Q)Q/V
lulls (@) = v(®) S W) = —7— = Ty

~ 1
_ Cluoll g,
- re/v

s

with C > 0 depending only on «, y and C.
2.2. Proof of Theorem 1.2

We set
s=24p+m—-1)(p—1)
vi=u P (2.5)
and we point out that

_ _ _ 14
[Vo|? = (S 2tpt+m=-Dp 1)) ut ~2Hm=Dp=1 |Vu|P
p

= (s —24p+m=Dp- 1))P W 2lvy (M(m_l)(p_l)|Vu|p_2Vu)
p
s—=2+p+m—1D(p—-D\ 1 . _
B < : P ’ ) G Dmr T " LIV,
(2.6)
Now, when p € (1, n), we recall the Sobolev exponent
np
Px =
n—p

and we claim thatif p € (1,n) and g € [1, p.], as well asif p € [n, +0o0) and g €
[1, 4+00), it holds that

19120y < Co [ 19065017 ax, @7

for some Cy > 0. Indeed, when p € (1, n], the inequality in (2.7) follows from the
Sobolev Embedding Theorem. When instead p € (n, +00), we can use the Sobolev
Embedding Theorem with exponent n to write



Fractional time-diffusion

||v||zq(g)(t)<co/ IVo(x, 0" dx.
Q

Combining this with the Holder’s Inequality for the norm of the gradient, we
obtain (2.7) (up to renaming constants).
We also observe that when p € (1, n) and

1 1-— —1
s > max{m — s n( mip )) , (2.3)
p—1 P
it holds that
sp
e [1, p.l. 2.9)

s=24+p+m—-—1(p-1

Indeed, we have that
s=24+p+m-Dp-D>1-24+p+m—-D(p—-1)=m(p—-1) >20.
Moreover,

s=24+p+m—-D(p—-—1D—-—sp=m(p—1)—1—-s(p—1)<0

thanks to (2.8). This gives that 1.

In addition,

Sp
s—2+p+(m—1)(p—1) Z

sm—p)—n(s=2+p+m—-1(p—-D)=-sp—n(p—2+m—1(p—1)) <0,

due to (2.8), which gives that
prove (2.9).

By means of (2.9), when either p € [n, +00) or (2.8) holds true, we can choose g :=
in (2.7). Hence, recalling (2.5), we find that

sp . .
TP D=D S Pxe These considerations

sp
s—=2+p+(m—1)(p—1)

el ") = ( / u(x, 1) dx)
Q

s=2+4p+m—D(p—D sp
= u P s=2+p+m—1)(p—1) (x’ l) dx
Q

s=24p+m=1)(p—1)

sp
= (/ v 5—2+p+m—D(p-1) (x’ [) dx)
Q

p
= vl sp Q)
L s=2+p+(m—1)(p—1) (Q)

< CO/ [Vu(x, t)|” dx.
Q

s=2+p+m=D(p=1)
s

s—=2+p+(m—1)(p—1)
s

As a consequence, making use of (2.6), we conclude that

||M||;;(2$)p+(m_l)(p_l)(t) < Cl/ Vusfl . (lvum|p72vum) dx,
Q

provided that either p € [n, +00) or (2.8) holds true.
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This gives that condition (1.4) is satisfied in this case with y := m(p — 1). This
and (1.6) imply that if either p € [n, +00) or (2.8) holds true, then

*

T > 2.10
1 + w1 10

el s ) () <

for some C, > 0. Also, when (2.8) is not satisfied, we have that

1 n(l—m(p—l))
s <max {m — ,
p—1 P

and in this case the Holder’s Inequality implies that [[u|| s (@) (£) < C |lull 15 (q) (1), for
some C > 0, and s lies in the range satisfying (2.10).
This observation and (2.10) imply (1.9), as desired. O

2.3. Proof of Theorem 1.5

We set v := u®/2. Notice that

2
Vo2 = SZ w2V = X u 5 Ve Vil 2.11)
-

We distinguish two cases, according to (1.11) and (1.12). We first consider the case in
which (1.11) holds true. Then, by Cauchy—Schwarz Inequality,

\%
J,rovesotas —/ 'Wff;i tz)>|| i (1 1Vuc 0 ) dx

(2.12)

2
\// Vel f 1+ [Vu(x, 2 dx.
14 [Vu(x,n)? @

Moreover, when n > 1, from the Gagliardo—Nirenberg—Sobolev Inequality, we know
that

n—1
(/QuZ("l) (x,t)dx) = ||v||Ln - (1) < CO/n [Vu(x, t)|dx

for some Cyp > 0. Also, when n = 1, one can use the Fundamental Theorem of
Calculus and check that, for any g € [1, +00),

1
(/ u‘?<x,r>dx)” _ ||v||Lq<Rn>(r)<c1/ Vulx, )] d
Q Rn

for some Cy > 0.
Using this, (2.11) and (2.12), we obtain that

. s—1
(/u2(x t)dx \/f vut. 1) VT (% 1) dx /\/1+|Vu(x,t)|2dx,
Q V14 |Vulx, 1))? Q
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where ¢ = %5 when n = 2, and any ¢ € [I, +00) when n = 1. From this and
assumption (1.11), we find that

2
s g v 1) - Vus L (x, ¢t
<f uz"(x,t)dx>q <Gy ux, ) Vu &1 4
Q Q 14 |Vulx,n)?
n

where g = o when n = 2, and any ¢ € [l,+00) when n = 1. In any case,
when n € {1, 2}, we have that we can take ¢ = 2 and write

Vu(x,t) - Vu' = (x, 1)
dx.
V14| Vulx,n?

Therefore, we have that (1.4) is satisfied for any s € (1, +00) and y := 1. This and
(1.6) imply (1.13), as desired.

Now we deal with the case in which (1.12) is satisfied. We can also assume thatn > 3
(since the cases n € {1, 2} are covered by (1.11)). Then, exploiting the Gagliardo—
Nirenberg—Sobolev Inequality in this situation and recalling (2.11), we see that

/ u(x,t)dx < Cz
Q

2
4(ss— D) /Qvu(x,z)~w“(x,t)dx =/Q|Vv(x,t)|2dx

> ColIvll? 2
Ln=2(Q)

n=2

:c0</u,f"z> n
Q

/ Vu(x, 1) - Vu* " x,1)dx > Cy lulls (s
Q

for some Cy > 0. Hence, by Holder’s Inequality,

for some C; > 0. Thus, in light of (1.12),

Vu(x,t) - V'~ x, 1)
x = Cp ||u||2s(52)
Q V14 |Vulx,n)?

This gives that (1.4) holds true in this case with y := 1. Therefore, by means of (1.6)
we obtain (1.13), as desired. O

2.4. Proof of Theorem 1.6

We define v := u—2+P)/? and we claim that

(e, 1) = v(y. DI < Coluw, 1) = u(y, DI, 1) = uly, )@~ (1) =~ (v, 1),
(2.13)
for some Cy > 0. To this aim, we consider the auxiliary function
(AW6=2+p)/p _ P

(1, +OO) SAH— g()») = ()\. — l)p—l()\s—l _ 1)
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We recall thats —2 4+ p > —1 + p > 0 and observe that

1 p
T = i (1_—)\0—2*—1’)/17) _ (1-0)7 .
o g =, Im el 1y (=01 —-0)
N (e )

and that
1 4+ &)6=2+n)/p _ 1)?
lim g(1) = lim (a+e — )
AN N ((1+e)— 1) (L+e) 1 —1)
_ i UG =24 p)/ple+o0e) = 1)" _ (5 =2+ p)/p)”
SN0 P14+ (s—Deto(e)—1) s—1 '
Consequently,
Co:= sup g) < +oo.
re(l,4+00)

Now, to prove (2.13), we may suppose, up to exchanging x and y, thatu(x, ) > u(y, t).
Also, when either u(y, t) = 0 oru(x, t) = u(y, t), then (2.13) is obvious. Therefore,
we can assume that u(x, ) > u(y,t) > 0 and set

u(x,t)

u(y,t)

Ax,y,t) = € (1, 400)

and conclude that
Co > g(A(x,y,1))

u(s—2+p)/p(x’t) 1 P
uG=2+0/r(y1)

(uoc,t) _ 1)1’*1 <u-v-'<x,t) _ 1) (2.14)
u(y,n w=(y,0
(u(sf2+p)/p(x’ 1) — ul=2tP/p(y, t))l’

) —u(y, )P (T ) = w (v, )

and this proves (2.13).
Now, when p € (1, g), we consider the fractional critical exponent

.
Do = . (2.15)
n—oaop
We claim that
[v(x, ) —v(y, )|?
||U||€q(gz)(t) < C //l\%zn x — y|n+0p dx dy, (2.16)

for some C; > 0, forevery g € [1, po] when p € (1, £), and for every g € [1, +00)
when p € [£, +00). Indeed, when p € (1, £), then (2.16) follows by the Gagliardo—
Sobolev Embedding (see, e.g., Theorem 3.2.1 in [10]). If instead p € [Z, +00)
and g € [1, +00), we set g := 1 + max{p, ¢q}. Notice that

O<£—Z<£<a<l.
2
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Hence, we can take

and since

n » np
€ (1, 7) and ¢ < ~—— = D5
o n—op

we can make use of Gagliardo—Sobolev Embedding (see, e.g., Theorem 3.2.1 in [10])
with exponents ¢ and g. In this way, we find that

P lvx, 1) —v(y, DI?
||v||Lq(Q)(t) < Cq /fRzn e dx dy, (2.17)
for some Cy > 0. Now, we fix M > 0, to be taken appropriately large, and we observe
that
1) —v(y, )P
// v, ) — vy, 0| dx dy
R2A{x—yl<M) X — y[mtop
< ME—P // e D v O g
R2O(lx—yl<m) X —y|"TOP
and

|U(.x, t) - v(y7 t)|p
C: // o= dx dy
R2A(x—y|>M)  |X — y["ToP

, [v(x, t)[P
<C —————dxd
R2A{x—y|>M) |Xx — y[rToP

C// C///
5 [ DI d < S 1,00 < 5 ol 0,

=~ Mo Map

as long as M is large enough. Here above, we have denoted by C’, C” and C"” suitable
positive constants and used that ¢ > p in order to use the Holder’s Inequality. These
inequalities and (2.17) imply that

(1) < Cs (1 4+ MO—) //2 '“(’T’ D=vO DIy gy, @a8)
Rn

Ilvll” —=
x — y[rror

Li(Q)

We also have that
ol @) < Cllvll 7 @), (2.19)

for some C > 0, in view of the Holder’s Inequality and the fact that § > ¢. Thanks
to (2.18) and (2.19), we have completed the proof of (2.16).



S. DIPIERRO ET AL. J. Evol. Equ.

Using (2.13), (2.16) and the fact that # and v vanish outside €2, we see that, for
every g € [1, po] when p € (1, g), and for every ¢ € [1, 400) when p € [g +oo),

</ u(s72+p)q/p(x7 1) dx)p/q
Q
p/q
= </ vq(x,t)dx>

= 10l1q gy

1) — ,D|P
<c /f [v(x, 1) —v(y, 1) dx dy
Re |x—yprtor

< jux, 1) — uy, 1P 2@l ) —uly, )@~ o — w0y
X 2 R2n |x — y|rtop y
B Jutx, ) —u(y, DIP 2@, ) —up, ) w0
-2 [, i dxdy
= 2C2/ (—A)gu(x,t)us_l(x,t)dx
Rn
=20, / (—A)%ux. nyu’~ x, 1 dx,
Q
(2.20)
for some Cp > 0.
We also claim that when p € (1, (’%) and
2 —
Gy 2.21)
op
it holds that
sp
S—21p € [l, ps]. (2.22)

Indeed, s -2+ p>1—-24+1=0andsp—s+2—p=s(p—-—1)+2—-p >
(p—1)+2— p =1, which gives that% > 1. In addition,

sm—op)—n(s—2+p)=—sop+n2—p) <0

thanks to (2.21), which, recalling (2.15), says that - _32’;
prove (2.22).

< po. These considerations

From (2.22) it follows that if either s > > n@ pp ) or p = &, then we can choose g :=
—F " in (2.20). Consequently, we have that
s=24p
(/Q W (x, 1) dx) C <20, /Q(—A);u(x, Ot~ (x, 1) dx. (2.23)
This says that (1.4) is satisfied with y := p — 1. Hence, we are in position of exploit-
ing (1.6), obtaining that if either s > 22 pp dorp> 2

*

W. (224)

el Ls ) (1) <
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We also observe that when s € (1, %;P)), we have that

lulls@) < Cllull ne-p
Lo (Q)

thanks to the Holder’s Inequality. This and (2.24) imply (1.16) forall s > 1 and p >
1. O

2.5. Proof of Theorem 1.7

The main idea is to use (2.23) for each index j € {1, ..., N}. That is, we fix
. { n2 - p1) n(2—pN)}
S = max s,
o1 p1 ONPN

and we exploit (2.23) to write that

§-24p;
el s (6) = (/ W (x, t)dx) "< / (=) Pute, D’ (x, 1) dx,
. . (2.25)
for some C > 0.
We also observe that
lull gy (1) < il (0)- (2.26)

Indeed, we have that
(u(x, 1) —u(y,0) (@ x, 1) — >y, 0) > 0,
and therefore,

2/ e, 1) NTul(x, £) dx
Q

N
22;‘%[ w0, 1) (=) ux, 1) dx
j=1 %

o — [P

N _ p—2 _ 3
235, // luCe, 1) —u(y, )" (ulx. 1) —u(y, ) Gty dx dy
j—l RZn

_ iﬂf // lu(x, 1) —u(y, O] (ulx, 1) — Zg‘,_?)(u“(x, n-uwe.n) "
=) Jp x — y["Fori
> 0.
(2.27)
Furthermore, from (2.1), we know that
Iy © 8 @) < = [ o) Nl ) i,
This and (2.27) give that
lull3 gy (O 351l 50y (1) < 0. (2.28)
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We now observe thatif © > 0, f > 0, and

FE) 9% £ (1) < 0 with £(0) > 0, then 3% £ (1) < (2.29)

We prove? this by contradiction, supposing that a7 f(t,) > 0 for some t, > 0. Hence,
we find an open interval (ay, b.), with 0 < a, < t. such that 97 f(t) > 0 for
all t € (ay, by), f(t) = 0forall t € (ay, by), and f(¢) > 0 for all # € [0, a,). This
gives that f(a,) = 0. Now, from (1.2), integrating by parts twice we obtain that

o 1 d ! d 1-a
‘”()_—15 (f(f)—f(O))E(t—f) dr

1 od[d Y
l—aEUo S(F® - )~ 1) dr}

— [/0 fou—m) dr}

t
/ fO)@—1)*dr
0

t d o
=f0 S(f@ - f@)a -0 de
CFO—-1O) [0~ D)
= - —|—(x [ A

1« o (t—1)lte ar
Consequently,
0< tlgg* ' f (1)
=9/ f(as)
_ Sfla) = f(0) fa & fla) — f(2)
o 0 (e —D)lH
LU e L HE
- ag 0 (ax — T)H_a
< 0.

This contradiction establishes (2.29).

By (2.28) and (2.29), we find that 9/ ||u||LS(Q) (t) < 0.From this, we obtain (2.26) by
inverting the Caputo derivative by a Volterra integral kernel (see, e.g., formula (2.61)
in [2]; alternatively, one could also use the comparison principle, e.g., Lemma 2.6 in
[69]).

Then, using (2.25) and (2.26), we conclude that

2+pmdx 5— 2+p] " oj s—1
el ) < C'lull; <C /(—A) u(x, t)ut ! (x, 1) dx,
L5 (S2) L5 () o Dj

2 After this work was completed, archived and submitted, the very interesting preprint [41] became available:
with respect to this, we mention that formula (2.29) here also follows from Lemma 2.1 in [41].
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for some C’, C” > 0, and so, multiplying by g; > 0 and summing up over j €
{L,...,N},

N
§=2+ pmax j 5—
lullyz ™ (1) < € /Q DB (A ule w1 da.
j=1
This says that (1.4) is satisfied with s replaced by s and y := ppax — 1. Accordingly,

we can exploit (1.6) and find that

*

lﬁ. (230)
-+ ¢ pmax—

||M||L§(Q)(t) <

Since, by Holder’s Inequality and the fact that s < §, we have that [Jul|1sQ) <
Cllull 15 ) for some C > 0, we deduce from (2.30) that (1.17) holds true, as
desired. 0

2.6. Proof of Theorem 1.8

We fix j € {1,...,n} and (o1,...,Pj—1, Pj41s---s 0n) € R"~! and denote Q;
(15 ey Pj=15 Pjt1s o5 ) = QN R (01, ..., pj—1, Pjs1, .-+, Pn), Where

Rj(,ol ..... Pj—1,Pj+1,---» Pn) = {(pl ..... pj_l,o,pj_H ..... pn)—l-l‘e]', FGR}.

The functionR 5 p; — u(pre; +- - -+ puey, t) is supported inside the closure of the
bounded set 2;(p1,...,0j-1, 0j+1, - ., pn), and using (2.23) with p := 2, we get
that

[ v+ w1 ap,
R

u'(prer + -+ ppen, t) d,Oj

<C /(—a§j>”fu<p1e1 + ot pen, W (prer - 4 puen, 1) dp),
R

for some C > 0.
We now integrate such inequality over the other coordinates (o1, ..., pj—1, Pj+1,
.., Pn), and we thus obtain that

/us(x,t)dx =/ u®(x,t)dx
Q R~
:/ u'(prey + -+ pey, t)dp
RH
<C th(—afj)"fu(mel oot ppen, ) (prer + -+ pren, 1) dp

=C /(—aﬁj)“fu(x,t)us”(x,t)dx.
Q
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We multiply this inequality by 8; > 0 and we sum over j, and we find that

/u‘y(x,t)dx SC’/(—A,g)”u(x,t)u‘?_l(x,t)dx,
Q Q

for some C’ > 0. Hence, (1.4) holds true with y := 1, and then, the desired result
follows from (1.6). O

2.7. Proof of Theorem 1.9

. . ~ ~ _ ~ ~T m+s—1
Itis convenient todefine iz := u™,§ := 1+% and ¥ := i°/%. Letalsov :=u 2

We remark that

Bl =uw"l and b= u"™? = T2 =y, (2.31)

We also exploit (2.13) with p := 2 to the functions # and v, with exponent 5. In this
way, we have that

|5(x, 1) = 0(y. D> < Coi(x, 1) —i(y, )@ " (x, 0) = i* ' (v, 1)),

for some Co > 0. This estimate and (2.31) give that

(e, 1) — vy, OF < Co™ (x, 1) —u™ (v, N @ (x, 1) = (y, 1) (2.32)

Also, exploiting formula (2.16) with p := 2, we have that

2/q 2
q(m+s—1) 2 |v(x,t)—v(y,l)|
(/Qu (x,mdx) — 000 < Cr /fR D axay,
(2.33)
2n

for some C; > 0, for every g € [1, n_za] when 2 € (1, g), and for every g €

[1, +00) when 2 € [£, 400).
Now we observe that when

s>m—1, (2.34)

28 e|:1, 2 } (2.35)

m+s—1 n—2o

it holds that

Indeed, we have that
smn—20)—n(m+s—1)=—-20s —n(m—1) <0

which says that —=— On the other hand, from (2.34), we see that

m+s mEs—1 X p— 2(7

2s—(m+s—1)=s—m+1=>0,

giving that —=— > 1. This proves (2.35).

m+A mts—1
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Now, by (2.35), when either 2 € [("7, +oo) ors > m — 1, we are allowed to

choose ¢ := — +2_f_1 in (2.33) and conclude that

(m+s—1)/s £ — t 2
</ u®(x,1) dx) < C // v, 1) ZS_};; ) dxdy.
Q R2 |x =yl

Combining this with (2.32), we find that

(m+s—1)/s
</ ut(x,1) dx)
Q

m _m s—1 _s—1
<G // " (x, 1) —u"(y, D)@' ™ (x, 1) —u'"(y, 1)) dx dy
RZn

|x _ y|n+20

m _m s—1
— 20, f/ " (x, 1) —u™(y, ) u’™ " (x, 1) dx dy.
R2n

|x — y|r+2e

provided that either 2 € [g +oo) ors >m — 1.

This says that, under these circumstances, condition (1.4) is fulfilled with y := m.
Therefore, we can exploit (1.6) and obtain (1.18), provided that either 2 € [(ﬂy, +oo)
ors >m—1.

Then, when 2 < 7, we first establish (1.18) for a large exponent of the Lebesgue
norm, and then, we reduce it by using the Holder’s Inequality.

This completes the proof of (1.18) in all the cases, as desired. U

2.8. Proof of Theorem 1.10

We claim that

F(ﬂﬂﬂzﬂ&2>Wwan—M”@JD
|x — vyl

(u(x, ) —u(y, ) (L, ) —u 1y, 1)
lx — yl

(2.36)

= co

for some ¢y > 0. To check this, we observe that, by (1.19), F is odd; hence, we can
reduce to the case in which

u(x,t) > u(y,t). (2.37)

Also, by (1.19), we see that when |r| is bounded, then F(r) =~ r, and therefore,
by (1.21) and (2.37),

)

F <M(.x,t) _M(yvt)) 2 ¢ M(.x,t) _u(yﬂt)
|x — ¥l lx — ¥l

and this implies (2.36).
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Now, we let v := u*/2. We use (2.13) (with p := 2) and (2.36) to deduce that

1 ) — O\
2/[ nJmF(M(x ) —u(x +y )) w1 (x, 1) dx dy
r2 |y Iyl
= 2// 1 F (M()C, t) —M(y, t)) I/[S_l(.x l‘)dxdy
R X =y =yl ’
1 ulx, ) —u(y, 0\
//R2" Ix—y|"+"F< lx =yl >”Y (x,f)dxdy
1 “()’J)—M(X,t) 1
+/A2n |x—y|n+0 F< |x_y| > uS (y,f)dxdy

_ 1 u(x,t) —u(y,t) 1 e
B //Rzn |x — y|nto F( Ix — y| ) (” (x,1) —u (y,t)) dxdy

_ us~ 1 51
f/Z (ux, 1) —u(y, |t))( (x,0) —u 1y, 1) dx dy
]er

|n+o+1

|v(x 1) —v(y, t)|
_/A;{zn — y|rt20’ drdy,

where o/ := ”TH € (0,1).
Furthermore, we recall (2.16), used here with fractional exponent ¢’ and with p :=

WV

(2.38)

2, and we see that

2 o, 1) — v(y, 0]
$4/2(x, 1) d = vl 40 (1) < C // : L dxd
(/Qu (x, 1) x) vl Za (@) () ) T X(z)’;g)

for some C; > 0, for every g € [1, %] when 2 € (1, %), and for every g €
[1, 400) when 2 € [ £, +00).

In any case, since
that

—5~ > 2, we can always choose ¢ := 2 in (2.39) and conclude

f uw'(x,t)dx < C // |v(x,t)—v(y,t)‘2 dxd
Q ’ S e - ylrt2e! .

Combining this with (2.38), we infer that

. 1 , 1) — , 1 o
/ u'(x,1)dx < Cs // F(u(x ) —ulaty )) ul(x, 1) dx dy
Q R |y|"+e |yl

for some C> > 0, which, together with (1.20), establishes (1.4) with y := 1. This
and (1.6) yield the thesis of Theorem 1.10. ]
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