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Abstract

In his celebrated article, Aronson established Gaussian bounds for the fundamental solution
to the Cauchy problem governed by a second order divergence form operator with uniformly
elliptic coefficients. We extend Aronson’s proof of upper heat kernel estimates to nonlocal
operators whose jumping kernel satisfies a pointwise upper bound and whose energy form is
coercive. A detailed proof is given in the Euclidean space and extensions to doubling metric
measure spaces are discussed.
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1 Introduction

1.1 Background

Leta; ; : [0,T] x RY — (0,00),1,j = 1,...,d, be bounded, measurable coefficients
which satisfy the usual uniform ellipticity condition. A celebrated result by D.G. Aronson
from 1967 says that the fundamental solution I"(y, s; x, 1) to the equation

du — d;(a; jdju) =0, in(n,T)x R, (1.1)
satisfies the following two-sided estimate forall0 <n <s < T,and x, y € RY:

d . lx=yl? d _
ci(s—=n)"Ze P <T(y,s;x,0) <c3(s —n) 2e

lx—yI2
s

= (1.2)
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where ¢y, ¢, ¢3, c4 > 0 depend only on d and the ellipticity constants. In other words, the
fundamental solution of the classical heat equation d;u — Au = 0 is an upper and lower
bound of I" up to multiplicative constants, see [1, 2]. In this sense, the bounds (1.2) are robust
in the class of second order divergence form operators with bounded, measurable, uniformly
elliptic coefficients.

Aronson’s proof is closely related to the so-called DeGiorgi-Nash-Moser theory for
parabolic differential operators of second order with bounded, measurable and uniformly
elliptic coefficients. The proof heavily relies on Holder regularity estimates and the parabolic
Harnack inequality for solutions to (1.1), see also [3].

[2] has initiated several research studies on estimates for fundamental solutions to
parabolic equations in various contexts. An important feature of this research is that it con-
nects partial differential equations with geometry. This is due to the sensitivity of the heat
kernel to the geometric properties of the underlying space. This phenomenon becomes appar-
ent in the celebrated works [18, 41], where the method of Aronson was generalized to prove
heat kernel estimates on complete Riemannian manifolds with nonnegative Ricci curvature.
Some of their arguments have been further refined and generalized in [20], where an integral
estimate for the heat kernel was established that is useful for proving the upper bound in (1.2).
We refer the interested reader to [32, 39, 50] and the references therein for more detailed
expositions on this topic.

1.2 Main results

The goal of this article is to extend Aronson’s proof of upper heat kernel estimates to integro-
differential operators of the form

Liu(x) = p.v.fd(u(y) —u(x)k(t; x,y)dy, te (0, T), x € RY.
R

Such operators are determined by a jumping kernel k : (0, T) x R? x R? — [0, co] which is
assumed to be symmetric, i.e., k(¢; x, y) = k(¢; y, x) and satisfies a pointwise upper bound

k(t;x,y) < Alx —y|747%, t€(0,T), x,y € RY, (k<)

for some given constant A > 0, and ¢ € (0,2),0 < T < o0.
Moreover, we assume that there is A > 0 such that for any ball B ¢ RR? and every
v e HY?(B):

/B /B W) = vk 2, y)dydy = Avlen g 1€ O, 7). (&)

(€>) can be thought of as a coercivity assumption on k and is substantially weaker than
a pointwise lower bound. We refer the reader to Sect. 2 for a more detailed discussion and
to Section4 where we explain a possible extension of our method and replace (£~) by a
Faber-Krahn inequality.

We are now ready to state the main result of this article in the aforementioned setup. For
a possible extension to doubling metric measure spaces and jumping kernels of mixed type,
we refer to Theorem 4.1.

Theorem 1.1 Letk : (0, T) x R¢ x R¢ — [0, 0o] be symmetric and assume (k<) , (=) .
Let p(y, s; x, n) be the fundamental solution to the equation

du—Lu=0, in(n T)x RY, (1.3)
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where 1 € [0, T). Then there exists a constant ¢ > 0 depending on d, «, A, A such that for
every0 <n<s<T,andx,ye€ RY:

_d+a

_d lx —y[*\ " @
p(y,s;x,m) <c(s—n) « 1+ﬁ . (L.4)

Estimate (1.4) states that the fundamental solution to d;u — L,;u = 0 possesses the same

upper bound as the fundamental solution to the fractional heat equation 3, u + (—A)*/?u = 0,
see [8]. Only for ¢ = 1 an explicit formula for p(y, s; x, 1) is known:

d+1

r (4 s—1 :
p(y,s;x,m) = ( )
5 NG =m+x -y

It is well known that corresponding lower bounds do not hold under (k<) and (€>) since the
latter condition does not rule out k to be zero in certain cones of directions (see [34]).

Different versions of Theorem 1.1 already exist in the literature. Let us give a brief account
on the history of heat kernel bounds for nonlocal operators. Two-sided estimates of the form
(1.4) have been established by [11, 13] using a probabilistic approach. They assume that the
jumping kernel is pointwise comparable to [x — y|™¢~%, a € (0, 2), from above and below.
Their analysis of the upper heat kernel estimate heavily relies on [16], where Davies” method
was extended to a more general setup, including jump processes. Building upon this, [9]
derived (1.4) assuming (k<) and a Nash inequality.

In a series of articles, see [28—30], the analysis of heat kernel estimates was extended to
metric measure spaces with walk dimension greater than 2. The authors were able to char-
acterize upper heat kernel estimates, as well as two-sided heat kernel estimates in terms of
equivalent conditions on the jumping kernels and the geometry of the underlying space. Their
approach does not use the underlying stochastic process and is based on certain comparison
inequalities of the corresponding heat semigroups relying on the parabolic maximum prin-
ciple. Note that Davies’ method was extended to jumping kernels with jump index « > 2 in
[33, 48]. The aforementioned results assume certain homogeneity of the doubling measure
space and do not deal with mixed-type jumping kernels.

In [14, 15, 17] upper and two-sided heat kernel estimates were investigated on doubling
metric measures spaces for jumping kernels of mixed type. This approach applies also to
cases when o > 2. We would like to draw the reader’s attention to Theorem 1.15 in [17]. In
the case o < 2, it states that upper heat kernel estimates of the form (1.4) are equivalent to
a pointwise upper bound on the jumping kernel and a Faber-Krahn inequality, which can be
understood as an implicit lower bound.

A major difference between our approach and [17] is that our method relies on purely
analytic arguments, while [17] makes essential use of the corresponding stochastic process. In
Theorem 4.1 we extend our approach to doubling metric measure spaces and jumping kernels
of mixed type. Let us mention that we prove on-diagonal heat kernel estimates with the help of
a parabolic L® — L!-estimate, see Lemma 4.2. This rather straightforward approach allows
us to avoid truncation methods and the usage of the iteration techniques of [35].

In contrast to our setup, all jumping kernels in the results discussed above are assumed
to be time-homogeneous. Note that it would require substantial effort to extend methods
based on stochastic processes to situations with time-dependent jumping kernels. Heat kernel
estimates for time-inhomogeneous jumping kernels were established in [43, 44] where the
authors assume pointwise upper and lower bounds on the jumping kernel. Note that assuming
pointwise lower bounds is more restrictive than (£>) . The focus of these works lies on the
treatment of an additional divergence-free drift of first order.
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There are further results on heat kernel estimates for nonlocal operators, which are related
to Theorem 1.1. For example, sharp two-sided estimates for jump processes on R¢ with upper
scaling index not strictly less than 2 are established in [10]. In [36], heat kernel estimates for
a certain class of jump processes with singular jumping measures are proved.

1.3 Strategy of proof

A main insight of Aronson’s proof for second order differential operators is the observation
that solutions u to the Cauchy problem (1.1) satisfy the weighted L2-estimate

sup/ H(r,x)bﬂ(t,x)dng H(n, x)ud(x)dx (1.5)
te(n,s) R4 R4

for0 < n < s < T, whenever H satisfies
CIVH'?)? < —3,H, in(n,s) x RY, (1.6)

for a given number C > 0 depending on the ellipticity constants. (1.6) is closely related to
the famous Li-Yau inequality:

d
[Viogw|® < 5, +dlogw, (1.7)

In fact, a direct computation reveals that the Gauss-Weierstrass kernel w(t, x) = t_%e’ ar
satisfies (1.7) with equality. By a scaling argument, it becomes evident that (1.6) holds true
for H(t,x) = (C[t])d?w(C[t], x —y) =exp(— ‘Zg[ytllz), where [t]:=2(s — 1) — (t — n) and
y € R¥ can be chosen arbitrarily.

This insight suggests that some qualitative information on the decay of solutions to (1.1)
is encoded in the weighted L2-estimate (1.5). Indeed, by combining (1.5) with a localized
L>® — [2-estimate, as it was proved by Moser [45-47], one can estimate the value of the
solution to the Cauchy problem at the center of a ball that lies outside the support of the
initial data (see Theorem 3.2). From such estimate, it is not difficult to deduce

1/2 J 2
(/ I(y, s: 2, n)dz> Scls—m) de FCW
RI\B (y)

forevery o > 0and 0 < 5 < s < T with s — 5 < o2, Together with the on-diagonal

estimate I'(y, s; x,n) < c(s — n)’%, one deduces the upper bound in (1.2) via a standard
argument.

We would like to point out that (1.7) is at the core of the works [18, 41], where (1.7) was
used to derive a parabolic Harnack inequality on Riemannian manifolds with nonnegative
Ricci-curvature and to establish its equivalence to Gaussian heat kernel bounds.

Next, let us summarize how we adapt Aronson’s proof to integro-differential operators.
First, we require a nonlocal analog of (1.5). We prove that there exist functions H that satisfy

CTe(H'? H'?) < —3H, in(n,s)x R’ (1.8)

givenC, p > 0.Here, I'] denotes the p-truncated carré du champ operator of orderer € (0, 2),

which is defined as follows:

Te(f. fHx) = / (f(x) = FO)*x — y 797 %dy, x e R,

By (x)
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By a careful choice of a function H satisfying (1.8), we deduce a nonlocal analog of (1.5) for
solutions to the p-truncated Cauchy problem, see Lemma 3.1. The corresponding integro-
differential operator only takes into account differences up to distance p. In order to prove an
a priori bound for the corresponding fundamental solution p, (see Theorem 3.4), we derive
a parabolic L™ — L?-estimate in the spirit of [51], see Lemma 2.4. The estimate involves a
nonlocal, truncated tail-term which requires special treatment. In a final step, we obtain the
desired upper heat kernel estimate (1.4) for p by gluing together short and long jumps. Such
argument is by now standard in the theory of jump processes.

Last, we explain several difficulties that occur when avoiding the detour via the truncated
jumping kernel.

First, the corresponding L% — L2-estimate involves a non-truncated tail-term which cannot
be controlled without any further assumptions on k.

Second, finding suitable weight functions H which satisfy a non-truncated version of (1.8)
is a challenging task in the light of the following observation: The corresponding nonlocal
analog of the Li-Yau inequality, which would imply an estimate of the form (1.5) for solutions
to (1.3), reads as follows:

e we’, wy')

d
< £ 49, log(we). (1.9)
Wy ot

However, one can show that the fundamental solution wg (7, x) to 3,1 4+ (—A)*/2u = 0 does
not satisfy (1.9). Let us give a quick proof of this fact. First, note that w,, is a radial function
and satisfies

|x|
— Wy + Wy = —— 0)x| Wq-
ot ot

For a proof of this identity, we refer to (2.5) in [52]. Consequently,

d
— 4 9; log wy (¢, 0) = 0,
ot
.. - . w12 12
but this is a contradiction to (1.9) since I'* (wy' ™, wy' ) (¢, 0) > 0 for ¢t > 0.

We would like to point out that modifications of the estimates (1.6) and (1.7) also hold true
in the context of the porous medium equation. Such estimates are known as Aronson-Benilan
estimates (see [4, 40]). For a discussion of nonlinear fractional diffusion equations of porous
medium type, we refer the interested reader to [12, 24, 53].

1.4 Outline

This article is separated into five sections. In Sect. 2 we present several auxiliary results
that we need in our proof. Section 3 contains the derivation of the upper heat kernel bounds
and proves Theorem 1.1. In Sect. 4, we explain how our method can be applied to jumping
kernels of mixed type on metric measure spaces. In Sect. 1, we provide a proof of a gluing
lemma which differs from [27] due to the time-inhomogeneity of the jumping kernels under
consideration.

2 Preliminaries

In this section we provide several auxiliary results that will be required for the proof of
Theorem 1.1 in Sect. 3.
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Letk : (0,7) x RY x RY — [0, 00] be a symmetric jumping kernel satisfying the
pointwise upper bound (k<) and the coercivity condition (€5 ) .

Let us make a few comments on assumption (£-) : First of all, (£~) can be regarded
as a nonlocal substitute of the classical uniform ellipticity condition for local operators. In
fact, it is considerably weaker than a pointwise lower bound on the jumping kernel, since
(€>) allows for jumping kernels that might degenerate in certain directions, as for example
kernels that are supported on double cones. We refer the interested reader to [19, 21] for
an investigation of such condition. Since k is allowed to depend on time, our result also
covers kernels that are supported on double cones with fixed apex, whose cone axes rotate
continuously in time.

A coercivity assumption like (£>) is crucial to our approach since it is needed for the
L® — L2 estimate (Lemma 2.4) and also the on-diagonal heat kernel bound (Theorem 2.3).
In the literature, lower bounds on jumping kernels are often introduced through functional
inequalities, e.g.in [9], or [17] where the authors assume a Nash -, or a Faber-Krahn inequality.
We point out that such assumption would have been possible also in this work, since the proofs
of Lemma 2.4, Theorem 2.3 can be changed accordingly (see Sect. 4). For a discussion on the
equivalence of Nash - and Faber-Krahn inequalities, we refer the reader to [17]. Moreover, we
would like to mention the recent article [7], where the relation between L' — L>® smoothing
effects, on-diagonal upper heat kernel estimates, and functional inequalities are studied for
fractional equations of porous medium type.

Let us point out a possible extension that was mentioned to us by a reviewer of this article.
Our approach certainly allows to track constants in the respective estimates, as it is done in
[6]. In particular, one could treat time-dependent versions of the condition (£>) and establish
sufficient conditions on A(#) as t — 0.

For any p > 0, we define the truncated jumping kernel k,, via

ko(t; x,y) = k(t; x, y)L{jx—y|<p} (X, ¥).

The associated integro-differential operator L! is defined as

L{u(x) = p.v. /Rd(u(y) —u(x))kp(t; x, y)dy.

((n, T); HY?(RY)) with d,u € L} ((n, T);

loc

Definition 2.1 We say that a function u € L?

loc

leo C(]Rd)) solves the Cauchy problem associated with & in (7, T) x R?:

ou—Liu=0, in(n,T) x R4,
2 md 2.1
u(m) = up € L=(RY),
if for every ¢ € H @/2(R4) with supp(¢) compact, it holds
f Opu(t, x)p(x)dx + & (u(r), ¢) =0, ae.t € T), (2.2)
R4
lu@) —uollL2may = 0, ast \yn, 2.3)

where we write
& (u, v)=/ / (u(t, x) —u(t, y)((, x) —v(, y)k(; x, y)dydx 249
]Rd ]Rd

for the family of energy forms (& )¢, 1) associated with k.
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Solutions to the p-truncated Cauchy problem associated with & in (, T) x R?

(2.5)

du—L’u =0, in(n, T) x RY,
u(n) =ugp € L*(RY),

are defined in an analogous way, replacing k by k,,.

Throughout this article, we will assume that the fundamental solutions p, p, : (0, T) x
RY x [0, T) x RY — [0, 0o] to the equations d,u — L,u = 0 and d;u — Lu = 0 exist. p
and p, have the following properties forall0 <n <t <s < T, x,y € RY:

pyys;x,m) =px,siy,m >0, ppo(y,six,n) = pplx,s;y,n) >0, (2.6)
/ pOy,s;x,ndx =1, / Pp(y,s;x,n)dx =1, 2.7
]R(l ]Rd

p(y,s;x,m) =/]de(y,s;z, Hp, t;x,ndz, pp(y,s;x,n)

= /]Rd Po(y,8;2,1)pp(z, t; x, n)dz. (2.8)

Moreover, the solutions u to (2.1) and u,, to (2.5) are unique and have the representation
u(s,y) = / , Py, s; x, Muo(x)dx, wup(s,y)
R

= /Rlpp(y,s;x,n)uo(x)dx, semT), yeR". (2.9)

In the following, we will denote the unique solutions to (2.1) and (2.5) by P, su¢, and
P,ﬁsuo. (Py,s)sely, ), and (P,;fs)se[,,j) are called the heat semigroups associated with k, and
kp.

In the time-homogeneous case, i.e., when k does not depend on 7, the existence of
(Py.5)seln,7) and (Piﬁs)seln,T) is guaranteed by symmetric Dirichlet form theory. The
existence of the fundamental solution classically follows from so-called ultracontractivity
estimates for the heat semigroup which are a consequence of Nash’s inequality. For time-
inhomogeneous jumping kernels k£ which satisfy the following pointwise lower bound for
some A > 0

k(t;x,y) = Alx —y|797%, 1 €(0,T), x,y € RY, (2.10)

the existence of the fundamental solutions p and p, was proved in [43] by approximation
of k through a sequence of smooth jumping kernels for which the desired properties follow
from the theory of pseudo-differential operators. A similar result is proved in [37, 38] but
under an additional smoothness assumption on ¢. Alternatively, the existence and uniqueness
of solutions to (2.1) and (2.5) can be established by following the proof of Theorem 5.3 in
[25], which is based on a parabolic version of the Lax-Milgram lemma (see Corollary 23.26
in [54]).

The following result explains the connection between p and p, and is crucial to our
approach. It is frequently used in the derivation of upper heat kernel bounds for alpha-stable
like processes and goes back to a probabilistic construction carried out in [42]. An analytic
proof via the parabolic maximum principle is derived in [27] (see also [30]). Since both
proofs are known only in the time-homogeneous case, we will provide a modified version of
the argument in [27] in the appendix.
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Lemma 2.2 Assume that k satisfies (k<) , (€s) . Then there exists ¢ > 0 such that for every
p>0,0<n<s<T,andx,y € R?itholds

p(y,s;x,m) < pp(y,six,n) +cls —mp 47, (2.11)

Pp(y,six,m) < e ST p(y 55 x, ). (2.12)

Next, we provide the so-called on-diagonal bound for the heat kernels p, and p,,.

Theorem 2.3 (on-diagonal bound) Assume that k satisfies (k<) , (€>) . Then there exists
¢ > 0 depending on d, a, A, A such that forevery p > 0,0 <n <s < T,andx,y € R it
holds

_d
p(y,s;x,m) <c(s—n)"«, (2.13)
Po(y.six.m) < ce? O (s — )i, (2.14)

There are at least two ways to prove Theorem 2.3. One approach classically goes via Nash
inequalities (see [17]) and can be traced back to Nash’s famous work [49]. This proof also
works in the time-inhomogeneous setup (see [43]).

Another way to establish on-diagonal bounds goes via L> — L'-estimates. For this, we
refer to Lemma 4.2, where such estimate is proved in a more general setup. Observe that
(t,2) — p(y,t;z,n)solves dyu — Lu =0in (n, T) X R4 for every y € RR?. Therefore, by
the L™ — L!-estimate (4.4), for every0 <np<s<Tandx,ye RY:

P s;x.m) <cls—m) ¢ sup / p(y.1;z,mdz < c(s —m)7¢,
te(n,s) JRY
where we used (2.7) in the last step. (2.14) follows from Lemma 2.2.

The remainder of this section is devoted to proving an L> — L2-estimate for solutions
to the truncated problem d,u — Lf u = 0 in a time-space cylinder /g (t9) X Bgr(xp), where
1o € (0, T), xo € R?, and Ir(t9):=(to — R*, to) C (n, T).

For truncated jumping kernels k,,, it is possible to estimate the nonlocal tail-term by an
L2-norm over a ball with radius p, see (2.16), without assuming any pointwise lower bounds
of k, or a UJS-type condition as in [5]. This is at the cost of the suboptimal scaling factor
(p%/ R/ in the resulting estimate, which luckily does not affect the proof of the final
heat kernel estimate.

A similar result for solutions to elliptic equations was obtained in [17]. We follow the
strategy outlined in [51] which is based on a nonlocal adaptation of De Giorgi’s iteration
technique (see [22, 23]) but present the proof in all details due to our special treatment of the
tail term.

Lemma 2.4 (truncated L>° — L2-estimate) Assume that k satisfies (k<) , (£>) . There exists
a constant C > 0 depending on d, «, A, A such that for every tp € (0,7T), x9 € R4, and
p, R >0withR < ,0/2/\[(;/0(, and every subsolution u to d;u —qu = 01in Ig(ty) X Br(xp)
it holds:

1/2
PEN= 4 2 !
sup u<cC == R™2 sup u”(t, x)dx . (2.15)
IR /2(10)x BRry2(x0) R telg (1) By (x0)

For the definition of a subsolution to d;u — Lf u = 0in Ir(ty) X Br(xp), we refer to the
appendix.
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Proof To keep notation simple, from now on we will write Ig:=1Ig(tp), and Bg(xo) := Bg.
We do not provide the details for d = 1. From the usual Caccioppoli inequality, see [51], we
know that for every r, R withO < r < R < p/2 and every [ > 0, it holds

sup / W2t x)dx + / / (wi(s. x) — wi(s, )2k, (53 x. y)dydds
B Ir JBr J Bg

telg

< c1<a(R,r)/ / w,z(t,x)dxdt +llwillpt(rgs, xBgy,) SUP SUP
IR+r BR+r

tEIR+erBR+%

[ w ki),

BR+r

where ¢; > 0is a constant, w; = (u — )1, and o (r, R) = r~@D(R + r)@D=2 Define
Kk =1+ %, and A(l, R) := |{(t,x) € Ir x Bg : u(t,x) > l}|. Then, by (£~) and the
fractional Sobolev inequality:

/ / wi(t, x)dxdr < e2|A(L, R)|% </ / wf”(s,x)dxds) ’
I JBg Ix JBr
1 o 2d i €
< c3|A(, R)|¥ sup / wlz(t, x)dx / (/ wld‘” (s, x)dx) ds
telg J Bg Ig Bg

5c4|A(l,R>|5<a(R,r>/ / wi (¢, x)dxds
IR+r Y BR4r

it rge, xBgy SUP SUD f | wz(t,y>kp<t:x,y>dy)
B

¢
telRJr,-xeBRJr% Rer

for some ¢, ¢3, ¢4 > 0. Observe that for some constant ¢s > 0 by (k<)

_ &\t
sup  sup / wi(t, y)ke (t; X, y)dy < csr (?) sup ][ [u(t, y)ldy. (2.16)
Boe

telj4r X€BR+% BEJﬂ telj4r

Let us now fix R € (0, p/2] and define sequences /; = M(1 — 271, for M > 0 to be
defined later, r; = 27'"'R, Ri;1 = R; — ri11, Ro:=R, A; = -fIR- fBR- w12,- (t, x)dxdz. Note
that by definition: R/2 = lim; .o R; < -+ < R < R < Ro' = IR, and l; / M, and
o (ri, R}) < ceR™%2% . Then, we deduce from the two lines above:

d

1 rlfot <%)ﬂ SuplEIRl-_l fsz lu(t, x)|dx
Aiscr———5 | o(Ri,ri) + - 4
(i = li-)¥ P

2w (02 Did+a+l) Hd 1+
=c8 t e Sup][ luz, x)ldx ) A;_
B,

1+

NEAV:E MRi+e  h
N
vi <%> SUP; e/, fsz lu(t, 20)ldx |y
=3 I+ At
M Re M
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where ¢7, cg,c9 > 0,and y =2 + % +d + a > 0. Let us now choose

¢ v/
@&\ © PR
M = (—) Sup][ |u(t’x)|dX+CTCfOR*7A(1)/27
R telr Y Boge
where c19 = 2c9, C = 2V > 1. Consequently, it holds
1+ —K’
‘10 AT 2 €10
A < 2 ClAi—l , Ag<C* ( 2) .
MR ReM ¥

By Lemma 7.1 in [31], we obtain

i ’
p¥\ ¢ 25 a1
sup u<M = g sup lu(t, x)|dx +C 2 cpR™ 2 A,
B,

IR/ZXBR/Z telp

a4 1/2
<c11 (p—) sup][ lu(t, x)|dx + c11 <][ ][ uz(t, x)dxdt)
R*)  tery /B, I J Br
d 1/2
po‘ 2a _d P
<cpl|l— R™2 sup u-(t, x)dx ,
R~ telg B>y

for some c11, c12 > 0, as desired, where we used R < p/2. O

R

3 Nonlocal Aronson method

In this section we prove Theorem 1.1. As is standard for proofs of heat kernel bounds for
nonlocal operators, we first establish bounds for the heat kernel corresponding to the truncated
jumping kernel and derive the estimate for the original jumping kernel by gluing together
short and long jumps with the help of Lemma 2.2 in a second step.

The following lemma is a nonlocal version of (1.5). Presumably, estimates of this form
are also of interest in the study of fractional porous medium equations and gradient flows.

Lemma 3.1 Assume thatk satisfies (k<) andletp > 0,0 <n <s < T.Letu € L*((n, T)x
R9) be a solution to the p-truncated Cauchy problem (2.5) in (5, T) x R¢. Then there exists
a constant C = C(A) such that for every bounded function H : [n, s] x RY - [0, 00)
satisfying

o CT%(H'? H'?) < —9,H in (n,s5) x R?,

o H'? € L*((n,5); H**(R")),

the following estimate holds true:

sup H(t, x)u?(t, x)dx 5/ H (1, x)uj(x)dx. (3.1)
te(n,s) JRY R4

Proof Let R > 2 and yg € C°(RY) such that yg = 1in Bg_1(0), ygr = 0in R? \ Bg(0),
0 < ygr < 1,|Vyr| < 2. Consequently, FZ‘()/R, yRr) satisfies:

0, xe B%(O),

32
1, xeRd\B%(O) -2)

o (vr, YR)(X) < {
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for some constant ¢; > 0. We test the equation for u with the test function ¢ = yRH u and
integrate in time over (1), T), where T € (n, 5), and obtain:

/T/ (9,u)pdxdr
n JRY

+/ / / (u(t,x) —u(t, )@, x) — ¢, 2))k,(t; x, z)dzdxdt = 0.
n JRE JRA

Note that ¢ is a valid test function since for every ¢ € (n,s) by assumption it holds
yrHu(t) € HY2(RA). From (3,;u)u = %Bt (u?) and integration by parts:
T
/ w*(z, x)yg(x)H(r, x)dx + 2/ / / (u(t, x) —u(t, 2))(¢(t, x)
R4 n JRE JRd
— ¢ (t,2))k,(t; x, z)dzdxdt

R4

T
+/ / u?(t, X)y3(x)d, H(t, x)dxdr.
n JR
We treat the nonlocal term by making use of the following algebraic inequality:
1/2 1/2
(1 — w2) (v Hiuy — y3 Houo) > (J/1H1/ up — J/sz/ uz)?

1/2 1 2
— 2 (O = v (Hy + B @ + i) + (H) P = Hy!

2ot + Dt +ud).,
where ¢, > 0. Its proof is based on the following two observations:

12 12,2
(w1 — u2)(y{ Hyuy — )/22H2u2) = (V1H1 up — VzH u)? — u1u2(V1H1 —nH, /

wa (i H? = o HY'? < o2} +13) (11 — ) (Hi + Ho) + (v}
+7D)(H "~ Hy22).

)%

Moreover, note that for R > 4p it holds y,% () = y,% (x) = 1forevery x € B (S (0) and
Z € By(x). By symmetry of k, (k<) and the observations from above, we deduce:

sup/ uz(r,x)yI%(x)H(r,x)de/ u%(x)y,%(x)H(n,x)dx
re(n,s) JRA Rd
N
+/ / W (t, x)yg(x) (22 ATS(H' 2, H'?) (¢, x) + 8, H (¢, x)) dxdt
n JRI
s
+2c2A/ / / W (t, X)yg Q) (H2 (1, x) = H'2(1, 2)*|x — y| 7" “dzdxdr
R4 JB,(x)
+202A/‘/ W (1, X)H (e, )T (v, yr) (x)dxdr
n JRY
s
+26A f f / W2t ) H (. x) (R () — yr()Px — y| 4 dzdxdr
R4 JB,(x)
< /R BEVRH G, D

+// W (1, x)yg(x) (4ea AT (H'2 H'?)(t, x) + 9, H (¢, x)) dxdt
n JRA
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N
+2czA||u||§o/ / re(H'?, H'?)(t, x)dxdz
n Rd\B%(O)

+dea A ull?, / / [ Ta(R yRI@)H (1, x)dxdr.
n JR

Now, assume that H satisfies the assumption with C = 4¢> A. Then, using also (3.2), the
following holds true:

(4ea AT (H'2, H'?)(t,x) + 8, H(t,x)) <0, t € (1.5), x € RY,

N
/ / reH'"?, H'?)(t, x)dxdt — 0, as R — oo,
1 JROBE L O

N N
/ / [0 (vr, yR)(X)H (2, x)dxdt < 61/ / H(t,x)dxdt — 0, as R — oo.
n JRI n JRABR_1 (0)
2
Upon the observation that yg — 1, as R — 00, it follows
sup f uz(‘r, X)H (T, x)dx < / u%(x)H(n, x)dx,
R4 R4

Te(n,s)

as desired. O
Our next goal is to establish the following auxiliary estimate:

Theorem 3.2 Assume that k satisfies (k<) , (=) . Let y € R4, o, p > 0,n > 0. Let

ug € L2(RY) be such that ug = 0 in B, (y). Assume that u € L*°((n, T) x RY) is a weak

solution to d;u — Lf’u =0in(n,T) x RR?. Then there exist v > 1,C > 0 depending on

d,a, A, A such that for every s € (n, T) withs — n < 4%,0"‘:

o -+t
) ||M()||L2(]Rd).

lu(s. y)| < C(s — )~ 22255 (—
(s — 1)

The idea to prove Theorem 3.2 is to find a suitable function H such that Lemma 3.1 is
applicable. In the following, we present a suitable such function.

Given y € Rd,,o >0,0<n<s <T,v>1withs—n < %p“,wedeﬁne
Hy p.nsv=H :[n,s] x R? — [0, 00) via

[x—yl

,00[ —1 pol - 3p
H(t,x):=
t0 (V[Z(s—n)—(t—n)]> A(VD(S—n)—(I—U)]) (3.3)

_ o byl
—e tog(srar==a=an ) ("7 V1)

Lemma 3.3 For every C > 0, there exists v = v(d, a, C) > 1 such that for every y € RY,
p>00<n<s<Twiths—n< %p"‘, the function Hy , 5.0 = H defined above
satisfies

CTe(H'? H'?) < —8,H, in(n,s) xR, (3.4)
H'? ¢ L2((n, 5); H**(RY)). (3.5
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Proof Lety € Rd,,o >0,0<n<s<T,withs —n < A‘]—Vp“,wherev > 1 to be chosen

later. Note that by assumption, Wa_(t_n)] > 1 for every t € [n,s]. Lett € [n,s] be
fixed. We split the proof of (3.4) into three cases.

Case 1: |x — y| < 2p.

In this case, trivially I'% (H'/2, H'/?)(1, x) = 0, and

v[2(s —n) — (t — 77)]) 5 0
p* ’

—0,H(t,x) = —0; (

Therefore, (3.4) holds true for any v > 0.

Case 2: 2p < |x — y| < 3p.

In this case, —0, H(t, x) = vp~%, as in Case 1. Moreover, let us fix xo € B,(x) with
|[xo — ¥| = 3p such that for every z € R4 \ B3, (y) it holds |xo — z| < 2|x — z|. This
holds true, e.g. if one chooses x as a point on d B3, (y) that minimizes dist(x, R4 \ B3, (),
since then by triangle inequality: |[xo — z| < |xo — x| + |x — z| < 2|x — z|. Note that
H(t,x) = H(t, xo) and B, (x) C B2, (x0).

Therefore:

2
reHY?, H'?)(, x) =f (H'2(t,x) = H'?(1,2)" |x —2[77%dz
Bp(x)\B3p()’)

2 —d—
SCI/ (H'(t,x0) — H'(t,2))" xo — 2|7 *dz
By (x0)\B3p ()
< f IVH"(t, x0)Plxo — 2P~ dz
B2y (x0)\ B3, (y)

< el VH2 (1, x0)? 0>

o - lxo—yI 2
=c ((6,0)_] 10g< P )e_log(m)( o )) p* e

v[2(s —n) — @ —n)]

a o 12\ 2
oo (s (=)
’ v[2(s —n) — @ —m]) \v[2(s —n) — (t —n)]

o

<c4p

for some ¢y, ¢3, ¢3, c4 > 0. We used the inequality log(a) < a'/? in the last step. Moreover,
note that the estimate (H'/?(r,x0) — H'/?(t, z))2 < |[VHY2(t, x0)|*|xo — z|? is correct
since sup e\ gy, (y) IVHY2(t, 2)| = |[VH2(t, x0)| due to xo € 3B3,(y). Therefore, (3.4)
holds true in this case for any v > ¢4C.

Case 3: |x — y| > 3p.

In this case,

—0,H(t,x) = lx — I e—log(m)(‘xﬁl).
3p2(s —m) — ¢ — )]

Moreover:

ro(H"? 1), x) =/ (H'2(t,x) = H'2(,2) x — 242z
By (x)

- / (e—“’g(WLM)(‘X&”) _ e—l"g(WDM)(‘?f‘)y v — 2|0 dg
B, (x)

lz=yl

Ve*“’g(Wa—u—nn)( 2 ) ’ lx — z|>9 %4z

< / sup
By(x) z€B,(x)
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« o lk—yi=n )\ 2
<cs ((6/))71 log ( P )eilog(””“"%‘("””)( w p)) P>

V[2(s —n) — (& —n)]

o 2 o 3 o9 —y
= cg [log( L )] ( 4 )1/ e—log(m)(‘sp")pfa
v[2(s —n) — (t = n)] v[2(s —n) — (t — )]

< 1 e—log(m)(%)

TR - — @ —n)]

< ¢ lx — o oe (oo ) ()

= 3pv2(s —n) =t —n)]

for some cs, cs, c7 > 0. In the third inequality, we used |z — y| > [x — y| — p, and
in the second to last step we applied the estimate log(a) < ca'/3. This holds with ¢ > 0
independent of a > 1. Therefore, by choosing v > ¢7C, (3.4) is satisfied also in this case.

Together, we have proved (3.4). Finally, note that T'*(H'/2, H'/?) e L'((n,s) x R?)
since for |[x — y| > 3p, we computed above

lx=yl

TeHY2, H')(t,x) < |x —yle™ 7,

where ¢ > 1 is a constant that might depend on 7, s, p. This proves (3.5). O
Having at hand the function H defined in (3.3), it is possible to establish Theorem 3.2.

Proof (Proof of Theorem 3.2) The idea is to apply Lemma 3.1 with H as in Lemma 3.3. It

follows that for every y € R4, 0 < n<s<Twiths —n < ﬁp“:

sup/ uz(r,x)H(t,x)dx < sup / uz(r,x)H(t,x)dx
T€(n.5) J Bap(y) te(n,s) JRY

< f ud(x)H (1, x)dx.
RY\ By (y)

Consequently,

SUPycRrd\ B, (y) H (M, X)
sup / u? (7, x)dx < | ——— Mo ) ”"[OHiZ(Rd)-
te(,s) J Bap(y) infre(y.s).xeBoy, () H(T, X)

By the truncated L°° — L?-estimate Lemma 2.4, applied with R = (s —n) /%, 10 = 5, x0 = y:

d 12
_d pa 2a )
sup u<ci(s—mn 2 sup u-(t, x)dx
@$)xB 1 (1) S=N/  ze@ms) \IBp»)

d 1/2
_d [ p* \2 [ Supycgra\g,(y) H(@, X)
=< Cl(S - 7’)) 2 . ||14()||L2(]Rd)
§=n lnfre(n,s),xEsz(y) H(z, x)

for some c¢; > 0, where n':=s —27%(s — n) € (n, 5).
Note that there exist ¢3, ¢3 > 0 such that for x € RY \ By (y) it holds

r* %
Hm,x)<c (m)

and for (z, x) € [n, s] X B2,(y) we have:

e N ) o (£ )
v(s —1n)
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This follows directly from the definition of H and s — n < 4]—Up°‘. Together, we obtain

o 1 d
o )ép+2+2a

_d o
Jus, y)| < cals —m) ™22 ( luoll 2 g

v(s —n)

for some ¢4 > 0, as desired. O

Having proved Theorem 3.2, we are now in the position to establish upper off-diagonal
bounds for p, (y, s; x, n):

Theorem 3.4 Assume that k satisfies (k<) , (€-) . Then there exists ¢ > 0 depending on
d,a, A, A suchthatforevery p > 0,0 <n<s<T,andx,y € R4 with s — n < ﬁp"‘:

|x

oyl d
2, T2t

Py, six,m) < c(s — )~ 42" (L)‘ . (3.6)
v(s —n)

Proof Note that the on-diagonal bound (2.14) and (2.7) immediately imply for every 0 <
n<s<Twiths —n < %p“andx,yeIRd:

1/2 J
(/Rd Pp(z, 55 x, n)dz> scils—m = (3.7

for some ¢; > 0. On the other hand, from Theorem 3.2, it follows forevery 0 <n <s < T
withs —n < 4]—1),0“ and x, y € R¥:

% L e ot NGt
/ p,z)(y, s3z,m)dz <cs —n) w20 [ ——u (3.8)
R\ B, () v(s —1n)

forsome ¢y > 0.To seethis, one observes thatu(t, x) = f]Rd\Ba(v) Po(x,t;2,mMpp(y, 852, 1)
dz satisfies the assumptions of Theorem 3.2 with '

uo(x) = pp(y,8; %, MLjx—y>0} (), u(s,y)=/ p,z)(y,s;z, n)dz.
RI\ B, ()

To prove (3.6), letus fix0 < n <s < T withs —n < %p"‘, and x,y € R?. Then we
define o0 = %Ix — y| and compute, using (2.8):

Doy, 3%, 1) = /R Py 852, (5 = /2 pp 2. (s — m)/2: x. m)dz
= f Po(y,5:2, (s =n)/2)pp(z, (s —1n)/2; x, n)dz
RI\By (y)

+/B ( )pp(y, $:2, (s =m/2)pp(z, (s —n)/2; x, n)dz
LANS

=J1 + /).
For J;, we compute, using (3.7), (3.8):

1/2 1/2
J| < (f p%(y, 552, (s — n)/2)dz> (/ p%(z, (s —m/2; x, n)dz>
R\ B, (y) R\ By (y)

4yl pa _‘Sgl""%"'%
=cs—n «22 | ———
v(s —n)
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for some ¢3 > 0. For J,, observe that B, (y) C R¢ \ B, (x), and therefore by (2.6):

1/2 1/2
Jr < (/ Po(y. sz, (s — n)/2)dz> (f Poz, (s —1m)/2: x, n)dz>
R4\ B, (x) RI\B, (x)

Sca(s —m) 2 (7)
v(s —1n)

for some ¢4 > 0. Together, we obtain the desired result. O

Bounds for the heat kernel corresponding to the truncated jumping kernel p,, imply bounds
for p with the help of the gluing lemma Lemma 2.2. The underlying argument is known among
probabilists as “Meyer’s decomposition”. For an analytic proof relying on the parabolic
maximum principle we refer to the appendix.

We are now ready to provide the proof of our main result Theorem 1.1:

Proof of Theorem 1.1 Let x,y € R¢ be fixed. By (2.13) it suffices to prove that for some
constants cp, c; > 0and s —n < colx — y|* it holds

s—n

, 8, X, <cl—.
r(y ) A Pe——

By Lemma 2.2, and (k<) we know that forevery p > 0,0 <n <s < T:

Py, s;x,m) < pp(y,s;x,m) +c2(s — Ik — kIjx—yj<pylloo

e (3.9)
< pp(y,s;x,m) +c3(s —n)p

for some ¢, c3 > 0. We choose p = ‘)‘f—zvl ({# + % + %)_l. Then by (3.6) and (3.9) it
holds fors — n < 4—11),0“:

p(y,s;x,m) < cals —n)lx — y| 7479,

where ¢4 > 0, as desired. O

4 Extension: jumping kernels of mixed type on metric measure spaces

In this section, we discuss a possible extension of the nonlocal Aronson method to jumping
kernels of mixed type. Moreover, we work on a general doubling metric measure space. The
main result of this section is Theorem 4.1.

Let (M, d) be a locally compact, separable metric space, and let ; be a positive Radon
measure with full support. We assume that (M, d, 1) satisfies the volume doubling property,
i.e., there exists C > 0, d € IN such that

H(BR() _
w(Br(x)) —
Note that as a consequence of (VD) , for every § > 0O there exist ¢y, co > 0 such that for

every R > 0,x,y € M withd(x, y) <R: ciu(Br(x)) < u(Br(y)) < cop(Br(x)).
Moreover, let ¢ : [0, co) — [0, 0o) be strictly increasing with ¢ (0) = 0, ¢ (1) = 1 and

B v

Rd
C<—>,x€M,O<r§R. (VD)
r
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for some constant C > 0and 0 < o] < ap < 2.

For a detailed discussion of the setup, we refer to [17].

Consider symmetric jumping kernels k : (0, 7) x M x M — 1R satisfying for some
A >0

k(t; X, y) < Ap(Bagey) () ' ¢, )7, x,y €M, (k<)

and assume that there is F C L%(M, W) such that (&, F) is a regular Dirichlet form on
LZ(M, w) for every ¢t € (0, T'), where for every u, v € F,

Ez(u,v)Z/ /(M(X)—u(y))(v(X)—v(y))k(t;x,y)dxdy
MJIM

is defined in the usual way. For simplicity, we write dx:=gu(dx).

Moreover, we assume that the Faber-Krahn inequality holds true, i.e., that there exist
¢,v > Osuchthatforallr € (0,T), R > 0,x9 € M, D C Br(xp) and every u € F with
u=0inM\ D:

L1 (BBRGO)Y
Er(u,u) = cp(R) <W ||u||L2(D). (FK)
Let L, be the operator associated with & and p(y, s; x, n) be the fundamental solution to
the equation d;u — L,;u = 0.

Theorem 4.1 Let (M, d, iu) and ¢ be as above, and assume (VD) , (4.1). Assume that k
satisfies (k<) and (FK) . Then there exists ¢ > O such that forevery 0 < n < s < T,
x,yeM:

) ~1 S—n
PO, 532 SC[“ Bomtp @A u(Bm,y)(x))md(x,y))] @2

We remark that variants of Theorem 4.1 for time-homogeneous jumping kernels of mixed
type on doubling metric measure spaces can be found in several articles, e.g., [14, 15, 17].

We will provide a proof of Theorem 4.1 below. A central ingredient in the proof is the
L™ — L2-estimate (4.8) for subsolutions to d;u — L?u = 0. Its proof is similar to the proof
of Lemma 2.4. However we will provide some details since this seems to be the first time that
(FK) is used for nonlocal parabolic L> — L2-estimates. Moreover, we provide an L> — L'-
estimate for subsolutions to d;u — L;u = 0 which allows us to give a direct proof of the
on-diagonal upper heat kernel estimate. In the elliptic case, L> — L2- and L>° — L '-estimates
are established via (FK) for example in [17].

Lemmad4.2 Let (M,d, u) and k be as in Theorem 4.1. Then there exists C1 > 0 such that
foreveryty € (0,T), xo e M, p, R >0withR < p/2 A qb_l (to) and every subsolution u
to du — LYu = 0 in Ig(ty) x Br(xo) it holds:

i 172
B 2
sup u=<Cy (M> W(Br(x0)) "2 sup f Pt xdx )
IR /2(t0) X Bry2(x0) 1 (Br(x0)) telg(to) \Y Bap(x0)

4.3)

Moreover, there exists Cy > 0 such that for every tg € (0,T), xo € M, R < ¢_1(t0) and
every subsolution u to o;u — L;u = 0 in Ig(ty) X Br(xp), withu > Qin Ir(ty) x Br(xo), it
holds:

sup u < Cop(Br(x0)) ™" sup /|M(I,X)Idx- 4.4
IR 2(10)x BRy2(x0) telg(to) /M
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We refer to Sect. 1 for the definition of a subsolution. H%/>(IR?) should be replaced by
F.

Proof First, we prove (4.3). Let! > k > 0,0 <r < R < p/2, A(,R) := |{(t,x) €
Ir X Br(xq) : u(t, x) > l}|. Let u be a subsolution to d;u — qu = 0. First, observe that for
everyt € Ipy,:

sup / lu(t, y)k(t; x, y)dy < cie’ (R, 1) lu(t, y)|dy,
x€BR(x0) /Be (X)\Bg , 1 (X0) Bow (x0)

_ B
where ¢; > 0, 0" (R, r):=sup, ¢y (xp) P (1) : %

inequality and (4.7), every subsolution u to d;u — qu = 01in Ip x Bg(xp) satisfies:

and we used (k<) . By Caccioppoli’s

1
sup (A (l, R+ 5)’ < -(- k)_2 sup/ w%H (t, x)dx
2 2 By ()

telr telp

S a'(R,1) 2
<c(l—k) o(R,r)+ sup lu(t, x)|dx wyi (t, x)dxdt,
L=k terpi, ) Bayixo) Irsr J Brar (x0)

where ¢y > 0,0 (R, ) = ¢(r) "' V(@R +7) — d(R))! and

r\-—! M(BR+%(X0)) v 2
E (R + E) /IR <m> /BR(XO) w(r, x)dxdr < c3 ) E cwi (1), Twi(1))de

/ R,
<ci [0 r + ZED sup][ lu(t, x)ldx / / wi(t, x)dxdr,
L=k terg, I Bypxo) Irtr J Bryr(x0)

where ¢3,¢4 > 0,7 € C* (RY) is an arbitrary function such that t = 1 in Bg(xp), T =0
in BR+% (x0), IVT|loo < 4r=!, and we used (FK) . By combination of the foregoing two
estimates, we obtain for some ¢5 > 0:

1+v
/ / wi(t, x)dxdr < cs (/ f w,%(t,x)dxdt)
Ir J B (xo) IR4r J BRrr (x0)

r , 1+v
d(R+75) (1—k)2 (a(R, ")+ M sup ][ |u(t,x)|dx> .
BZ/)(XO)

AT
n(Bgyz (x0))" L=k ierp,,

4.5)

Let us now fix R € (0, p/2] and define sequences [; = M (1 —27%), for M > 0 to be
defined later, r; = 27" 'R, Riy1 = Ri —ri1, Ro:=R, Ai = [} [5. .0 wi (¢, x)dxdr. We
deduce: ’ l

1+v

Ri (R 1i

A <oty 1y — PR gy TR sup][ @, Oldr ) ALY
1(BR;_; (x0))Y li=liv1 telg,_, JBopxo)

I+v
< 2 M @R reon ™ (1M TS sy f i) Al
1(BR(x0)) telg J By (xo)
for some y, cg, ¢7 > 0, using that o (R;, ;) < 2" ¢p(R)™!, o' (Ri, ri) < 92 p(R)™"

% for some cg, c9, y1, y2 > 0. The latter follows from the fact that for all x € Bg(xp):

1(By(x0) _ p(By(x0) w(Br(x) i (B, (x0)) _
WBy () = aBre) wBy o) = 1027 Bty Where cio, y3 > 0. Let us choose cyp =
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7217 and

= B=t0) ][ u(t, X)ldx + 27 T} (@R) Br(xo) FAY.
(BR(X0)) telg /B (x0)

Hence:

Ai < (M~ (@ (R)w(Br(x0)) )2V AT, Ag

<27 (e MY ($(R)(Br(x0)) ™) .

and we can apply Lemma 7.1 in [31] to deduce that for some c12 > O:
B 1/2
sup u < M sup][ lu(t, x)|dx + c7 <][ ][ uz(t, x)dxdt)
IR/2><BR/2(X0) I'L(BR(-XO)) telp sz(xo) I J Br(x0)

1 12
<en (M> " (W(Br(xo) "t sup / W2 xdx |
1(BR(x0)) relg \J By, (x0)

This proves (4.3). Let us now demonstrate how to prove (4.4). Let u be a subsolution to
dru — L;u = 0. First, we provide a different estimate of the tail term. For every t € Ig4,:

sup / lu(t, y)|k(t; x, y)dy < 6135/(R,r)/ [u(t, y)|dy,
M\Bg, r (x0) M

x€BR(x0)

where &' (R, r):=Sup, ¢ g, (x) #(Br(x)) "' ¢ (r)~" and we applied (k<) . As in (4.5), we get:

1+v
// wlz(t,x)dxthCM(f f w,%(z,x)dxdt> x
Ir 7 Br(x0) IR4r J Bryr(x0)

1+v
¢(R+%) . a.’l(R r) /.
A L R, ol
X B on T ( (R0 + =7 swp | lu. )

for some cj4 > 0. From now on, let f > 0 be fixed. Moreover, let 0 < R/2 < r<R< R
and define sequences /; = M (1 —27"), for M > 0 to be defined later, r; = 271"L(R =),
Riv1 = R; —rit1, Ro:=R, A; = f[R_ IBR-(XO) wlzi (t, x)dxdr and deduce

i d _ 1 1+v
PR 10 ( R +L< R ) SR — 1) Sup/ |M(t’x)dx> Aty

T UM% w(Br(x0)” \R—r ¢(R—71) R—r) p(Br(x0)) rery
) R ar+1 14+v
<cl727yl (R_r> 1+ L< sup/ Ju(t, x)|dx A.H'f,
M2 (¢(R — r)iu(Br(x0)))¥ M W (BR(x0)) reig -
for ci6,c17.y > 0, using (4.1) and that by (VD) : w(Bg;(x0)) = w(Bg)(x0)) =
c1su(Bg(x0)) = cisu(Br(x0)), o(Ri,ri) < c1o27 K& LG (R ) <

, d
2025 (R — r)~! (Rlir) w(Br(x0))~!. The latter follows from the fact that for all

i d
x € Brlxo): p(By ()" = LBRE, (Bp())~! < 26 (Rfjr) 1(Br(x0)~". We
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choose ¢27 = ¢172! 7 and

M(BR(xo)) zeIR

<

( R >a2+1 2
R—
r A1/2

(¢(R — r)u(Br(x0)))" 0

/ lu(t, x)|dx +2 27 625

and deduce by arguments analogous to those in the first part of the proof:

R ¢! 1
sup u < ( ) / |u(t, x)|dx
1, x B, (x0) R—r 1(BR(x0)) reIR

1
<%)sz+l b 12
(/ / uz(t,x)dxdt)
(@ (R — r)u(Br(x0)))” Ix I Br(x0)

=1+ I,

+ 23

where ¢p3 > 0. We further estimate

ap(14v)+1

R fat ot 1/2
I, < < ) sup <][ uz(t,x)dx>
R—r relp \J Bg(x0)
ay (14v)+1
1 R v
<—- sup u-+cu|— sup lu(t, x)|dx,
2 IxxBr(xo) R—r telgJ Bg(xo)

where ¢o4 > 0 and we applied (4.1) and Holder’s and Young’s inequality. Together, we
obtain

1 R \°
sup u<— sup u-+cas < ) sup/ lu(t, x)|dx
I, % By (x0) 2 xxBg(xo) R—r M(BR(XO)) relp

forcps > Oand §:=d — 1 v . We can apply Lemma 1.1 in [26] to the estimate
above and deduce that there exists ¢y > 0 such that for every 0 < f/ 2<r<R<R:

ay(14+v)+1
v

— $
R
sup  u <6 (R ) sup/ lu(t, x)|dx. 4.6)

1, x B, (x0) —r | w(Bg(x0)) rery
Choosing r = R/2, R = R implies the desired result (4.4). O

Now, having established the L°° — L?-estimate Lemma 4.2, we are ready to prove Theorem
4.1.

Proof of Theorem 4.1 First of all, we observe that by (VD) , (4.1), (k<) :
[ dworkargy e[ kxoay <o @)
BR(x) M\Bg(x)

foreveryt € (0,T),x € M, R > 0. For a proof, see [17]. Giveny ¢ M, p > 0,0 <n <
s<T,v>1withs —n < %g{)(p), we define Hy 550 = H : [1,5] x M — [0, 00) via

DR )‘1 IV E— 5
TR =) — @ =) v[2(s —n) — (t — )]
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With the help of (4.7), (4.1) it is easy to check along the lines of Lemma 3.3 that H satisfies
the assumptions of Lemma 3.1, namely for every C > 0 there exists v > 1 such that

CroH'? H'?) < —3,H in(n.s)x M, H'>eL*((n.9): F),

where

roH? B0 = /B ( )(H”Zo,x)—H‘”(r,z))zu(Bdu,z)(x))‘%p(d(x,z))‘ldz.

Next, we recall from Lemma 4.2 that the following L> — L?-estimate holds true for local
subsolutions u to d;u — qu = 01in Ig(t9) x Br(xp), where Ig(ty) = (to — ¢ (R), tp):

1 1/2
sup u<cC <M) ’ ,u(BR(xO))_% sup ([ uz(t,x)dx) .
B2y (x0)

IR/z(to)XBR/Q(xo) M(BR(XO)) telr(ty)
(4.8)

Applying H to Lemma 3.1, we obtain from (4.8) and the definition of H:

1 o 1

wByy) e (o) W
lu(s, M) <1 (M(B¢—1<s_n)(y))> W(By1(s—p) (¥)) 228 (v(s_n)> luoll2(p)
4.9)

for ¢; > 0, where u, ug are as in Lemma 3.1, and 0 < n < s < T withs —n < %q&(p),
o> 0.

Moreover, the following on-diagonal estimates hold forevery0 <n <s < T,x,y € M,
p > 0:

PO s x. ) < cpu(Byoi(g_p ()", (4.10)
_ -1 _
Po(y.s5x,m) < ce OO (B )7 (4.11)

for some ¢ > 0. These estimates are proved in Lemma 5.1 and Section 4.4 in [17] using a
stochastic approach. A more direct proof, using only analysis tools, goes via the L> — L!-
estimate (4.4).

In fact, given 0 < n < s < T,x,y € M, we apply (44) to (t,z) — p(y,t;z,n),
choosing Ri=¢ (s — n), Xo:=x, to:=s. Using (2.7), we obtain

POy, six,m) < cpu(By-i(s_py(x) ™" sup / POyt 2.mdz < epu(Byi gy ()7,
t€ly 1 (5) I M

as desired. (4.11) is a direct consequence of (4.10) in the light of (5.7) and (4.7). Note that
the proof of (5.7) is written for M = IR¢ but works in the same way in the current setup.
Combining (4.9) and (4.11), we derive as in Theorem 3.4 for every 0 < n < s < T with

§s—n= 4]7V¢(p)’-x7y€M:

d
2
Po(y,s;x,m) < 2 <m> M(B¢_l(s—n)(x))_%
Lyt [ g(p) \ TR
1(By-1(s_p (y) 722712 <m>
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for ¢; > 0. Finally, we explain how to deduce off-diagonal bounds for p. We get from (5.6):

N
p(y,s;x,1m) < pp(y,s;x,n)Jr/ PP K ,(y)dr. (4.12)
n

-1
We choose p = d(x dx.y) (d'm‘ + + 20”) and obtain by (VD) , (4.1):

Pp(y,s;x,1m)
2 ) e (o) |
d
dix,y) 2 e\
<c3 (m) [I’L(Bd)—l(_gfr])(x))llx(qu_l(sin)(y))] 2 (ﬁ)

IA

4 $d(x,y) |
¢4 (d)_l(dj(d("’Y))))2 1 (By-1 4 (dr,0) OV By1 (g, ) | * ( = ) 1
oG —m 1Byt G By sy (1)) 1Bty (1))

3d ~——1
d(x, @ (oW -
sc5(¢< (x y)))z <¢< (x, y))) 1 (Bax ) (x)) ™!
s—n §$=n
s§—=n

= U Baey) ()X, )
(4.13)

for ¢3, ¢4, c5 > 0. Next, we estimate f,; PP K ,(y)dt. For this, we compute by (k<) and
(VD) :

s 00 s
/ PLK,(y)dt = Z f PE [ 180 5)\Begryp 0 Ko ] ()T

n

< cep(d(x,y)~ IZ/ lB(Lp(»)\Bc(k neMH(Bp()) ™ ](y)dr

s
< c7u(Bp(x) o (d(x, y) ! de f PLL B, 0\ Begyp () (0T
k=1 N

for cg,c7 > 0,and ¢ > 3 + Usmg (4.9), (VD) and (4.1), we estimate for t € (1, s),
k> 2:

Bip(y)) ci=n [ d(p) \~
KPP1s . < cok? ’u'(k—p 27 % <7>
a0 = 5 (u(BMf-n) o) v — )

ck=1) 1, d
— +,+7
ctk=1) ) 6 27T
§C9k2d2 6 ﬂ
V(T —1n)
ck=1) _M d
4 +i+4

ck=1) , 1
6 T2

< C1()k2d2

@ Springer



Upper heat kernel estimates for nonlocal operators via... Page 23 0f27 68

for cg, c9, c19 > 0, where weuse s — n < 41—v¢(p). From (2.7), it follows

A

f PLK,(0)dt < crip(By(x) ™' p(d(x, y) 7! / PPLp,, () + Y K42%47% | de
U " k=2

<c S0

= (B () (x, y))

(4.14)

forcy1, c12 > 0. Combining (4.12), (4.13), (4.14) we obtain the desired off-diagonal estimate
fors —n < ﬁq&(p). Together with the on-diagonal estimate (4.10), we deduce the desired
result. O

Remark Note that the proof of Theorem 4.1 does not require the scaling argument from [14]
since we are working with an on-diagonal estimate and an L> — L?-estimate that take into
account the parabolic scaling of the corresponding equation, see also [15].
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Appendix

The main goal of this section is to give a proof of Lemma 2.2 via analysis methods. We
mainly follow the strategy carried out in [27] modifying some of their arguments due to the
time-inhomogeneity of the jumping kernel.

First, we introduce the notion of a subsolution to d;u — L;u = 0 in I x 2 for some open
interval I C (n, T') and some open set 2 C RA.

Definition5.1 Let € C R? be open and bounded. We say that a function u €
L? (I; H**(RY)) with 8,u € L} .(I; L}, () is a subsolution to

loc loc

ou—Liu=0, inl x Q, 5.1
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if for every ¢ € H*/?(R%) with ¢ = 0in R? \ Q and ¢ > 0:
/d du(t, X)p(x)dx + &), ¢) <0, ae.rel. (5.2)
R

In this case we say that u solves d,u — L,u < 0in I x Q. u is a solution to (5.1) if (5.2)
holds for any ¢ € H @/2(R%) with ¢ =0in R4 \ €. (Sub-)solutions to the corresponding
p-truncated problem are defined accordingly, replacing k by k,,.

The main ingredient in the proof of Lemma 2.2 is the following parabolic maximum
principle, which is an analog of Proposition 4.11 in [27]:

Lemma 5.2 (parabolic maximum principle) Let Q C RY be open. Assume that k satisfies
(k<) , (€>) . Assume that u solves

oru — Lyu <0, in(n,T) x 2,
up(n) € H*(RY,  Vie®.T), (5.3)
ur(t) - 0, in L2(Q), ast \y 1.

Thenu < 0a.e.in (n, T) x Q. The same result holds for subsolutions to d,u — L}Ou =0.

Proof By assumptions (k<) , (£~) and dominated convergence theorem, we have for f €
L*(RY)

M Ty < ECs 1) < AL Vpapgays V€ 0, T).

Thus, (&, H*2(RY)) is a regular Dirichlet form for every ¢t € (0, T'). Along the lines of
Lemma 4.3 in [27] one can prove

/d ou(t,x)p(t,x))dx <0, ae.tenT),
R

where ¢ € C*°(IR) such that ¢ = 0 in (=00, 0], ¢ > 0 on (0, c0), and 0 < ¢’ < 1. From
here, the remainder of the proof follows along the lines of Proposition 4.11 in [27]. The proof
for subsolutions to d,u — L¥u = 0 is carried out via similar arguments, using that for some
c>0:

L ey < €0~ N f G2 gay + €7 (5 f), 1€ 0, T). (5.4)

[m}

In the following, for f € L*(), we will denote by (s, x) > P54 f(x) the solution to
du — L = 0in (n, T) x Q with [P f — fllz2@ — Oass N\ n,and P%f =0
in R4 \ Q. We define (s, x) Pﬂg,2 ¥ f(x) to be solution to the corresponding p-truncated
problem.

In order to prove Lemma 2.2, we need an approximation result for P, ; f. In the time-
homogeneous case, its proof is given in Lemma 4.17 in [27]. However, their argument does
not work in our situation due to the lack of a resolvent operator associated with P, ;.

Lemma 5.3 Ler (2,)nen be an increasing sequence of open subsets of R¢ with Upen Q0 =
RY, and n > 0. Assume that k satisfies (k<) , (=) . Then for every f € L*(R¢) it holds

P,%;f — Py f, P,ﬁ;”pf — Py, f pointwise a.e. for a.e. s € (1, T), and every p > 0.
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Proof We denote u,, (s)::P,i2 s f. By the parabolic maximum principle it follows that u,, (s) <
upy1(s) < --- < Py f.Consequently, there exists a function u € Lz((n, T) x R¥) such that
un(s) /" u(s) < P, f ae.,andby dominated convergence we have |u, —u ||L2((U’T)X]Rd) —
0.

It remains to prove u(s) = P, f. Note that by (5.2) it is sufficient to prove that u, —u
in L2((n, T); HY2(R?)). Let us test the equation for u, with ¢ = u,, integrate over (, T).
Then:

T
/ ufl(T,x)dx—i—Z/ E (un (1), un(1))dt 5/ F2(x)dx.
Rd n Rd

By uniform boundedness of ||u, 220, 7)xRY)> WE conclude that also ||u,, I 22, 7); Her2 (RA)
is uniformly bounded, which implies u,,—u in L((, T); H*/*>(IR%)), as desired.

The desired result for P,? 1°f follows by the same argument, using (5.4) to conclude
boundedness in L2((n, T); H*/?(R%)). O

ProofofLemma 2.2 Let f € Lz(]Rd) with f > 0, and 2, C R as in Lemma 5.3. We
proceed as in the proof of Proposition 4.4 in [30] to deduce for a.e. 0 < n < s < T and
nelN:

PR f < P,?;?’prrf [/ P,fzﬁ’pf(y)Kp(y)dy] dr, (5.5)
: : Y Lre

where K, (y) = SUP,cRA re(n.T) k(t; z, ¥)1{jz—y|=p} (¥). The proof of (5.5) directly follows
by application of the parabolic maximum principle Lemma 5.2 for L; to

u(s, x) = P f(x) = P f(x) — a(x) / [ /R ) Pj?;"’f(ymp(y)dy] de,
n

where ¢,, € CC°°(IRd) with0 < ¢, < 1 and ¢, = 1 in Q,,. Taking n — o0 in (5.5) implies

s

Pt = s+ [ [ prekomrs oo
n

where we used Lemma 5.3 and (2.6).
By (2.9) it is easy to deduce fora.e.0 <75 <s < T and a.e. x, y € R?:

N
p(y.s;x,1m) fpp(y,S;x,nH/ Py Kp(y)dr. (5.6)
n

(2.11) is now a direct consequence of (2.7) and (k<) . The proof of (2.12) follows by carrying
out the same arguments as in the proof of Proposition 4.4 in [30] with

u(s, x) = PP f(x) = Pyl f () ke,

where Kl’] = SUP( 4)e(0,T) xRY f]Rd\B,, @) k(t; x, y)dy. This time, we apply the parabolic max-

imum principle Lemma 5.2 for Lf and obtain fora.e.0 <7y <s < T and a.e. x, y € R?:

Pp(yss:x,m) < p(y, 53 x, e (5.7)

Note that by Holder regularity of weak solutions to (1.3), it is possible to obtain the desired
results for every n, s, x, y. O
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