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Optimal Existence and Uniqueness Theory
for the Fractional Heat Equation

Matteo Bonforte®, Yannick Sire?, and Juan Luis Vazquez®

Abstract

We construct a theory of existence, uniqueness and regularity of solutions for the fractional
heat equation dyu + (—A)*u =0, 0 < s < 1, posed in the whole space R" with data in a class of
locally bounded Radon measures that are allowed to grow at infinity with an optimal growth rate.
We consider a class of nonnegative weak solutions and prove that there is an equivalence between
nonnegative data and solutions, which is given in one direction by the representation formula, in
the other one by the initial trace. We review many of the typical properties of the solutions, in
particular we prove optimal pointwise estimates and new Harnack inequalities.
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1 Introduction

We construct a theory of existence, uniqueness, initial traces, as well as a priori estimates and regularity
of solutions for the fractional heat equation (FHE) posed in the whole space RY

u+ (—AYu=0, 0<s<l1. (1.1)
The fractional Laplace operator (—A)® may be defined through its Fourier transform, or by its repre-
sentation @) - F)
s _ T)— Y
(=A) f(x) = c(N,s) . m Y

with 0 < s < 1, see its basic properties in [28, [34]. In the limit s — 1 the standard Laplace operator,
—A, is recovered, but there is a big difference between the local operator —A that appears in the
classical heat equation and represents Brownian motion, and the nonlocal family (=A)*, 0 < s < 1.
These operators are generators of Lévy processes that include jumps and long-distance interactions,
resulting in anomalous diffusion [} [§].

The main restriction in our paper is that solutions are nonnegative, but they may be quite general
otherwise, thus, they are not supposed to be bounded or integrable at any time. We take initial data

u(0,) = po. (1.2)

where p1p is a nonnegative and locally bounded Radon measure with an admissible growth at infinity

/ (1+ )N +29) dpu(z) < oo (1.3)
RN

We will prove that such a class, that we call M, is optimal for existence of solutions of ([1))-(T2),
and it also allows for uniqueness and regularity of the class W of very weak solutions that we will
define in Section Bl We show that such solutions can be represented by convolution with the so-called

fundamental solution in the form

u(z,t) = | Pz —y)duoly)- (1.4)

RN
This class of formulas use the fractional heat kernels P*(z) = Ps(t,x) whose existence is well known.
The solutions thus obtained are shown to be very weak and also smooth for all ¢ > 0. A main issue in
that generality is uniqueness. We prove it in Section [fl as the result of a delicate Holmgren’s argument.

On the other hand, the existence of a unique initial measure for every nonnegative weak solution
follows from work of two of the authors [I1] in the nonlinear case that we explain in detail here for the
present linear equation. In this way we complete the one-to-one correspondence between optimal initial
data and very weak solutions in the nonnegative setting.

The question of describing the set of solutions in optimal classes of data is a classical one in the study
of the heat equation since the work of Widder [46, [47] where nonnegative solutions are considered and
the optimal class of data is identified as the locally bounded measures that are allowed to grow at
infinity in a square quadratic way. The representation formula gives then a unique nonnegative solution
that is smooth for positive times and exists globally or locally in time depending on the growth of the
initial measure, subcritical or critical respectively.

There are some important differences with the classical heat equation In that case there was a maximal
rate of growth, roughly wug(z) ~ e?lzl® for which existence is local in time, up to a blow-up time
T = 1/(4a) when the solution goes to infinity everywhere in space. No such finite time blow-up seems
to happen here according to the established theory. Indeed, the possible solutions for data with critical
growth ug(z) ~ |x|** blow up in zero time since

/ uo(z)dx .
(1 + =)V +2s :



Concerning the FHE, there are a number of precedents, numerous in the probabilistic theory, cf.
[9, 10, 07, B0, B8]. Regularity is studied by authors like [14], 20] for equations with more general
nonlocal operators, see Section Bl A direct precedent to our paper is [6], where the authors consider
nonnegative solutions with admissible growth at infinity, and establish the validity of the representation
formula and a uniqueness theorem in the class of weak solutions as part of the so-called Widder theory.
However, measures as initial data are not considered in [G] and there is no talk about the existence and
uniqueness of initial traces. The choice of the most convenient class of solutions to describe the ensuing
theory is an important issue in that paper. Here, we take as preferred class the very weak solutions,
which differ from their weak solutions in minor respects, and are suitable for our purpose of obtaining
a one-to-one correspondence between solutions and data.

The question of solutions with measure data was considered in the 1980’s for a much studied equation,
Porous Medium Equation, a model equation for nonlinear diffusion. Actually, a Widder Theory for that
equation was developed in works by Bénilan et al. [7] and Aronson-Caffarelli [3]. The first identifies the
class of growing measures for which there is a theory of existence and uniqueness, the second supplies
the estimates that allow to identify the class of initial measures of any nonnegative weak solution.
Recently, one of the authors [42] constructed the fundamental solution, and Grillo et al. [2T] addressed
the question of uniqueness of solutions with initial data a measure for the fractional porous medium
with the restriction that the initial data is a bounded measure. Also, the class of uniqueness is the
more restrictive class of weak energy solutions. For some recent work on fractional nonlinear diffusion
equations see [41].

ORGANIZATION. The Widder theory issue contains 3 main theorems that form the basis of the optimality
and equivalence results. We have decided to display the theorems in the following order. All solutions
and data are nonnegative unless statement to the contrary. By the label v.w.s. we mean “very weak
solution in the sense of Definition 21"

e Existence, Thm. Bl Existence for data in MT: “every ug € M7 generates a v.w.s., which is
given by the representation formula, and it takes o as initial trace in the sense of formula (2.6))”

e Initial traces, Thm. @Il “Every v.w.s. has a unique initial trace pg € MT”

e Uniqueness, Thm. Bl “Every v.w.s. is uniquely determined by its initial trace”
(hence it is given by the formula and corresponds to an initial datum py € MT). This completes
the equivalence between initial data and solutions given by the solution operator.

Note that once solutions exist and are unique, then they are given by the representation formula (4],
hence comparison is trivially true since the kernel P! is positive.

After the optimality question is settled, we review a number of topics of the theory following the
outline of what is known in the theory of the classical heat equation. Thus, we present a number of
results about existence of solutions with L' data, as well as a number of properties of the solutions,
like smoothing effects (also known as ultracontractive estimates). We want to point out the optimal
boundedness estimates for general solutions that we develop in Section [[ and the construction of self-
similar solutions of

We devote some time to comment on the theory for very weak solutions with two signs in Section
We point out that in that context solutions may have higher growth rates (both in « and ¢). The paper
ends by a section on comments and open problems and an Appendix.

NoOTATIONS. For all nonnegative functions f and g we use the notation f = g if there are positive
constants ¢; and ¢z such that c;g(x) < f(x) < cag(z) in the common domain of definition of both
functions. We also write a A b = min{a, b} and a V b = max{a,b}. The Euclidean distance between z
and y is denoted by |z —y|. We will use B,.(z) for the open ball centered at z € RY with radius r > 0.



2 Some preliminaries and definitions

e The fractional heat equation kernels for 0 < s < 1 are called P*(z) and are C* functions for all ¢ > 0
and they are self-similar of the form

Pt(:Z?) _ t_N/QSF(|$|t_1/2S)

See [9], [T7]. We have
C

FO~ Trammee

Since the Fourier symbol e ~1¢I* is a tempered distribution, it immediately follows that Pt € C*((0, 00) x
RY), see [10, 27]. Sharp estimates on the behaviour of the Heat kernel P; have been obtained by many
authors, see for instance Blumental and Getoor [9], Chen and Kumagai [I7]. They show that

1 t
t -
A convenient form of the bound would also be
t

Pl(z) =< :
(t1/s + |$|2)(N+2s)/2

The kernel is explicit for s = 1/2

t
(12 + |z2)(N+D)/2

Pyjs(t,z) =cn

A formula and estimates for F' are given in [9]. We will need an interesting estimate for the time
derivative,

t|0,P'|/P" < Cn.s,

cf. Proposition 2.1 of [43], that contains also estimates on the behaviour of the modulus of the gradient.
The lower bound of this inequality is used in Section 6, the optimal constant is N/(2s) and is proved
in Lemma 61l The fractional heat kernel has a nice smooth Fourier symbol, e~ ¢ |2S, which dictates the
finer regularity properties of the solutions (C°°, analyticity or Gevrey), we refer to Subsection for
further details.

WEIGHT FUNCTION. We define the weight function ® in special form suitable to simplify the technical
computations; and we just remark that the main point is that it is C?, nonnegative and that ® =
(1 + |z)~V+25); we therefore define ®(x) = 1 if |2| < 1 and

1
P(x) = )
AR FERT

if |z) > 1. (2.3)

Another remarkable property is that there exists a positive constant ¢; such that for all 2 € R

(=4)®

3 < C1. (24)

(~A)®(z)| = B(z)  so that H <
Leoo (RY)

The proof of the latter inequality can be checked by a direct calculation, c¢f. Lemma 2.1 of [I1] or
Lemma [I1.0] in the Appendix. This weight plays the role of a kind of quasi eigenfunction for the
fractional Laplacian on the whole space. Finally, we can define the weighted L' space as the space of

Ll .(RY) functions with finite norm

[ flly = /RN |f(z)]|® () dx .

We proceed now with the definitions of the preferred class of solutions.



Definition 2.1. Very Weak Solution in LY. We say that u is a very weak solution to the FHE
@) if (i) uw e LL (0,7 : LL(RYN)), and (ii) it satisfies the equality

loc

+oo +oo
/ / u(t, z)Opp(t, ) de dt = / / u(t,z)(—A)*(t, ) dedt (2.5)
0 RN 0 RN
for all non-negative ¢ € C°((0, +00) x RY) .

General type of initial data. We say that a very weak solution wu(¢,z) has initial data p if u €
LY(0,T : LY(RY)), and there exists a nonnegative measure u € M7 that is the initial trace of u in the
sense that

/ Ydp = lim u(t, z)v(x) dz, for all ¢ € Co(RY). (2.6)
RN

t—0t JrN

Note that since we are only assuming u € L'(0,7 : LL(RY)), the limit is taken for a.e. ¢. Of course,
the solutions given by the convolution formula (B1]) are C7, for ¢ > 0, and we also have u € C((0,7) :

Lé(RN )). The authors of [6] put this last condition in the definition of weak solution but we will not
do that.

3 Existence for optimal data. Representation formula
The representation formula is defined for all ¢ > 0, z € RY by
vt = | Pz —y)duo(y) .- (3.1)

Thanks to the fact that Pt € C*°((0,00) x RY) and that its derivatives both in space and in time have
a good decay at infinity, it is not difficult to show that also U € C°°((0,00) x RY). More precisely, we
refer to Section 2 and 3 of [43].

The first step consists in proving that this formula gives a very weak solution in the sense of our
previous definition.

Theorem 3.1 (Existence for data in M7 ). There exists a nonnegative very weak solution to the FHE
@) that is given by the representation formula BJ) with initial data py € M.

The case of signed data will be discussed in Section
Proof. The proof is split in to several steps.

e STEP 1. The representation formula [B.I]) is well defined thanks to the decay property of the
heat kernel P! and the matching growth conditions imposed on the data. Since we know that P! &
C>((0,00) x RY) and all the derivatives have also the same (or better) decay properties, we conclude
that the solution U € C°°((0, 00) x RY).

e STEP 2. We now show that the formal solution defined by the representation formula 31 is indeed
a very weak solution in the sense of Definition 2.1l The proof consists just in plugging the formula in
the weak formulation (2.5 and by checking that all the quantities are finite and equal.

We begin with the left-hand side of (2.3):

/Om /RN Ul(t,z)0p(t, z) dedt = — /;Oo /RN . U(t, )0, P (z — y)dpo(y) dz dt
_ /Om /RN ( [Pl a)(-A) P —y) d:c) duo(y)dt  (3.2)
_ /Om /RN ( [ Pla=n(-ayuo) d:v) dpio(y) dt



We justify the first calculation by using absolute integrability and Fubini’s theorem. The second and
third line then follow by definition of the Heat Kernel, recall that 9; Pt + (—A)*P* = 0 pointwise.
As for the right-hand side of (ZH]), we first rewrite it as follows

/O+°°ANu(t,x)(—A)sw(t,x)dxdt:/OJFOO/RN (/RN Pt(x_y)(—A)sw(t,:c)dx) () dt.  (33)

In order to get equality among (3:2) and (B3], we have to prove that the latter integrals are absolutely
convergent, namely we want to show that

/ +°° L (L = ooy ar) dut) dt\ </ +°°

To this end, we observe that indeed it is sufficient to prove that for some ¢ > 0 we have

/. q’(y)duo(y)‘ dt<oo  (3.4)

[Pl )(-a) it a)dr

C

so that, in virtue of the assumption py € M7 we get (34). By a time rescaling argument, it is enough
to show that (31 holds at ¢t = 1. First, we recall that

1 c

Pl = e ™4 1CAEN < e

the latter inequality follows by Lemma 2.1 of [11] (see also Lemma [[T1]) , so that

| Pre= Ay d

1 1
< d 3.6
= / (L + o — y)V2 (14 [a])VF2s (3.6)

Next, we show that the above integral is bounded by c®(y) for all y € RV | we need to split it in three
regions, namely A1 = Bjy|/2(0), Az = By, /2(y) and Az = RV \ {41 U A3} and estimate the integrals
on each region.

We begin with A;. We observe that for all © € A; we have |z — y| > |y|/2 so that

/ ! ! dz < gne / ! dz < L (3.7)
A, (T4 |z =g NF2s (1 [ )N+2 70 = (L4 [y )N+2s Ju, L+ [z)NF2s 7 = (L4 [y)V+2s " 2

the latter inequality follows because (1 4 |z|)~(V+29) ¢ LY(RYN).
As for Ay, we observe that for all z € Ay, we have |z] > |y|/2,

1 1 QN +2s 1 ko
N+2 N7z dr = N2 N7z AT = N+2s
A, (L [z —y[)VF2s (14 |z|)V+2s (L+yDN*25 S, o) (L4 [z —y[)NH2s (L4 [y[)N+2s
(3.8)
the latter inequality follows because (1 + |z — y|)~(NV+29) € LY(RY) for all y € RV.
Finally, the estimate for A3 is the same as for A;, indeed we just use that for all z € A3 we have
| —y| > |y|/2 and the rest follows similarly to (B.7).

Summing up, we have proven ([B.5) which implies (B4, hence equality among ([B2) and B3] is
established.

e STEP 3. We also have to show that the solution U given by the representation formula takes the
measure f as initial trace, in the sense of formula (Z8]). To this end it is sufficient to notice that the
Heat Kernel P! is an approximation of the identity as ¢ — 07, hence it converges weakly in the sense
of measures to the Dirac Mass &g. Since U(t,z) = P! % pip, the previously mentioned weak convergence
of the Heat Kernel implies that U(t,z) — po as t — 07, but this is exactly the convergence explicitly
stated in formula (2.6). The proof of the Theorem is complete. []



These solutions will be called for the moment F-solutions, since they are obtained through the repre-
sentation formula (B1)).

We have already mentioned that the F-solution of the FHE is C°° smooth in @ = (0,7) x RY. The
regularity at ¢ = 0 is a big question that heavily depends on the data and that we will try to clarify in
what follows. A very simple case happens when ug € C(RY) N L>(RY), and then it is quite easy to
see that the corresponding F-solution is continuous down to ¢ = 0 and also u € C([0,00) : L=(RY)).
Details about the situation for data ug € LP are given in Section [6

4 Initial traces for solutions in weighted spaces

Our main interest is investigating what happens for more general solutions, to be more specific we pose
the 4nitial trace problem, that is, wether or not, starting from a nonnegative measure in the class M¥ ,
very weak solutions in the sense of Definition 2] will take as initial trace the measure from which we
started , weakly in the sense of measures, i.e. formula (Z0). The positive answer to this question will
be given in the next section.

Theorem 4.1 (Existence and uniqueness of initial traces in M7, [11]). Let u be a nonnegative
very weak solution of the FHE () in (0,T] x RN. Assume that [w(T)|lLy vy < oo where ® is as

in 3, decaying at infinity as |x|~N125). Then there exists a unique nonnegative Radon measure
w € MY as initial trace, that is

Ydp = lim u(t,z)p(z) de,  for all ¢ € Co(RY). (4.1)

RN t—0t RN

Moreover, the initial trace p satisfies the bound
[ 2@)auta) dr < T [ yan. (42)
R
where ¢1 > 0 is the constant in the bound (2.4I).

The proof has been first given by two of the authors in [I1], and relies on a lemma, Lemma 7.1 of [I1],

that gives general conditions for existence and uniqueness of initial traces for very weak solutions of the

nonlinear flows corresponding to equation u; + (—A)*u™ = 0 with m > 0, i.e. porous medium (m > 1)

or fast diffusion 0 < m < 1 and of course FHE, m = 1. The lemma is then combined with L' weighted
estimates (cf. Lemma F2]) and gives existence and uniqueness of the initial trace. We will give next a
slightly different and self-contained proof of the Theorem, since we feel that it is important here.

Lemma 4.2 (Weighted L' estimates). Let u be a nonnegative very weak solution of the FHE ().
Let ® be the weight defined as in 23). Then the following inequality holds for all t,7 > 0

el u(m)lley @vy < llu)llLy @yy < et [u(T) Ly &y (4.3)

where ¢y is the constant in the bound (2.

Proof. We first give a formal proof.

i/ u(t)® dx
dt Rd

Inequality (&I3) then follows then by integration.

/ u(t) (—A)’ O dx
Rd

gH%HW /Rdu(t)fbdxgclf u(t) ® da.

Rd

The rigorous proof can be done by approximation: take a sequence of test functions v, (t,z) =
P, (z)ni(t) € C((0,+00) x RY) such that m,(t) — X{re,n(t) and dymi(t) — 6(70) — 6(71) and @, €



C°(RYN) with ®,, — w. Then, by Lemma 2.1 of [I1] (see also Lemma [IT.1lin Appendix) we know that
|( AP, (z)| < k1®(x) and that for |z] > 1 we have [(—A)*®,(z)| > koP(x) , so that we have

H% <.

)

oo

Then plug this sequence of test function in the weak formulation of the equation (23] :

/()Jrooatnk(t)/w u(t, )P, (z )dxdt‘

—+o0

Mk (t) /RN u(t,z)(=A) @, () dxdt‘

/0 nr(t) /RN u(t, z)®(x) dxdt‘

Taking limits as £ — oo and then as n — oo we obtain
< / / u(t,z)®(x) dzdt
RN

/ u(7o, x)®(z) dx —/ u(ry, x)®(z) de

RN RN

which by Gronwall lemma gives the desired inequality. []

Proof of Theorem [4.1] The proof is divided into three steps.

e STEP 1. Weighted estimates I. Existence of initial traces. Consider the weight function ® defined
in ([Z3)), and define for R > 1, ®,.(z) = ®(x/r), so that g = 1 on Br(0) and recall that it satisfies
the estimate (Z4)) in the form

(-A)*®PR
OR

/0+°° (1) /RN u(t, z)®(z) dz dt‘ (4.4)

<

C1
— RZS

<ey, since we have taken R > 1. (4.5)

Loo (RN)

Notice that moreover, ®g(z) < RN*2®, (x).

We now prove some Ll-weighted estimates, namely, for all 0 <¢ <7} <T and all R > 1

/R Lu(t,2)®p(w) dz < ect(T=t) /R u(T,x)®p(z) dv < e r / uw(T, z)® p(x) dz (4.6)

Rd

The formal proof of the above inequality is analogous to the proof of Lemma and is as follows.

i/ u(t)®, dzx / u(t) (—A)Sq)de'SH / u(t)fl)rdxgcl/ u(t) @, dx.
dt Jpa Rd Loo(RN) JRY Rd

Then (6] follows by integration. The rigorous proof can be done by approximation as in the proof of
Lemma [£2], hence we skip the details. As a consequence, we obtain for all R > 0,

(=8)*®,

/ u(t,z)dx < / u(t,r)®r(z)de < e 7 RN+25/ u(T,z)®(x)de := K3 (4.7)
Br(0) R R4

since ®r =1 on Bg(0); notice that for 0 < R <1 it follows simply by (6] with the weight ® = ®; .

Next, by translation invariance, it is easy to show that inequality ([@7) holds on any ball Br(zo).
Therefore, we have obtained that for all R > 0 and all zp € RY

sup / u(t,z)de < K and also lim sup/ u(t,z)de < K. (4.8)
te(0,T] J Br(zo) t—0+ Br(zo)



this estimate implies weak compactness for measures (to be more precise, weak* compactness), so that
there exists a sequence t;, — 0% as k — oo with 0 < t;, < T}, and a nonnegative Radon measure 4 so
that

lim u(ty, v)p(r) de = / edu for all p € CO(RY).

k—oo JpN RN
The bound on the initial trace: u(Br(wo)) < K1 = e 7T RN+2S||U(T)||L(1P(RN) follows from the above
bound on the limsup .

e STEP 2. Pseudo-local estimates. Uniqueness. In order to prove uniqueness of the initial trace we
need first to prove the following weighted estimates:

/ u(t, x)y(z) de §/ u(t', x)(x) de + Kalt —t'] (4.9)
RN

Rd

for all 0 < ¢,#' <T); < T and for all » € C>(RY). Let us give a formal proof, a rigorous proof can be
obtained then by approximation as in the proof of Lemma ([2)). Let ¢ € C°(R¢), then by Lemma 2.1
of [T1] (see also Lemma [IT1lin Appendix) we know that [(—=A)*t(x)| < k1 ®(z) and that for [z| > 1 we
have |(=A)*¢(z)| > ko®(z) , so that we have

HM <er.
® My
Next we calculate
i/ w(t)dz| = / u(t) (—A)y da g}m / u(t)q)dxgcl/ u(t) ® dz
dt Rd Rd @ Lm(RN) Rd Rd

(o) 1€ TTw(T) |y vy < 1€ u(T)| |y ey == Ko -

Notice that in (a) we have used inequality (EI3) of Lemma ([£L2). Integrating the above differential
inequality, we obtain (9.

The initial trace whose existence we have proven in Step 1, may depend on the sequence tj , hence
may not be unique. We will now show that this is not the case, thanks to estimate [9). Assume that
there exist two sequences t; — 01 and ¢}, — 0" as k — oo, so that u(ty) — p and u(t}) — v, with
p,v € MT(RY). We will prove that

/]RN pdu = /szde for all p € C°(RY). (4.10)

so that = v as positive linear functionals on C°(RY). Then by the Riesz Representation Theorem
we know that p = v also as Radon measures on RY. Therefore, it is sufficient to prove (ZI0) : estimate
[@3) implies that for any t,# > 0, with 0 < t+¢ < T} < T, and any ¢ € C®(RY) we have
[(t+¢)—t| =t and
/ u(t, z)p(x) de < / u(t +t',2)p(x)de + Kot (4.11)
RN RN

First we let ¢t = ¢, and ¢’ > 0 to be chosen later, then we let t;, — 0T so that u(ty) — p, and we get

/ odu g/ uw(t',z)de + Kot (4.12)
RN RN

Then we put t' = ¢} and let ¢} — 07 so that u(t},) — v and we obtain the first inequality

/gpdug/ pdv. (4.13)
RN RN



Then, we proceed exactly in the same way, but we exchange the roles of ¢, and ¢} to obtain the opposite
inequality I]RN pdu > f]RN @ dv. Therefore we conclude that p = v as positive linear functionals on
C2(RY) as desired.

e STEP 3. We still have to pass from test functions ¢ € C2°(R?) to ¢ € C2(R?) in formula {@II), but
this is easy by approximation (mollification). The bound (2] for the initial measure then follows by
Lemma [£2] namely we get

[ o)) do < e JulT) e,
]RN

The proof is concluded. []

5 Uniqueness of very weak solutions for optimal data

Theorem 5.1. FEvery nonnegative very weak solution in the sense of Definition 2] is uniquely deter-
mined by its initial trace po € M.

Proof. We split the proof into several steps.

e STEP 1. Fix T > 0. We recall the weak formulation of our problem, according to Definition 2]
namely

/OT /RN u(t, )0 (t, x) de dt = /OT /RN ult, 2) (=AY ot o) du dt (5.1)

for every test function ¢ € C2°((0,T) x RY). The main idea towards uniqueness is to show that the
difference of two nonnegative solutions u; — us corresponding to the same nonnegative initial trace,
is indeed the zero solution. We have now to be careful that letting v = u; — us, uw is not anymore
a nonnegative solution, but it is clear that uy = w; > 0 and u— = ug > 0, so that |u(¢,-)] =
ui(t,) +ua(t,-) € LL(RYN) for all ¢ > 0.

To prove uniqueness, i.e. to prove that indeed u = 0 for all ¢ > 0, we would like to use as test function
the solution (¢, x) of the dual problem

— Oip(t,x) + (=A)°p(t,x) = f(t,z) € C°((0,T) x RY) (5.2)
which is a backward fractional heat equation: We take final data
e(T,z) =0, (5.3)

and use Duhamel’s formula to represent the solution

T
o(t) = PTo(T) + / P x f(r)dr |

where 0 < ¢ < T and we use the short notation ¢(t) = ¢(t,+). In view of the zero final data this
simplifies to

T
o(t,-) = /t P s f(r,)dr.

Since f is smooth and compactly supported, we can conclude that (¢, ) is smooth and decreases at
infinity like (1 4 |=|)~V+2%) uniformly in 0 < t < T Indeed, we recall that

t
Plz) = } 5.4
@) (tV/s + |x|2)<N+2S>/2 (5:4)
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and by a scaling argument (and the fact that f is compactly supported in time), it is sufficient to show
that for all |z| large enough we have that
1

[P'x f(1,)] (2) = L ) (5.5)

Without loss of generality we can assume that supp(f(1,-)) C Bg,(0) = Bg, for some Ry > 0, and we
will write f(z) instead of f(1,z) with a little abuse of notation. We then consider |z| > 2Ry > 2|y|.
We begin with the lower bounds and we observe that for all y € Bg, and all |x| > 2Ry we have
[z =yl <]+ ly| <[z + Ro < 2|z so that

f(y)
Plx d
(PP 1l (@) 2 o /BRU (1 + o — y[2) VT2 !

(5.6)

Co

ko
> . / fly)dy > —
(14 2J2))2) V2 Vg, (1 4 [z[2) V272

Now we prove the upper bounds, noticing that since |y| < Ry and |z| > 2Ry > 2|y| we have |z — y| >
|z| — |y| > |z|/2 so that

- fy)
e ] oy

(5.7)

0

C1 / kl
< . fy)dy < — .
(1 + (|2]/2)2) V272 I, (1 4 |zf2) N H29/2

By rescaling we obtain (Z.1)).

e STEP 2. Taking as test function 1) = ¢ in formula (1)) is not allowed since ¢ is not compactly
supported, neither in space nor in time near t = 0. Therefore, we take ¥(t,2) = @(t,2)(r ()0, (t)
where (g does a cutoff in the space variable and 6 is a cutoff in time near ¢ = 0. More precisely we
choose 6 a smooth function that grows from 61(0) = 0 to 6;(1) = 1 and we define 6,,(t) = 61(nt). As
for Cr(z), we consider the standard cutoff function which takes value 1 on the ball Br and vanishes
outside Bog. Then we have 9yt = (rb,,0;¢ + ¢ 0.,(r and by the well-known product formula, we get

(=A)*%Y =0, [CrR(=A)°¢ + ¢(=A)*Cr + B(p,Cr)]
where the bilinear form B is defined as follows

B, Caw) = [ = WICale) Z6nl)

RN |z —y|V+2e

We then plug + into the weak formulation (1)) and we use the fact that ¢ solves the backward heat
equation to get

+o0 +oo
/ / u(t,x) f(t,2)Cr(x)0,(t)dedt + I; + I = / / u(t,x)p(t, z)Cr(x)0), (t)dedt  (5.8)
0 RN 0 RN

with oo

L :2/0 /]RN u(t, z)p(t, 2)(—A)*Cr(x)0,(t) dadt,
and

+oo

I ::/0 /RN u(t,x)B(p(t, z),Cr(x))0,(t) dedt.

We also define e
J :—/0 /]RN u(t, x)p(t, z)Cr(x)0),(t) dz dt.

11



The idea is to prove that in the limit R — 0o, n — oo the three terms I, I> and J go to zero, (since
Cr — 1, 0,(t) — 1) so that formula (B.8]) becomes

/+oo/ u(t,z)f(t,x)dedt =0
0 RN

and then, by the test Lemma we would conclude that v = 0, the above expression is zero for all test
functions f € C°((0, +00) x RY). This would conclude the proof of uniqueness.

Therefore, it only remains to prove that in the limit R — oo, n — oo the three terms 7, I and J go
to zero, and this will be done in the next Step.

e STEP 3. The important part is the integral J, where we have to use the form in which solutions
approach the initial measures. As far as I; and Iy are concerned, up to the smooth cut-off function
0., these integrals have been considered in [6], Section 2 (I; formula (2.14) and I5 formula (2.33)), the
proof of convergence is the same in our case and we do not reproduce it here.

To prove that J — 0 as n — oo, we split the integral J in two parts, J = Ji ,, + Ja2, where

1/n
Jin = /0 0,,(t) /]RN u(t,x)p(0, x)Cr(x) dodt

and

_ [y p(t,) = (0,2)
Jan —/0 ). (t) /RN u(t, z)p(0, x) S0.2) Cr(z) dadt

We begin with J; ,,. Let us first recall that the initial trace of w = u; —us is p = 0, because by definition
of initial trace we have for ¢ = 1,2 that

lim w;i(t, z)p(x) de = / o duo , for all ¢ € Cy(RY), (5.9)
t—0t RN RN
because both u; and us have the same initial trace pg. Hence

lim u(t,z)p(x) de =0, for all ¢ € Co(RN) . (5.10)

t—0t RN

The above formula implies that the function ¢ — Y (t) := [x u(t, z)¢(z) dz is a continuous function on
(0,7/2) and it is right-continuous at 0 and Y (0") = 0. Moreover, we have that 6}, (t)x[0,1/n]t) — d0(t)
in the weak topology of measures. As a consequence,

o0

lim Jl n — lim oé(t)X[O)l/n](t)Y(t) dt = Y(OJr) = 0,
0

which proves that J; , — 0 uniformly in R.
Next we deal with Js ,,. We first observe that for all ¢t € [0,7/2] and all z € RY we have

t —
‘w <ct. (5.11)
¢(0,2)
We only have to check the above inequality for large values of |x|. We have proven in Step 1 that for
large |z|, we have o(t, z) =< c(t)(1+|z|?) ~(NE2972 for some bounded function c(t); in particular ¢(t, z)

and (0, x) has the same behaviour for large |z| , so that we can conclude that

go(t,x) N
<ksc(t) <k for all t € [0,7/2 dall z € RY.
S0.2) = 3c(t) < kg or a [0,7/2) and all =

Moreover, ¢(t, z) is a smooth function with respect to the ¢ variable, so that by the mean value Theorem

lo(t,z) — p(0,2)| < p(t,x)t  for all t € [0,7/2) and suitable £ € (0,1).
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Therefore, combining the two above estimates we get for all x € RY

’ (p(tu :E) — (,0(0, :E) < sp(tu :E) t< k4t
(0, ) (0, )
that is (EIT)). Next, we prove that
/ [u(t, 2)|p(0, 2)Cr(x) do < ks < o0 for all t € [0,T]. (5.12)
RN

Indeed, we know by Lemma that any weak solution u; satisfies the estimate
lJwi()[lLy mvy < e T llwi(T) Ly vy for all t € [0,T7]. (5.13)

and we also know that [lu;(T)||py @~y < ke < 00, so that, recalling that ¢(0,z) < @

/RN lu(t, 2)]¢(0, )Cr(x) d S/

- ui(t, x)p(0,z) du —I—/ uz(t, 2)e(0,z) du

RN
§/ up(t, z)® dx—i—/ ug(t, z)® da
RN RN

< e (e (Dl ey + lua(T) |y v ) < 2hee ™ = kr < 00

Finally we can show that Js, — 0 as n — oo uniformly in R, indeed

L/n / <P(ta I) - 90(07 :E)
| o [ uttarot0.0 ZEDEER o) aza

Sp(tv .’L‘) — 90(07 .’L‘)
©(0, )

1/n
< ks / 8, (1) ¢ / fu(t, 2)[2(0, 2)Cr () dardt
0 RN
1/n 1/n
<hiks [ 00 = [M_ / e@dt] e
0 n 0

where we have used (BI1)) , (512) and the fact that 6’ > 0 since 6 is growing. We have also used that
0, is bounded, in the last step.

|J2,n| =

1/n
- / 8. (0) / Jult, )l (0,)

Cr(z) dadt

The proof of the uniqueness Theorem is concluded. []

Historical note. This type of uniqueness proof based on duality is very typical of linear partial
differential equations with real analytic coefficients with the name of Holmgren’s theorem, see [24]
and the books by Smoller or Treves. Wikipedia says: In the theory of partial differential equations,
Holmgren’s uniqueness theorem, or simply Holmgren’s theorem, named after the Swedish mathematician
Erik Albert Holmgren (1873-1943), is a uniqueness result for linear partial differential equations with
real analytic coeflicients. As we see, the original proof was rather strong in assumptions.

The technique has been extended to nonlinear equations by experts in nonlinear PDES and the as-
sumptions have been relaxed. Thus, it was used by Kamin in 1961 for the Stefan Problem, and then by
Kalashnikov in 1963 for the porous medium equation in 1d with growing data; both were Olga Oleinik’s
students. The proof in all dimensions for the PME is due to Bénilan, Crandall and Pierre in their
famous paper in 1984. It is described in Theorem 6.5 of Vazquez’s book PME.

In this paper we extend to optimal measures as initial data the type of proof done for the fractional
heat equation in the paper by Barrios et al in 2014 [6].
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6 L' and L? theory

This section contains material that is more or less known or used in the literature, and we present it
for completeness, asking the reader to supply missing details.

e Contraction properties. The fractional operator is a maximal monotone operator, subdifferential
of a convex functional in L2(R), hence it generates a contraction semigroup in that functional space.
The contractivity property extends to all L?(R™) spaces, p € [1, 00|, namely

lu(®) — v(®)llLe @y < lluo — vollLr@w)
This is a consequence of the fact that (—A)® is m-accretive in all L? spaces. The contractivity can also
be explained in a simple way, as follows:

d
[ty de = _p/ [P Tsign(u)(—A)*ude < 0
RN RN

Indeed, to ensure the positivity of the last term, we need the so-called Stroock-Varopoulos inequality,
namely

(MiS]

—1 s 4(p B 1) s 2
WPt @) (—A) u(t x) de >~ ’(—A)2u (t,2)| dz
RN p RN

see [39] and also [31]. Of course the above proof needs to be justified, by approximation, hence the
need for a slightly more general inequality then the one above, cf. for instance Lemma 5.2 of [3T]. The
Stroock-Varopoulos inequality is also the basis to begin a Moser iteration based on fractional Gagliardo-
Nirenberg inequalities, that would prove smoothing effects without the use of the heat kernel, a method
that allows to deal with more general diffusion operators.

In this way, a semigroup of contractions is obtained in all LP spaces p > 1, indeed, by writing
Se(uo) = P! x g, then it is easy to check that
St 0 Sp(ug) = Srv (uo), and that So(ug) = ug, (6.1)

since we recall that P! is an approximation of the identity (as ¢ — 01) and that lim P! = ¢y weakly
t—0

in the sense of measures, as carefully explained in Step 3 of the above Existence Theorem [3.11

e Time monotonicity

Lemma 6.1. Let u be a nonnegative very weak solution of the FHE ([I1l). Then the time derivative u;
satisfies the following inequality:
N u(t, )

t >
ur(t ) = 2s t

for allt >0 and all x € RV (6.2)

that implies that the function t — tV/?5u(t, x) is monotone nondecreasing for all x € RN .

Proof. We first recall that the very weak solution w(t,z) is unique and can be expressed in terms of
the representation formula in terms of its initial trace, as consequence of Theorems Bl Bl and (T]).
Therefore

utta) = [ Pla=duo(n). (6.3)
where Pt(x) = t~N/25F(|x|t=1/?%), where F : R — R is a smooth decreasing function. Moreover,

N F(jaftV2) ol F'(jeft"2) N

0, Pt = A i A SO pt
WP(@) 25 gastl 25 B+l T 2st (z)
since F’ < 0. As a consequence,
N N u(t,x
dult.r) = [ 0P —y)anol) > — o [ P amo) =~ BT (o)
RN st Jgw 2s t
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The monotonicity of t +— t~N/25y(t, z) follows by integration. This concludes the proof. []

e L' — L>® Smoothing Effect. Ultracontractivity

Theorem 6.2. Let u be a very weak solution of the FHE (1)) corresponding to the nonnegative initial
datum 0 < ug € LY(Q). Then there exist a constant K, > 0 depending only onp > 1,0 < s <1 and
N, such that for allt >0

K
flu(t) |0 rry < W—LPHUOHLP(RN)- (6.5)

Proof. The case p = 1 uses the representation formula and the inequality P!(¢,z) < Ct~2:. The case
p > 1 follows by interpolation. []

e Asymptotic behaviour for L' data. The following theorem parallels what happens for the heat
equation,

Theorem 6.3. Let u(t,z) be the very weak solution with initial data ug € L*(RY), ug > 0, and let
M = [wug(z)dz be its mass, which is constant in time. Then as t — oo we have

Jim 10 [[u(t, ) ~ MP!(@)]| o) = 0 (6.6)

n(p—1)
2sp

with o, =
Proof. Write the difference as
u(t.) =~ MP'(a) = [ w(w)(P(o— y) - P'(a) ds

and proceed as in the proof for the heat equation both in the case of the L' norm and in the case of the
L norm. The rest of the LP norms are obtained by interpolation. We leave the rest as an exercise,
since this is not difficult. []

A similar result is also true for the porous medium equation, the p-Laplacian equation and other
nonlinear diffusion equations, but the proofs need nonlinear techniques, cf. [25] 40].

e Symmetrization. In the theory of elliptic and parabolic equations, the technique of Schwarz
symmetrization is a frequently used tool to obtain a priori bounds for classical and weak solutions in
terms of general information on the data, see [Bl [36] from the huge literature.

We define the symmetric rearrangement of a set A C R™ as the ball centered at x = 0 with the same
volume, that we denote by A*. We also define the symmetric decreasing rearrangement of an integrable
function f € L*(R"), that we denote by f*; briefly stated, f* is a radially symmetric function defined
in R™, it is decreasing as a function of r = |z|, and its level super-sets {x : f*(x) > A > 0} have the
same measure as those of f.

The application is as follows; In the elliptic theory we want to compare the solution u of a problem
with right-hand side f with the solution v of the problem with rearranged right-hand data f*. In the
parabolic case symmetrization is applied only on the space variable and then we want to compare wu(t, x)
with v(x,t) for all fixed times ¢ > 0. The specific theorems may be pointwise comparison of integral
comparison. The net benefit is that solving radial problems is easier, and even in some times there are
explicit formulas.

In our present linear setting the following comparison result is easy to derive.

Theorem 6.4. Let u(t,z) be the very weak solution with initial data ug € L*(RY), ug > 0, and let
v(t,z) be the very weak solution with initial data vo = uar. Then for every t > 0 we have

0 <u(t,z) < Jlv(t)]eo = v(t0).
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Proof. We use the well-known Hardy-Littlewood Lemma [23] inequality

/fgdwﬁ/f*g*dw

on the solution given by the convolution formula to get
[uwtPt@ - < [uwEe- ) d.

Now, it is immediate that P'(x —y)* = P’(y) and we get the relation u(t,z) < v(t,0), which allows to
compare the L norms of u(t) and v(t).

Stronger results can be obtained by using the full machinery of symmetrization, which also applies to
nonlinear fractional flows, cf. [44] [45], but the proofs are much longer.

7 Quantitative local boundedness and optimal existence

7.1 The weighted estimate

We want to estimate the behaviour of the constructed solution u = P* * g for t > 0 and prove that it
is a locally bounded function of z with precise estimates. Here is the first result.

Theorem 7.1. Let u = Sy the very weak solution with initial measure g € MY and let ||polle =
f]RN ®dpg. There exists a constant C(N, s) such that for every t > 0 and v € RY

u(t,@) < Clluolla (=N +4)(1 + )V, (7.1)

Proof. As an opening, we examine the simplest case where z = 0 and time is bounded and bounded
away from zero. We have
u(t,0)= [ P'(y)du(y)
RN
Under our assumptions we have P*(y) < ®, hence u(t,0) < ||uo||e. The same argument works when z
is bounded.

e In other to proceed further, it will be convenient to decompose pg = p1 + po where p; is the part of
o located in the open ball of radius 1. Then we write the solution as u; = Sy(u1) and us = Si(ua2).
We know the behaviour of the fist by simple inspection of the kernel: u;(t) is a bounded function for
every t > 0 and

lur(®)lloo < C+ N2 ar,

where || - ||as is the standard norm for bounded measures. Moreover, the estimate is sharp for all ¢ > 0
since the fundamental solution satisfies it.

e Next, we examine the case t ~ 0 for z € By/3. In view of the previous paragraph, we only need to
consider ug. For |y| > 1 we have

t t
(Jz — y[2 + t1/5)(N+25)/2 <G (lyl? + 1)(N+25)/2

Pz —y)~C

so that
us(t, ) < Crtf|pzlle -

Adding the estimates for u; and us we get the estimate

u(t,z) < Cot /2| pl|g ,
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valid for all ¢ < 1 and |z] < 1/2. A simple scaling gives the proof for |z| < R, and then Cy depends
also on R. This far, we have proved that for all bounded x and 0 < ¢ < co we have

ut,x) < C (N + 1) uolle, (7.2)
where C'(R, N, s).

e Next, we examine the case t > 1 and & bounded. Estimating the expression for P; like before we get
ua(t, z),u(t,z) < Crt)|p2e -

Comment. Separating the contributions for |y| < t'/2 from |y| > t}/? in the last paragraph, we may
even arrive at us(t, x), u(t, ) = o(t) as t — .

e To conclude the proof, we need to translate this into the growth in |z| large for finite fixed ¢t > 0. We
may use scaling which seems amazing. We change the coordinates @’ =  — a with |a| > 1 and consider
the previous formula in the new coordinates. Then, putting tildes for the functions in the displaced
coordinates,

w(t,a) = u(t,0) < C (N +t)||jiolle .

Now, the comparison of the weights shows that ||io|le < a™¥*2%||uol|o. Hence
ult,a) < Cllpolla (¢ +6)(1 + |a])V 2.
This is the final result. []

Optimality of the exponents. The exponent in the x variable cannot be improved in view of the
following example. Let g = ae; with a > 0 large and take as initial data

pra(x) = ca¥ 256 (x — o)

then it is easy to see that ||pelle < 1 with a constant that does not depend on a = |xo| > 1. On the
other and we know that the corresponding solution satisfies

’U,a(t,fto) —c |IO|N+25 th/Qs7

We recall that |z is as large as we wish.

For the optimality of the ¢t exponents we refer to next section.

7.2 Existence of self-similar solutions in classes of growing data

We consider initial data of the form

Uo(z) = C(0)|z]
where 0 < v < 2s and C(f) > 0 is a continuous function of § € SN=1. Such a function falls into the
admissible initial data Mj(RN ). Tt follows from our results that there is a unique very weak solution

U(z,t) and we have a number of properties:
(i) U is positive and C* in Q = (0,00) x RV |
(ii) We have a priori estimates from the previous section.

(iii) If C(#) is constant, then U is radially symmetric with respected to the space variable, and
increasing in |x| for fixed ¢ > 0,

Next, we take into account the invariance of the initial data under the scaling T)\(Up) = A" "Up(\x).
Using the equation we conclude that

Ux(t,z) = AU (Nt \x)
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is another solution with the same initial data, hence U, (¢, ) = U(t, ) which means that
Ult,z) =t"/*F(axt™4/?).
We notice that in order to take the prescribed initial data, F' must have the asymptotic behaviour
F(&)/IE]" = C(0) as [¢] = oo.

This means that for every ¢ > 0
lim F(x)/]z|" = C(0).
|z|— 00
As an immediate consequence of the existence of these solutions, we derive the optimality of the time
exponent 1 in the dependence of formula (7)) for large times.

7.3 New weighted estimates

Comparison with known results. (i) In the Heat Equation case, d;u = Au, the allowed growth
for the initial measure is square exponential, and the estimate is quite different. The main qualitative
difference is that blow-up in finite time may happen.

(ii) In the Porous Medium Equation, d;u = Au™, m > 1, the allowed initial growth is roughly
|z[2/(m=1) and the estimates are given in [7], Theorem E, see also [40]. They have a form that is not so
different from ours, but again blow-up in finite time may happen. When we compare more closely with
our estimate |z|V 2 the exponent N looks strange.

In view of these observations, we look for pointwise bounds with growth at infinity more similar to
[7]. We want to prove that for data with power growth the solution u keeps pointwise the same growth
as the initial datum.

Proposition 7.2. Let u be a very weak solution of the FHE (1) corresponding to the nonnegative
mitial datum 0 < ug € ./\/lj Assume moreover that

0 < wup(z) < Up(|x]) for |x| > Ry > 1. (7.3)
for some nondecreasing function Uy : [0,00) — [0,00) . Then we have the following bounds:

u(t, )

m < (f + t_N/%) ||NOH<I>~ (7'4)

Remarks. (i) The radial bound is not strange if we think of the property of symmetrization, [44].

(ii) We know that the power function Up(x) = |x|?® is not admissible as initial datum, but all lower

powers |z|* with o < 2s are admissible.

Proof. By linearity we can assume ||ug|l¢ = 1. Let us fix x € RY and split two regions:
Ar={yeR|fz—yl>yl/2} and A =Af={yeRY|[z—yl<|yl/2}  (75)

Since u is a very weak solution, it can be represented with the formula Bl so that

uta) = [ w()P'a =)y (76)
and thanks to the bounds ([2:2) for P we have
uo(y)
u(t,z) < t/ dy
( ) RN (tl/s n |(E . y|2)(N+28)/2 (7 7)
uo(y) uo(y) '
:clt/ " dy—l—clt/ s dy=I+1I.
Ar (Y5 4 |z — y|2)(N+2 )/2 Az (815 4 |z — y|2)(N+2 )/2
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Let us estimate the two integrals separately. On one hand, since on A; we have |z — y| > |y|/2, then
we easily get

N+2s
uo(y) uo(y) 1+ [y
ISCgt/ dyzczt/ dy
Ay (115 4 [y[2) TR Ay (V5 4 [y[2) T2 AL A JyP?

<ot (t—1/28 " 1)N+25/ ( to(y) d (7.8)

2) (N129)2 Y

1+ |yl
N+2s u
s et (t_l/% + 1) / 0((ylzf+2s)/2 dy
=Y (1+]yl?)
where we have used the simple inequality
1 2 1 2

t1/2s + |y|2 t1/25+ |y|2 t1/25+ |y|2 -

On the other hand, on Az, we first notice that |y| < |z — y| + |z| < |y|/2 + |z|, from which we deduce
that |y| < 2|x|. This latter fact, combined with the fact that |z —y| < |y|/2 < |z| allows to deduce that
Az C Bjy((z) . Finally, using hypothesis (Z3) we see that, if [z| > Ry and y € Ay, we get

uo(y) < Uo(lyl) < Uo(2fz),

since U is non-decreasing, so that

uo(y)
II<¢ t/ 73 4y
By, (x) (tl/s + |z — y|2)(N+2 )/2
1
< ¢y tUp(2|x]) 75 dy
Bl (z tl/s + |z — y|2)(N+2 )/2
N+2s 1
< e tUo(2]]) (t 1/2s 4 1) / _—dy (7.10)
By, ( (1+ |:1c—y|2)(NJr2 )/2
N+2s 1
< eq tU(2)2)) (t 1/2s 4 1) / ——dy
RN (1+|I—y|2)(N+2 )/2
N+2s
< 2 tUp(2)2)) (t—l/% n 1)
where in the last step we have used again inequality () in the form
Ltz -y 1 |z =yl =1/2s |

t1/2s 1|z — y2 T /2 4 lz—yl2 82— y2
and the fact that

1
dy <C < .
/RN (1+ [z —yp) 27

Joining then (T8)) and (ZI0) we conclude the proof. [J

8 Regularity properties

8.1 Global Estimates

We contribute here an interesting result on global estimates which gives pointwise global bounds for
solutions to the FHE in terms of the heat kernel, or equivalently we recall the estimates ([2.2])
t

Pl(z) < :
(2) (t/5 + [2]2) NP2
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Theorem 8.1 (Global Estimates). Let u be a very weak solution of the FHE (ILT)) corresponding to
the nonnegative initial datum 0 < po € M7T. Assume moreover that

1

Then we have the following bounds for all t > 0 and v € R
ko P! (z)||uollrr myy < ul(t,z) < ki P*(x)|luolli @y - (8.2)
where the constants kg, k1 depend on N,s and Ry .

Proof. The proof is divided in two steps. By linearity we can assume [|ug||j,1gny = 1. Since u is a very
weak solution, it can be represented with the formula (B]) so that

u(t,z) = /]RN ug(y)P(x —y)dy. (8.3)

By a rescaling argument, cf. the end of Step 1 for more details, it is sufficient to prove our bounds at
time t = 1.

e STEP 1. Upper bounds. Let us fix 2 € RV and split three regions:
A1 = B|m|/3(0) y A2 = B|C$|/3(O) \ B|I|/10(I) and A3 = Bm/lo(x) . (84)

We will estimate the right-hand side of (B3] on the regions A;, Ao, A separately.
On A; we have that |z — y| > |z| — |y| > 2|z|/3, and thanks to the bounds (22]) for P* we have

uo(y) Ja, uo(y)dy Cs
u(y) P (z —y)dy < e / —dy < ¢ —+ - < -, (85)
[41 A (L4 |z —y2)™ L+ a2)™=" T QA+ [22)7F

we have used that [|ug||p1@y) =1.
On As we have that |z — y| > |z|/10, and thanks to the bounds ([22) for P! we have

uo(y f ug(y) dy c
| wwPe-pay<a | oW dyce Y B (s)
" as (Lt Jo— y?) " (1 + B ™ = (L4 jof2) ™

we have used that [|ug||p1@y) = 1.

On Az we have that |y| > |z| — |z — y| > 9|z|/10, and we use that |x| > Ry, so that we can use the

assumption on the initial datum wug(y) < (1 + |:1c|2)_N§2 . We notice that this can not be avoided in
view of the possibility to build counter examples in the spirit of Section[[l Therefore for all y € Az we
have that

1 1 )
uo(y) < - < - < . 8.7
WS e S0y Sle2)TEE T (14 faf2) T &7
Thanks to the bounds ([22)) for P* we have
/ uo(y) P (x — y) dy < 01/ uo(v) e dy

As Ay (L+ ]z —y[*) 2 (8.8)

- c / 1 dy < C4 '

T A+ s U+ e -y T (L4 |22)

we have used that

/ ! d </ v dz < ] < +
- A4y > —dz < ¢ 0.
a5 (14| —y[2) ™5 Ry (14 [2[2)"F !
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Finally, joining (83), (88) and (B8) and undoing the renormalization ||uol[;,1(zv) = 1, we can estimate
the right-hand side of ([B3) as follows

Co+cC3+cq
ml\uol\um) = csl|uollpr ey PH(a)  (8.9)

By standard rescaling, applying the above inequality to uy(1,z) = u(\, A"1/2z)) then letting A = ¢,
and since we know that P!(z) = P (xt=1/25) ¢=N/2s < (1 4+ |:1:|2t’1/5)7<N+25)/2t*N/2S we obtain

u(t) = [ )P —)dy <

cslluolli@y) 1
(1 n ‘1‘2 )(N+2)s tN/2s = leUJOHLl(RN)Pt(I)a (810)

uta) = [ )P =)y <

which proves the upper bound in ([B2]).

e STEP 2. Lower bounds. Let M = [, ugdy > 0. Since fBR(O) ugdy — M as R — oo, then there
always exist Rps > 0 such that fBRM(U) ugdy > M/2. Notice that |z —y| < |z| + |y| < |z| + Ry, so
that the bounds on the heat kernel (2.2)) and the representation formula (83]) imply

Uo\Y
ula) = [ w@Pe-payzea | o) ay
RN BRM(U) (1+|$—y|) 2
IBR (0) dy M C9
N+2s Z > N+2s (8'11)
(1+(Ix|+RM)) 2 2 (1+ (2] + Rar)?)

ko(R
= kolBan) M R ol ) P (&)
1t o)==

The same scaling argument as at the end of Step 1, finally gives

ko(Rr)|luollLievy 1
u(t,x) = ~/]RN UQ(y)Pt(x —y)dy > (1+ |m|2)N+2 ) {N/2s = kO(RM)HUOHLl(RN)Pt(;E)v (8'12)
t1/s

which proves the lower bound in (82). J

8.2 Harnack inequalities and Holder regularity

In this section, we deal with Harnack inequalities and Holder regularity for the solutions of the FHE.
Actually, there has been lately a substantial literature dealing with nonlocal parabolic equations (see
for instance [I4] 20, 26] and references therein). As far as the FHE is concerned, one can quote the
paper [13] where smoothing effects and decay properties are shown. In the previous papers, the authors
deal also with more general kernels than the one of the fractional Laplacian.

As a corollary of the global estimates of the previous section, we obtain a quite precise local Harnack
inequality. We recall that the first Harnack inequality for the standard heat equation is due to Pini [32]
and Hadamard [22] and reads

N/2 2
Lo —y]
u(ty, x) < ulta,y) (t—z) Tz for any 2,y € RNty > 1, > 0.
1
The above inequality was then generalized by Moser [29] to solutions to more general linear parabolic
operators on the cylinder Q = (0,7) x Bpg

supu < Hinf u
Q_ Qi

for any Q_ = [t1,t2] X By-(z0) , Q— = [t3,t4] X B,-(x0), such that to < t3 and 0 < r < R. The constant H
depends on N, tq,...,t4, R,r. Notice that this is called forward Harnack inequality and § = t3 —t5 > 0
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is a delay. One may think that the delay can be neglected, but it is can not for the classical heat
equation. For a counterexample we need only take displaced copies of the fundamental solution, the
Gaussian, and compare supremum and infimum on the same ball and at the same time is impossible,
hence the delay is really needed.

We show here that a stronger Harnack inequality holds for the FHE. Indeed the delay can be neglected
as we will show in the following Theorem.

Theorem 8.2 (Local Harnack inequalities of Forward/Backward/Elliptic type). Under the
assumptions of TheoremBl, we have the following Harnack inequality for all x,y € RN and all t,7 > 0

[t =715 + [lyl? — |«

ts + |2

u(T,y) (8.13)

t
u(t,z) <Ci— |1+
T

Moreover, the backward/forward/elliptic Harnack inequality holds, namely for all 0 < t,7 <T

sup  u(t,x) <Co inf wu(r,y). (8.14)
z€BRr(z0) yEBR(zo)

The constants C1 ~ k1/ko, where ko, k1 are as in Theorem [BIl. On the other hand, in general Co =
Co(N,s,7,t,T,R). It has an explicit bound given in formula 820). When R is “small” compared to
|xol, then Co simplifies to

N+2s
2

t T\~
CQ:Cl; 19—0—(7) ] for all R < |zo]/2. (8.15)

Remark. This stronger result may seem surprising, but it is known in nonlinear diffusions, where it
is typical to have “reversed in time” Harnack inequalities, especially in the regime of Fast Diffusion

Equations, cf. [12] [19].
Proof. Formula ([81I3)) follows by the global bounds (§2), simply by recalling the heat kernel estimates

Pt(z) < t(tY/s+|z?)~ (N+29)/2 The constant Ci ~ ki/ko , where ko, k1 are as in Theorem B1]. Indeed,
we can assume without loss of generality that [Jugl|L1myy = 1. Recall that so that

Clt CoT

Pl(z) < —————%55  and that Pr(y) = — 5 (8.16)
(ts +[z[?) (ts +yl?) 2
so that i
. s
cit (75 + |y|2 2 -
P'(z) < c_(l—)N*?P () (8.17)
o7 (tz + |:v|2) 2
from which (BI3)) follows simply by using (82) .
We next notice that if z,y € Br(zo) and 0 < t,7 < T, then
i 5 5 N;Qs . ) N;Qs
t t—rT1|s + — | t T +2 R
A PO [ | N PO e (T ) 1)
T ts + |z|? T ts 4 (lzo| — R)?

This provides a finite expression for C;. Moreover, under the condition R < |zg|/2 we can estimate
better the last term, and eliminated the dependence on R and xg , as follows

1 N+42 1
t—7ls + |yl == | ° T\* R
Ly = 1 [lyl? — |a/?] < 1+(—> L ollzol + R)?
t5 + |zf? t (ol = )
+

1
TY* |zo]?
1 — 18 —
+(t> MPAE
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N+2s
2

3

(8.19)

N+2s
2

3

IN

(3]




which justifies the bound (BIH). Once (8I3) is established and its constant estimated as above, we
just take supremum in x € Bgr(x¢) and the infimum in y € Br(zg) to obtain

N+2s
2

t T: 42 R)>
sup  u(t,x) <Ci— |14+ — + 2ol + R) inf  u(r,y) (8.20)
z€BR(z0) T ts + (|I0| — R)2 y€BR(z0)

which proves (8&14) . [

Related literature. In the seminal paper [14], the authors investigate a linear nonlocal parabolic
equation with a general kernel bounded from above and from below by the one of the fractional Laplacian
and prove Holder regularity of the solutions following the approach of De Giorgi. Using (weak) Harnack
inequalities, the Holder continuity of the solutions has been proved in [20, [26] for instance.

For the case of fully nonlinear (i.e. in non-divergence form) nonlocal equations we refer to [15] [16] for
Holder continuity results. In the case of (possibly degenerate/singular)nonlinear diffusion, it is a difficult
problem to prove full regularity. In [2], the authors prove Holder regularity for the nonlinear fractional
diffusion equation in the non-degenerate case. In the paper [43], a thorough study of the regularity of
the solutions of the fractional filtration equation (and hence fractional PME) is investigated. In the
linear case (with a right hand side), the authors prove that the solutions are classical and smooth.

8.3 Analiticity and Gevrey regularity

As already mentioned, the fractional heat kernel has a smooth Fourier symbol, ¢~ I€1”" . The sell-known
relation between the spatial decay of the Fourier transform and regularity of the original function,
immediately shows that P; is also a smooth function, in general C*°. The regularity of the solutions
is therefore the same, in virtue of the representation formula v = P! % ug, and standard properties of
convolution.

The next question that arises, is about finer regularity properties for solutions of the FHE, like ana-
lyticity. In the classical case, s = 1, solutions to the HE are known to be analytic, since the Gaussian
kernel is analytic, and this can be checked directly since it is explicit. In the case of the FHE the
panorama is a bit different, the kernel is not explicit. To explain the finer regularity properties of
solution to the FHE, it is convenient to recall some concepts.

We recall that a function f € L'(RY) belongs to the Gevrey class G/2* if and only if there exists
¢ > 0 such that o
SAFIED” £6) e L2A(RY). (8.21)

Notice that G* C (1,5 H7(RY) € C*°(RY). The class of Gevrey function can also be characterized

via Cauchy inequalities, as the class of functions such that the k¥ derivatives do not grow more than
(k1)Y/25 . of course if 1/2s < 1 this functions are analytic, since the k" derivatives do not grow more than
!, indeed when 1/2s < 1 this class is contained in the class of the so-called ultra-analytic functions.
On the other hand, when 1/2s > 1 there may be function in the Gevrey class which are not analytic,
in particular nontrivial compactly supported functions (clearly not analytic), cf. for instance [33].

The optimal regularity for solutions to the FHE wu; + (—A)%u = 0, then reads: for any ug € L', the
corresponding solution u(t, -) satisfies for every ¢t > 0

u(t,)) = P! xug € G2+ (RV) (8.22)
and we recall the panorama
C A(RN), if % < s <1, solutions are ultra-analytic
Gz RY)y =< = A(RN), if s = %, solutions are analytic (explicit kernel) (8.23)

= Gt E" (RM), if0<s< %, solutions are not analytic, only Gevrey.

23



9 Theory for very weak solutions with two signs

We have restricted our data and solutions to be nonnegative in order to obtain an optimal theory.
However, a large part of the results are true for signed solutions. First of all, by splitting the initial
measure Lo into its positive and negative parts and using the linearity and the representation formula
1) separately on each part, we can obtain a formal solution for data g € M(RY) defined as class
of locally finite Radon measures

/R (1) dlu (@) < oo (9.1)

It is immediate that for every py € M (RY) we obtain a signed very weak solution in the sense of
Definition 2T without the restriction of positivity. The initial data are taken in the sense of measures
as in (2.0).

e An important and nontrivial result is that uniqueness holds also for signed solutions with this
definition of very weak solution. This is the merit of the proof of Theorem [5.1]

It is clear from the proof that only minor changes are needed to prove Theorem BTl for sign-changing
solutions. Indeed, notice that in the original proof of the theorem the function w which is by definition
the difference of two very weak solutions has no definite sign. Therefore, most of the proof remains the
same, except that the property |u| = w1 + u2 has to be replaced by the trivial bound |u| < |u1| + |uz]| in
the computation of integral .Jy ,,. Finally, one needs to check that Lemma [4.2] holds for sign-changing
solutions, but this is a direct consequence of the linearity of the equation.

We summarize the above discussion in the following theorem on existence and uniqueness for signed
solution with data in M.

Theorem 9.1. For every initial data po € Msy. there exists a unique very weak solution to the FHE
(T in the sense of above definition that is given by the representation formula B.1I).

The classical heat equation theory tells us that there may be oscillating solutions with a higher growth
at infinity than the growth of nonnegative solutions. For such new classes of highly growing signed
solutions, events like the Tychonov non-uniqueness theorem may happen, cf. [37].

We cannot prove the theorem of existence of initial traces for signed very weak solutions. This is a
common difficulty with signed solutions. This means that for signed solutions the theory is not optimal.

10 Comments and extensions

e The equation with right-hand side. The fact that the evolution semigroup associated to the
FHE is contractive can be seen as a consequence of the fact that the fractional Laplacian operator is
m-accretive in all spaces LP(R"), 1 < p < oo, the same as the classical heat equation. The Crandall-
Liggett theorem [I8] will then produce a solution of

ou+ (—A)Y’'u = f(z,t), 0<s<l1. (10.1)
for data f € L1(0,T : L*(RY)).

e There are many examples of diffusion equations of nonlocal type, that are investigated at this moment,
probably some of our results will apply.
- Parabolic equations with fractional derivative in time by Allen, Caffarelli and Vasseur [I].

- Extension property for a parabolic operator Stinga and Torrea [35].
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11 Appendix

We recall here Lemma 2.1 of [I1] since we use it several times in the paper.

Lemma 11.1. Let ¢ € C2(RYN) be a positive real function that is radially symmetric and decreasing in
|z| > 1. Assume also that p(z) < |z|=% and that |D*p(x)| < colx|~*72, for some positive constant «
and for |z| large enough. Then, for all |x| > |zo] >> 1 we have

C1

W y ZfO[ < N,
o log |z Fo— N
[(=A)°p(a)] < § T+ > VAT (11.1)
C3 .
W 5 Zfa > N,

with positive constants cy,c,c3 > 0 that depend only on o, s, N and |¢||c2@~y. For o> d the reverse
estimate holds from below if ¢ > 0: |[(=A)*p(z)| > ca|z|~N+29) for all |z| > |zo| >> 1.

ACKNOWLEDGMENT

First and third author funded by Project MTM2014-52240-P (Spain). The second author would like to
thank the hospitality of the Departamento de Matematicas of Universidad Autéonoma de Madrid where
this work started. MB and JLV would like to thank the hospitality of the Departments of Mathematics
of the Johns Hopkins University and of the University of Texas at Austin for their kind hospitality.

References

[1] M. Allen, L. Caffarelli, A. Vasseur. A Parabolic Problem with a Fractional Time Derivative, Arch.
Ration. Mech. Anal. 221 (2016), no. 2, 603-630.

[2] T. Athanasopoulos, L. A. Caffarelli . Continuity of the temperature in boundary heat control prob-
lems, Adv. Math. 224 (2010), no. 1, 293-315.

[3] D. G. Aronson, L. A. Caffarelli. The initial trace of a solution of the porous medium equation,
Trans. Amer. Math. Soc. 280 (1983), 351-366.

[4] D. Applebaum. “Lévy processes and stochastic calculus”. Second edition. Cambridge Studies in
Advanced Mathematics, 116. Cambridge University Press, Cambridge, 2009.

[5] C. Bandle. Symmetrization in parabolic equations, J.Anal. Math. 30 (1976), 98-112.

[6] B. Barrios, I. Peral, F. Soria, E. Valdinoci. A Widder’s type theorem for the heat equation with
nonlocal diffusion. Arch. Ration. Mech. Anal. 213 (2014), no. 2, 629-650.

[7] P. Bénilan, M. G. Crandall, M. Pierre. Solutions of the porous medium in RN under optimal
conditions on the initial values. Indiana Univ. Math. Jour. 33 (1984), pp. 51-87.

[8] J. Bertoin. “Léy processes. Cambridge Tracts in Mathematics”, 121. Cambridge University Press,
Cambridge, 1996.

[9] R. M. Blumenthal, R. K. Getoor. Some Theorems on Stable Processes, Trans. Amer. Math. Soc.
95 (1960), 263-273.

25



[10] K. Bogdan, T. Jakubowski. Estimates of the heat kernel of fractional Laplacian perturbed by gra-
dient operators, Commun. Math. Phys. 271(1), 179-198 (2007).

[11] M. Bonforte, J. L. Vazquez. Quantitative Local and Global A Priori Estimates for Fractional
Nonlinear Diffusion Equations, Advances Math. 250 (2014), 242-284.

[12] M. Bonforte, J. L. Vazquez. Positivity, local smoothing, and Harnack inequalities for very fast
diffusion equations, Advances in Math. 223 (2010), 529-578.

[13] C. Brandle, A. de Pablo.  Nonlocal heat equations: decay estimates and Nash inequalities |
arXiv:1312.4661.

[14] L. Caffarelli, C.H.-Chan, A. Vasseur. Regularity theory for parabolic nonlinear integral operators.
J. Amer. Math. Soc. 24 (2011), no. 3, 849-869.

[15] H. Chang-Lara, G. Davila. Regularity for solutions of nonlocal parabolic equations II. J. Differential
Equations 256 (2014), no. 1, 130-156.

[16] H. Chang-Lara, G. Dévila. Regularity for solutions of non local parabolic equations. Calc. Var.
Partial Differential Equations 49 (2014), no. 1-2, 139-172.

[17] Z.-Q. Chen, T. Kumagai. Heat kernel estimates for jump processes of mixed types on metric
measure spaces, Probab. Theory Related Fields 140 (2008), 277-317.

[18] M. G. Crandall, T.M. Liggett. Generation of semi-groups of nonlinear transformations on general
Banach spaces, Amer. J. Math. 93 (1971) 265-298.

[19] E. DiBenedetto, U. Gianazza, V. Vespri. “Harnack’s inequality for degenerate and singular
parabolic equations”, Springer Monographs in Mathematics, Springer 2011.

[20] M. Felsinger, M. Kassmann. Local reqularity for parabolic nonlocal operators, Comm. Partial Dif-
ferential Equations 38 (2013), no. 9, 1539-1573.

[21] G. Grillo, M. Muratori, F. Punzo. Weighted fractional porous media equations: existence and
uniqueness of weak solutions with measure data, arXiv:1312.6076v2 [math.AP)

[22] J. Hadamard, Fxtension a léquation de la chaleur dun théoréme de A. Harnack, Rend. Circ. Mat.
Palermo. Serie 11, 3 (1954), 337-346.

[23] G. M. Hardy, J. E. Littlewood, G. Pdlya. “Inequalities”, Cambridge Univ. Press, 1964.

[24] E. Holmgren. Uber Systeme von linearen partiellen Differentialgleichungen, Ofversigt af Kongl.
Vetenskaps-Academien Forhandlinger, 58 (1901), 91-103.

[25] S. Kamin, J. L. Vazquez. Fundamental solutions and asymptotic behaviour for the p-Laplacian
equation, Rev. Mat. Iberoamericana 4 (1988), pp. 339-354.

[26] M. Kassmann, R. Schwab. Regularity results for nonlocal parabolic equations, Riv. Math. Univ.
Parma (N.S.) 5 (2014), no. 1, 183-212.

[27] V. N. Kolokoltsov. Symmetric stable laws and stable-like jump-diffusions, Lond. Math. Soc. 80
(2000), 725-768.

[28] N. S. Landkof. “Foundations of modern potential theory”, Die Grundlehren der mathematischen
Wissenschaften, Band 180. Springer-Verlag, New York-Heidelberg, 1972.

[29] J. Moser, A Harnack inequality for parabolic differential equations, Comm. Pure Appl. Math. 17
(1964), 101-134.

26



[30]

[31]

32]

33]

34]

[35]

[36]

37]

[38]

39]
[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

R. Metzler, J. Klafter. The random walks guide to anomalous diffusion: a fractional dynamics
approach, Physics Reports 339 (2000) 1-77.

A. de Pablo, F. Quiréds, A. Rodriguez, J. L. Vazquez. A general fractional porous medium equation,
Comm. Pure Applied Math. 65 (2012), 1242-1284.

B. Pini. Sulla soluzione generalizzata di Wiener per il primo problema di valori al contorno nel
caso parabolico, Rend. Sem. Mat. Univ. Padova, 23 (1954), pp. 422-434.

L. Rodino. “Linear partial differential operators in Gevrey spaces”. World Scientific Publishing
Co., Inc., River Edge, NJ, (1993). x+251 pp.

E. M. Stein. “Singular integrals and differentiability properties of functions”, Princeton Mathe-
matical Series, No. 30, Princeton University Press, Princeton, N.J. 1970.

P. Stinga, J.-L. Torrea. Regularity theory and extension problem for fractional nonlocal parabolic
equations and the master equation, arXiv:1511.01945

G. Talenti. Nonlinear elliptic equations, rearrangements of functions and Orlicz spaces, Annal.
Mat. Pura Appl. 4, 120 (1979), 159-184.

A. Tychonoff. Théorémes d’unicité pour I’équation de la chaleur, Mat. Sb. 42 (1935), no. 2, 199-
216.

E. Valdinoci. From the long jump random walk to the fractional Laplacian, Bol. Soc. Esp. Mat.
Apl. 49 (2009), 33-44.

N. T. Varopoulos. Hardy-Littlewood Theory for Semigroups, J. Funct. Anal. 63 (1985), 240-260.

J. L. Vazquez. “The porous medium equation. Mathematical theory”. Oxford Mathematical Mono-
graphs. The Clarendon Press, Oxford University Press, Oxford, 2007.

J. L. Véazquez. Recent progress in the theory of Nonlinear Diffusion with Fractional Laplacian
Operators. In “Nonlinear elliptic and parabolic differential equations”, Disc. Cont. Dyn. Syst. - S
7, no. 4 (2014), 857-885.

J. L. Vazquez. Barenblatt solutions and asymptotic behaviour for a nonlinear fractional heatl equa-
tion of porous medium type. J. Eur. Math. Soc. 16 (2014), 769-803.

J. L. Vazquez, A. de Pablo, F. Quirds, A. Rodriguez. Classical solutions and higher reqularity for
nonlinear fractional diffusion equations. To appear in JEMS, arXiv:1311.7427.

J. L. Vazquez, B. Volzone. Symmetrization for Linear and Nonlinear Fractional Parabolic Equations
of Porous Medium Type, J. Math. Pures Appl. (9) 101 (2014), no. 5, 553-582.

J. L. Véazquez, B. Volzone. Optimal estimates for Fractional Fast diffusion equations. J. Math.
Pures Appl. 103 (2015), 535-556.

D. V. Widder. Positive temperatures on an infinite rod, Trans. Am. Math. Soc. 55, no. 1 (1944),
85-95

D. V. Widder. “The Heat Equation”, Academic Press, New York, (1975).

Keywords. Fractional Heat Equation, Existence and uniqueness theory, Optimal data, Pointwise Estimates,
Harnack inequalities.

MATHEMATICS SUBJECT CLASSIFICATION. 35A01, 35A02, 35K99

e-mail addresses: matteo.bonforteQuam.es, sire@math.jhu.edu, juanluis.vazquez@uam.es

27



	1 Introduction
	2 Some preliminaries and definitions
	3 Existence for optimal data. Representation formula
	4 Initial traces for solutions in weighted spaces
	5 Uniqueness of very weak solutions for optimal data
	6 L1 and Lp theory
	7 Quantitative local boundedness and optimal existence
	7.1 The weighted estimate
	7.2 Existence of self-similar solutions in classes of growing data
	7.3 New weighted estimates

	8 Regularity properties
	8.1 Global Estimates
	8.2 Harnack inequalities and Hölder regularity
	8.3 Analiticity and Gevrey regularity

	9 Theory for very weak solutions with two signs
	10 Comments and extensions
	11 Appendix

