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REPRESENTATION OF SOLUTIONS AND LARGE-TIME
BEHAVIOR FOR FULLY NONLOCAL DIFFUSION EQUATIONS

JUKKA KEMPPAINEN, JUHANA SILJANDER, AND RICO ZACHER

ABSTRACT. We study the Cauchy problem for a nonlocal heat equation, which
is of fractional order both in space and time. We prove four main theorems:
(i) a representation formula for classical solutions,
(ii) a quantitative decay rate at which the solution tends to the fundamental
solution,
(iii) optimal L2-decay of mild solutions in all dimensions,
(iv) L2-decay of weak solutions via energy methods.

The first result relies on a delicate analysis of the definition of classical
solutions. After proving the representation formula we carefully analyze the
integral representation to obtain the quantitative decay rates of (ii).

Next we use Fourier analysis techniques to obtain the optimal decay rate for
mild solutions. Here we encounter the critical dimension phenomenon where
the decay rate attains the decay rate of that in a bounded domain for large
enough dimensions. Consequently, the decay rate does not anymore improve
when the dimension increases. The theory is markedly different from that of
the standard caloric functions and this substantially complicates the analysis.

Finally, we use energy estimates and a comparison principle to prove a
quantitative decay rate for weak solutions defined via a variational formulation.
Our main idea is to show that the L2-norm is actually a subsolution to a purely
time-fractional problem which allows us to use the known theory to obtain the
result.

1. INTRODUCTION

We study the Cauchy problem for the diffusion equation
O (u(t, x) —ug) + Lu(t,z) = f(t,z) in Ry xRY 0<a<l, (1.1)

where ug(z) = u(0,z) is the initial condition, 9 denotes the Riemann-Liouville
fractional derivative if « € (0,1) and £ is a nonlocal elliptic operator of order
B € (0,2]. A standard example is the fractional Laplacian £ = (—A)[zi. The
equation is nonlocal both in space and time and we call such a parabolic equation

a fully nonlocal diffusion equation.

Our emphasis is on the decay properties, and for the space-fractional heat diffusion
such questions have been studied, for instance, by Chasseigne, Chaves and Rossi
in [13] as well as by Ignat and Rossi in [28]. For a more comprehensive account
of the asymptotic theory in case a = 1, we refer to [39]. The decay of solutions
and behavior of the Barenblatt solution for the space-fractional porous medium
equation has, in turn, been studied by Vazquez in [44]. In the present paper, we
extend these developments — concerning the fundamental solutions, representation
formulas and decay properties — to the above fully nonlocal equation. For the case
B = 2, see earlier works by Vergara and Zacher in [45] and by Vergara and the
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present authors in [30]. For the regularity theory of nonlocal equations in case
a=1or =2, we refer to [11, 7, 22, 4, 5, 32, 2, 51, 50] and the references therein.

Nonlocal PDE models arise directly, and naturally, from applications. Time frac-
tional diffusion equations are closely related to a class of Montroll-Weiss continuous
time random walk (CTRW) models and have become one of the standard physics
approaches to model anomalous diffusion processes [17, 15, 27, 35]. For a detailed
derivation of these equations from physics principles and for further applications
of such models we refer to the expository review article of Metzler and Klafter
in [36]. The fractional Laplacian arises in the modelling of jump processes and also
in quantitative finance as a model for pricing American options [16, 42]. The fully
nonlocal diffusion equation, in particular, has been used in diffusion models, for
instance, in [12] and [15].

Despite their importance for applications, the mathematical study of fully nonlocal
diffusion problems of type (1.1) is relatively young. In a very recent paper Allen,
Caffarelli and Vasseur [1] have studied the regularity of weak solutions to such
problems. Even more recently, simultaneously to our work, Kim and Lim [33]
have considered the behavior of fundamental solutions, whereas Cheng, Li and
Yamamoto [14] have studied other aspects of the asymptotic theory. Apart from
these papers, the study of the parabolic problem has mostly concentrated on the
aforementioned cases « =1 or 8 = 2.

We point out that the nonlocal in time term in (1.1), with 9§ being the Riemann-
Liouville fractional derivation operator, coincides (for sufficiently smooth ) with
the Caputo fractional derivative of u, see (2.3) below. The formulation with
Riemann-Liouville fractional derivative has the advantage that a priori less reg-
ularity is required on u to define the nonlocal operator. In particular, our formu-
lation is exactly the one which naturally arises from physics applications, see for
instance [36, equation (40)].

Our first main result considers a representation formula for classical solutions of the
Cauchy problem for equation (1.1) with £ = (—A)g. In the process, we calculate
the exact behavior of the fundamental solutions.

Next, we show that the mild solutions, which are defined through the representation
formula whenever its integrals are finite, tend to the fundamental solutions Z and Y’
— corresponding to the initial and forcing data, respectively —in LP with quantitative
decay rates. Such results are nontrivial already for standard caloric functions,
especially in the case of a non-vanishing forcing term. In particular, the proof
requires a delicate analysis of the problem as well as gradient estimates for the
fundamental solutions which can only be represented via so called Fox H-fucntions.
In the analysis of these special functions we use number theoretic tools to obtain
their behavior up to the first derivatives. A particular difficulty in all the analysis
is caused by the fact that the fundamental solutions Z and Y have singularities
also for positive times. This causes integrability problems and requires a delicate
analysis.

We continue to study decay results by two additional approaches. In the first one,
we use Fourier techniques to build optimal L?~decay estimates for mild solutions
of the aforementioned Cauchy problem. Contrary to the standard caloric func-
tions, the decay rate does not improve with high enough dimensions, but there
exists a critical dimension at which the decay rate of bounded domains is achieved.
This critical dimension phenomena is brought by the introduction of the fractional
Riemann-Liouville time-derivative and such behavior is not observed in the case
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a = 1. This also substantially complicates the analysis and we are required to use
Riesz potential estimates to obtain the decay results. Thus the theory is markedly
different from that of the standard heat equation.

Finally, we turn into studying the decay of weak solutions where we can consider
operators £ with general measurable kernels. We show that the L?-norm of a weak
solution, which is defined in a variational formulation, is a subsolution to a purely
time-fractional equation. On the other hand, the exact behavior of the solutions for
such problems is well-known and, therefore, we may use the comparison principle
to conclude the result — even in such a general context. While our method gives the
optimal decay rate in the case o = 1, the energy methods used in the proof cannot
discriminate between large and small dimensions. Consequently, we are not able
to obtain the non-smooth decay behavior — and the consequent critical dimension
phenomenon — with respect to the dimension. Thus, it remains an open question
whether our decay result is optimal in this context.

2. PRELIMINARIES AND MAIN RESULTS
2.1. Notations and definitions. Let us first fix some notations. We denote the
space of k-times continuously differentiable functions by C* and C° := C.

The Riemann-Liouville fractional integral of order o > 0 is defined for o = 0 as
JO := I, where I denotes the identity operator, and for o > 0 as

o () = ﬁ / (t— 1) f(r)dr = (go % F)(D), (2.1)
where .
ga(t) = f—x(a)

is the Riemann-Liouville kernel and * denotes the convolution in time. We denote
the convolution in space by *.

The Riemann-Liouville fractional derivative of order 0 < o < 1 is defined by

d d t
O8I = 5T O = G [ - @)

Observe that for sufficiently smooth f and « € (0,1)
07 (f = £(O))(t) = (S f")(t) = “Df f (1), (2.3)

the so-called Caputo fractional derivative of f. In case a = 1, we have the standard
time derivative.

Let
a(€) = Fu)(€) = (2m) 42 / e~ f(a)de

Rd
and
FHu)(€) = F(u)(=€)
denote the Fourier and inverse Fourier transforms of u, respectively. We define the
fractional Laplacian as

(=8)"Pu(@) = FLL(1€17a(6))-

Next we define the concept of a classical solution of (1.1), with £ = (=A)#/2, given
with an initial condition u(0,z) = ug(z).
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Definition 2.4. Let 0 < o < 1 and 0 < 3 < 2. Suppose uy € C(RY) and
f € C([0,00) x RY). Then a function u € C([0,¢) x R?) is a classical solution of
the Cauchy problem

{ag(u(t,x)—u0)+(—A)ﬁ/2u(t,x) = f(t,x), in (0,00) x RY,

u(0,2) = wup(z), in R4, (2:5)

if

(1) .7-'5_1>T(|§|Bﬁ(§)) defines a continuous function of x for each ¢t > 0,
(ii) for every z € R the fractional integral J'~%u, as defined in (2.1), is
continuously differentiable with respect to ¢ > 0, and
(iii) the function u(t, x) satisfies the integro-partial differential equation of (2.5)
for every (t,z) € (0,00) x R? and the initial condition of (2.5) for every
r € R,

We remark that under appropriate regularity conditions on the data, existence and
uniqueness of strong LP-solutions of (2.5) follows from the results in [47], which are
formulated in the framework of abstract parabolic Volterra equations, see also the
monograph [38].

Next we turn in to the weak solutions to equation (1.1). In place of the fractional
Laplacian we will consider a more general class of elliptic operators. In this con-
text, we avoid using the Fourier transform and the corresponding definition for the
fractional Laplacian is given by its singular integral representation

(—A)u(z) = e(d, B)P.V. / u@) —uly) (2.6)

a |z —y|dth

where P.V. stands for the Cauchy principal value and ¢ is a constant. In [41] it is
shown that (—A)gu(x) is a continuous function whenever u is locally in C2(R%)

and
|u(z)]
—————dx < 0.
/Rd T+ a4 =%
We will study the weak formulation where we define the operator through a bilinear
form. We begin by setting up the problem.

We define the fractional Sobolev space W%Q(Rd) for B € (0,2) as

o —y|

Wg’Z(Rd) :{ c LQ(Rd) |U( ) v(g” c LQ(Rd XRd)}

endowed with the norm

2 lv(z ‘2 12
= dx + dz d .
”U” Rd) (/ vl de /]Rd/]Rd \1‘— |d+5 ! y)

Let 0 < A < A and define the kernel K : R? x R? — [0,00) to be a measurable
function such that

A A

< K(z, Z/)_W

2.7
|z —yldth (27)

for almost every x,y € R? and for some 3 € (0,2). Consider the bilinear form

e = [ ] Kl - uw)- b - o) dedy
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for any u,v € Wg’z(Rd). Let ¢ € Wg’z(]Rd). We now define an elliptic operator £
by

(Lu, p) = E(u, ),
where (-, -) stands for the duality pairing on V' x V with V = W22 (R4). Observe
that if K(z,y) = c(d, 8)|x —y|~9=# the operator £ defined here gives the fractional
Laplacian of (2.6).

We study the Cauchy problem for weak solutions of the equation
O (u—ug) + Lu=0. (2.8)

In the case a = 1, a weak solution is defined in the classical way. Letting T > 0,
a natural parabolic function space for defining weak solutions on [0, 7] x R? in the
case « € (0,1) is given by

Fo(T) = {v € LT[0, T]; L2(R)) N L2([0, T); W 2-2(R%)) such that

g1—a *v € C([0,T); L*(R?)) and (g1-q *v)|t=0 = 0},

cf. [49].
The definition of weak solution (in the case a € (0,1)) is now the following.

Definition 2.9. Let up € L*(R?) and u : [0,00) x R? — R be such that for any
T > 0 we have ulp rjxre € Fo(T). Then we say that u is a weak solution of
equation (2.8) with 1n1t1a1 condition u|i—g = wug if for all T' > 0

/ /Rd [91-a s x) — ug(x))]Orp(t, x) da dt
* /0 /Rd n K(z,y)[u(t,z) —u(t,y)] - [p(t,z) — o(t,y)] dedydt =0

for all test functions ¢ € W12([0, T; L2(R%))NL3([0, T7; Wg’Q(Rd)) with |7 =0
in L2(RY).

We recall that existence and uniqueness of weak solutions in F, (T") has been studied
in [49], even in a more general context.

2.2. Main results. We will now discuss our contribution, and present the theorems
we establish in the present work.

Our first theorem states that a classical solution of (2.5) has an integral representa-
tion involving the functions Z and Y given below. Since we defined the fractional
Laplacian via the Fourier transform, we need to guarantee that F, gam(mﬂ“(t €))
determines a continuous function in x. In particular, by the Riemann-Lebesgue
Lemma, this is true if |- |%7(¢,-) € L'(R?). We also need that u(-,z) is a continuous
function up to 0 for all z € R?. For these purposes, we impose the condition

F(t.€) < Clg(©) (2.10)
for the forcing term f, where the function g satisfies
(1+1-1%)9(-) € L'(RY), (211)

and C > 0 is a constant which is uniform in time.

With these assumptions, we prove the following representation theorem for solutions
of the Cauchy problem. The fundamental solutions Z and Y can be derived by
taking the Fourier transform with respect to the spatial variable z and the Laplace
transform with respect to time in (1.1). In this context, with the forcing term
being of the form f(z,t) = ad(x)d(t) with a constant a, an integral representation
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involving the inverse Fourier and Laplace transforms has been proved earlier in [26].
Moreover, Fox H -function representations of the functions Z and Y have also been
studied in [18].

Our contribution in our first main Theorem is in establishing, in a rigorous manner,
that these functions, indeed, induce a representation formula of classical solutions,
even for relatively rough initial and forcing data. The special case of § = 2 has
been covered in [20]; and for the theory of the one-dimensional case we refer to [24].

Theorem 2.12. Let ug € L'(R?) be such a function that iy € L*(R?) and let f be a
function satisfying f(t,-) € LY(RY) for allt > 0 and (2.10) with g satisfying (2.11).
For0<a<1and0< <2, we define

d/2|..|—d 12 a 1—-2.8y (0,1), (0,8
Z(t,x) = 7~ 2 |x| " HZ[2°1% |2 7P| (0212) <(O7a>)< 2)] (2.13)
and
. —d/20—1,.—d 1712 a 1—-4.8y, (0,1), (0,2
Y (t,x) = n~ 2o | T HIZ [25¢% |2 7P| (021)9 (IQQ?Q)( 2)], (2.14)

where the precise definition for the Fox H-function H33 is given in the Appendiz 8.
Then the function

t
W)= [ Zta-puwidy+ [ [ Y- so-pfepdyds
R4 0 JRd
is a classical solution to problem (2.5).

Remark 2.15. In our asymptotic analysis we prefer to use the similarity variable
R = t=%|z|? similarly as in [20]. Therefore, it is desirable to use the property (ii)
of Lemma 8.10 and write Z in a form

Z(t, ) = n= 2| H 270wl s ] (2.16)

’ (4.8/2), (1,1), (1,6/2)

and Y in a form

_ _ _ _ (1,1), (o,
Y(t,z) =m0 o~ HA 270 \5| o 1)) sy (2.17)

Observe that in the special case 8 = 2, we obtain the time-fractional diffusion
equation. Its decay properties have been studied in [30] and for the behavior of its
fundamental solution, we refer to [34]. If we restrict our formula (2.13) to the case
B = 2, it reduces to

Z(x,t) = 7~ V2|~ HZ [4t% 2|~ 2|<101)1> ggzg)’ ©n7, (2.18)

Using the properties (ii) and (iii) of the Fox H-function from Lemma 8.10 gives

I3 L1 2| U A0 00 00 ) = g2 [ggey 2 040 0]

_ (oz
H P 05wl

Therefore the formula (2.18) reads as

— — al (1L,a
Z(t,z) = 7| dH%O[ 2P0 55 )

which is exactly the same as obtained by Kochubei in [34, Formula (18)].
Adopting the notion of the Green matrix from [20], we call the pair (Z,Y") the

matriz of fundamental solutions of equation (2.5). Next we define the concept of
mild solutions by means of the above representation formula.
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Definition 2.19. Let uy and f be Lebesgue measurable functions on R? and
[0,00) x R?, respectively. The function u defined by

t
u(t, x) /]Rd Z(t,x—y)uo(y)dy—i—/o 9 Y(t—s,z—y)f(s,y)dyds

= uinit(ta x) + ufor(:(ta x)

is called the mild solution of the Cauchy problem (2.5) whenever the integrals in
the above formula are well defined.

We are particularly interested in the case where the data belong to some Lebesgue
spaces. Note that our case differs from the usual heat equation. For example, in
the case of the heat equation it is enough that ug € C(R?) N L (R) for the above
defined u to be the classical solution of the homogeneous equation. As we shall see,
for d > 2 and « < 1 the function Z(t, ) has a singularity not only in ¢, but also in
2, which implies that more smoothness on ug is required. The function Y also has
a singularity both in ¢ and x. Notice that this resembles the Laplace equation, for
which the fundamental solution u(z) = c(d)|z|>~% has a singularity at = 0. In a
sense this reflects the elliptic nature of the nonlocal PDE when o < 1.

Next we turn in to the decay of mild solutions. We give a quantitative rate at
which the solution decays to its fundamental solution and, moreover, if the first
moment of the initial datum is finite, we can say even more. These results are
analogous with the ones for the heat equation in [52]. However, unlike in the case
of caloric functions, we need to restrict our study of the LP-decay to a certain range
of possible values of p. This is caused by the fact that the fundamental solution
lacks integrability for large enough p. Note that this does not happen for the heat
kernel, which belongs to L>(R?) for all ¢+ > 0. In the limiting case we prove a
convergence result in the weak LP-norm.

Denote
d
—<2 - for d>p—1,
K1 (6703) — d—pB+1 or /B

oo, for d<pg—1
and
ﬁ, if d> 28,
otherwise.

’%2(6761) = {

In order to obtain decay for the solution, we need to assume that there exists a
~ > 1 such that

o0,

If () mey S X +8)77, > 0. (2.20)
Set also

Minit:/ uO(y) dy and Mforc:/ / f(tvy)dydt'
R4 0 Rd

With this notation we have the following result, which is our second main theorem.
For the corresponding result considering the standard heat equation, we refer to [52].

Theorem 2.21. Let d > 1, ug € L*(R?) and f € L*(Ry x RY). Suppose f satis-
fies (2.20) with some v > 1. Assume that u is the mild solution of equation (2.5).

(i) Then
% (1-3) winit(t, ) = MinitZ(t,-)||Lr — 0, ast — oo,
for allp € [1,k1), and
t1+%(17%)7a||uforc(ta ) - Mfo’rcY(t? ')HLP — Oa t— o,
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foralll <p<oo,ifa=1ord<28, and for p € [1,ks), if d > 25.
(i) Assume in addition that |||x|ug||p1 < co. Then
tade (1_%) ||uinit(t7 ) — MinitZ(t; ')HLP 5 t_%7 t>0.

Moreover, in the limit case p = k1(8,d) we have
a(B 1)

t ||uznzt(t ) - Minitz(t; ')”L”l(ﬁ’d)"x’ < t_%, t > 0.

Continuing on decay results, we now turn to study the L?-decay of mild solutions.
Indeed, our third main theorem is the following sharp decay estimate. Observe here
the critical dimension phenomenon that the decay rate does not improve when the
dimension is increased after d > 25. Thus, the non-local case is markedly different
from that of the standard caloric functions. Importantly, in Section 6 we will also
prove that the decay rate provided here is optimal. In particular, the decay rate
below is sharp for all initial data ug such that f]Rd ug dx # 0.

Theorem 2.22. Let a € (0,1), d > 1 and d # 28. Suppose u is the mild solution
of the Cauchy problem (2.5) with ug € L*(R?) N L2(RY) and f = 0. Then

lu(t, Y= S om0 0.
Moreover, in case d = 23 we have

lult, Yz ST, >0,

For our last main result we turn in to studying weak solutions and, for s € (0, 1),

we set |
. dz dy,
e // |:cf |d+s Y

which is the Gagliardo-seminorm of the Sobolev Slobodecki space W*!(R%).

We establish the following decay result for weak solution of equation (2.8). Here,
however, it remains an open question whether the decay rate we obtain is optimal.
Indeed, since our proof is based on a comparison principle and a priori estimates,
the methodology does not seem to provide as good decay rates as obtained by the
Fourier methods in the previous theorem. This same methodological phenomenon
is present already in the case of the time fractional diffusion [30]. Observe that our
method does provide the sharp decay rate when applied to the heat equation.

Theorem 2.23. Let ug € L' (RY)NL3(RY) and suppose the kernel K satisfies (2.7)
with some B € (0,2). Let u be the weak solution of equation (2.8) with initial
condition u|i=o = uo, and assume that

T
/0 [u(t, .)]Wg’l(Rd) dt <oo forall T > 0. (2.24)

Then

lu(t, )2 S (A +6)"75, >0,

Remark 2.25. (i) As our proof shows, Theorem 2.23 (trivially) extends to the case
where the kernel K also depends on time ¢, that is K = K(¢,z,y), provided that
K is measurable on (0,00) x R? x R? and (2.7) holds a.e. in this set with K (¢,,y)
in place of K(z,y). In this more general formulation, our result can be also applied
to certain quasilinear equations which satisfy suitable structure conditions.

(ii) The condition (2.24) is only used in the proof of the L! —estimate in Lemma 7.3.
The L'-theory of weak solutions to fully non-local equations is still not fully devel-
oped, and also our analysis relies on the definition of weak solutions in L2. While
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the goal of the current paper is not to develop the existence theory, we suspect that
careful estimates for the appropriate approximating equations (as in [49]) combined
with Gagliardo-Nirenberg inequalities should be enough to construct weak solutions
that always satisfy (2.24), provided that ug € L*(R%) N L%(R?). We consider this to
be an interesting question of its own, diving into the existence theory of solutions,
but building the required L!'-theory is certainly out of the scope of the current
manuscript. Thus, we leave the question for further research. We note, however,
that this procedure, if true, would allow us to drop the technical assumption (2.24).

3. BEHAVIOR OF THE FUNDAMENTAL SOLUTIONS

We start by showing some basic properties of the fundamental solutions Z and Y.
Some of the calculations rely on the asymptotic properties of the Fox H-functions,
and for these, we refer the reader to the Appendix (Section 8) of the current man-
uscript.

The first lemma provides an important connection between these functions. Note,
in particular, that Z and Y are identical in the case a = 1.

Lemma 3.1. The fundamental solutions Z andY of equation (1.1) are connected
via Y = 0} Z.

Proof. Observe first that
1= f(at) = a' = (91~ f)(at)
for a sufficiently smooth function f and for a constant a € R...
Now we combine this with Lemma 8.10 (iv) (cf. Appendix) to obtain
O}~ H3Z [2%4% 2| 7| (17(3,15)’/2), ig;)) (O,B/2)]
= A ) Ok 00, 037m)

We need to study the Mellin transform of the above Fox H-function. That is

His(s) =

We obtain

_ —d,o— al— 1-¢,8/2), (0,1), (0,8/2
Y(t,x):w d/2|$‘ dt 1H§22[2’6t ‘(E| B|( (0,15){) (1(_(1?&)( B/ )]

=0} Z(t,x),
as required. O
Before moving into providing the exact behavior of the fundamental solutions Z
and Y, we give the following remark.

Remark 3.2. Observe that the functions Z and Y are both non-negative and, more-
over, Z induces a probability measure.
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Indeed, by Bochner’s Theorem the non-negativity follows from showing that the
Fourier transforms Z(t,-) and Y (t,-) are positive definite on R? [3]. As demon-
strated in Section 8.4 the functions Z(t, ) and Y (¢, -) can be represented in terms of
the Mittag-Lefller functions E, ; and E, ,, for the positive definiteness it is enough
to show that the functions f(r) = Eavl(fto‘rg) and g(r) = Eo“a(fto‘rg) are com-
pletely monotone on Ry [40, Theorem 3]. But since the functions © — E, 1(—2),
x— Eyo(—2) and z — cx®~! with ¢ > 0 and 8 < 2 are known to be completely
monotone on R, [37], we obtain the result.

Finally, by (8.20) we have
/ Z(t,x)dx = Z(t,0) = E41(0) = 1,
Rd
for every ¢ > 0, which yields that Z(¢,-) > 0 induces a probability measure on R4,

When proving the decay estimates we will need the asymptotic estimates for the
fundamental solutions. We begin by studying the function Z in the following lemma.
We note that these estimates, as well as those in Lemmas 3.6 and 3.7 have been
simultaneously studied by Kim and Lim in [33]. In addition to their work, where
the same upper estimates have been proved [33, Theorem 2.4], we also provide the
lower bounds, yielding the sharpness of the estimates.

On the other hand, Kim and Lim cover the larger range a € (0,2),8 € (0,00)
of order of differentiation, and develop the theory also for higher order derivatives,
whereas we have concentrated only on the range o € (0,1], 8 € (0, 2] and, in general,
only on the tools we require in our analysis.

Lemma 3.3. Letd€7Z,,0<a<1and0 < B <2. Denote R := |z|°t=*. Then
the function Z has the following asymptotic behavior:

(i) If R <1, then

t—od/B ifa=1orB>dand 0 < a <1,
Z(t,x) ~ ¢ t7(|log(|z|?t=)| + 1), ifB=dand0<a <1,
t=0 || 79HP f0<B<dand 0 <a<l.

(ii) If R > 1, then
Z(t,x) ~tz|7P, if B <2
In the special case 8 = 2 there holds
Z(t,x) < t¥x|7972,

Proof. (i) R < 1: We start with the case 0 < o < 1. Since the asymptotic behavior
depends on whether 8 > « or 8 < «, we have to study different subcases. First of
all, recall the definition of Z as

- — —a a, 1)7 (1,a)
Z(t,.’ﬂ):’ﬂ' d/2|1'| dH22§|: Bt | ‘B’ 2’2 . (1,1), (1’§):|

In order to figure out the asymptotic behavior of Z, we need to study the above
Fox H-function. As it is mentioned in Section 8.3, the asymptotic behavior follows
by calculating the residues. We provide the details for the reader’s convenience.

The subcase 8 > a: We have

2 oo
H3(2) :Z Ress—s,, [H33(s)2 "] (3.4)
Jj=11=0
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by Theorem 8.13. Recall the definition of the Mellin transform

21 o 21 (1,1), (1,a)
H23(S) -_M<H23 [z‘ (%;%), (1,1), (LQ)])(S)

CT(£+25)T(1+s)I(—s)
T+ as)I‘(—gs)

In light of (3.4), the asymptotic behavior is determined by the largest value of s,
which is a pole of H31(s). Now, for 0 < a < 1 the above Mellin transform has poles
at s = —1 and s = —d/f. Suppose first that 8 > d. The only value for d to this
happen is d = 1, when 1 < 8 < 2, whereas for 0 < # < 1 there is no such d. Then
the asymptotics is determined by the pole at —1/3 and the behavior of the H2}
near zero is H3}(z) ~ z'/#. This yields
Z(t,x) ~t=/B,
as required.

Assume next that a < 8 < d. Then the largest value of s such that the Mellin
transform has a pole is s = —1 and we obtain H2{(z) ~ 2. This produces

Z(t,x) ~ t= ||,

In the case § = d the Mellin transform has a second order pole at s = —1. Then
the residue can be calculated as

s . d s
Res,— 1 [H33(s)=*] = Tim -[(s + 1/*H3}(s)2 "]

=z lim %[(1 + 5)°H35(s)]

s——1
. d,
+ T [(1+ 52 H3H ()7 (=)

Since (1+s)I'(14s) =I'(2+s) and 2(1+s)['(4+ gs) =T(¢+1+ gs) are analytic
at s = —1, the limits
. d 29,21 - 24,21
Jm %[(1 +5)"H33(s)] and 81_1}{11(1 + 5)"Has(s)

exist. Moreover, since

Lood
S1_1>rr_11—8(z ) = zlog z,

we may conclude that in this case H34(z) ~ zlogz and thus
Z(t,x) ~t~(|log(|[t™%)| + 1),
again as required.

The subcase < «: Since we are interested on the asymptotics of the Fox H-
function for z € R, the asymptotics is given by (8.15). Because 0 < f < a <1 < d,
we have d/f > 1 and the leading term is determined by

Resg—1[Ha3(—s)2"].
Therefore

Z(t,x) ~ t~ ||
In the special case o = 1 we see that the Mellin transform of H33(z) reduces to
I'(¢+ 2s)(~s)

r(=5)

H3(s) =
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Therefore the asymptotics is given by the pole at s = —% = —%‘i. Proceeding as

above we end up to the desired estimate.

(#9) R > 1: We use the asymptotic behavior of the Fox H-functions provided by
Theorem 8.16:

H2(2) ~ Z hez"F,
k=0

for constants hy, defined in (8.18). We aim to find the smallest value of k such that
hi # 0. Let’s first study the case 0 < f < 2. Now

—2 2/ L 4, (3.5)

Therefore the leading term in the expansion (8.17) is h1z7! so
H3(2)~ 27t 22— o0

and we obtain the claim of the lemma.

If B =2, we see from (3.5) that hg = 0 and h(1) = 0, since

Therefore the claim is true also in this case. However, we can continue to deduce
hy, = 0 for all k € Z. One can prove that now actually Z (¢, x) decays exponentially
in terms of R — oo, but we do not need that fact in our considerations.

Proof of lower bounds: Non-negativity of Z and Y is given in Remark 3.2 so we
need to prove that Z and Y do not have positive zeros. To do that we first prove
that Z and Y are radially decreasing functions, whence posivity follows from the
analyticity of the Fox H-functions appearing in the representation formulas of Z
and Y. We provide the details only for the function Z, since the details for Y are
similar.

Recall the expression for the fundamental solution Z:

- - — 1-4.3/2), (0,1), (0,8/2
Z(t, @) = m |~ Hy3 [201% |2 P O 207D (o 0812,

First of all, we use Lemma 8.10 (ii) to write the above Fox H-function as

12 o el — 8| (A=$.8/2), (0.1), (08/2)] _ 1721 [o—p—a| 18| (LD: (L)
Hg (27| =21 o | =H3 277l (55 0y, )]

According to Lemma 8.10 (i), we have

d 21

(1,1)
e 23[Z|(1

)
d B
272

s (170‘) _ 17722 (011)’ (1’1)7 (170‘)
s, w8 1 =2 e 2] (8 ) as, al

Using the product rule for differentiation, we may now calculate

S 2(0) = BB ) — an )

where we have noted that Z is a radial function and denoted r = |z|. For simplicity,
we have here omitted the set of parameters inside the Fox H-functions.
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Next we analyse the above Fox H-functions by studying the corresponding Mellin
transforms. We have

BHZ3(s) — dH3s(s)

_ ﬁr(g + 501+ s)T(1—s) dr(g + 55T+ 5)I(—s)

T(42 4 86)T(1 4 5)I(—s)
1+ as)F(—gs)
(1,1), (1,o)
= 727{% [5| ( ]

“2 8y (1,1), (1,%)

Thus we obtain

9 )2 —d—1 1721 [y 11, (La)
EZ(L.T) = 27 / T H23 [2 Bt 04,,,,3| (%g)’ (1’1)’ (L%) ]

But the right hand side is nothing but —27rZg44(t, ), where the subscript d + 2
means that Z;, 9 is the fundamental solution Z in dimensions d+2. By Remark 3.2
and the fact that r» — Z(¢,r), t > 0 is an analytic function on the positive real axis,
the function r — Z(t,r) is strictly positive, when r > 0. Therefore the asymptotic
estimates at infinity and at zero can be extended to the region R > 1 and R < 1,
respectively.

O

The next lemma gives the behavior of the fundamental solution Y.

Lemma 3.6. Letd > 1,0 < a <1 and 0 < 3 < 2. Denote R := |z|[t=*. Then
the function Y has the following asymptotic behavior:
(i) If R <1, then
tma g md+28 ifd>28 and 0 < a < 1,
Y (t,x) ~  t= Y log(278|x|%t=%)|, ifd=2B8 and 0 < a <1,
to‘_l_%d, ifa=1,ord<2B and 0 < a < 1.
(ii) If R > 1, then
Y(t,x) ~ 2 |78 if0< B <2
In the special case 3 = 2 there holds
Y (t,z) < 2o 742,

Proof. Once again, notice that in the special case 8 = 2 the function Y has indeed
exponential decay as R — oo but we do not need that fact in our calculations.

The proof is similar to that of Lemma 3.3. For the proofs of the upper bounds
we refer to a simultaneous work by Kim and Lim in [33]. The proofs of the lower
bounds are the same as in the proof of Lemma 3.3. The only difference is that in
the denominator of the Mellin transform of the Fox H-function appearing in the
definition of Y there appears the Gamma function I'(a + as) instead of T'(1 + as)
appearing in the representation of Z. U

Finally, we state the behavior of the derivatives of Z and Y.
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Lemma 3.7. Letd >1,0<a <1 and0 < < 2. Denote R := |z|’t=*. Then the
derivatives of the fundamental solution pair (Z,Y) have the following asymptotic
behavior:

(i) For the function Z we have
IVZ(t,x)| ~t~ 2|74 if R<1
\VZ(t,x)| ~ t*|z|~ 1P if R>1.
(ii) ForY we have for R <1 that

tmom g md-1+28, ifd+2>28and 0 < a <1,
VY (t,2)| ~ { t7 Ltz log(27P|x|Pt=%)|, ifd+2=28 and0 < a <1,
a(d+2)
po—1-tg2 |z, ifa=1ord+2<28,

and
VY (t,z)| ~ t2 x| 797170 if R>1.
(i) In addition, for the time derivative of Y we have
|0.Y (t,z)| St7HY(t,x), if R<1,
|0, (t, )| S 27 2|x|~4F, if R>1.

Proof. We consider only the gradient of Z, since the other cases can be handled
similarly. Noting that

or Z;
7:—7 1":|{L‘|7
Oz T
we have
_ o9 _—d/2| |—d—1 |21 [9g—B1—a| 1B (L1), (La) ’
VZ(t,2)| =2 ] ’H23[2 £l |(¥,§),(1,1)7(17%)}

by the proof of Lemma 3.3, and as before, the assertions follow from the properties
of the Fox H-function discussed in Appendix 8. O

4. REPRESENTATION FORMULA FOR SOLUTIONS

4.1. Proof of Theorem 2.12. We are now ready to prove Theorem 2.12, which
justifies calling (Z,Y") the matrix of fundamental solutions for the equation (2.5).

Proof. We need to show that the function

Wtr) = [ 2t -putdy+ [ [ V(-0 dyds
=: Uy (t,z) + Uy(t,2)

is a classical solution to equation (1.1). We divide the proof into three steps as
there are three requirements in the definition of the classical solution.

Step I: First we need to prove that ]:giw(|£|ﬁ@(t, £)) is a continuous function with
respect to x for each ¢ > 0. The representation (8.20) and the asymptotic behavior
of the Mittag-Leffler function given by (8.23) give

C
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for t > 0. Thus \§|52(t,§) is bounded for all ¢ > 0 and by using the assumption
that @y € L' we obtain

€17 Fomse (Z 5 uo)(t,-) = €172 (1, €)00 (€) € L' (RY). (4.1)
In order to estimate Y, we use the assumption (2.10) to obtain

1F(5,6) £ 19(9)]
with [£]Pg(¢) € L' (RY). Combining this with (8.24) yields

[ e 5 o) ) mﬂ/“Yt—sg 5.€)ds
¢ (t—s)o !
o 1+ (t—s)2[¢*
which establishes that | - \5]:(fot Y(t — s,) x f(s,-)ds)(-) € L'. This together
with (4.1) gives, again by the Riemann-Lebesgue lemma, that

F b, (€70, 9)

is a continuous function, as required.

< 1€°19(©)]

ds,

Step II: We proceed as in Section 5.3 of [20]. By Lemma 8.10, (iv) we have

arri2pal (1—2,2Y,(0,1), (0,8)1 _ ,—a pr13pa) (0,a), (1—2,8), (0,1), (0,%)
G Hp "1 65 0y - 1= B 0 0y (aey

A detailed study of the asymptotics similarly as in Lemma 3.3 can be used to
show that 9{Z(t,-) is integrable for all + > 0. Thus for all z € R the function
J1=W (¢, x) is continuously differentiable with respect to time for all ¢ > 0. We
now turn to study Ws.

Let v := J'~®WU,. Observe that, after changing the order of integration and a
change of variables, Lemma 3.1 gives

= ti(tiﬂia ’ T—A\T— T
v(t,x)f/o F(l—a)/o /WY( A, y)f(\y)dyd\d

I B et B )
_/OA T a) fo ! T =A@ =0 (Ay)dydrd

:/t/ Z(t—T7,x—y)f(r,y)dydr.
0 JRd

Using Remark 3.2 to deduce that Z is a probability density gives

1[ (t+h,2) — v(t, 2)]
t+h
][ /Rd (t+h—sx—y)f(s,y)dsdy
w [ [ Az s ) = 2 s )0 s
t+h t+h
:]{ /RdZ(t—i-h—s,x—y)[f(s,y)—f(s,x)]dyds—i—]{ f(s,z)ds

+/0 /Rd%[Z(t+h_5ax_3/)—Z(t—S,x—y)]f(s,y)dyds.

At this point we use the conditions (2.10) and (2.11) to give some regularity for
the right hand side f. Our conditions guarantee that f(¢,-) is a Holder continuous
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function with the Holder exponent less than min{1, 5} uniformly in ¢, i.e. we have
an estimate

|f(t,y)—f(t,a:)| §C\x—y|77 tZOv
for any 0 < v < min{1, 8}. Using this we obtain

t+h
Fo ] 2 s =i ~ fs) dyds

h
:][ / Z(s,x— gl f(t+h—s,y) — F(t+h—s,2)| dyds
0 R4

5]1/ Z(s,2—y) -z -y dyds
0 J{|z—y|>s>/B}

h
+][ / Z(s,x —y)- |z —y[" dyds.
0 J{jz—yl<so/?}

and continue by using Lemma 3.3 to conclude that

h h oo
][ / Z(s,x—y) |z —y|"dyds ,S][ so‘/ A4 dr ds
0 J{lz—y|>s>/P} 0 he/8

h
5][ s7/8 ds < pYe/B
0

as h — 0. Utilizing Lemma 3.3 similarly in the second integral gives

h
][ / Z(s,x—y) |z —y| dyds ShP =0
0 J{lo—yl<s>/P}

as h — 0. Here one needs to check different cases depending on the values of «, 8
and d.

Altogether we have that
t
_ Z(t — _
i AR08 ey [ PR ) dya
0 Rd 8t

h—0 h

and, therefore, the function J'~*W is continuously differentiable with respect to ¢.

Step I1I: We need to prove that the function W satisfies the integro-partial differen-
tial equation. Our assumptions on f and the asymptotic behavior of Y guarantee
that Y (t — -, @ — ) f(-,-) € L*((0,t) x R?). Therefore

Us(t,z) =0, as t—0,

which means that
0P W (t, x) = O (Wa(t, ) — W5(0,)).

Notice that as a by-product of Step II we obtained

OfUs(t,x) = f(t, x) / /Rd 9Z( t—s - )f(s,y)dyds. (4.2)

We will show that (95 4 (—A)?/2)Wy(t,z) = f(t,z). By (4.2) it is enough to show

that
0Z(t —
( A)B/z\IJQtZL’ / /d ik )f(S,y)dde
R

We start by calculating
(=0)72Y (t,2) = FL (€Y (1,9)) (¢, ).
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Recall from (8.21) that

Y(t,€) = 2m) Y20 By o (<€)%) = (2m) V2o HIL 1)1 811)) (o))

Notice that in the following calculations we have to interpret the integral properly
due to poor decay of Y (¢,-) at infinity, see Remark 8.11.

Notice that Y is a radial function of ¢ and for radial functions we have in general
that [25, Appendix B.5]

FOED =% [ o0t rle) ar

where J(4_2)/2 is the modified Bessel function. For the definition, see [46]. We use
this formula together with Lemma 8.10 (v) and (vi) to calculate

(el (t,€) ()

_ 2-d o g [% o
:(271') d/2‘.’E| 2t 1A rd/2+5<]d*2( ‘$|)H1121[ ﬂt ((0 1)) (1— aa)]d

— |I| —d=Bpo=L 1298 |7~y (1-4-%.53), 1), (fg,g)}
(0.1),

n/z 0,1) (1—a,)
_ —d,— —Ba| (1-4.8 1,1
= 2| T HIZ 28 |2 Pt }( (1,21)?) ((1 a))( )]

On the other hand, combining the chain rule with Lemma 8.10 (i), gives

_ _ o _a 8 s
(k) = an ™ 2a| = HE (2710 7] 01 1(02(1)) o ©5)] (@3

Now by studying the Mellin transform H}3 and using the properties of the Gamma
function gives

1308 a| 81 (0.1), (1-¢,5), (0,1), (
Hyj [2 t%|z|” ‘(0 1), (02a)2 (1,1) ]
|( -4.5), (LD, (Oé)]

= o Hg 20l P U A

Inserting this into (4.3) yields
0 2(t,x) = —~FH(|E°Y (1,)) (=)

By the above calculation

([ [ 2=t s ayas)
— /Ot F(0:Z(t — s,f))A(s,g) ds = —|¢)P /Ot?(t _56) A(s,g) n

Now using the growth condition of function f (cf. (2.10)), we have that |-|° fot Y (t—

s, ~)f(s, -)ds € L*(R?%) and therefore it has a unique inverse Fourier transform. We

obtain
t
Aﬂ/2< Y= 50— Y d>
: //R (t = s, —y)f(s.) dyds
(ﬂﬁ / (tSS)A(S,é)ds)
8Z t— va—y)
_/0 /]Rd Tf(s,y) dy ds.
Therefore

(0F + (=2)2)Wy(t, ) = f(t,2),
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as claimed.

Let us now study the first integral. By using the asymptotics of Z as in Step 11, it
is straightforward to show that

/Z(t,ac—y)uo(y)dy—)uo(x), as t—0.
Rd

A similar argument as for Wo produces

5?[/Rd Z(t,x — y)uo(y) dy — uo(x)] + (—A)B/Q/]R Z(t,x — y)uo(y) dy = 0.

d

We omit the details.
Now U satisfies the initial condition by the superposition principle.

Step IV: Finally we have to prove that ¥ is a jointly continuous function in [0, 00) X
R?. The continuity at ¢ = 0 is established in Step IIL. If t > 0, the continuity in
both variables follows from our conditions given for ug and f, which guarantee that
ug and f are continuous and uniformly bounded. Then the asymptotics of Z and
Y given in Lemmas 3.3 and 3.6 together with the Lebesgue dominated convergence
theorem imply the continuity. This finishes the proof. O

5. LARGE-TIME BEHAVIOR OF MILD SOLUTIONS

We begin by calculating an LP-decay estimate for the fundamental solution Z,
which is given in the following lemma.

Lemma 5.1. Letd >1,0<a <1 and0< 8 <2. Then Z(t,-) € LP(RY) for any
t>0 and
1Z2(tMrgay ST FC, e 0, (5.2)

for every 1 < p < k3(B,d), where

45, if d> 5,

. (5.3)
00, otherwise.

R3 = Hg(ﬁ,d) = {

Moreover, if « =1 or 1 =d < 8, then (5.2) holds for all p € [1,00|. Finally, for
d>p and 0 < o < 1, we obtain

1Z(t, ) o o St t>0.

| e
Proof. We begin by decomposing the LP-integral of Z as

12t < /
{R>1}

In view of Lemma 3.3, we have for all dimensions d and for all values 1 < p < oo

that
/ Z(t,x)Pdx < / toP || =P PP gy
{R>1} {RrR>1}

o0

—dp—pp,.d—1 —ad(p_1

5/2 1oP . —dp—Pp,. dr <t 5 (p )7
5

Z(t,x)P dx + / Z(t, z)P dx.
{Rr<1}

and thus

=

(/ Z(t,x)? da:) < =% 0-%) foralll< p<ooandt>0. (5.4)
(R>1}
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We come now to the estimate for the integral where R < 1. In the case a =1 or
B8 >dand 0 < a <1, wehave for all 1 < p < oo that

5

ad ad ad N

/ Z(t,z)? dx 5/ = dx g/ = =1 g < e yad
{r=1} {R<1} 0

If 8=dand 0 < a < 1 we estimate

/ Z(t,x)pdxg/ t=°P(|log(|z|Pt~*)| + 1) da
{R<L1} {RrR<1}

< /tﬁ (| log(rPt=)| + 1)p rd=tdr
0
< /1 goptad/B (|log(s”)] + 1)p 517 lds
< ti)aera =D
for all 1 < p < co. Note that the condition S > d can only happen if d = 1.

Finally, if 0 < f < d and 0 < a < 1 we have

a

tB
/ Z(t,x)Pdx < / t_o"’\x|_dp+ﬂp dr < / t—opp(=d+B)ppd=1 g,
{R<1} {R<L1} 0

< g—aptFld—(d=B)p] < =% -1

whenever the last integral is finite, that is, whenever

d
p< i—B = r3(B,d).

Combining the previous estimates we see that

</ Z(t, z)? dx) < =% 0-%) foralll <p<k3(B,d)and t > 0. (5.5)
{R<1}

Observe that by Lemma 3.3 we have Z(t,-) € L*(R) for all ¢ > 0, provided o = 1
or § < d, and moreover, we have the estimate

|zt o)l S,
which proves the second statement.

For the weak-LP-estimate we set p = ﬁ. We need to estimate

1
12 ()0, o0 = sup { Ad ) (V)7 + A >0},
where
dzemy(N) = [{x € RY: Z(t,2) > M}

denotes the distribution function of Z(¢,z). Using again the similarity variable
R = t=%|z|® we have

1Z(t, )| Le-==
<2 (12t x)x(r<1y Ol L= + 12t 2)x(r21y ()| Lo -
Employing (5.4), we find that

(5.6)

_ad _1 _
1Z(t, 2)x a1y (D) | oo < [ Z(t2)x(ro1y (Bl < CF 075) = 01
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For the term with R < 1 we use the case 0 < 8 < d of Lemma 3.3 to estimate
dZ(t,I)X{Rg}(t)()‘) = ‘{l‘ S RY . Z(t,x) > Xdand R < 1}|
<z eRY: X < Ct%z| 4P}
1
=|{z e R? : || < (Ct“"/\_l) Y
_d

<G (AT

This shows that
dZ(t,x)X{Rgl}(t)()‘)l/p < C%/ptioo\ila

and thus

1Z(t, 2)x(r<1y ()| Lroe S T7°
This finishes the proof. O

As a simple consequence of the above lemma we obtain the following decay result.

Proposition 5.7. Letd>1,0< a <1 and 0 < 8 < 2. Assume that u is the mild
solution of equation (2.5) with f = 0 and ug € LI(R?), where 1 < ¢ < oo. Then
the following hold:

(i) if ¢ = 0o we have

[ult, L@y S lluollLoe ey, > 0;

(ii) if 1 < ¢ < o0 and d > qf, we have for every r € [g, df‘éﬁ) that
lutt M@ SEFE, >0, (5.8)
and if, in addition, 0 < a < 1 < d we obtain
fult, M aa o ST >0
Ld—aB % (Rd)

(iil) if 1 < ¢ < oo and d = qf8, the estimate (5.8) holds for every r € [q,00);
(iv) if d < gB or a =1, the estimate (5.8) holds for every r € [q, o0].

Proof. Let p be defined via

11 1
1+-=—+-. (5.9)
r P 4q
For such p, ¢ and r we may use Young’s inequality for convolutions to obtain

W@, e = 112(E ) % uo()llr < N1Z(E )l Le l[uoll za- (5.10)

The idea is now to use Lemma 5.1 to estimate the LP-decay of Z on the right hand
side of the above estimate. We only need to consider different cases corresponding
to the different choices of the parameters.

Recall that by Lemma 5.1 we obtain

1Z(t, M ogay S ¢ F ), (5.11)
for 1 < p < k3(B,d), where k3 is as in (5.3). Now, claim (i) follows directly from

choosing p =1, r = co and ¢ = oo in (5.10).

On the other hand, a straightforward calculation shows that for r € [g, df—zﬁ), we

have 1 <p < ﬁ. We again use the above LP-estimate for Z together with (5.10)
to obtain the claim.
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For d > qf and r = df—iﬂ, we have from (5.9) that p = ﬁ. Now we may use the
second part of Lemma 5.1 to obtain that if d > 2 and 0 < a < 1, then

12, )l St >0,

_d ~
LB (R4)

which together with Young’s inequality for weak LP-spaces gives

[[utt, )l

SN2 2.0 0y 10 L)

qd
L d—aB’ (Rd) L d—B (

St
as required.
For (iii), observe that inserting ¢ = d/8 and p € [1, ﬁ) in (5.9) gives r € [g,00).
Similarly, inserting ¢ € (d/f,00] and p € [1, ﬁ) in (5.9) gives r € [g,00]. This
yields the first claim of (iv). If @ = 1 we, in turn, by Lemma 5.1 obtain the

LP-decay (5.11) for any 1 < p < co and we may again use Young’s inequality, as
in (5.10), to obtain the claim for any r € [g, cc]. O

We continue by studying the above type of results for the inhomogeneous equation.
First we need the LP-decay estimates for the fundamental solution Y.

Lemma 5.12. Letd>1,0<a <1 and 0< B <2. Then Y(t,-) € LP(R?) and
1Y (@, )l e ey S O 2N N} (5.13)

for every 1 < p < kg, where

ﬁa Zf d> 267
0o, otherwise.

Ko = Ko(B,d) = {

At the borderline p = ka, we also have for d > 20 that Y (t,-) belongs to Ld%gﬁ’w(Rd)
and

1Y,

Finally, if « =1 or d < 283, estimate (5.13) holds for all p € [1,0].

<tz >0

,00 AU

Proof. The proof is similar to that of the function Z. We give the proof in the case
d <28 and 0 < a < 1 as an example. We begin by decomposing the LP-integral of
Y as

W@NZz/ meM+/ Y(t,2)P do
{R>1} {Rr<1}

By Lemma 3.6, we have for all dimensions d and for all values 1 < p < oo that
/ Y(t, )P de < / tzap*p|x|7dpfﬁp dx
{R>1} {R>1}

o0
< t2ap—p/ pdp=Bppd=1 g < t(a*I)P*%d(pfl)’
5

and thus

Tl=

/ Y(t,z)Pde| < 1% (1-3) forall 1< p<ooandt>0. (514)
{rR>1}
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We come now to the estimate for the integral where R < 1. Again, by Lemma 3.6,
we have

t
/ Y(t,z)P dx < / e Dp=5'p g < t('kl)pf%dp/ rd=1dr
{R<1} {R<1} 0

< (la=1)p—2(p-1)

R

for all 1 < p < oo, which finishes the proof of the first statement in this case. Since
in this case even Y (¢,-) € L(R?), we see that the second statement holds as well.

The weak-L? estimate is done similarly to Lemma 5.1. We omit the details. O

Again, we may use the above estimates to prove a decay result concerning the
source term f. Here we need to impose a decay condition similar to (2.20) for the
source term. We obtain the following proposition.

Proposition 5.15. Letd > 1,0 < a <1 and 0 < 8 < 2. Assume that u is the
mild solution of equation (2.5) with ug =0 and f(t,-) € LY(R?) for each t > 0 and
for some q € [1,00). Assume further that f satisfies the decay condition

1t ) Lamay S (L +)77, >0, (5.16)
for some v > 0. Then we have in case vy # 1

(i) i1 < q < oo and d > qB, we have for every r € [q, ﬁ) that

ad

u(t, ) ey S gorminll =5 G- o (5.17)
(ii) if 1 < g < 00 and d < ¢, the estimate (5.17) holds for every r € [q, 00).
In the case v = 1, the assertions (i) and (ii) are valid with (5.17) replaced by
u(t, ey St F G D log(1418), ¢ > 0. (5.18)

Proof. The proof is now an easy application of the integral form of the Minkowsky
inequality, the Young inequality for convolutions and Lemma 5.12.

Using the Minkowsky inequality, we have

it e < [ (L] [ =s-nr.a

for 1 <r < oo.

r 1/r
dz) ds

Similarly as in the proof of Proposition (5.7), we choose p such that

i1t (5.19)
r p q

Then the Young inequality for convolution yields
t
[u(t, )L ey < / 1Yt = s, )lze@a)llf (s, ) Larayds.
0
We split the integral into two parts as follows

t
/ 1Vt = 8, Yl g |5, Ml agaeyds
0 (5.20)

t/2 t
([ [ I s ool sagunds == 1+ B
0 t/2
Recall that by Lemma 5.12 we have
1Y () oy St F 070, >0, (5.21)
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for 1 < p < ko where

d .
Ky = m7 lf d > 257
oo, otherwise.

If d > 2gB, for r € [¢, 7%=) D [q, 7953

ingly p € [1, ﬁ). Therefore, we may use (5.21) to estimate the LP-norm of Y
in (5.20). On the other hand, if d < 2¢f, the different values of p € [1, kq) yield

the corresponding choices of r in [¢,00) and, thus, we may again use (5.21) to
estimate (5.20).

) we obtain from (5.19) that correspond-

We continue the estimate by using (5.21). For the first integral we observe that
1 <t—s <t and hence (5.21) together with the decay condition (5.16) implies

I St F0y) v ds <10 1-30-3 [[(1 4 94
1S s [1£(s;)lparayds < P 0( +s)""ds,

which gives the desired estimate for I;.

In the second integral we need to take care of the singularity of Y(¢,-) at t = 0.
The integral converges if and only if

ad 1
a-1-> (1 p) > 1.
This gives 1 < p < ﬁ, provided d > . If d = 3, this holds for all p € [1, 00),
and if d < (3, this estimate is always true. Observe that this restriction gives the
different choices of r in the items (i) and (ii) of the claim. We obtain

t t/2
IQS/ (1+s)—v\|Y(t—s,.)||Lp(Rd)dsgt—v/ o128 (1-1)
t/2 ;

< F o),

for all v > 0. So Iy decays faster than I; if v > 1, whereas for v € (0,1) we
obtain the same decay rates. Observe also that, similarly as in Proposition 5.7, the

restriction 1 < p < ﬁ plays a role only if d > ¢B. In this case, we obtain directly
d
from (5.19) that r € [1, 7%75). O

The last step towards the proof of Theorem 2.21 is the following gradient LP-
estimate for Z.

Lemma 5.22. Let d € Z; and k1(8,d) be as in Section 2. Then VZ(t,-) belongs
to LP(R%RY) for allt >0 and 1 < p < k1(B,d), and there holds

IVZ(t, )| pomamay S ¢ 5 F073) ¢ >0, (5.23)
The estimate (5.23) remains valid for d=1, 8 =2 and p = .

Moreover, if p = k1(83,d), then we have that VZ(t,-) belongs to LP>°(R% RY) for
allt >0 and
||VZ(t, ‘)||Lp,oo(Rd;]Rd) 5 t_a7 t > 0.

Proof. The proof is very similar to that of Lemma 5.1. Let R = |z|%t~% be the
similarity variable. Let’s first divide the object of our study into two parts:

/ VZ(t,z)]P dz
Rd

:/ |VZ(t,x)|pdx+/ V2t )P de = T + I.
{R<1} {R>1}
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For the first term, we may use Lemma 3.7 to get

I = / IVZ(t,z)|P de < / || (ZdFBHIP—ap gy
{R<1} {|z|<to/5}

/B

< fap/ p—d+B-1)p+d—1 g, (5.24)
0

< R-HoD),

provided the last integral is finite, that is

1 <p<ki(B,4d).
For the second term we again use Lemma 3.7 and obtain
I = / V2t 2) P de < / | ~(@HA VP gop g
{R>1} {lz|>t/5}

< tozp/ p(d+B+1)ptd—1 g, (5.25)
~ (r>ta/8}

< #E-Hey

for all 1 < p < co. Thus we obtain the first part of the lemma.

If B > d+ 1, which is equivalent with 5 = 2 and d = 1, we see from Lemma 3.7
that VZ(t,) is indeed bounded. Therefore the second statement holds as well.

Let now p = k1(8,d). Similarly as (5.6), we obtain
IVZ(t, z)(¢, )| Le
<2([[VZ(t, x)(t, )x(r<1y ()| oo + IVZ () ()X (r>1y (B) || Lo ) -
Employing estimate (5.25) gives
IVZ(t, 2)X(r>13 ()| Lre < VZ(t 2)x(R>13 (8| Lr
< 5% (1-3) <o
For the term with R < 1 we use Lemma 3.7 to estimate as follows.
A z(ta)xney )N = {z € RY: [VZ(t,2)] > Aand R < 1}
<z eR¥: X < Ct=|z|~4HF7 1Y
1
=|{z e R? . || < (Ct‘a/\_l) =
<O (t*axl)ﬁ .
This shows that
A5 2wy inen, (VP < CLPEOATY,
and thus
IVZ(t, 2)x{r<1y ()]|Lr. e S 77,

which finishes the proof. U
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5.1. Proof of Theorem 2.21. Now we are ready to prove Theorem 2.21.

Proof of Theorem 2.21. We split the proof into two parts. We first study the esti-
mates for Z. The estimate for Y is substantially more involved and we do it after
studying Z.

The estimates for Z: The strategy of the proof here is the same as in [52, p. 14,
15]. Suppose first that ug € L*(R?) is such that [, || |ug(z)|dz < co. By Lemma
8.4 there exists ¢ € L'(R% R?) such that

Uy = Mnibo + dive
and ¢ll1+ < Callfuollzs. Consequently,
Winit(t, ) = Minit (Z(t,-) x 6o) (x) + (Z(t,-) * dive(-)) (z)
= iﬂitZ(tax) + (VZ(t,)*¢)(QZ),

which yields

uim-t(t, I) — Mith(t, .73) = (VZ(t, ) * (;5)(.23) (526)
By Young’s inequality it follows that for any 1 < p < k1(5,d)

[winit(t, ") = Minit Z(L,)||Le < (|VZ(E e lloll S NVZE e llzfuoll 2
< t—%—?(l—%),

where we used Lemma 5.22. Hence

% 0-3) [tinit(t, ) = Minst Z(t, )| r St 7,

which is the first part of assertion (ii). The second part follows from (5.26) by
applying Young’s inequality for weak LP-spaces [25, Theorem 1.2.13].

To prove (i) we choose a sequence (n;) C C5°(R?) such that [5,n; dz = My for
all j and 1; — ug in L*(R?). For each j by Part (a) and by Lemma 5.1 we obtain

ltinit(t,-) — Minit Z (¢, -)|| Le
<|1Z(t, ) x (wo —nj)llze + | Z(t,-) xnj — MinitZ(t,-)| s
<12t lolluo — nylls + CG) ¢ 5% (237
< Ot F 0 lug — gl + €Y FH (73,
and therefore
£ 078 uinie (t, ) — Minin Z(8,) |1» < Cilluo =yl +C() 7%,
which implies

. ad (1_1
timsup £ 075 |winir(t, ) — Minat Z(t, )| o < Calluo — ;] 11

t—o0

Assertion (i) follows by sending j — oo. This finishes the decay estimates for Z.
We continue with Y.

The estimate for Y: Next we turn to study wgore. We split My into two parts

as follows
t [e'e]
Myge= [ [ tryayar [ [ frayar
0 JRd4 t R4
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and note that

t1+%(17%)7a

v [ [ fewayar],

t

ad)]_1y_4, ~
<+ a-3) ||Y(t,')||LP/ /Rd [f (7, )| dy dr
t

<[ [ 1ealdpdr o

as t — oo. Here we used Lemma 5.12 to obtain

1Y (£, ) |e ~ 2~ F 0971 4 o0,
Therefore it suffices to prove that

/t(m ) () dr — Y (8, ) /Ot /R flry)dydr| o

0

t1+%d(17%)7a

as t — oo.

To prove the assertion, we fix 0 < § < 2, and decompose the set of integration

29
(0,t) x R? into two parts
(1) = (0,6t) x {y € R : |y| < (56)*/73,
Qa(t) = (0,2) x BRI\ 04 (¢).

Let us start with the set Q;(¢). We estimate by using the integral form of the
Minkowsky inequality in the case 1 < p < oo to obtain

[f] e=m = -yesmpae],

</
Ql(t)

If p = oo, the same estimate holds trivially. Note that in ©;(¢) we have t >t —7 >
t(1—19)> %t, so t — 7 and t are comparable and there is no singularity in 7. Our
aim is to prove that the LP-norm on the left-hand side of (5.27) tends to 0 as 6 — 0
uniformly in t. To achieve this, we distinguish two different cases w.r.t. z € R
when looking at the LP-norm on the right-hand side of (5.27):

(5.27)

‘Y(t T —y) =YL, ')HLP|f(7’, y)| dy dr.

(i) |z —y| < 2(3t)*/7,
(ii) |z —y| > 2(6t)>/5.

Observe that this splitting seems to be needed. If we simply estimate the LP-norm
by the triangle inequality

frie-rn vt < [yl

we would get a bound

Yt,.H — I+ I, (5.28
LP+H ( >Lp 1+2( )

It b g 0

which is of a right form but the problem is that this quantity does not converge to
zero as 6 — 0 which is what we are after. Therefore we need to do the estimates
more carefully.

The motivation for the splitting is that in the case (i) both |z — y| and |z| are
bounded from above by a multiple of (62)®/8. In this case we will simply use the
triangle inequality (5.28). The second case (ii) is more complicated, but here we
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will proceed as follows. Since there are differences both in the space and the time
variable, we treat the differences separately by using the triangle inequality:

‘ ‘Y(t—7,~—y)—Y(t—T,~)‘LP

Y(t-r-—y =Yt <

+ HY(t )Y -)‘ (5.29)

=:13+ 14.

Lp

In both of these we shall use the Mean Value Theorem. Note that in the case (i
we are away from the singularities of  and ¢, since t —7 > %t and |z| = |z —y+y|

& —yl — |yl = (6)*/7.

i)
>

Since the asymptotic behavior of Y is different for each d, we consider here only
the case d > 20 and 0 < o < 1. The other cases can be treated similarly, since
the proof is based only on the pointwise estimates for Y, VY, and 0;Y given in
Lemmas 3.6 and 3.7.

We start with the case (i). Note that for (7,y) € Q1(t) we have
|z —y| 20°/#
(t—T7)/B = (1—4§)/B’
so we may use the asymptotic behavior of Lemma 3.6 for small values of the simi-
larity variable R to obtain

¥ (k)] S 0 o] 442, (5.30)
As mentioned before, we use (5.28) and (5.30) to obtain

LSttt (/ |z — y|H2Ap d:c) e
o —y| <2(5)>/

Introducing the spherical coordinates gives the desired estimate
I < 55 (=d+28+ ) a— % (1-3)-1
Notice that the assumption p € [1, k2) guarantees the integrability and the positiv-

ity of the power of §, which is needed in the end. The same proof applies also for
I.

Now we shall provide the estimate in the second case (ii). Since we are going to use
the Mean Value Theorem, we need to calculate the derivatives of the fundamental
solution Y. We recall the following estimates from Lemma 3.7 for d > 28:

VY (t,2)| S 2o oAt 2P > 1, (5.31)
and
VY (t,2)| S t7o Yo~ 28 |zt <1, (5.32)
By using the Mean Value Theorem for I3 we obtain
Is = lIVY (£ — 7, 2())l| e

for some Z on the line between  —y and x, where x denotes the integration variable.

Since
T =]z —y+T—(z-yl >z -yl -7 - (z -y
|z — y
Z|x_y‘_|y|277
we have ~
TSl sars, (5.33)

(t—71)2/B = 2t/B =
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Notice, that since ¢ can be small, we have to use the asymptotics near zero and near
infinity. Therefore we divide the integral I3 into two parts I3; and I3 depending
on whether |#|%(t — 7)™ is less than 1 or greater than 1.

In I35 we use
- 3
2] < |z =yl + 1yl < Slz —yl,
so the set of integration is contained in the set
2
{:13 ERY : |z —y| > g(t—T)“/ﬁ},

which implies the estimate

1/p
B 5 6 | (1 — 1) P (410
lz—y|>2(t—T)/F
< 6o/Bya/Br2a-1 (/ [ =yl ) v
ja—y|> 3 (t=r)e/?

Introducing spherical coordinates gives the estimate
132 < 5a/5ta—%d(1—%)—1’
which is of the form we need.

For I3, we note that by (5.33) the set of integration is contained in the set

Rd:5a/ﬂ<M<1}
{IE T2t—T)/B — )
so by using (5.32) we obtain

I3 S (&)a/ﬁ(/

a/B lz—yl
o S2(t—f)a//3

(t = 7)o De (1200 ) v
<1

Once again we use the fact that |Z| and |« — y| are comparable. We may proceed
as before except we have to separate two cases: (a) (—d — 1+ 28)p = —d or (b)
(=d—1+28)p # —d. An easy calculation shows that the first case is possible only
in the case § > % The case (a) leads to a logarithmic function. Indeed, we may
estimate

I3 S 50‘/5t°‘/570‘71(/ | — Z/|(7d71+2ﬁ)p da:) e

sa/B< =yl
=2

|
(t—r)/B =

< 5a/ﬁ‘ 1og6|1/pta/6_°‘_1.

A simple arithmetic calculation shows that the power of ¢ is actually

%—a—lza—%d(l—%)—l,

which is exactly of the right form and the factor depending on § tends to zero as
0 — 0 uniformly in ¢.

The assumption p € [1, ko) leads to a usual power function similarly as before. We
omit the details and write the final estimate

Iy S |65 — g2 F O3 [ F -1, (5.34)

Again the assumption p € [1, kg) guarantees that the second power of § is positive,
so we have obtained the desired estimate also in this case.
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For I, we use again the Mean Value Theorem to obtain

Iy = 7|0 Y (£, )| e
for some £ € (t — 7,t). Note that in ©;(¢) t and £ are comparable: (1 — &)t <t < t.
Now [z = [z —y +y| > |z —y| = ly| = (6)*/7, s0

] lz| (67 s
2= 5 2 (i 2 qarp =0

(5.35)

and again we have two cases, since § can be small. We denote the integrals by Iy
and Iy depending on whether z <1 or z > 1.

Again, we recall from Lemma 3.7 the estimates

B8
oy (t ) S o2, D <y (5.36)
and
B
0,Y (t,2)] < 297 2|z| 0P, ‘f—l > 1. (5.37)

The estimates (5.35) and (5.36) now give for I;; that

I < §t(/ {(—a—2)p|m|(—d+2l3)p d:c) 1/p_
o/ B>z > (st)>/#

By changing the variables z <» % =: 2z, we obtain

g step (|

§0/8<|z|<1

taf%d(lfi)fl.

2 )

<|s— 61+2a7%‘1(17%)

Since the powers of § are even better than in (5.34), we have derived the desired
estimate for Iy;.

For 1,5 we observe that
|z|

PEEE o

which implies
] > (1= 0)t)*/7.
We use (5.37) to obtain

I < 6t( / f2a=2)p || (~d=B)p dx)l/ g
s >(1-8)e/8

Making the obvious change of variables x <+ 255 =: z we end up with the estimate
Iy S §to- 0P
similarly as before.

Collecting all above we see that

J[ ote-r-p-veDsep v, o
Q1 (1)

AT A1)

for some positive number 7. The upper bound tends to zero as § — 0 uniformly in
t.
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We now fix g < % such that the previous term is small and continue to estimate
the norm

t1+%d(1,%),a

J[ e-r-n-vesndydr]

Qa(t) Le

Using the integral form of the Minkowsky inequality we have

J[wt=rmp -y |
Qa(t) Ly

<tl+%d(1—5 —a //

- Qz(t
+ 1T ed(1-1) //

QQ t)

=I5+ I

A+ d(1-1)-a

)Y(t—n-—y)H () dy dr

‘Yt f(ry)|dydr

By Lemma 5.12 we have that||Y (¢, -)||zr ~ t* a= g 1-3)-1 and, therefore, we may

directly estimate Ig by
B [[ ity o
Qg(t)

For Iy we have two possibilities: either 7 < dgf or 7 > dpt. According to this we

as t — oo.

split the domain Qéo) (t) into two parts:
QP (#) = (0,60t) x {y € R : |y| > (56)*/P} U (Got, t) x RY,

where (0) indicates the fact that we have fixed § = Jo.

Hence, I5 can be written as

I — 1+”<1->°f/ / Y(t -1, — )l lf(ry)| dydr
ly|>(d0t) "/f*

ad 1
s sto=p=e [ vl dyar
Sot JRE

We use the same bound ||[Y(¢,)|rr < 2= 5 (1=3)=1 a5 above for both integrals.
Then the first integral is dominated by

ad 50t ad 1
ALAN / / — ) F O f (7, )| dr dy
ly|>(dot) 0‘/5

dot
<(1—do)" / / )l dr dy,
y\><6ot>a/ﬁ

which clearly tends to zero as t — oo. The upper bound for the second integral is

A+ -3)— a/ / (t =)= F D f(r,y)] dr dy
Sot JRE

This integral causes problems, since now there is a singularity in t. But the as-
sumption p € [1,k2) guarantees that the singularity is weak. We use the decay
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condition (2.20) imposed for the source term. By using this, we have

t
I §t1+%d<1—%>—a/ t—7) " FOD " 14 7) T dr
Sot
Sot
Stl-ir%d(l—%)—a—v/ ro—Sa-9-1 40 <,
0
which tends to zero as t — 0o, since v > 1. This, finally, finishes the proof of the
case where d > 2 and 0 < a < 1. The other cases are proved similarly. We omit
the details. O

6. OPTIMAL L2-DECAY FOR MILD SOLUTIONS

In this section we will give the proof of Theorem 2.22. Here we only consider equa-
tion (2.5), but our reasoning can be extended to cover a wider range of equations.
The main tool we use is Plancherel’s theorem, but in general it can be replaced by
more general multiplier theorems which allow one to study more general equations,
too. For details of such an approach we refer to our earlier paper [30]. Here we
restrict our study to equation (2.5) for simplified exposition.

We begin this section by showing that our decay rate is optimal. Indeed, we have
the following result.

Proposition 6.1. Let« € (0,1), d > 1, and d # 28. Suppose u is the mild solution
of the Cauchy problem (2.5) with f = 0. Assume further that ug € L*(R?)N L?(R9)
with [pauodx # 0. Then

lut, I 2 e3>,
The constant in the estimate depends on fRd Ug dx.
Proof. Let pg > 0, t > 0 and p = p(t) € (0, po]. By Plancherel’s Theorem, mono-
(_

tonicity of E, 1, and the estimate E,1(—x) > ¢1/(1 + z) for all x > 0 (with some
c1 > 0), we have

Jut N = )l = [ 12 Plaa(©)F de

! BraN2| 2
> g Bt ISP

c R ,
- (2m)d(1 + pBte)2 /B,,(O) |t (§)|” d€

C2

= ﬁpd(p‘d/B Iﬂo(E)\zdf)- (6.2)

(1+ phee

By the Plancherel Theorem and the Riemann-Lebesgue Lemma we have 7y €
Co(R?) N L2(RY). By the Lebesgue differentiation theorem, we may choose pg
small enough in order to obtain

—d -~ 2d
P /B|uO<§>| >

P

[a(0)]*
2

for all p € (0, po].

Using this in (6.2) gives the lower bound

c2[a(0)[*p?
2, > = P
Jutt, W52 2 537 3io
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Next we choose p = pg, which yields

lu(t, 17> 2 7>

~

for t > 1. On the other hand, the choice p = p(t) = uﬁ-fﬁ gives p(t)Pte < pg
and thus by (6.3) we get the estimate

lult, M2 2t~ F, t>1.

~

These estimates combined together give the claimed lower bound. O

Observe that the constant in the above proposition is of the form C' = C/(pg)| [ga u dz|,
where also py depends on | [, udz|. Nevertheless, we obtain that the decay rate
in Theorem 2.22 is optimal. We will now give a proof of this decay result.

Proof of Theorem 2.22. To prove the upper bound, we proceed as in [30, Theorem
4.2]. Suppose that d < 25. By Plancherel’s Theorem, the Riemann-Lebesgue
Lemma and the estimate (8.23), we have

N = 3 = [ 1Z0OPREOR de < ol [ |2t de

R4

dg _ad dn
< 2 _— — 2 t B / _—
~ ||/U’0||L1 Ad (1+ |£|Bta)2 ”uO”L1 Rd (1+ |n|ﬂ)27 ( )
6.4

where in the last step we have made the change of variables £ « £t/# =: 1. Now
the condition d < 28 guarantees that the last integral is converging. Hence we have
derived the upper bound in the case d < 2.

We are left with the case d > 28. Here we use the Hardy-Littlewood-Sobolev
Theorem on fractional integration. Indeed, we choose ¢ = 2 in Theorem 8.5 to
obtain

_B
I(=2) % uollzs S luoll g, < o0, (6.5)

2d
since up € L'(RY) N L%(R?) implies that uy € L7+ (R?) by interpolation. Using
this and the estimate 8.22, we have

lu(t, )17 =/ €1%21Z(¢, €)1l a0 (€)1 dé
Rd

2Bt2o¢ R
St /Rd (1_|_€||£25t2a)2|€|6uo(5)|2 d§

—2a — ~ —2a _B
s [ R de = 2 -a) Fule

which completes the proof by (6.5).

For the borderline case d = 23 we estimate directly by Young’s inequality (8.3) to
obtain

[ult, ) L20e = lluo() % Z(E, )| 200 < ClIZ(E )| L2 luollLr < Cllugl[L1t™,

where we used Lemma 5.1 to estimate the weak L2-mnorm of Z. This finishes the
proof. O
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7. ENERCY METHOD AND L2-DECAY FOR WEAK SOLUTIONS

In this section we consider the L2?-decay of weak solutions which are defined in
Definition 2.9. We will restrict our study to the homogeneous case f = 0. We will
proceed in a rather formal manner where we prove the estimates starting directly
from the equation by multiplying it with the appropriate test functions. For the
details required for the rigorous treatment starting from the Definition 2.9, we refer
to [30].

In the proof of Theorem 2.23, we will need the following Lemma from [45].

Lemma 7.1. Let T > 0 and Q C R? be an open set. Let k € W,2'([0,00)) be

loc
nonnegative and nonincreasing. Then for any v € L?>((0,T) x ) and any v €

L?(Q) there holds

/Qvat (k‘ * [U — ’U()]) dzx 2 ||U(t, ')HL2(Q)at(]€ * [H’UHLz(Q) — HU0||L2(Q)])(t)7 (72)

for almost every t € (0,T).

Proof. The result is originally from [45]. For the proof in our context we refer to
Lemma 6.2 in [30]. O

Observe that in our case the kernel k corresponds to gi1_,. The function g;_,, is,
however, not in W', For this reason, a rigorous treatment of the problem requires
an appropriate regularization of the fractional derivation operator in time. One way
to do this is via its Yosida approximations, which leads to an integro-differential
operator of the same form with a kernel g;_, , that is also nonnegative and nonin-
creasing, and which belongs to Wl{nl ([0,00)). The details of such calculations can
be found in [30], see also [48]. Note that the regularized weak formulation used
in [30] and [48] does not involve an integral in time on [0,7], but it requires the
validity of a certain relation pointwise a.e. in (0,7"). Here we proceed on a formal
level by using the singular kernel g;_,, and a formulation of the problem where we
only integrate in space (not in time) against a test function.

Lemma 7.3. Let ug € L*(R?) N L3(R?). Suppose u is a weak solution of equa-
tion (2.8) with nitial condition uli—g = uo, and assume that (2.24) is satisfied.
Then

lu(t, )l ®ey < [luollze
for a.a. t > 0.

Proof. Letting R > 0 we choose a nonnegative cut-off function 1) € C}(Bpg41) such
that ¢y = 1 in Bg and ¢ < 1 as well as |[V¢| < 2 in Br41. Here B, denotes the
ball of radius p > 0 and center 0. For € > 0, define

H.(y) = (* +%)% —¢, yeR
Clearly H. € C*(R) and H. € WL (R). Indeed,

y
— Y yer
(42 +e2)2

Observe that H, is convex. Testing the PDE with H/(u)y gives

H.(y) =

H(u)yd) (u — ug) dax + F.(t) =0, t>0,
R
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where
F.(t) = /Rd y K (z,y)[u(t, ) — u(t, y)] [HL(u(t, ©))¢(x) — H.(u(t,y))¥(y)] d dy.

Since H. is convex, we may (formally) use the inequality from Corollary 6.1 in [30],
to the result that pointwise a.e. we have

H.(u)0f (u — ug) > 05 (Hc(u) — He(ug)).

Applying this to the previous relation and convolving the resulting inequality with
Jo We obtain

/(Hs(u)—Hs(uo))wdx—i—ga*Fs§0, t>0.
R4

Next, we send € — 0 and observe that H.(y) — |y| as well as H.(y) — signy for
y € R. Thus we get

/]Rd (|u(t,x)| — |u0(x)|)t/)(x) de + (go * F)(t) <0, t>0, (7.4)
with

0= [ [ K)lu(t.) = utt)] - [ign (e, o)) —sign ut, ) ()] da dy
> [ [ K@) — ) W) - o) senal.y) dedy = Fi(0),
Rd JRd

Using the properties of ¢ and K, we may estimate as follows.

h) — . B) —
Fa<a [ [ st el Vet bl g,

:A/ / ...dhdx+A/ / ...dhdz
Re J|h|>R/2 RA\Bp/, J|h|<R/2
u(t,
// x+h>ﬁ< o)
R/Q Re J|n|>R/2 |h|?t =

8
u(t,z + h) — u(t,z)| - 2175 |V |2,
+A/ / zth) ulbo)) 2RV g g,
RI\Bp s J |h|<R/2 |n|4t3

144
<24 3A[u(t,~)] 84, / / ut,zth) - B ult, @ )‘dhdm,
Rz whign " RI\Bp, JRY |h|dt=2

where the last two terms tend to 0 for a.a. ¢ > 0 as R — oo, by assumption
(2.24). Thus the assertion follows from (7.4) and the previous estimates by sending
R — oc. O

Finally, we have the following Lemma, which shows that the L?-norm of a weak
solution is a subsolution to a purely time-fractional equation.

Lemma 7.5. Let K, ug, and u be as in the previous lemma. Then there exists a
constant p = p(d, B, \, ||uo||pr) > 0 such that (formally)

0p [l Yz — luoll 2] + e, V1 t>0. (7.6)

Proof. Choose the test function ¢ = w in Definition 2.9 of weak solutions. We apply
Lemma 7.1 for the fractional time derivative to obtain

. w0 [t e = fll] + [ [ KGoluttsa) =t o) dedy < 0
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For the elliptic term, we then use the fractional Nash inequality (cf. [43, p. 13])
together with the assumption (2.7) on the kernel K and with Lemma 7.3 to obtain

u(t,y)]?
. 7 <
fute 7 < cpuceonf [ [ HEEEI gy
<Clluolf [ [ K@wluta) - u(t.)? dedy
R4 JR4

This concludes the proof. O

7.1. Proof of Theorem 2.23. We are finally ready to prove the decay result for
the weak solutions. The proof is based on using the comparison principle for the
purely time-fractional equation (7.6).

Proof of Theorem 2.23. Let T > 0 be an arbitrary real number. By the comparison
principle for time-fractional differential equations (see [45, Lemma 2.6 and Remark
2.1]), the inequality (7.6) implies that ||u(t,-)|| 2 < w(t) for almost every ¢ € (0,T),
where w solves the equation corresponding to (7.6), that is

O (w —wo)(t) + pw(®)” =0, >0, w(0) =wo:= [uol|z2,

where we put v = 1+ %. It is known that for wy > 0 there exist constants
c1,c2 > 0 such that

6712 < w(t) < Cnga t> Oa

14+t~ 14+t~
see [45, Theorem 7.1]. Since T > 0 was arbitrary, we conclude that

lu(t,-)||z2 < w(t) < c2 = = e ——, almost every t > 0.
1+t~ 1+ ta+2p

This finishes the proof of Theorem 2.23. (]

8. APPENDIX

Here recall some classical results which are needed in the theory.

8.1. Review of harmonic analysis. Let f x g denote the convolution of f,g on
R?. We recall the Young’s inequality for convolutions: for any triple 1 < p, q,r < oo
satisfying 1 + % = 1% + %

If *gller < Ifllzellgllze,  f € LP(RY), g € L(RY). (8.1)

We also recall the strengthened version for weak type spaces: Let 1 < p,q,7 < oo
satisfy 1+ 1 = 1 + £. Then

I1f *gller < Co,a. ) fllLelgllze,  f € LP=(R?), g € LIRY), (8.2)
see [25, Theorem 1.4.24]. In the case ¢ = 1 there also holds
I1f % gllize- < COfllLr<lgller, f e LP(RY), g € L'(RY), (8.3)

for all 1 < p < o0, see [25, Theorem 1.2.13].

For the nonhomogeneous problem we need the integral form of the Minkowsky
inequality in the following form. Let 1 < p < oo and F' be a measurable function
on the product space Ry x R?. Then

</R+ (/R lF(t’xﬂdx)pdt)% = /R (/]R+| (t, )" dt>%d
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We will also need the following decomposition lemma from [19].

Lemma 8.4. Suppose f € L'(RY) such that [g,|x||f(z)|dz < co. Then there
exists F € L'(R%; R?) such that

f= < f(x)d:z:) 0o + div F
Rd
in the distributional sense and

1Pl esesy < Ca [ Lol |£(@)] da.

We will also need the boundedness of the Riesz potential

(—Afgf:=C¢BA; fy)

alw—y|=P
for 0 < B < d. We have the Hardy-Littlewood-Sobolev theorem on fractional inte-
gration [25, Theorem 6.1.3]:

Theorem 8.5. Let 1 <p < d/B and f € LP(R?). Then
_s
[(=A)"2 fllLaey S 1 flle e

dy,

forp>1 and
dp
q= .
d—ppB
In case p =1, we have
8
—A)" 2 <
1231, e S 1

8.2. Fox H-functions. The Fox H-functions are special functions of a very gen-
eral nature and there is a natural connection to the fractional calculus, since the
fundamental solutions of the Cauchy problem can be represented in terms of them.
Since the asymptotic behavior of the Fox H-functions can be found from the liter-
ature, the Fox H-functions have a crucial role also in our asymptotic analysis. We
collect here some basic facts on these functions.

Let us start with the definition. To simplify the notation we introduce

(ai’ ai)k,p = ((aka ak)v ((Lk+1, ak+1)v BRI (apv ap))
for the set of parameters appearing in the definition of Fox H-functions. The Fox
H-function is defined via a Mellin-Barnes type integral as

mn e mn (ai,ai) | 1 mn —s
Hpq (2) = Hyq [Z‘ (b]‘yﬁj);q] - %/L,Hpq (s)z""ds, (8.6)

where m "

H () = Hj:l L; + Bjs) [ iz T(A = a; — ais)
b €zn+1 F(a’i + OZiS) H?:erl F(l - b] - ﬁjs)
is the Mellin transform of the Fox H-function HZ’,’;” and £ is the infinite contour in
the complex plane which separates the poles

b1

(8.7)

bji = (G=1,....m;1=0,1,2,...) (8.8)
Bi
of the Gamma function I'(b; + 8;s) to the left of £ and the poles
l—a;+k .
am:——%i— (i=1,....,nk=0,1,2,...) (8.9)
i

to the right of L.
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In the analysis of the fundamental solutions Z and Y we use the following properties
from Chapter 2 of [31].

Lemma 8.10. Properties of For H-functions:

5 d gpmnl,| (@,adip] _ —1pmn+l 0,1), (ai,ai),
(i) = Hpg [Z (bj,b’j)l,z] =7 Hp+1vq+1[z|(bj7ﬂj)1,q, (1,1) p]

. —1| (as,i)1,p7 _ (1=b5,85)1,
(it) Hpg" [Z (bj,gj)i,z] = Hy" M (17(;1-,&1)12]

(i) Hpa (2] et O] = mpee [z ey ).

. (ai,ai)1,p] _ 4— m,n+1 0,p), (as,04)1,
(iv) OF Hyg" [t sy | =t H o [ e, o

(v) Forb> 0 and x > 0 we have

/ (wr)® Iy (xr) Hpg" [br7| (ai’ai)l’p} dr
0

(b5,8i)1.,q
. Qw montl [or . —r (1_@_27:)7 (ai,06)1.ps (1_L+1+ﬂ71)
= ?HP+2,Q 627277 (bjz,ﬁj)f,q2 ’ T
. (ai,ai)1, _ (aitoi,a4)1,
(vi) zHyg" [Z (bj,ﬁj)i,z } = Hp" [z (bj+5jw3:')1,z ]

Proof. The first four properties are straightforward calculations based on the Mellin-
Barnes integral representation of Fox H-functions. For properties (v) and (vi), we
refer to Corollary 2.5.1 and Property 2.5 of [31], respectively. O

Remark 8.11. There are some restrictive conditions on the parameters appearing
in (v) (for details, see [31, Corollary 2.5.1]). The conditions are required for the
convergence of the integrals. Since (v) represents a Hankel transform formula for the
Fox H-functions and the Fourier transform can be written as a Hankel transform, we
will use (v) in the proof of Theorem 2.22 to calculate the inverse Fourier transform
of £ — |£|517(t,£), which is not integrable in general. But since both sides of (v)
depend analytically on our choice of parameters, the identity

(F,0) = (£, 8), (8.12)

where (-,-) denotes the duality pairing on &’ x § with S denoting the space of
Schwartz functions on R?, allows us by analytic continuation to conclude that
(v) is valid even for a wider range of parameters than the range given by the
restrictions in [31, Corollary 2.5.1]. Then the Hankel transform formula (v) has to be
understood as the generalized Fourier transform (8.12). For details on generalizing
integral identities we refer to [23].

8.3. Asymptotic behavior of the Fox H-functions. When developing the as-
ymptotic behavior of the fundamental solution, we need the following representation
formulas for the Fox H-function H2i. Here we have omitted the parameters of the
Fox H-function and H2i refers to the Fox H-function appearing either in 2.16 or
in 2.17. The following results hold for both functions.

Theorem 8.13. Let either > « and z # 0, or a« = 8 and 0 < |z| < & with
§ = a‘a(%)l/z(g)ﬁ/z. Then the Fox H-function H2i(2) is an analytic function of



38 JUKKA KEMPPAINEN, JUHANA SILJANDER, AND RICO ZACHER

z and
2 oo

H2i(2) ZZReSS b [H35(s)27%], (8.14)

j=11=0
where bj; are given in (8.8).

The asymptotic behavior of H3i(z) as z — 0 follows immediately from (8.14) in
the case § > « by calculating the residues. If 0 < o < 3 and |argz| < 7(1 — §),
then

H2i(2) ZZReSS__bN [H33(—s)z"], (8.15)
7j=11=0
when z — 0. Again, the asymptotic behavior follows immediately by calculating
the residues.

The asymptotic behavior at infinity is more complicated to derive. For details we
refer to [6] and [31, Sections 1.3 and 1.5].

Theorem 8.16. The asymptotic expansion at infinity of the Fox H-function H33(z)
has the form

H2i(2) thz 3 (8.17)

where the constants hy have the form
hi, = lim [ — (s — a1x)H35(s)]

s—rark
C(—DF T+ (T—ar+ k)2 (b + (1 — a1 + k) 52) (8.18)
 Klar T(ag+ (1—ar +k)2)0(1 — by — (1 — a1 + k) 52)
in view of the relation
Ress=a,, [Hg%(s)z_q] = hpz "%k = pypler—1-k) a1

8.4. The Mittag-Leffler function. We note that an important special case of
the function H{i(—z) with the parameters (a;, ;)11 = (0,1) and (b;,B;)1,2 =
((0,1), (1 — e, B)) is the two-parameter Mittag—Leﬂer function

zz: 5+ak

This appears in the fundamental solutions of the Cauchy problem for integro-
ordinary differential equations. Since the problem (2.5) formally transforms into

Of (u(t, €) — uo(€)) + €] au(t, €) f(t.€),
a(ov E) = aO (g)a
the fundamental solutions in the Fourier domain can be formally expressed in terms

of Mittag-Lefller functions. It can be shown rigorously that in our case the funda-
mental solutions Z and Y satisfy

Z(&,t) = 2m) P Ean(-[¢11). (8.20)

(8.19)

and R

Y(t,6) = (2m)"*t* Ea o (—[€)°1%). (8.21)
The Mittag-Leffler function FE, (—x) is known to be completely monotone for
x € Ry and it has the asymptotics

Eyo(—x) ~ reRy. (8.22)

1422’
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For E, 1 we have the asymptotic behavior

1
Eoi(—2) ~ ——, z€R,. 8.23
a(=z) ltx z + ( )
In particular, for the function Y we have the asymptotics given by
- ta_l
Y(t,6) v ————. 8.24
(9 ~ T3 (324

The asymptotic behavior (8.22) follows from an integral representation

1 to—Pet
E, = — | —dt,
#(2) 27”/(: t® — 2z

where C is an infinite contour in the complex plane. For details we refer to [21,
Chapter 18]. Alternatively, one can use the connection to the Fox H-functions and
use the asymptotic behavior known for these special functions, as described above.
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