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ABSTRACT. We prove higher Sobolev regularity for bounded weak solutions
to a class of nonlinear nonlocal integro-differential equations. The leading op-
erator exhibits nonuniform growth, switching between two different fractional
elliptic “phases” that are determined by the zero set of a modulating coefficient.
Solutions are shown to improve both in integrability and differentiability. These
results apply to operators with rough kernels and modulating coefficients. To
obtain these results we adapt a particular fractional version of the Gehring
lemma developed by Kuusi, Mingione, and Sire in their work “Nonlocal self-
improving properties” Analysis & PDE, 8(1):57—-114 for the specific nonlinear
setting under investigation in this manuscript.

1. Introduction and Main Results. We are interested in studying regularity
properties of weak solutions u to

Lu(x) = f(z), (1)
where for measurable functions u : R™ — R and for x € R” the nonlocal double
phase operator L is defined as

Lu(x) :=P.V. M(U@) —u(y))

r |z —y[rter
|u(z) — u(y)|"?

—‘r(l(.’l?,y) |I’7y|n+tq

(u(z) —u(y))dy.

Throughout, we assume n > 2 and the integrability indices p, ¢ belong to (1, 00)
with p < ¢ and differentiability indices s, ¢ belong to (0,1). The abbreviation P.V.
stands for principal value. For a function u that is smooth enough the operator
value Lu can be thought of as the sum of a fractional p-Laplacian (~A); and an
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integro-differential operator whose kernel of differentiability order ¢ and integrability
order ¢ is perturbed by the modulating coefficient a(-,-). The order of the operator
L therefore switches between the fractional elliptic phases (s, p) and (¢, q) according
to the zero-set of a(-,-).

The operator £ is a nonlocal analogue of a class of double phase operators of
which a prototypical example is given by

div (\Vu|p72Vu)+a(x)\Vu|q72Vu) =f, 1<p<yq, 0<a<M<oo.

Partial differential equations of the above type arise in the theory of homogenization
and elasticity [35, 36]. In the event the modulating coefficient « is a positive constant
such non-elliptic functionals associated to these operators that exhibit similar (p, ¢)-
growth have been treated in the celebrated work of Marcellini [25, 26, 24, 23]. In
more recent years there have been considerable efforts to study the regularity of
minimizers of (p, ¢)-growth functionals whose integrand depends on z in a possibly
non-smooth manner. The functional associated to the above operator switches
between p-growth on the set {& = 0} and ¢-growth on the set {« > 0}, behavior
that warrants the development of novel techniques to investigate regularity. The
first such set of results by Colombo and Mingione [12] describes - among other
accomplishments - higher Lebesgue integrability of the functional’s integrand under
two fundamental assumptions: the Holder continuity of the modulating coefficient
« and the control of the ratio ¢/p by a bound depending only on the dimension and
the Holder exponent of a.

Since the publication of [12] the theory of double-phase problems has been sub-
stantially expanded with connections to other areas; a comprehensive discussion is
beyond the scope of this paper but we mention for instance [33, 31, 7, 10, 14, 16,
8, 3, 13, 2, 11, 15] and the references they contain. One such connection is to the
regularity theory of fractional elliptic operators. The operator L is the archetype
of a class of nonlocal double phase operators first introduced in [17], in which the
Holder continuity of bounded viscosity solutions to Lu = f with bounded data f
was obtained. The same class of double phase operators also appear in [9, 20] where
they investigated solutions to the homogeneous equation Lu = 0. In [20] an ap-
propriate notion of weak solution is defined and bounded solutions are shown to be
locally Holder continuous. Moreover, under some additional conditions, bounded
viscosity solutions are shown to coincide with weak solutions. The focus of [9] is on
the operator £ in the case that s < t, and bounded weak solutions to the homo-
geneous equation Lu = 0 are shown to be locally bounded and Hélder continuous.
In this work we show regularity of solutions on a different scale; that under suit-
able assumptions on the data f, the modulating coefficient a(-,-), and a certain
ratio of integrability and differentiability exponents solutions u to Lu = f exhibit
a self-improvement property. Precisely, distributional solutions u belonging to the
fractional Sobolev space W*P(R") in fact belong to a Sobolev space with higher
exponents of integrability and differentiability.

We assume that the modulating coefficient a is measurable, and satisfies

a(z,y) € L= (R*™), 0<a(x,y) <M, a(z,y) = a(y, ). (A1)

In the case a = 0 the operator £ reduces to the fractional p-Laplacian (—A);. The
regularity theory for the fractional p-Laplacian is quite extensive, and we refer the
reader to [34, 6, 5, 32] and the references therein. One consequence of this article is
the higher integrability of weak solutions to nonlocal degenerate elliptic equations
of fractional p-Laplacian type with measurable coeflicients; see Theorem 1.6.
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For this work we also require that

1t
p<q, t<s, <<, (A2)
p sp
/s . . 11 . .
where p’ is the Holder conjugate of p: — + — = 1. Since solutions u are assumed

to only belong to W*? the upper bound on tq/sp therefore prevents the tg term
in the integrand of £ from becoming nonintegrable. The lower bound assumption
effectively prevents the singularity in the integrand of £ from becoming too weak
at infinity, so that the nonlocal tails can be controlled. This is in contrast to the
local theory, in which the key constraint on the ratio ¢/p is prescribed only from
above. Additionally we will restrict ourselves to the case

sp<m, (A3)

because when sp > n solutions will automatically belong to the Holder class
CO5~/P(R™) by Sobolev embedding for sp > n regardless of the integrability con-
ditions on the data f. See Remark 1.3 below for a further discussion on the natural
character of these assumptions.

We aim to show higher differentiability and integrability of bounded solutions
u € WP(R"™) to a weak formulation of the equation (1), that is

E(u, ¢) = f(l“)@(x) dz, for any ¢ € C*(R"), (2)
where the form £(u, ¢) is defined as

U p—2
gy = [ [ I ta) — wt)pte) - o)

ulx) —u q—2
+ (o) I ) — ) (o) o) dy .

(3)

In order to prove such a result for solutions to (2) we assume the data f belongs
to a Lebesgue space with sufficiently high exponent. We assume that for a given
o >0

f c Lp*a +d0 (Rn)

loc

where we are using standard notation for Holder and Sobolev exponents; that is,
for any r € (1,00) and any o € (0,1) we write

/
r nr nr
/
r=— rf=r' = To = Ty, =

r—1’° n—or’ n+or’

= (r*).

(The dependence of the embedding exponents on ¢ will be suppressed whenever it
is clear from context.) The integrability assumption on f is a natural counterpart
of the corresponding assumption necessary to prove higher integrability results for
minimizers of energies associated to the local p-Laplacian; see for instance [18,
Chapter V, Section 3].

Weak solutions u are assumed to be a priori bounded, a point clarified by the
following definition:

Definition 1.1. A function v € W*P(R™) N L>°(R") is a bounded weak solution to
(1) with data f if the nonlocal double phase energy &(u,u) < co and if u satisfies

2).
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We will show an “intrinsic” higher differentiability and higher integrability for
bounded weak solutions to (1). Precisely, if we denote the integrand of £(u,u) by
P(z,y,u) so that

E(u,u) :/n /n P(z,y,u)dydx,

then by definition of u as a bounded weak solution the function P(-,-,u) belongs to
L'(R?*"). We are able to prove the following theorem concerning P, which consti-
tutes the main result of this paper:

Theorem 1.2. Let p, ¢ > 2 and s, t € (0,1) satisfy (A2)-(A3) and let a(z,y
satisfy (Al). Fix §g > 0, and let f € LPee oo (R™). Let uw € W#*P(R™) N L>°(R"

)

loc )

be any bounded weak solution to (1) with data f. Then there exists g € (0,1)

depending only onmn, p, q, s, t, M, 69 and HuHLOO(R”) such that for every T € (0,¢&0)
P('7 ) u) € L1+T(R2n> .

loc

In particular, there exist positive constants €1 and o such that u € W TV PTe2(R™),
and if (s +¢e1)(p + €2) > n then u is locally Holder continuous.

Explicit estimates on the constant g can be obtained by tracing the dependencies
through the proofs. We work exclusively in the superquadratic case p € [2,0). Note
that Theorem 1.2 does not treat the degenerate case p and/or ¢ € (1,2); this will
be investigated in a future work.

Remark 1.3. Our assumption that ¢ < s can be thought of as imposing smoothness
on the modulating coefficient. To see this, we write the integrand of £(u,u) as
ule) —w)l g a) — u(w)l
PR o=+
The operator £ can therefore be read as the sum of a fractional p-Laplacian and
a fractional g-Laplacian, both of differentiability order s, with the second operator
perturbed by a coefficient @ := a(x,y)|z — y|*~P9. Thus if t < s then @ — 0 as
|z —y| — 0. This “uniform continuity” of @ on the diagonal x = y is in some sense a
nonlocal analogue of the Holder continuity condition on the modulating coefficient
in local double-phase equations. In fact, we can recast the upper bound in (A2) as
qg<p+ (5= ta .
S

In the context of proving regularity for a priori bounded solutions, this is precisely
the nonlocal analogue of the sharp condition ¢ < p+  in the local case, where § is
the Holder continuity exponent of the modulating coefficent; see [11].

1.1. Strategy of Proof. To prove Theorem 1.2 we use an argument developed
by Kuusi, Mingione and Sire announced in [21] and presented in [22] that builds
a nonlocal fractional Gehring lemma in order to prove a self-improvement result
for solutions to a class of monotone operators with quadratic growth related to the
fractional Laplacian. The arguments here are heavily based on the work and pre-
sentation done for the case p = 2 in [22]. While it is apparent from a careful reading
of that work that their methods apply to functionals with more general p-growth,
the precise treatment of such classes of operators does not appear in the litera-
ture. Since we are further working with operators of mixed (p, q) growth, we have
included generalizations of the nonlocal reverse Holder’s inequality and fractional
Gehring lemma that suit our context at the risk of repeating some arguments from
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[22]. We write the arguments of [22] for a general exponent p so that the robust-
ness of their technique and as well as results can be clearly seen as applicable in a
wealth of contexts. One such instances is, for example, this approach also extends
to vector-valued solutions of nonlocal systems. A specific example is the strongly
coupled system of nonlinear equations studied in [27].

The paper [22] additionally considers the nonlocal generalization of the equation
div (A(x)Vu) = div f + f. We do not consider such a nonlocal divergence term
on the right-hand side of the equation. Our results in the case p = 2 and a = 0
therefore coincide with the results of [22] in the case when their data g = 0.

Following the structure introduced in [22], we define dual pairs of measures and
functions (U, v). For small € € (0,1/p) we define the locally finite doubling Borel
measure in R*"

dzd
v(A) = / #, A C R®" measurable, (4)
e
and we define the function
[u(z) — u(y)|
Uy = (5)

It is then clear that
u e W*P(R") if and only if u € LP(R")and U € LP(R*";v).
The integrand P(z,y,u) of the energy &£ (u,u) can be expressed in terms of U as
[0 + A(w,y)U)[x —y| "+, where A(z,y) := a(x,y)|x —y| V=P (6)

We can therefore write the double phase energy &(u, ) in terms the dual pair as

S = [ O+ AU = [ G V)i (7)

2n

where the integrand G(z,y,U) := UP + A(x,y)U?. Then it now becomes clear that
P(-,-,u) € LY(R*") if and only if G(-,-,U) € L}(R*";v).

Theorem 1.4 (Higher Regularity Result). With all the assumptions of Theorem
1.2, there exists eg > 0 depending only on data such that for every § € (0,e¢) we
have

G(x,y,U) € LI (R 1), (8)

loc

where data represents n,p,q,s,t, M, and ||u]| -

Theorem 1.2 is a simple consequence of the above theorem. We will show (8)
directly, and its proof relies on a reverse Holder’s inequality applied to the dual pair
of function and measure (G, v). The first step towards this is a suitable Caccioppoli-
type inequality for G; see Theorem 3.1. This inequality in turn relies on using the
solution w itself as an admissible test function, which is not so clear ahead of time,
but possible to show that is indeed the case using an argument adapted from [8]
for our nonlocal context; see Theorem 2.3. From this we derive a reverse Holder
inequality for G = UP + AU? (Proposition 4.3) involving a nonlocal tail; e.g.

1/p > - ra 1/n
(7[ Gdu) 3 (27 TR oG ) (][ un dy)
BxB 2k Bx2kB

k=0
+ term depending on f
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for every ball B C R" and for some 1 < p. This inequality holds only for diagonal
sets of the type B x B C R?", and is insufficient to apply tools traditionally used
to prove Gehring’s lemma such as the maximal function. Nevertheless, Kuusi,
Mingione, and Sire in [22] used a novel localization technique to show that the
reverse Holder inequalities over diagonal ball is sufficient to prove a special fractional
version of Gehring’s lemma that is applicable for dual pairs of the above type. We
will adapt this localization technique to our setting; see Section 5. Arguments with
content very similar to that of [22] are left out of this work and presented in the
companion note [28] for the sake of completeness. We additionally refer to the
original discussions and summaries of the technique in [22, 21].

1.2. Consequences and Generalizations. To streamline the presentation we
present in this paper the proofs written only for the archetypal operator £. However,
the strength of these techniques become evident when considering a much wider class
of operators. For example, define the form

Eopinin ki) = [ [ Koplan)oula) = ulm)(ola) = o(v)

+ a(x, y)Kig(2,y)dq(u(x) — u(y))(o(z) — ¢(y)) dy da,
where the kernels K, and Ky, are merely measurable and satisfy for ellipticity
constants A~ and AT

ATz —y| 7" < Kop(a,y) < Affe —y|7" 77,
ATz =y < Keg(a,y) < Af|o —y| 7771,

The measurable and monotone functions ¢, : R — R and ¢, : R — R satisfy

0<A” <At <oo. (9)

0 () S AT, 6r(2)z 2|27, forallzeR, re{pqgt.  (10)
Then our results hold for solutions u in W*P(R") N L*(R") to
Eppda K op Frg (U 0) = | f(@)p(x)da, for all g € C°(R™). (11)
Rn,

To be precise we state the following theorem.

Theorem 1.5. Let p, ¢ > 2 and s, t € (0,1) satisfy (A2)-(A3) and let a(z,y)
satisfy (Al). Fiz 6o > 0, and let f € Lf;‘:‘so(R”). Let uw € WP(R™) N L*=(R")
be any bounded weak solution to (11) with data f. Then there exists 9 € (0,1)
depending only on the ellipticity constants AT and A™, n, p, q, s, t, M, 8 and
[ull oo oy Such that for every 6 € (0, o)

P¢,K('v Lu) € Llloté(Rzn) )

where Py i (x,y,u) is the integrand of £, ¢, K., K., (U, ). In particular, there exist
positive constants 1 and 3 such that u € W TVPTe2(R™).

A notable special case is when ¢ = 0. In this situation we obtain regularity results
for a wide class of operators related to the fractional p-Laplacian. Upon careful
inspection of the forthcoming proofs one should note that if @ = 0 then solutions
need not be bounded, and we have the following theorem as a consequence:

Theorem 1.6. Let p > 2 and s € (0,1) satisfy (A3). Fiz §o > 0, and let f €
LfO*CH”(R”). Let K, satisfy (9) and ¢, satisfy (10). Suppose that u € WP (R"™)
satisfies

/ /n Ksp(z,y)pp(u(x) — uly))(e(z) — o(y)) dydz = F(@)p(z) da

R
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for every p € C°(R™). Then there exists ey € (0, 1) depending only on the ellipticity
constants AT and A~, n, p, s, and 5y but not u such that for every & € (0,¢)
we Wi (mny).,

loc

Interior Sobolev regularity for solutions to the Poisson problem for the fractional
p-Laplacian (that is, for the above operator with ¢,(t) = [t[P~2¢ and K ,(z,y) =
|z —y|~"7°P) is proven in [5]. An a priori estimate in the spirit of Theorem 1.6 for
smooth solutions to “regional” operators of the above type can be found in [34].

1.3. A Fractional Gehring Lemma for General Sobolev Functions. We
state here a version of the Fractional Gehring Lemma valid for general Sobolev
functions. For p = 2 this is exactly the statement of [22, Theorem 1.3].

Theorem 1.7. Suppose u € W*P(R") for s € (0,1), p> 2. Letn € [1,p) be fized,
let e € (0,5/p), let {ap} € £* and let (U,v) be the dual pair generated by u. Suppose
the following reverse Hélder-type inequality holds for any o € (0,1) and for any ball
B CR" and B= B x B:

U c K Co n
r - 7 Lo "
<][18 du) = oel/n—1/p (]i v dy) gl/n—1/p Z Xk (]ikzs U dl/) .

4 k=0

Then there exists a §g > 0 depending only on n, s, p, n, o, o and € such that for
all 6 € (0,00) the function u € Wl‘jcr(s’erS(R”), with the following inequality holding
for a constant C depending on n, s, p, n, o, a and &:

1/(p+8) 0 1/p
Urto du <C g (][ Updu> .
(o) <ol

4

This paper is organized as follows: In the next section we identify notation and
conventions, and show that bounded weak solutions to (1) can be used as test
functions in the weak formulation. The Caccioppoli inequality is proved in Section
3, and the reverse Holder inequality is proved in Section 4. In Section 5 we establish
the fractional Gehring lemma and associated higher differentiability of solutions.
The Gehring lemma relies on an estimate of the level sets of G its proof is quite
technical but the argument used very closely resembles that of the corresponding
result for p = 2 found in [22]. For completeness, we have placed its proof in the
companion note [28].

2. Preliminaries. Throughout, we denote positive constants by ¢, C, etc., and
they may change from line to line. We list the dependencies in parentheses after
the constant when we wish to make them explicit, i.e. if a constant C' depends only
on n, p and s, we write C = C(n,p,s). We will abbreviate the following set of
parameters as

data = (naP»(L Sata M? ”u”LOO) .
In R™, denote the open ball of radius R centered at xg by
B(zg, R) = Br(xo) :={x € R" : |x —x¢| < R}.

We will sometimes denote the ball B = Br = Bg(z() whenever the center and/or
radius is clear from context. If B is a ball centered at xy with radius R, then 0B is
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the ball centered at z¢ with radius o R. Given any measure p, denote the average
of a p-measurable function h over a set A by

1
(h) 4 ::]ihd,u: N(A)/Ah(m)du.

In dealing with functions defined on R?*" such as U, we consider the norm on R?"
defined by

(2, y)|| = max{lel, [y]},

where |- | denotes the Euclidean norm on R™. Denote the balls defined by this norm
as
B(zo, 40, R) := {(z,y) € R" xR" : |[(z,) = (20, %0)|| < R}
= B(mo,R) X B(yo,R) .
If we denote
Bgan (20,90, R) == {(z,9) € R" x R" : |z — 202 + |y — yo|* < R},

then clearly

Bgan (x0,y0, R) C B(x0,y0, R) C Bren(x0,%0,2R) .

Often we will need to consider balls in R*" centered at a point on the “diago-
nal,” that is, a point of the form (z¢,zg) for zp € R"™. In this case we abbreviate
B(zg, z0, R) = B(xo, R). We will also use the abbreviations B(xo, R) = Br(z¢) =
Br = B whenever the center and/or radius is clear from context. Whenever there
is no ambiguity we write B(zo,cR) = o5. We also denote

Diag := {(z,z) : x e R"}.

We will use the elementary inequality
> r

, 4
ri Z 27" S m, for k 2 1 and re (0,00) . (12)
j=k—1

The cardinality of a finite set A is denoted by #.4. The set of nonnegative integers
{0,1,2,...} is designated by Z..

For any domain 2 C R", 0 < 0 < 1 and r € [1,00) the fractional Sobolev spaces
are defined by the Gagliardo seminorm

wor(Q) = {ue L(Q) : [ulwer @ ::/Q Ju(@) — u(y)|”

o — y[rror dydx < oo}

Q
with norm ||-[[yye.r ) = 10y + [Tver(@)-
We will also use the following fractional Poincaré and Poincaré-Sobolev inequal-

ities throughout the paper. A proof of the first can be found in several places; see
for instance [30, 4]. The second can be found in [29, 34].

Theorem 2.1 (Fractional Poincaré-Sobolev Inequality). Letr € [1,00), 0 < o < 1.
Let B = Bgr(xg) for some R > 0, o € R™. Then there exists C = C(n,r,c) >0

such that
o 1/r*e , 1/r
W) o ([ f il )
slJp |l —y[~tor

f

for every v € W7 (B).

v(x) = (v)B
Rcr
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Theorem 2.2 (Fractional Poincaré Inequality). Let r € [1,00), 0 < o < 1. Let
B = Bgr(xo) for some R > 0, zy € R™. Then there ezists C = C(n,r) > 0 such
v(z) = (v)B

that y y
(5] ) <o 5 )
B Re Blp |z —yrtor
for every v € WT(B).

2.1. Admissible Test Functions.
Theorem 2.3. Let u € W*P(R") N L®(R") satisfy (2) with data f € L= (R™).

loc

Let B = B(xg,r) C R" be an arbitrary ball. Then every w € W*P(R"™) N L (R")
1
with E(w,w) < 0o and suppw C §B satisfies

E(u,w) = f(@)w(z)de. (13)

R’IL
Proof. Tt suffices to prove (13) for B = B1(0); the general case will follow by a scaling
argument. Indeed, for any R > 0 and z¢ € R" and for any w € W*P(R") N L*(R")

1
with £(w,w) < oo and suppw C §B(x0, R) define the functions

(@) = u(zo + Rx) € WHP(R") N L=(R"),
w(x) = w(re + Rr) € W*P(R™) N L™ (R"),
f(z) = R*? f(xo + Rx) € LY PO (R™

loc
Then E(w,w) < oo and suppw C B(0,1/2). An application of ( 3) for R=1 and
xo = 0 then gives

E(w, @) = | fx)d(x)de,

R?’L
where
E(v,) /n /n |x— |n+s|: (v(z) —v(y))(w(z) — w(y))
N B
+a(z,y) |z — y[ntia (v(z) —v(y))(w(x) —w(y))dydz
and

a(z,y) = R? "a(xq + Rr,z0 + Ry) .
Note that the function @ satisfies (A1). Therefore 13 for general xg and R follows
by rescaling.
We will first show that for any w € W*?(R™) N L>(R") with £(w,w) < oo and
1
suppw C §B there exists a sequence {w,;} C C’é’o(gB) (regarded as defined on all
of R™ via extension by zero) such that
w; = w in LP(R"), P(z,y,w;) = P(z,y,w) in L'(R®"). (14)
Let ¢ € CZ°(B1(0)) be a standard mollifier with ¢ > 0, [[¢¥[;1(gny = 1, and

1
define 9 (x) := — <£> for x € B(0,7) with 7 > 0. For 0 < 7 < 1/4 define
" T

wy = w * Y, € CF(Br4,). We claim that we can choose a subsequence 7; such
that {w.,} satisfies (14). To that end, notice first that since w € L>(R™) we have
hn%) |wr = w|| 1,5y = 0 forall m € [1,00) and for all o > 0, and thus there exists a
T—

subsequence (not relabeled) such that P(x,y,w;) — P(z,y,w) almost everywhere
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in R?". In fact, we will show that P(z,y,w,) — P(z,y,w) in L'(R*") as 7 — 0.
Directly, P(x,y,w,) — P(z,y,w) in L*(R*"\ B(0,2)):

/RQ \B( )|P({L‘7y,w7_) —P(w,y7w)|dydm
n\B(0,2

2f o)
Bs32(0) JR™\ B2 (0)

< Cllwr = wllpo(g, 0y + Cllwr = wlipags, 00 7520

|w ()P — [w(z)[”

o =y

|wr (2)|7 — |w(z)

|z —y|tte

q
dy dx

+a(z,y)

where in the last line we used the algebraic inequality ||a|? — |b|P| < pla—b|(|a[P~* +
|b|P~1) which holds true for any p > 2 and a,b € R followed by Holder’s inequality.

Thus it remains to show that P(z,y,w,) — P(z,y,w) in L*(B(0,2)) as 7 — 0.
We will show that there exist R*"-integrable functions ®, such that P(z,y,w;) <
@ (x,y) pointwise in B(0,2) for all 7 € (0,1/4) and that ®, — P(,-,w) in L*(R?").
This will imply convergence of P(x,y,w,) in L*(B(0,2)) by the Generalized Domi-
nated Convergence Theorem and thus (14) will be proved. To find such a function
®.., we introduce the expressions

T\, = inf — <Y — ) d

ar(z,y) zel}g(o)a(x Z,Yy — z),an
_ Jo(@) — o)l [v(z) —v(y)|*

Pr(xayvv) = |l‘—y|n+‘9p +a7’(x7y) \x—y|"+tq .

For = and y in Bs(0), since sp — tq > 0 we have

a-p
lwy () — wy(y)|T7P|z — y|P71 < 4Pt

R e CILE
R

< ClIE T ol < C,

where C is independent of 7. Then

|w.,-(.’£) B wT(y)|q
|z —y|"ta

P(‘T7y7w7') S |a($7y) 7a7(‘r7y)| +PT(mayau}T)

< 2M6|w7(m) B wr(y)|
o — gl

p
+ Pr(z,y,w;) < CPr(z,y,w;).

To further estimate Py (z,y,w,) we see that from the definition of a,
Py < [ e
B, (0) |z — y| TP

w(z — z) —w(y - 2)|’
()

lw(z — 2) —w(y — 2)
< /B o Vr(2)

o=yl

w(z —2) —wly = 2)I”

+a,(z,y)

[w(z — 2) —w(y — 2)|*
|z —y|rtta

+alx —z,y—2) Y- (2)dz

=/ P(z — 2,y — 2w} (2) dz
B, (0)

Take ¢, (z,y) = / P(x—2z,y—z,w)1-(z) dz. Then we have from the above cal-
B, (0)
culation that P(z,y,w,;) < C®,(x,y) for all z and y in By(0). Further, ®,(z,y) —
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P(z,y,w) in L'(R®"). Indeed, setting

.’f:(ﬂf,y), Z:= (Z,Z), V<5):U(x7y):P(x7yaw)a

we have that, after change of variables and interchanging integrals,

Lo - Peywlaays [ ] v - vE -2
:/ zp(z)/ V(@) - V(E - 3)| dFde.
B1(0) R2n

We claim that the latter converges to 0 as 7 — 0. To see this, V' belongs to Ll(Rgn)

by assumption, and so lir% |V(z) — V(2 — 72)|dZ = 0 for each z € B1(0) by
T R2n

continuity of translations in L'(R?"). Moreover,

0 [ | V@) = V@ = 3)]d7 < 2ol

The result now follows by the dominated convergence theorem.
Next we show that

E(u,wj) = E(u,w) as j — 00. (15)
We denote the integrand of £(u, w;) as T(x,y, u, w;). By Young’s inequality

o) < (PO oo MO =ML 0y 0) - s o)

< C’(P(x,y,u) + P(wvyawj)) :
Thus (15) follows from (14) and the Generalized Dominated Convergence Theorem.
Finally we have already noted that w; — w in LP" (B), and since f € LP*(B) we

have / fw;dx — fwdx. The proof is complete. O
n R’!‘L

Remark 2.4. If a = 0 then the proof of Theorem 2.3 is much easier. Indeed, any
w € W¥P(R™) with compact support (say contained in a ball B) is an admissible
test function. If w; is a sequence in CZ°(R™) converging to w in W*P(R™), then by
Hoélder’s inequality

|E(u, w;) — E(u, w)|

/n/n \x— |"+s|: lwj(z) —w;(y) — (w(z) — w(y))|dydz
< [u ]Wsp(JRn)[ j — Wlwerrn)

which converges to zero as j — co. Then w; = w in LP"(B), and since f € LP*(B)
we have fRn fwjdz — fR" fwdz, and the proof of Theorem 2.3 in the case a = 0
is finished.

3. The Caccioppoli Inequality.

Theorem 3.1. Let u € W*P(R™) N L*°(R"™) be a weak solution to (1). Let B =
1
Br(zo) C R" be a ball, and let ¢ € C°(B) such that 0 < ¢ <1, suppp C iB and
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Vel < %ﬁ) Then for some C = C(data) > 0 we have
|77 (@)ulz) = " (y)uly)
i), |x e s
Ju(z) — p(y)u(y)|*
J Jpeten o
_RSP/ |u(z |de—|—0// a(z,y) |nJ(rt3 |u(z)|? dy dz
16)
|uly )\p ' (
+C/ dx/ S Lt 27—
)| re\B |To — Y[ TP Y

|u(@)|? + [u(y)|"u(@)|
—|—C’/ /n\B x,y)l(x) dydz

o — y|mte
p'/ps
+ CR™teP (][ |f(x)|P~ dx> .
B

Proof. Following standard approaches, we take p?u as the test function in (2). We
can make this choice by using Theorem 2.3. Indeed, clearly p%u € W*P(R") N

1
L% (R™), supp pu C §B' Moreover,

£(pu, o) <C W W )P dy da
@lu, s y|n+sp u(y) P dy

u\x
+C/n/n| |n+sp| |</7( )|pdyd$
+C/n /71 azr y |S0 |n+5q)| | ( )|qdyd1'

+C/ / a(z, y |n(+tq| |p(2)|* dy dx
<C&(u,u) + CmaX{IIUHLoc ullze} - E(97, ¢7) < 00

Using ¢?u in the definition (2) we have as in (13) that E(u, pu) = / ol(z)f(x) -
B
u(z) de. Writing € (u, p?u) = I+ IT where

-/ ['“ bute) W 0 - ) o) — )

|z =y
lu(z) — u(y)|*~>
Ix—yI”“q

n- [ [ [ ) et

O (u(o) ~ w)pulo) | dyte,

T ae,y) (u(e) — uly) (" (@)ulz) - wy)u(y))] dyde,

+ a(z,y)

we will estimate each integral separately, then collect terms.
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Estimate of I. erte

I—// " |x, |”+s|§ 2 u(z) — u(y)) (¢ (z)u(z) — ¢*(y)u(y)) dy dz

q 2
[ [ at y|n+t'q (u() — ()@ (2)u(z) — P (y)u(y)) dy do
=1 +1s.

We will estimate I; first, and a similar estimate will hold for I5.
We assume first that ¢(z) > ¢(y). By adding and subtracting ¢?(x)u(y),

Ju(@) —u(y) P~ (u(z) —u(y) (¢ (@)u(z) — $*(y)u(y))
=¢(x)[u(x) —u(y)[’
+ (97(2) = () [u(z) — u(y) P> (u(z) — u(y))u(y)
=@ (x)[u(z) —u(y)|” +Rq.
We will bound R; from below. Set
Ba) = /7 ().
Then |@(z)] < |¢(z)] since 0 < ¢ <1 and ¢/p > 1, and

Ve )]|— P! (2)Vip(x) §%|V<p(x)|.
Now, by the assumption ¢(x) > <p( ) we have ¢(x) > @(y), and so
#"(x) —¢"(y) = p(oB(@) + (1 - a)@(y))“(&(m) ~ 3(w)
> —plod(@) + (1 - 0)3()|" 13() - Fy)| (18)
> —plelP3(x) — 5(@/)|7

where o is some value in [0, 1]. Then using (18) and Young’s Inequality,
Ri > —pl@[P~|@(x) — &(y)l[ul@) — um)l"~ u(y)]

>~ L @lua) — u)l - F) - B () (19)
Combining (17) and (19) gives
) — u(y) P> (u() — u(y) (" ()ulz) — P ()uly)) 0

>Co(z)u(z) — u(y)” — C"1@(x) — S(y) [P lu(y)[”
in the case that ¢(z) > ¢(y). Now we assume that ¢(y) > ¢(x). By adding and
subtracting ¢?(y)u(x) and proceeding similarly to the first case,

u(@) = uly) P~ (u(@) — u)) (¢ ()u(z) - ¢*(y)uly))

. - (21)
20 (y)lu(z) —u(y)|” — @(x) — () [P |u(z)[” .
Using symmetry and the estimates (20) and (21) gives
I >C/ max (x), p? dy dz

R OE=C L.
—O/B PA) = PWIE ) dy da,

B |z —y[ntep
where C' and C’ depend only on p. Finally, since
[P(x)u(z) — y)uy)]” < 2271 (y) [u(z) —u(y)]” + 2P~ Hu(@)P|o(z) — 2(y)IP
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[p(z)u(z) — o(y)uly)?

_C/B/B :L'—y|n+sp | ( )| dyd .

We then proceed in exactly a similar way to bound I, with ¢ taking the role of p
and ¢ taking the role of . The resulting estimate is

I >C/ / Julz) = eWu)l’ 4 4,

\w y|ntia

—C// a(x y y|nit(z| |u(z)]|? dy dz .

Estimate of II. Directly, we have
u(z) — uly) [P~ (ulz) — u(y))p?(z)u(z)
= Ju(z) = u(y) P~ (2)|u()]
> — 2772 (@) u(z) P + ¢ (a)|u()|[uly)[P7)

where the last inequality follows from the inequality (a +b)P~! < 2P72(a?~! 4-pP~1)
(valid since p > 2). Similarly, we have

[u(@) = u(y)|">(u(z) — u(y))e? (z)u(z)
> = 2172 (¢ (@) [u(@)|? + ¢ (@) u(@)|[u(y)[ ") -

We then estimate II as

we obtain

(23)

(24)

—~

— @) + [ulw)~ u(z)
"o o=y )
u(@)|? + [u(y)|?u(=)]
+ a(z,y)p?(x) =y dy dz.
1
Now, for every = € supp ¢ C §B and every y € R" \ B
R R
— oyl >y — ey — >R ==
|z —yl > ly — x| — & — wo| = 5= 5
$0
o=yl _ fso—sl+lo—yl | lmo=s] _,
[z —y| ~ |z -yl [z —y| ~
Thus we can replace |z — y| with \zo —y| in (25), which gives
m> - c/ / [ (@7 + [u() [P~ u(z)|
"\B |wo — y["teP
|u(@)]? + [u(y)|*" u(z)]
+ a(z,y)p?(x) |x0_ =T dy da
_ 26
so|[ [ gttty )l 4 g, (26)
me? |wo — y[tep

Nzx)a(x u(@)|? + u(y)| "~ u(z)| x
! /B/"\B<p (w)atzy) |[zo — y["tta wd ] '
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Simplifying further, we obtain

u(y) P!
p —
1> - RSP/ () |u(z)” da //n\B |‘x e dydz
T+ Ju(y) |7 u(z)|
—C// a(x z)| dy dz.
"\B V)¢ ) |zo — y[nHta Y

Finally we estimate the right hand side / e f(x)u(x)dz. To that end, by Holder’s
B

inequality and since |¢] <1

[ et M(/w o dx)“pl/(/f mdx)”“l/
w (s (fiseras)

Apply the Poincaré-Sobolev inequality (Theorem 2.1) to pu to obtain

/B 1 (@)u(x)de
<CR"/P'+s (/B/B |s5(36)u|;a:)_;|i(rgs/Z))U(y)|p dydx) Y (]i £ (2)

By Young’s inequality with o € (0,1) suitably small,

// .
/ o (@yu(r)da <SR+’ (][ ()] dx>p p
B g B

[p(@)u(z) — o(y)uly)”
+U/B’/B o= g[rer dydez.

We put together (23), (24), (26), and (27), and using the symmetry of a, we conclude
that there exists C' = C'(data) and an arbitrarily small o € (0,1) such that

1/p«
Px dx) .

(27)

/ / B |$_y|n£q>3 Py da + / / plajulz) ‘ﬁj C) .
<C/ |I7 |n+sz>)| u(z )|pdydx+0// a(z, y )|n+tq)||u( )9 dy da
RSP/ onpas | [ o Mdydx
+C/ /n\B 2, y) () AT |q|;; W(ylzﬁt:lw | 4y de.
G (o | | AR .

- C
Now, since |Vg| < |[Vyp| < = the first integral on the right-hand side of (28) can

be majorized by

C C
p _ |t (A=s)p < p )
R,,/BIU(QC)\ /le yl dyde < RSP/BIU(JJ)\ dz, (29)
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where the constant C' is independent of R. We also use the fact that ¢ € (0,1) and
choosing o € (0,1) to absorb the last term on the right-hand side we obtain

[,
/ / (w) ;rﬁzgu(yﬂ dy dz
_Rsp/ Ju(a |de+0// yl”it‘z u(2)|? dy da
rof o I/H” .
+0/ /n\B ) () A )Iq+lu(y)lq*1\u(x)ldydx

o — y|"He
P /D
4+ Cgr (][ | f(z)|P dx> .
o B

That concludes the proof. O

Remark 3.2. As a follow up to Remark 2.4, in the event ¢ = 0, then the assumption
u € L is not necessary for the validity of the Caccioppoli inequality.

4. Reverse Holder Inequality.

4.1. The Dual Pair. We summarize some basic properties of the measure v de-
fined in (4). These properties are natural extensions of those established in [22,
Proposition 4.1]

Theorem 4.1. For any ¢ € (0,1/p), the measure v defined as
1
V(A) ::/ . _dyds, ACR,
Az —y|rmer

is absolutely continuous with respect to Lebesque measure on R*™. Additionally,
e For B = Bg(xzo) x Br(zg),

D, E Rn+ep
V(B) = M ; (31)
€
where ¢(n,p,e) is a constant depending only on n, p and € that satisfies
1/¢(n,p) < c(n,p,e) < ¢(n,p), where ¢ is another constant depending only
onn and p.
e For every x € R" and for R>r >0,

wwem - () o

o For every a <1, R > 0 and © € R", there exists a constant Cq = Cy(n,p)
such that
v(B(z.R) _ Cy
Z/(Kl X KQ) ~ a?re
for any two cubes K1, Ko C Bg(x) with sides parallel to the coordinate azes
and such that | K| = |Ks| = (aR)"

(33)
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Proof. The identity (31) follows from the definition of the measure v and a scaling
argument. Indeed, for R=1and z =0

1
B(Ovl)) :/ / ‘.73— |n—sp / / | ‘n sp
B1(0) J B1(0 Y B1(0) J By (z) 1Y
n— 26p
/ / — yd (w 1
B1(0) /B2 (0 \l/| P

and on the other hand since Bi,(0) C By(x) for every x € Bi,(0)

1
B(0.1 :/ / 1 gyde
(1) B1(0) J By (2) 1YI" TP
1
2/ / T, dyde
By 2(0) By () [YI" 7P

- / / ey dyda = L
B12(0) I By ja0) W57 n2n 2Pep

(wn_1)22~”

Thus v(B(0,1)) = e te(n, p, €), where (wn2 lJr)p < ¢(n,p,e) <

scaling and translation argument gives (31) The doubling property (32) follows
from (31). To see (33), note that |x —y| < 2R for x € K; and y € K since K; and
Ky C Br(x). Thus by (31)

. Then a

v(B(xz,R)) = MRn-&-ap

(n p,€) / /
= dxd
aQ"R” ep K1 X, ray

C’
dyd Ky x K
a2n€ Al Az |$— |TL ep yar = ( 1 X 2)

which is (33). O

4.2. Reverse Holder Inequality. Recall that

o gt and define F(z,y) := |f(z)]. (34)

Then F € LY O*PM(R%) for every ¢ € (0,dp), as a direct calculation using Theorem
4.1 shows.

We now report the compatibility of the Sobolev-Poincaré inequality with the
definition of U. Given B = Bg(xg), define 7 € (0,1), and n € (1,00) to be
differentiability and integrability constants respectively that have yet to be fixed.
Letting € € (0, min{ 3,1 — s}) and using (31),

_ n ep
[ R L,
gltp |z —y["t e Js

T—&—@:s—i—a.
n

so long as
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Since € € (0, 2) and € < 1— s the exponent 7 remains in (0, 1) for every n € (1, 00).
With this choice of 7, by the fractional Sobolev inequality

RT
for every m € [1,n*7] with n € (1,00). We choose 7 to satisfy the relation

. nn nn np + ep?
P - — = 35
p=n n—tn  n-—n(s+e—=F) K n+sp+ep (35)

This choice of 7 is a valid Lebesgue exponent; note that n < p for all n > 2 and for
all p € (1,00), and that > 1 so long as p > 2. Taking m = n*” we summarize this
discussion in the following lemma:

np + ep?

Lemma 4.2. Let e € (0,s/p) withe <1—s and p > 2. Definen = ——.
n+sp+ep

Then
1/p CRste 1/n
_ p - n
(= olas) = S (fomar)

where C = C(n,s,p). The same inequality holds when the ball B is replaced by a
cube Q with sides of length R and with B replaced by Q x Q.

Recall that G(z,y,U) = U? + A(z,y)U?. We have the following L], estimate
for G which will lead us to a scale-invariant reverse Holder’s inequality.
Proposition 4.3. Letp € [2,00), and lete < 1—s withe € (O,min{s(z—g - i), -
(This choice is possible by Assumption (A2)). Let n be given by the formula in (35),
Let B = Br(xo) be a ball with R < 1. Then there exists a constant C' depending
only on data such that for any solution u € W*P(R™)N L*(R™) to (1) and for any
o € (0,1) we have

1/p
<][ G(z,y,U) du)
1B
C 1 1/77
S i [U (]i, ur d”)

> 1/n (36)
S ) (f )
k=0 2kB
1/(p—1)
Clev(B))7 S
N RSy . FPrdv ;
e P /p )p71 B
where
p—scr=D 4
n -+ &p
o0 1 C(n)
Proof. Let ¢ € C°(B) such that 0 < ¢ < 1, suppy C §B and |V| < =

The function (u — (u)p)p? is also an admissible test function, and repeating the
argument of Theorem 3.1 with this function instead of ¢%u leads to the inequality
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(16) with w replaced with u — (u)p. Choosing the cutoff function to additionally
1
satisfy ¢ =1 on ZB’ we can estimate after dividing both sides of (16) by |B| as

ep
R / G(z,y,U)dv
9 %B

1 ) @
:C|B|A U dy +C—|B|/ Alz, y)U
9P () (u(x) — (u)B) — 7P (y)(u(y) — (u)B)|?
Sc]é/g dydr

oy
_ _ _ q
O [ atap £~ 00) = ) = W g,
BJB |z — y|ntte
It then follows that
ReP
/ G,y U)dv <L+ L+ I3+ L +1; (37)
15

where

1 Rsp][ | B‘pd‘r

u(y) — (u)g[P~t
Igfcfso%x)m(a:) <>B|d/ uly) = (s,

re\B  |To — y["TeP

s = ]L / yn—(&-t3| |u(z) — (u)p|?dy dz,
Ju(z) — (W)l + uly) — (Wl u(x) - ()]
- _C][ /"\B =9)¢"(@) dydz,

|z — |t
p'/p«
Is =CR®P <][ | f(x)|P dx) .
B

In what follows, we estimate I; for i € {1,2,3,4,5}.
Estimate of I;: Using Lemma 4.2

ep p/n
< €8 (7[ U dy) . (38)
51)/71 B

Estimate of Io: we write Iy as a product Iy = II; - I, split the second integral 11
into annuli, and obtain

7

1, < / |u(y) (u)fl dy
oo Jerip\2iB |zo — y[tep
<SR[ )~ el ay (3
=0 2i+1B\27 B
o /(=171
<C(n))y (2R)” (7[ lu(y) — (u)Bp‘ldy) ]
=0 2J+1B
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We write each integrand in the last line of (39) as a telescoping sum and use the
triangle inequality in LP~! (note that p > 2 here) to obtain

(]i.HB lu(y) — (u)p|P~" dy) 1/(p-1)

:<][ |u(y) - (u)2-7+1B + (u)2j+lB
2i+1B
1/(p—1)
- (U)sz + (u)sz — ...+ (U)2B _ (u)B\P—l dy)

1/(p—1) J
< (][ u— (u)gss1 P! dy) + ) |(w)esip — (w)arpl -
2B k=0

By Holder’s inequality, for each k € {0,1,...,5}

(arim = (Waral < £, Juls) = (Waroral dy

1/p
<o (f fuy) — <u>2k+13|pdy) ,
2k+1B

and for j € N
1/(p—1) 1/p
(£, w-wnsra) < (f - nsPa)
2i+1pB 2i+1 B
Therefore,
1/(p—1) J+1 1/p
(][ IU(y)—(U)BI”‘ldy> <Cy. [][ lu(y) — (u)2rpl? dy] . (40)
2i+1B 2k B

k=0

Apply the Sobolev Embedding lemma (Lemma 4.2) to each term to get

1/p C(2% R)s+e 1/n
(£, - @spar) < CEZ ()
2k B 9 2kRB

Combining the last display with (40) gives

1 1/(p—1) CRere Jj+1 K(s+e) 1/n
— P=2d < 2risTe Und 41
£ e < SRS e (f )

k=0

and combining the previous line with (39) gives

CR—step-1) = [if! k(sc) /P
I, < —————— 2775P 2risTe Und .
2= T -0/ JZ::O kZ:O (]iks ”)
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Using Minkowski’s inequality on the sums,

Sl (fee) ]

p—1y (p—1)/(p—1)

j=0 Lk=0
U [ s 1/(-1)
U"dy> > o
(fra) (%
> [ & -1\ T
B C (][ UT,dV>
k=1 \j=k—1 2kB
1/n oo 1/n 0o =1 p—1
<C (7[ U”du) + <][ U"dy) 27jsp+k(p71)(s+€) ’
B kzz:l 2+B j—;l

where C' = C(s, p). Using (12), we estimate the second term of the right hand side
as

- 1/ - 1/(p—1)
3 <][ U dy) S gkt
k=1 \/2"B j=k—1
> 1/ 1/(p-1)
Cz ( Un du> (2—k8p+k(p—1)(s+a))
k=1 \/2"B

1/n
=Y 27k (][ u" dy) ,
Sl

where C' = C(s, p). Combining the previous three displays gives

-1
CR~ s+e(p—1) X 1/n\ P
(p 1 )
Uy < =5 — <Z2 c (][M U”du) .

The first integral II; can be estimated using Holder’s inequality and Lemma 4.2:

1/p CRste 1/n
p n
I, < <][ |u(x u) gl dx) < i/ <fBU dz/) )

Combining the previous two displays and using that Iy = II; - 15,

-1
C Rep 1/n > . 1/n\ P
I < — 7 (7[ un du) D o ke (][ un dy)
ePim \Js o 2658

We conclude the estimate for Iy by applying Young’s inequality for arbitrary o in
(0,1):

ep p/n P REP
IQ<CR<][U’7d1/> L CorR
B

p

oo 1/n
S ok (][ U du) ] . (42)
P 288

=0
Estimates of I3 and 14: With the estimates

_ q Vol ;e C
[ el < f Mo, 2 C e B,
B(zo,R) |7 —y["T B(zo,R) [T — Yl 1 Rt

oPep/n ep/n
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and
/ 1 dy C(n,t,q)
R\ B(zo,R) [0 —y[" e " = Rl 7
we get
CM
I+ gﬁ][ () — (u)5] da
|u(y) — (w)p|""!
+CM][ u(x dx/ — = d
il )zl re\B  |To —y|"T Y
<CMRP™ |lul7- ”][ [ul@) = (W5l 4,
R
lu(y) — (w)p[P~"
+ C'|u ][ U dz / ———d
[ull T 1 Ju( u)p| pp |70 — gt Y
p
<C][ |u(z) — (u)B|” B|
lu(y) — (w)pP~!
—|—C'][ u(z) — (u)p|dx ———dy
B| @) -l [

=l +T4,

where C' = C(data) in the last line. We additionally used that sp > tq and R < 1.
We estimate I3 indentically to I using (38):

- ep p/n
i, < <L (][ o dy) . (43)
5?/77 B

The estimate for Ly is very similar to the estimate for Is. Write the product of the
two integrals as Iy = IV - IV4, split the second integral IVs into annuli, and obtain

the analogue of (39)
1/(p=1)7P~
(.., 1wt - @sP )
2i+1B
Use the estimate (41) to get

. p—1
C Rtats(p—1)+e(p—1) =2 g+l 1/n
Jjtq k(s+e) n
IV, < ~oD/n E 2- g 2 (]ékBU du) .

k=0

IV, <CY (2R)™
j=0

Apply Minkowski’s inequality on the sums and use (12) in a way exactly similar to
the estimate for II:

oo [Jj+1 ity 1/n1P
Z 22 i gk(s+te) (][ U"du)
2kB

=0 Lk=0

-1

1

1/n [eS) 1/n ) p—1 9p—1
Un d1/> + <][ Un dy) 9—Jta+k(p—1)(s+e)
(o) o2 (L) (2

1 j=k—1

1/n) Pt
<C 9—k(GEr—s—2) <][ U"dy)
{Samma (f

IN

C
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Combining the previous two displays gives

tq+s(p—1)+e(p—1) 1/m\ P!
IV, < CR” E 2” T —s¢) ][ U"dv
ep=1)/ 2+ B

Now, since sp > tq and since R < 1, it follows that Rtat(ste)(p—1) < p=ste(p—1)
Then by using Holder’s inequality and Lemma 4.2 to estimate IV,

Iy

CR-tat(s+2)(p-1) ] e B} b)) o
< 2= 7—5 U
- elp=1)/n {][ [ulz )8l x} Z <]€k6 V)

=0
e(p—1)

<CR p

— glp=1)/n B

u(@) - (w)B
RS

p 1/p [ oo T 1/n\ P71
dx) 2” —sTE (7[ U”du)
(z
1/n [ o0 1/n\ P71
_CRE (][ U”dx) 22—1@(%—5—5) (7[ U du)
51’/77 B o ok 3

We conclude the estimate for T4 by applying Young’s inequality for arbitrary o €

(0,1):
kiQ—k( —s—¢) (]im U’?dy>1/nr. (44)

ep p/n p Rep
I4<CR [fU"d} +CO’R
B =0

= gpen ep/n

Estimate of Is: We use the definition of v to get

f It “mfffv )P dyda
Rn+sp Rn— ap/ / |f
< — + FP- .

_R"+5P//|z— = Epd dx_gji dv

Sp P /s
< Cpp;p* (][ FP du) : (45)

Combining (38), (42), (43), (44), and (45) gives (36) after some algebraic manipu-
lations. O

)|P* dy da

Therefore,

Remark 4.4. We make some remarks. The upper bound in (36) can be simplified
down to just one series. Since sp > tg

2-]@(%—5—5) < 2—’6(%—5—5) ke Z+ , (46)

so we can replace the infinite series on the right-hand side of (36) with
Co 1/n
7 U"d ’
gl/n—1/p kzzoak ( 9kB V)

where
ay = 9~ k(GEr—s—e) (47)
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Moreover, again following up Remark 2.4 in the case a = 0 one Simply takes ay =

27 K579 In any case, since £ < mln{s(— = —) >} the series Z oy, < oo and as

k=0
a consequence

o0 1/n o 1/p
«a Un dl/) < «a (][ U? dV)
Z g (]ikls Z g 2k B

k=0 k=0

[u(y) — u(=)[? e
= apv g / / dx dy)
Z < 2kB JokB |9U - y|"+6p

‘p 1/p
< R—n/p- Cle,p, s (/ / |x— ‘n+sp dxdy)

< 00.

The following corollary establishes a genuine scale-invariant reverse Holder in-
equality for an appropriately scaled version of the integrand G. This quantity will
satisfy a self-improving result.

Corollary 4.5. Let ¢ € (O mln{s(— - ﬁ) %}) (This choice is possible by As-
sumption (A2)). Let B = Bpg(zg) be a ball with R < 1. Define H(z,y,U) :=
G(z,y, U)(pfl)/p. Then there exists a constant C' depending only on data such that

for any solution u € W*P(R™) N L*(R") to (1) and for any o € (0,1) we have

v C 1/~
H(z,y, U} d <————— | { H(z,y,U)d
(7[15 (z,y,0) V) S i (]{3 (z,y,0) V)
1/~
1/7 1/p Zak< H(x y7U)7du> (48)
5

Clv(B))’ S\
+781/p*—1/p’ ]iFP dv ,

—e(p—1
where v 1= i =p - ntep <y andQ:ZW.
p—1 n-+sp+ep n-+ep

Proof. Apply (46)-(47) and the pointwise inequality U" < (U? + AUY)"/P = H to
each integral on the right-hand side of (36). The result then follows by raising both
sides of (36) to the power p — 1, using the estimate (a + b+ ¢)?~* < 327 2(a?~! +
=1 + 1) on the right-hand side, and finally using Holder’s inequality on the

1/n
H” dll) ,
kB

(£ <) (£)

Remark 4.6. If a = 0 one can see from careful inspection of the proofs that it is
not necessary to assume u € L (R") in Proposition 4.3 and Corollary 4.5.

infinite sum. That is, if we set by = (7[
2

O
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5. Fractional Gehring Lemma. We restate the inequalities that € > 0 need to

satisfy
s tq 1
eel0,—-], e<s|——+1, e<l—s, (49)
p sp P

so that the results of previous sections hold. We also recall by definition in Corollary
4.5 that H(z,y,U) := G(x,y, U)(P—l)/p_

Theorem 5.1. Let u € W*P(R™) N L=(R") be a bounded weak solution to (1)
with Assumptions (A1) and (A2). Define F as in (34) with f € LP=T%(R™) for
given &g > 0. Then there exists a constant € € (0,1 — s) depending on data and
0o, and constants 6 € (0,1) and C; depending on data and e such that whenever
B = B(xg, 00) C R*™ with gy < 1 we have

1/p’

1 oo
’ p'+6 tq /
[7[ H(z,y,U)"** dur <Ciy 2t [ H(z,y,U)" dv
B =0 2kB

1/(px+d0)
+C4 ( ][ Fpetdo du) )
B

Proof. Note that all quantities on the right-hand side of (50) are finite following
the argument in Remark 4.4. Define the truncated function H,, = min{H,m} for

(50)

positive integers m, and define the measure dy = H ?"dy. Choose o and [ such that
00 < B < a < 20p, so that

B(xg, 00) C B(xg, 8) C B(zo,a) C Bz, 200) -
By using the distributional form of the integral,

HSHY dv = [ H? dp
Bgs Bg
= 5/ N1 (Bs N {H,, > A}) dA
0
m
:5/ /\5‘1/ HY dvdx (51)
0 Bsn{H>\}
< /\3/ HY dv + 6 xs—l/ HY dvdx
Bgs Ao BsN{H>\}
=1+1I,
where Ag > 0 is a constant. We define it here as
C 00 2n+p
Ao = ?a (a — B) {Yo(z0,200) + Tail(zo,200) + ¥1(z0,200)} , (52)

where the constant C, depends only on data,

1/(p«+d5)
To(zg, R) := (f( )F”*Hf d1/> , with d5 € (0,80) to be determined,
B CE(),R

S 1/~
Tail(zo, R) ==Y 2 k(3H —s—e) (7[ HY du) ,
k=0 B

(Io,sz)
(53)
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1/p’
+ M

and, for any constant M > 1,
1/p«
)

][ HY dv ][ FP+ dy
B($07R) B(wo,R)
(54)

we write U, with M = 1 as ;. The definition of this constant \g is motivated by
the right-hand side of (48). With this choice of g, the first term in (51) is easily
estimated as

[v(B(x0, R)))’

\IIM(anR) = gl/p*fl/p’

1<)\ v(Bzgo)]i HY dv < Cu(Byy) A5 (55)
200
by the definition of Ay and by the doubling property (32), with C' = C(data,¢).
The constant A\ is chosen to additionally estimate the y-measure of the level set
{H > A} that appears in II. It turns out that for every A > Xg

1 Ca

— u(B(zo, B) N {H > A} §7/

\P ( ) 519>\’Y B(zo,a)N{H>\}
y O’ /

A5 JB(ao,a)n{F >R A)

where constants C,(data) > 0, Cf(data,e) > 1, ky(data,e) € (0,1), and positive
constants

HY dv
(56)
FP~dv,

/o ~
s T

vy ﬂf::(p*+5f)<1—p*6 Fe 1—p.0

The reverse Holder inequality (48) is used to prove this level set estimate. The proof
is quite technical. For p = 2 this same level set estimate is proved in [22, Section 5]
with appropriately defined constants and the proof for p > 2 can be carried out in
almost exactly the same manner adjusting the constants to fit into the new setup.
Presenting its proof in this work will force us to repeat arguments from [22, Section
5]. Instead we have chosen to present the proof in the companion note [28] for the
sake of completeness. For now, we use (56) to estimate II, and obtain

m<é [ N1 ﬂc‘i / HY dv
Xo VAT B (o, a)n{H>A}

U
o Frean) ax
AOr—p B(zo,0)N{F>ksA}
0o 57
gcj;é / AP —V—H‘S/ HY dvdA G0
€
0 BaN{Hpn>A}
m Aﬂf
+ Cyé %/ FP* dvdX
xo AVr0=PHL B ArFskpa}
I:IIl + IIQ .
To estimate Iy, we choose § > 0 to satisfy
Caln+sp+p) 6
e i < 1/4, (58)
so that
Co 5. Calntsptep) & 14,

(p/ _ '7)519 — Spp/ ) e3sp/n
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and so using Fubini’s Theorem

Cono

m = ——2%
T v+ 0)e?

r_ 1 ’_
/B H?, Y Y dy < 1 /B H?, Y Y du
e [e (59)

1 ,
§7/ HS HY dv.
4 g,

To estimate II; we need an additional condition on ¢, and in turn an additional
condition on 4. Recall that € > 0 can be as small as we wish, but it has not been
fixed yet. We do this now. Note that for ¢ > 0

ep(p’)? - ep(n + sp)
ntep n(s—e(p-1)°

Therefore, we can find ¢ > 0 satisfying (49) as well as a number §; € (0,do)
sufficiently small such that

ep(p’)? ep(n + sp’)

n+ep SOrs n(s—e(p—-1))°

(60)

Now that the positive constants ¢ and d; have been fixed, we come to our second
condition on J, namely the upper bound

1 / /
5 < . &pp (n+sp ) ) (61)
p—1 n24 2nep+ espp’
a consequence of this assumption is the bound
/ / /
5<4; (nt+ep)ntsp)  epp'(ntsp) (62)
n? + 2nep + espp’ n? + 2nep + espp’
Indeed, using the lower bound in (60),
1 epp'(n+sp’) _ep(p)? (ntep)(ntsp)  epp'(n+sp)

§ < .
“p—1 n2+42nep+espp’ n+ep n?+2nep+espp’  n?+ 2nep + espp’

g, ((ntep)ntsp)\ - epp/(ntsp)
- n? 4 2nep + espp’ n2 + 2nep + espp’

With these assumptions, we return to estimating II,. By changing variables and
using Fubini’s theorem,

/ BT / FPdyd\ < C / T T / FP= dy dA
Ao BanN{F>Kk¢ A} 0 BaN{F>\}

< CV(BQQON) f F;D*+5+p'71‘§f dy
6290

T4 p — Vs
< CV(BQ.QO) f Fp*+5+plf’l§f dl/,
>~ 5 5

200

where C' = C'(data, ¢). In the last inequality we used (60) and that

ep(n + sp')
n(s —e(p—1))

IN

Of & p’—5f20.
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The integral in the last inequality is finite so long as p, +J +p' — 5f < p.+ 6y, but
this is equivalent to (62). Therefore by Holder’s inequality

IIy < Cv(Bay, )N ][ Fr- oty =5
BQQO

th)o

— Cu(Bagy )N [Yo(0, 200)]P- 0+~

pxt+3+p’ =V
Pxtoy

< Cu(Bag )Ny [Pty du} (63)

< OBy, )N 7T = OBy )N
where we additionally used (32). The constant C' depends on data and e.
Combining (55), (59) and (63) in the estimate (51) gives

/ 1 ’ /
H’ HP dv < 1 / HS HY dv + Cu(B,, )A0 . (64)
Bﬁ Ba

Therefore, using the doubling property (32) and using the definition of g in (52),

1/(v'+9)
(”(B ) [ go g du)

v(Ba) Bgs

] RN V(B,,)\ Y@+
<4][BQHMH du) +C (TGS Ao

1/(p'+9) 2n+p
1 ’ C 00
- H? H? d = O(z0,200) .

O(z9, R) := To(zo, R) + Tail(xzg, R) + ¥1(x0, R) . (65)

We can rewrite the above inequality as

IN

IN

where

2n-+p
o< e+ S (725) Olen2u),

1/(p'+96) 3
where ¢(g) = <][B( )H;;le dv for o € [90,590]. Therefore, by an
o\Zo

iteration lemma [19, Chapter 6, Lemma 6.1] we come to

1/(p’+96)
(][ H,H dV) = p(00) < CO(z0,200),
B (z0)

where C' = C(data, ¢) is independent of m. Therefore, we can take m — co and by
Fatou’s Lemma obtain

1/(p'+6)
][ HP' 0 qu < CO(x0,200) -
Bgo (930)

The result (50) follows by recalling the definition of © and using Hélder’s inequality.
O
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Proof of Theorem 1.2. The result follows by using the definitions of H, G and P.
Using the 6 > 0 from Theorem 5.1, we have for any ball Br(z¢) with radius R <1

z,y,u(x), u(y pTil x—ypTTI Y dydr = pTil v
P 1+ 1) o(n E)d d Gl-‘r 5d
BJB BJB
://Hp/+§d1/<oo.
BJB

As a consequence, we see that P(x,y,u(x),u(y)) is in the weighted Lebesgue space

L}jpp;lé(B x B) where the weight w(z,y) = |z fy|p7715("_8). A simple computation

shows that w is a Muckenhoupt A, 4o s(R*™). Thus using reverse Holder property

of Muckenhoupt weights, see [1, Corollary 3.3] there exists a 7 > 0 such that
P(z,y,u(x),u(y)) € L'*7(B x B),

and therefore, P € L;F7(R?") via a covering argument. Moreover,

oo>//G1+75du>// uP) 1+ 5du

)|p+(p—1)5
// |z —y |”+5P+S5(p 1)+e(p—1)9 dyd.
Rewriting the last integral

_ p+(p—1)
// u()l FICENT dydzr < oo,
B |x ”+(P+(P D) s+ 52515

"rm@"‘(? 1)6(

so thus u € W, R™) by a similar covering argument. Note that

e(p—1)0
since € < 1 — s the differentiability exponent s + pr()l)é < 1. The definitions
p—
of the constants ¢, €1 and €2 now follow by inspection of the proof. O
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