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The fundamental solution of nonlinear equations
with natural growth terms

BENJAMIN J. JAYE AND IGOR E. VERBITSKY

Abstract. We find bilateral global bounds for the fundamental solutions associ-
ated with some quasilinear and fully nonlinear operators perturbed by a nonneg-
ative zero order term with natural growth under minimal assumptions. Important

model problems involve the equations —A ,u = o |u|P 2u+ 8xy, for p > 1,
and Fi(—u) =o Iulk_1 u + 8y, for k > 1. Here A and Fy are the p-Laplace
and k-Hessian operators respectively, and o is an arbitrary positive measurable
function (or measure). We will in addition consider the Sobolev regularity of the
fundamental solution away from its pole.

Mathematics Subject Classification (2010): 35J60 (primary); 42B37, 31C45,
35J92, 42B25 (secondary).

1. Introduction

1.1. In this paper we study the fundamental solution associated with certain non-
linear operators perturbed by natural growth terms. Consider, for 1 < p < oo, the
quasilinear operator

Lu)=LP (u) =—Apu—oul’2u, (1.1)

where A ,u = div(Vu [Vu|? ~2) is the p-Laplacian operator and o is a nonnegative
Borel measure, on R”.

Our main goal is to investigate the interaction between the differential operator
—Apu, and the lower order term o |u|? ~2 4, under necessary conditions on o. This
interaction between the differential operator and the lower order term turns out to
be highly nontrivial. We will also study the corresponding problem when the p-
Laplacian is replaced by a more general quasilinear operator, or a fully nonlinear
operator of Hessian type.

Our theorems extend to nonlinear operators very recent results [16, 17, 19] re-
garding the behavior of the Green function of the time independent Schrodinger
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operator —Au — ou. Our approach, which combines some nonhomogeneous har-
monic analysis, nonlinear potential theory and PDE methods, is based on a certain
discrete “pseudo-probabilistic” model of equation (1.1), which employs a family of
nonlinear expectation operators (see Section 4 below).

This method allows us to construct fundamental solutions of the operator £
under assumptions on o so in general the Harnack inequality fails for positive so-
lutions u of £(u) = 0. The Harnack inequality formed an essential part in classical
arguments concerning the construction of fundamental solutions to both linear and
nonlinear operators [41,54-56]. For example, our results hold for the Hardy poten-
tial o (x) = c|x|7P for0 < ¢c < ((n — p)/p)*.

Now consider the equation:

L(u) =8y, in R", inf u(x) =0, (1.2)
xeR?

where 8y, is the Dirac delta measure concentrated at xp. A solution u(x, xo) of (1.2)
understood in a suitable weak, or potential theoretic sense (see Definition 2.1), is
called a fundamental solution of the operator L, with pole at xo.

It is well known [55,56,64] that, under stringent assumptions on o, there exists
a positive constant ¢ so that

%G(x,xo) <u(x,xy) <cG(x,x), (1.3)

if [x — xg| < R for some R > 0, where G(x, xo) is the fundamental solution of A
on R": -
G(x,x0) = ¥pu|lx —x0l7~T, whenl < p <n. (1.4)

_ 1 . . X
Here y), , = % (na)n_l) =1 and w,,_1 is the surface area of the n—1 dimensional

sphere in R”. Moreover, it was shown recently by L. Verdn (see [53, Lemma 5.1])
that limy, v, u(x, x0)/G(x,x0) = c if o € L5 (R"). However, as we will see
below, u(x, xo) may behave very differently in comparison to G (x, x¢), both locally
and globally.

In this paper we will obtain sharp global estimates for the behavior of funda-
mental solutions: Suppose 1 < p < n. Then any fundamental solution u(x, xo)
with pole at xq satisfies the following lower bound.:

p—n |x—xo] o(B(x,r) /=D 4,
r-lexp|c —np '
0
(1.5)
=l 6 (B(xo, 1)) dr
-exp | ¢ — |
0 r r

for any x,xp € R”" under necessary conditions on the measure o. Here ¢ is a
positive constant depending on n and p, and B(x, r) is a ball of radius r centered
at x.

u(x, xp) = c|x — xo|
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The sharpness of this lower bound is illustrated explicitly by our primary result:

Under a natural assumption on o, there exists a fundamental solution u(x, xo) of
L satisfying the corresponding upper bound, i.e. for another positive constant c,
depending on n, p and o, it holds that:

p=n |x—xo] o(B(x,r)) /(=1 4,
u(x, xg) < clx —xp|P ' exp c/ (7’) «r
0 r=p r

(1.6)

( =0l 5 (B(x, r)) dr
- €Xp C/ n——p_ )
0 r r

See Theorems 2.2 and 2.5 below for more precise statements. Furthermore, it fol-
lows that there is a minimal fundamental solution which obeys (1.5) and (1.6);
see Corollary 3.10. These results had previously been announced without proofs
in [63].

In addition to the pointwise bounds presented above, the regularity of the con-
structed fundamental solution u(x, xg) away from the pole xo will be considered. In

particular it will be proved that u(-, xg) € WIL’CP (R™\{xp}), see Theorem 2.8. This is
the optimal regularity that one can hope for under our assumption on o, see Remark
2.9 below.

Remark 1.1. It is somewhat surprising that expressions involving both the linear

P o(B(xg,r))d . .
potential If,o(xo) = W—r of fractional order p, and the nonlinear
r r

0
Wolff’s potential, introduced in [21],

Wiyt = [ (2" 0
P A |

r=p r

should appear, in the exponential form, in global bounds of solutions of the equation
—Apu—o ulP=2u = 8xp-

We observe that local Wolff’s potential estimates of solutions of the equation
—Apu = o were established by Kilpeldinen and Maly in [33], while the fully
nonlinear analogues for Hessian equations are due to Labutin [36].

A simple corollary of our results (Corollary 7.2 below) gives necessary and
sufficient conditions on o which ensure that u(x, xo) and G(x, xg) are pointwise
comparable globally. This requires the uniform boundedness of the Riesz potential
I,0 when 1 < p < 2 and the Wolff potential Wy ,o0 when p > 2:

Suppose there is a constant ¢ > 0 so that (1.3) holds for all x,xo € R". Then
necessarily,

*® o(B(x,r))d
sup/ M—r<oo if 1<p<2, (1.7)
0

xR r—r r

00 B(x, 1/(p—1) d
sup / (M> T e if p>2. (1.8)
0

xeRn rn—p r



96 BENJAMIN J. JAYE AND IGOR E. VERBITSKY

Conversely, (1.7)—(1.8) are sufficient for (1.3) to hold for all x, xy € R", under a
natural smallness assumption on o discussed below.

In a recent paper of Liskevich and Skrypnik [40], an indication of this behav-
ior involving the linear potential I,(o) when 1 < p < 2 appeared for the first

time. They studied isolated singularities of operators of the type Lu = —Au —
o |u|P~2 u, under the assumption that ¢ is in the quasilinear Kato class (see, e.g.,
[71):
P o |(BG, r)\ P ar
lim sup f M — =0. (1.9)
p—0% xern Jo rep r

In this paper we will assume that o is a positive Borel measure satisfying the fol-
lowing capacity condition:

o(E) < C cap,(E) forany compact set E C R", (1.10)

where cap), is the standard p-capacity:
capp(E) = inf{ ||Vf||fj,, c f>=1onE, feCi*@®R}. (1.11)

This intrinsic condition, which originated in the work of Maz’ya in the context
of linear problems (see [44]), is less stringent than the quasilinear Kato condition
(1.9). However, when working in this generality, we cannot expect solutions to be
continuous or satisfy a Harnack inequality.

It is easy to see that (1.10) with constant C = 1 is necessary in order that
u(-, xo) be finite a.e., which is an immediate consequence of the inequality

/ Ihlpdofs‘/]R |Vh|P dx, h e Cg°(R"). (1.12)

The preceding inequality holds whenever there exists a positive supersolution u so
that —A,u > oub! (see Section 4). We observe that, in its turn, (1.10) with
C = (p — 1)?/pP yields (1.12) (see [44]).

1.2. Recall that the fundamental solution of the Laplacian operator plays an impor-
tant role in the theory of harmonic functions not only because of the principle of su-
perposition, but also because of its importance in understanding how solutions near
an isolated singularity can behave, see e.g. [3, Theorem 1.3.7]. The latter theory car-
ries over to the theory of the quasilinear and fully nonlinear operators considered
here, and hence from the bounds for the fundamental solution we deduce a rather
complete analysis of the behavior of solutions of £L(u#) = 0, and the analogue for
the k-Hessian operator, in the punctured space. For the quasilinear operator, this has
been considered under a variety of assumptions on ¢ in [40,49,55,56,64]. Isolated
singularities of nonlinear operators have been studied recently in [35,38]. We will
present this application in a forthcoming note, where we will also consider other
applications, for instance to the study of sign changing solutions of the equation:

—Apu = |Vul” +o, (1.13)

see, for instance [2,14,20,27,46] for some of the existing literature regarding (1.13).
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1.3. The plan of the paper is as follows. In Section 2 we precisely state our main
results regarding the fundamental solution of (1.1) and its fully nonlinear analogue.

In Section 3, we rapidly review some elements of the theory of nonlinear PDE
from a potential theoretic perspective. We are essentially interested in two aspects
of this theory: potential estimates for solutions, and weak continuity of the elliptic
operators. In this section we also collect a few facts about capacities, and discuss
minimal fundamental solutions. After this, in Section 4, we discuss how the poten-
tial estimates reduce matters to the study of certain nonlinear integral inequalities.
In this section we also discuss the necessary capacity conditions on the measure o
in order for positive solutions of the differential inequalities Lu > 0 or Gu > 0 to
exist.

Section 5 is concerned with finding a lower bound for any positive solution of a
certain nonlinear integral inequality. This bound is proved by estimating successive
iterations of the inequality by induction. From this bound Theorems 2.2 and 2.11
are deduced, and their proofs conclude Section 5.

In Section 6, we consider the problem of constructing a positive solution to the
integral inequality of Section 5. This construction forms the main technical step
in the arguments asserting Theorems 2.5 and 2.12, which we prove in Section 7.
In this section we also discuss criteria for the fundamental solutions of £ and G to
be pointwise equivalent to the fundamental solutions of the unperturbed differential
operators.

Finally, in Section 8, we consider the Sobolev regularity of the fundamental
solution away from its pole. This is the content of Theorem 2.8 below.

2. Main results

We need to introduce some notation before we can state our results. The global
bounds will involve two local potentials, a nonlinear Wolff potential, and a linear
Riesz potential. If s > 1, > 0 with 0 < as < n, we define the local Wolff
potential of a measure o, for p > 0, by:

? (o(B(x,r))\"/" " ar
Wg’SO'(X) =/(; ( Fn—as P (2.1)
For 0 < @ < n the local Riesz potential of o is defined by:
P o(B(x,r))dr

We make the convention that when p = 400, then we write W, s0 and I,o for
W0 and I7°o respectively. In particular,

+00
Iaa(x):f o(Bx.r))dr :(n—a)—I/ Ao (g3
0 r R

pn—a n |x _ y|n—oz .
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When do = f(x)dx where f € L (dx), we will denote the corresponding po-

loc

tentials by W, s f and I, f respectively.

2.1. Let us first state our main result for the quasilinear operator £ defined by
(1.1). We choose to work with solutions in the potential theoretic sense, see Sec-
tion 3 below. The reader should note that these solutions are by definition lower
semicontinuous, and hence defined everywhere, and so it makes sense to talk about
pointwise bounds. We could have alternatively worked with solutions in the renor-
malized sense, see [12] for a thorough introduction.

Definition 2.1. A fundamental solution (with pole at xg) of the operator £ de-
fined by (1.1), is a positive p-superharmonic function u( -, xp), such that u €
Lﬁ;l(a), satisfying equation (1.2). The equality in (1.2) is understood in the p-
superharmonic sense, i.e. in the sense of Definition 3.1 in Section 3 below.

When we write u(x, xo) is a fundamental solution of L, with no mention of the
pole, we tacitly assume that it has pole at xg.
The first theorem concerns the lower bound for fundamental solutions. Through-
out this paper, unless stated otherwise, we will make the assumption that the mea-
sure ¢ is not identically 0.

Theorem 2.2. a) Let 1 < p < n, xg € R", and suppose u( -, xo) is a fundamental
solution of L with pole at xo. Then (1.10) holds with C = 1. In addition, there is a
constant ¢ > 0, depending on n, p such that the bound (1.5) holds. In other words,
forall x e R"

— |x—xo |x—xol
u(x, xg) > c|x — xo| 7' exp (cW (o)(x) + pr (0)(x0)> .

1,p

b) If p > n, and u is a nonnegative p-superharmonic function satisfying the differ-
ential inequality:

Lu>0, inR"

then u = 0.

Remark 2.3. Part b) of Theorem 2.2 is a Liouville theorem, and when p > n it is
related to the important recent works of Serrin and Zou (see [57, Theorem II']), and
Bidaut-Véron and Pohozaev [6]. When p = n the result is a straightforward conse-
quence of well known local estimates of the Riesz measure of a p-superharmonic
function, for instance one may use [32, Lemma 3.5]. For several special cases the
result follows from those in [6].

Remark 2.4. As we shall see below (in Lemma 4.3), the condition (1.10) is in fact
necessary for the existence of a positive p-superharmonic function satisfying the
inequality Lu > 0 in the p-superharmonic sense.

In the case when 1 < p < n, itis a nontrivial fact that when ¢ = 0 that the fun-
damental solution is in fact unique; this was proved in [28]. An alternative method
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is outlined in [60], where uniqueness of the fundamental solution to the fully non-
linear k-Hessian operators when 1 < k < n/2 is treated. However, when o is not
trivial, it is known even in the linear case (p = 2, or k = 1) that solutions of L are
not necessarily unique for a general measure o (see [47]). It is therefore desirable
to single out a distinguished class of fundamental solutions. We are interested in
fundamental solutions of £ which behave like the lower bound (1.5). The existence
of such fundamental solutions, called minimal fundamental solutions, is the content
of the next theorem.

Theorem 2.5. Let 1 < p < n, xo € R" and suppose o is a nonnegative Borel
measure so that (1.10) holds. There is a constant Co = Co(n, p) > 0 such that if
(1.10) holds with constant C < Cy, then there exists a fundamental solution u( -, xg)
of L with pole at xg, together with a constant ¢ = c(n, p, C) > 0, so that the upper
bound (1.6) holds for all x € R", i.e.

u(r, %) < el = x| 7 exp (W}, (@) () + el (@) (x0) )

Remark 2.6. As a corollary of Proposition 3.8 - which states that whenever there
exists a fundamental solution of L with pole at xy, then there exists a unique minimal
Sfundamental solution of L with pole at xo - we assert the existence of a unique
minimal fundamental solution of (1.1) obeying the bounds (1.5) and (1.6). See
Corollary 3.10 below.

When p = 2, the p-Laplacian reduces to the Laplacian operator and Theorems
2.2 and 2.5 are contained in some very recent work of M. Frazier and the second
author [16]. In fact when p = 2 the lower bound, Theorem 2.2, has been known
for some time, under various restrictions on o (see [19]). The corresponding upper
bound seems to be much deeper. In [16, 17] such bounds for the Green function of
Schrodinger type equations with the fractional Laplacian operator are discussed.

Remark 2.7. From our method it is clear that Theorems 2.2 and 2.5 continue to
hold if we replace the p-Laplacian operator by the general quasilinear A-Laplacian
operator div A(x, Vu) (see, e.g., [22], and Section 3 below). The constants appear-
ing in the theorems will then in addition depend on the structural constants of .A.

Having constructed a fundamental solution, we now turn to considering how
regular it is away from the pole xp. This is the content of the next theorem.

Theorem 2.8. Suppose the hypothesis of Theorem 2.5 are satisfied, and that
u(x, xo) # oo, with u(x, xg) the fundamental solution constructed in Theorem 2.5.
Then, there exists Co = Co(n, p) > 0 so that if (1.10) holds with C < Cy, then:
1,
u(-, x0) € Wyl (R"\{xo}).
Remark 2.9. The local Sobolev regularity Wlt’cp (R™\{xo}) is optimal for solutions

of L(u) = 0 under the assumption (1.10) on o, see [24]. Theorem 2.8 seems to be
new in the linear case p = 2. In this case the proof, given in Section 8, can clearly
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be easily adapted to deduce the local regularity of the minimal Green’s function
of the Schrodinger operator in a bounded domain €2, as was constructed recently
in [16,17].

2.2. We now move onto a fully nonlinear analogue of Theorems 2.2 and 2.5. Let
1 < k < n be an integer. Then the second operator we consider, denoted by G, is
the fully nonlinear operator defined by:

Gu) = Fr(—u) — o [ul ' u. (2.4)

Here o is again a nonnegative Borel measure, and Fy, is the k-Hessian operator, in-
troduced by Caffarelli, Nirenberg and Spruck [8], and defined for smooth functions

u by:
Feay= " D ki hg
1<ij<--<ix<n
with A1, ... A, denoting the eigenvalues of the Hessian matrix D*u. We will use

the notion of k-convex functions, introduced by Trudinger and Wang [59], to state
our results. See Section 3 for a brief discussion and definitions.

Definition 2.10. A fundamental solution (with pole at xg) u( -, xg) of G is a func-
tion such that —u( -, xg) is a k-convex function so that u( -, xg) € L{‘OC (o) satisfying
Gu(-, xp) = dy, in the viscosity sense, and inﬂg u(x, xg) =0.

xeR”

The necessary condition on ¢ is now considered in terms of the k-Hessian
capacity, introduced in [61];

capr(E) = sup{ ux[ul(E) : uisk-convexinR", —1 <u <0 }, (2.5

for a compact set E. Here ug[u] is the k-Hessian measure of u; see Theorem 3.6
below.

Theorem 2.11. a) Let 1 < k < n/2, and let xo € R". If u(-, xq) is a fundamental
solution of G, then there is a constant C > 0, C = C(n, k), such that

o (E) < C capi(E) for all compact sets E C R". (2.6)

In addition, there is a constant ¢ > 0, ¢ = c¢(n, k, C), such that

P =l (o (B(x,r)\ " dr
u(x,xp) >clx —xo|" " kexp|c —— —
0 ri— r

lx—xol o (B(xg,r)) dr
-exp|c — = |-
0 r r

b) Let k > n/2. Then if u is a nonnegative function so that —u is a k-convex function
satisfying the inequality:

(2.7)

Gw)>0 in R”
then u = 0.
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Theorem 2.12. Let 1 < k < n/2, and suppose o is a nonnegative Borel measure
satisfying (2.6). There is a constant Co = Co(n, k), such that if C < Co and
(2.6) holds with constant C, then there exists a fundamental solution u( -, xo) of G,
together with a constant c = c(n, k, C) so that

; [x—xol B 17k 4
u(x, x0) < c|x —xo|*"% exp (6’/ (&J;r)) =
0 rh— k r

=0l o (B(xo. 1)) dr
ceXp | ¢ A rn72k T .

Remark 2.13. Part b) of Theorem 2.11 is easy to see using well known local es-
timates. For instance, one can readily deduce the result from [59, Theorem 3.1],
along with a routine approximation argument using weak convergence of Hessian
measures.

(2.8)

3. Preliminaries

3.1. Notation. For an open set 2, we denote by Lf:)c (€2) to be the space of functions
locally integrable to the p-th power with respect to Lebesgue measure. Similarly,

Lf:)C(SZ, do) then denotes the space of functions which are locally integrable to the

p-th power with respect to ¢ measure. WIL’CP (£2) is the space of functions u €

L{;C(Q), with weak derivative Vu € L{;C(Q; R™). From time to time, we will use
the symbol A < B to mean that A < C B with the constant C > 0 depending on
the allowed parameters of the particular result being proved.

For a set E, we will write either o (E) of |E|, to denote the o-measure of E.

3.2. In this section we will introduce some fundamental results from the potential
theory of nonlinear elliptic equations. Two results will be key to our study: a poten-
tial estimate; and a weak continuity result. The potential which the estimates will
involve is called the Wolff potential [21]. For s > 1 and 0 < as < n, we define the
Wolff potential of a nonnegative Borel measure u by:

00 1/(s—1)
Wo sp(x) = /0 <M> d_V 3.1

rl’l—OlS r
We first will discuss quasilinear equations. The material regarding these equations
is drawn from [22,32,33,42,50,51,61].
Let us assume that A4 : R" x R" — R” satisfies:

x — A(x, &) is measurable for all £ € R”, and

& — A(x, &) is continuous for a.e. x € R".
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In addition suppose that there are constants 0 < o < f < oo so that for a.e.
x e R™
a6’ < A(x.§) &, and A, §)] < BIEIPT.

We will also assume that:

(A(x, &) — Ax, &) - (51— &) >0

whenever &1 # &;.

Now, let Q be an open subset of R”, (we will be most interested in the case
Q = R"). Whenever u € Wllof (2), we define the divergence of A(x, Vu) in the
distributional sense. As follows from the classical regularity theory of de Giorgi,
Nash and Moser, any u € Wll)’cp (2) solution of —div.A(x, Vi) = 0 in the dis-
tributional sense has a locally Holder continuous representative, and we call these
representatives .4-harmonic functions. Here and in the following the p-Laplacian
operator corresponds to the choice of A(x, §) = |&|P 2 &, in this case .A-harmonic
functions are called p-harmonic functions, and similarly p-superharmonic func-
tions are A-superharmonic functions (as defined below) in this special case.

In analogy with classical superharmonic functions, we define the A-superhar-
monic functions via a comparison principle. We say that u : Q — (—o0, 00] is A-
superharmonic if # is lower semicontinuous, is not identically infinite in any com-
ponent of €2, and satisfies the following comparison principle: Whenever D CC Q2
and h € C(D) is A-harmonic in D, with 7 < u on 9D, then & < u in D.

An A-superharmonic function u does not necessarily have to belong to
W, (), but its truncates Ty(u) = min(u, k) € W.”(R) for all k > 0. In ad-
dition Ty (u) are supersolutions, i.e. —div.A(-, VT (1)) > 0, in the distributional
sense (see [22]).

The above paragraph leads us to the definition of the generalized gradient of
an A-superharmonic function u as the unique Lebesgue measurable function Du so
that:

Du(x) = V(T (u))(x) whenever x € {u < k}

see e.g. [32, page 595]. The function Du is then necessarily the distributional gra-
dient of u.

Let u be A-superharmonic and let 1 < ¢ < n/(n — 1). Then it is proved
in [32] that |Du|?~! and A(-, Du) belong to L?OC(Q). This allows us to define a
nonnegative distribution for each A-superharmonic function u by:

—divA(x, Vu) () = / A(x, Du) - Vi dx (3.2)
Q
for y € C3°(R2). So, the Riesz representation theorem yields the existence of a

unique nonnegative Borel measure w[u] so that —divA(x, Vu) = pfu]. Further-
more, by the integrability of the gradient, it follows that for any r > n:

/A( ; Du)‘qudx:/ ¢du, forall ¢ € Wl”(Q) with compact support. (3.3)
Q Q
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We now formally define solutions involving the perturbed operator £ in the p-
superharmonic sense:

Definition 3.1. For a nonnegative measure w we will say that —div.A(-, Vi) = w in
the p-superharmonic sense if u is p-superharmonic, and u[u] = w. Thus L(u) = w
in the p-superharmonic sense if pu[u] = ou?~! + w.

Remark 3.2. A major open problem in the theory of the quasilinear operators mod-
eled by the p-Laplacian is to find the correct notion of solution in order to guaran-
tee both existence and uniqueness. As a result there are many notions of solution
which have been developed, of which p-superharmonicity is the weakest. There
are alternative notions of solutions which we could have introduced to obtain our
results, for instance either renormalized solutions or supersolutions up to all levels,
see [12] and [42] respectively. We chose to use the language of A-superharmonic
functions because the potential estimates (Theorems 3.4 and 3.5) were developed
in this framework. It was shown in [26] that A-superharmonic functions coincide
with the notion of viscosity supersolutions for the operator 4. Moreover, it has
very recently been shown that p-superharmonic functions are locally renormalized
solutions, see [31]. For more information on these competing notions of solution,
we refer the reader to T. Kilpeldinen’s survey article [30].

We now state a very useful convergence result, contained in Kileplainen and
Maly [32, Theorem 1.17].

Theorem 3.3 ([32]). Suppose {u j}; is a sequence of nonnegative A-superharmonic
functions in an open set Q2. Then there is a subsequence {u j }x which converges
almost everywhere to a nonnegative function u which is either p-superharmonic or
identically infinite in each component of 2.

The next result, first stated explicitly in [61], shows that A-Laplace operator is
weakly continuous.

Theorem 3.4 ([61]). Suppose {u }; is a sequence of nonnegative A-superharmonic
functions which converge almost everywhere to an A-superharmonic function u.
Then plu ;] converges weakly to p[u].

The second major result we need is the Wolff’s potential estimates of Kilpeldinen
and Maly [33] (see also [42,50]).

Theorem 3.5 ([33]). Let u be a nonnegative A-superharmonic function in R" so
that infycrnu(x) = 0. If u = —div A(-, Vu), then there is a constant K =
K(n, p,a, B), so that for all x € R",

1
X Wi pnx) <ulx) < KW pu(x). (3.4)

3.3. We now turn to the fully nonlinear counterpart of these results. A very recent
and comprehensive account of the k-Hessian equation is [65]. Here k-convex func-
tions associated to the k-Hessian operator, introduced by Trudinger and Wang [59],
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will play the role of .A-superharmonic functions in the quasilinear theory above.
Let Q C R” be an open set, let k = 1,...,n and u € C*(S2), then the k-Hessian
operator is:

1<i|<--<ix<n

where Aq, ..., A, are the eigenvalues of the matrix D?u. We will then say that
u is k-convex in Q if u : Q@ — [—00, 00) is upper semicontinuous and satisfies
Fr(u) > 0 in the viscosity sense, i.e. for any x € Q, Fr(q)(x) > O for any
quadratic polynomial g so that u — g has a local finite maximum at x. Equivalently
(see [59]), we may define k-convex functions by a comparison principle: an upper
semicontinuous function u : Q2 — [—00, 00) is k-convex in 2 if for every open set
D cc Q,and v € C2_(D) N C (D) with Fx(v) > 0in D, then

loc

u<vondD — u<vinD.

Let &% () be the set of k-convex functions such that  is not identically infinite in
each component of 2. The following weak continuity result is key to us.

Theorem 3.6 ([59]). Let u € ®X(Q2). Then there is a nonnegative Borel measure
Wrlul in Q such that

o urlu]l = Fy(u) whenever u € C%(Q), and
o [f{um}m is a sequence in Ok (Q) converging in LlloC (R2) to a function u, then the
sequence of measures {ux[um}m converges weakly to i [u].

The measure i [u] associated to u € ®%(Q) is called the Hessian measure of u.
Hessian measures were used by Labutin [36] to deduce Wolff’s potential estimates
for a k-convex function in terms of its Hessian measure. The following global
version of Labutin’s estimate is deduced from his result in [50]:

Theorem 3.7 ([50]). Let 1 < k < n, and suppose that u > 0 is such that —u €
K (Q) and infyern u(x) = 0. Then, if @ = uxlul, there is a positive constant K,
depending on n and k, such that:

W < < W R".
c %,HIM(X) <ux) < %’kﬂu(x), x €

3.4. This subsection is concerned with minimality of fundamental solutions. A
minimal fundamental solution u(x, xg) of L defined by (1.1), is a fundamental so-
lution of £ as in Definition 2.1, so that u(x, xg) < v(x, xo) whenever v(x, xg) is a
fundamental solution of £. Our aim is to prove the following proposition.

Proposition 3.8. Let 1 < p < n and o be a nonnegative measure. Suppose that
there exists a fundamental solution v(x, xo) of L with pole at xy. Then there exists
a unique minimal fundamental solution u(x, xo) of L.
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We will need the following simple lemma, and as we could not locate a refer-
ence we will provide a proof.

Lemma 3.9. Let Q C R” be a bounded Lipschit; domain, and suppose that v is
a positive p-superharmonic function in Q so that Ty (u) € WP (Q) for all k > 0,
and —A v = v for a nonnegative measure v. Let 1 < v, be a compactly supported
measure in 2, then there is a nonnegative p-superharmonc fuction w, such that
w < vand:

—Apw = pin Q, w =0 continuously on 3$2. 3.5)

Proof. Let Ty (v) = min(v, k), and let v be the Riesz measure of T;(v). Then
Vg € W*I’P/(Q), and vy — v weakly. Let uy be a sequence in W*I’P,(Q) so that
Wk < vr and uxy — p weakly. By the compact support of ;. we may also assume
that there is a compactly supported set K C €2, which contains the support of pix,
for each k (otherwise we just multiply 11x by a smooth bump function ¢ € C§°(K)

such that ¢ = 1 on the support of ). Let wy € WP (Q) be the solution of:
—Apwg = pgin Q, wi =0o0n9dQ2.

Such a unique solution exists by the theory of monotone operators due to Browder
and Visik, see e.g. Showalter [58, Chapter 2, Proposition 5.1], The reader can
alternatively consult the monograph J. L. Lions [39].

In addition, 0 < w; < Tix(v) < v in 2. The first and second inequalities here
are by the classical comparison principle. Therefore, by [32, Theorem 1.17], we see
that by a relabeling of the sequence, we may assert that there is a p-superharmonic
function w = limy_, oo wy almost everywhere, with w < v and —A,w = pu.

It remains to prove that w is zero at the boundary and attains its boundary value
continuously. First note that each wy is p-harmonic in Q\ K. Since 2 is Lipschitz,
there exists M > 2, ¢ > 0 and 0 < rg < d(K, 0€2)/4, such that for all z € 9Q2
and 0 < r < ro: SUPg(;,/one Wk = ¢ wk(a(z)), here a(z) is a point such that

M~r <la(z) — z| < Mr. This is a well known boundary estimate, see e.g. [5,37].
Combined with the boundary regularity of p-harmonic functions, [43] (see also
[22,42]), we see that each wy is locally Holder continuous in a neighbourhood of
each boundary point with constants independent of k. Indeed, there exists constants
¢, 0 > 0 depending on n and p, such that if 0 < r < rg, then for each z € 92 and
x,y € B(z,r/c)NQ:

lwe(x) —we(MI< e max  wg-lx —yl? < cuwpa@) - Ix -y’
B(w,r/c)N2

p ] ) (3.6)

wr-lx —yl” <c inf velx —y|”.

<c inf
B(a(z),r/2M) B(a(z),r/2M)

The third inequality in display (3.6) follows from the second by Harnack’s inequal-
ity. That w = 0 continuously on 92 follows from (3.6). O

By Theorem 2.2, we may assume that o satisfies (1.10) (see Lemma 4.3 be-
low), in proving Proposition 3.8. This assumption is the key for the construction,
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as we will apply uniqueness results. For general measure data, the uniqueness of
solutions in a suitable sense is an open problem for the p-Laplacian.

Proof of Proposition 3.8. Let w be any fundamental solution of the operator £ de-
fined by (1.1) with pole at xo. We will construct a fundamental solution u so that
u < w. This construction will be independent of choice of w and hence will prove
the proposition. Our first goal is to show w > ug = G(:, xg), with G(x, xg)
defined as in (1.4). By using Lemma 3.9 repeatedly in a sequence of concentric
balls, along with Theorems 3.3 and 3.4, we assert the existence of a solution wq of
—Apwp = 8y, in R", with wg < w, and hence inf,crr wo(x) = 0. Since G (x, xo)
is unique (see [28]), it follows that wg = ug. Thus w > uy.

Now suppose that w > u,,_1. Then, for each j and k > j, we see by Lemma

3.9 there is a positive p-superharmonic function u,]ﬂ’k solving:

i,k -1 . ik
—Apu,jn = (GMZ_I)XB(XO’ZJ‘) + 0y, in B(x0,2k), ul" =0 on aB(xo,Zk)

with u,];{k < w. But using [62, Theorem 4.2] (which applies as a simple conse-
quence of (1.10), and u/fn’j being p-harmonic near 9 B(xo, 25Y), we see that u,%k
is unique (and hence independent of w). By combining Theorems 3.3 and 3.4,
we conclude that there exists a p-superharmonic function u% such that —A pu,{, =

(U“Zill)XB(xo,zf) + 6y, in R". Furthermore u;ﬁ; < w, and hence infy cgn u‘,’;,(x) =0.

We remark here that there are other uniqueness results with slightly different hy-
pothesis, (for instance see [12,34]) which could also be used, but the cited theorem
of Trudinger and Wang above is quickest to verify here.

Again by Theorem 3.3, and weak continuity (Theorem 3.4), there exists a p-
superharmonic function u,, such that: —A ,u,, = cruf,:ll + 6y, in R" and u,,, < w.
Therefore infycrn u,y,(x) = 0. Appealing to Theorem 3.3 and weak continuity a
final time, we find a p- superharmonic function u such that —A ,u = ou?~! 4§y,
in R" and u < w, thus inf;crr u(x) = 0 and u is a fundamental solution of L.

The proposition is proved, since whenever w is a fundamental solution of L,
then iteratively we see that w > u,, for all m and hence w > u. O

With this proposition the following Corollary is an immediate consequence of The-
orems 2.2 and 2.5.

Corollary 3.10. Suppose that o is a nonnegative measure satisfying (1.10) with
constant C > 0. Then there exists a positive constant Cqy depending on n and p, so
that if C < Cy, there exists a unique minimal fundamental solution u(x, xo) of L
defined by (1.1). Furthermore u(x, xo) satisfies global bilateral bounds (1.5) and
(1.6), with a different constant c = c(n, p) > 0 in each direction.

The existence of a minimal fundamental solution for the k-Hessian operators
can be shown in a similar way to the quasilinear case presented above, adapting
techniques in [60].
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3.5. We finish this section with a brief discussion of capacity. In the range of
exponents we are interested in, both the p-capacity and the k-Hessian capacities are
equivalent, for compact sets, with certain Riesz capacities.

Lets > land 0 < a < n. For E C R", we define the Riesz capacity of E by
the following:

capes(E) =inf{ | flI}s © feL’®RY), f20, Iyf =1onE }. (37

See (2.3) for the definition of the Riesz potential I,.
Recall the p-capacity defined in (1.11). Then we have the following equiva-
lence.

Lemma 3.11. Let 1 < p < n. Then there is a positive constant C = C(n, p) so
that, for all compact sets E C R":

1
a1 p(E) < cap, (E) < Cap, (E).
For a proof of this Lemma, see, e.g., [44] or [42].
Now, recall the k-Hessian capacity (2.5). Then the following equivalence holds
(see [50, Theorem 2.20]).

Lemma 3.12. Let 1 < k < n/2. Then there is a positive constant C = C(n, k) > 0
so that for all compact sets E C R":

1
Ecap%,kH(E) < capi(E) < Ccap%’kH(E).

4. Reduction to integral inequalities and necessary conditions on o

4.1. In this section we will show how our study of the fundamental solutions of £
and G can be rephrased into a question of nonlinear integral operators. The Wolff
potential estimate will be the key to this idea, recall the definition from (3.1).

Let us introduce two nonlinear integral operators, 7 and N>, acting on non-
negative functions f > 0 by:

N(f)(x) =Wy ,(fP"do)(x), and: 4.1)
No(f)@) = Wy (ffdo)(x) (4.2)

see also (4.5) below. These operators appear naturally in studying the equations
L) = w and G(u) = w for a nonnegative Borel measure w. Indeed, if 1 < p <n
and u is a nonnegative p-superharmonic function such that £(#) = w, then by the
Wolff potential estimate, Theorem 3.5, there is a constant C = C(n, p) > 0 such
that

u(x) = CWi P do)(x) + CWi (@) (x).
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Note that from this it follows that u € Lﬁ;l(o). Hence, if u is a fundamental
solution of £, then it follows:

u(x) = CNw)(x) + C |x — xo| 71 (4.3)

since Wy ,(8x)) (x) = c(n, p) [x — xol% when 1 < p < n. Here C is a positive
constant depending on n, p.

In much the same way, if 1 < k < n/2 and u is a nonnegative function so that
—u is a k-convex solution of G(#) = w in the sense of k-Hessian measures, then
by the Wolff potential estimate, Theorem 3.7, there is a constant C = C(n, k) > 0
such that

u(x) = CNo(u)(x) + CW 2 1 (@) (x).
k+1°

Thus u € L{‘OC (o), and hence if u is a fundamental solution of G, then there is a
constant C = C(n, k) so that

u(x) > CNa(u)(x) + C |x — xo|> k. (4.4)

With the aid of the Wolff potential, by introducing the N} and N5, we have rephrased
the problem of finding lower bounds for the fundamental solutions to finding lower
bounds of solutions of the nonlinear integral inequalities (4.3) and (4.4).

In addition, we will see in Section 6 that explicitly constructing solutions of
(4.3) and (4.4) will be the main technical step in proving existence of minimal
fundamental solutions of the differential operators £ and G.

As a result of this discussion it makes sense to introduce a more general non-
linear operator which generalizes both A/} and ;. To this end, recall that the Wolff
potential acting on a measure w is given by (3.1).

Lets > 1, o > 0 sothat 0 < as < n, then we define the nonlinear operator
N, for a Borel measurable function f =0,by:

N()x) = We i (£ do)(x)

00 1/(s—=1) 4.5)
= / ( - / f“‘(z)dcr(z)) ar
0 r B(x,r) r

The operators 1 and N are clearly special cases of A for certain choices of a
and s.

4.2. Fix s > 1 and « so that, 0 < as < n. For the remainder of this section we will
be concerned with positive solutions u of the integral inequality:

u(x) > CoNu(x) (4.6)

where Cy is a positive constant. Our first goal will be to prove some necessary con-
ditions on the measure o for there to exist positive solutions of (4.6). In particular,
we will prove the following theorem. Recall the definition of the capacity in (3.7).
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Theorem 4.1. Suppose that u is a positive solution of the inequality (4.6) with con-
stant Co > 0. Then, there is a positive constant C, depending on «, s, n and Co, so
that for every compact set E C R"

o(E) < Ccap, ((E). 4.7

Corollary 4.2. Theorem 4.1 implies the capacity estimates which appear in Theo-
rems 2.2 and 2.11.

Proof of Corollary 4.2. Suppose first that u is a fundamental solution of £. Then u
satisfies (4.3), and hence u satisfies (4.6) with A" = A/]. This corresponds to taking
a = l and s = p in the definition of \. Hence Theorem 4.1 implies that there is
aconstant C > Osothato(E) < C capl’p(E) for all compact sets £. By Lemma
3.11, this is equivalent to the required capacity estimate in Theorem 2.2.

Similarly, if u is a fundamental solution of G, then u satisfies (4.4), which is
the same as (4.6) with ¢ = % and s = k + 1. Hence Theorem 4.1 asserts the
existence of a constant C > 0 so that 6 (E) < C cap 2 Jrl(E) for all compact

sets E. Appealing to Lemma 3.12, we see that this is equivalent to the capacity
condition appearing in Theorem 2.11. O

The same proof shows that Theorem 4.1 in fact implies the same capacity
estimates for any positive solutions of the differential inequalities Lu > 0 and

Gu) = 0.

4.3. We will now briefly discuss an alternative approach to the capacity estimate
(1.10) in the case of the p-Laplacian operator. This approach was shown to the
second author by T. Kilpeldinen in 1997.

Lemma 4.3. Let Q be an open set in R", and let o be a nonnegative Borel measure
absolutely continuous with respect to p-capacity. Suppose that u is a positive p-
superharmonic function such that —Apu > ouP~Vin Q. Then then following
embedding inequality holds:

f hPdo < / |Vh|P dx, forallh € C§°(2), h >0, (4.8)
Q Q

Proof. Leth > 0, h € CgO(Q), Let p[u] be the Riesz measure of u (see Section
3), and u be the Riesz measure of 7y (1) = min(u, k) € Wlt’cp (2). It follows that
Ui € ngcl’p,(Q). Let us decompose py as:

dur = up_ldvk + dwy,
with dv;, = ul_pX{Kk}d,uk, and dwy = X{u>k)dpk. This decomposition follows

from the minimum principle, since for any compact set K CC €2, there exists a
constant ¢ > 0 such that u > ¢ > 0 on K. Since uy lies locally in the dual Sobolev
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space ngcl P ,(Q), and h? Ty (u)' =P € W-P(Q) has compact support, the following
manipulations are valid:

/ WP dvy < / WP Te) P dj

= / VT )P 2V T (u) - V (L> dx

Tr(u)P=!
pp—1 4.9)
< <pf Teo T VT VT - Vi
IVTk(M)Ip
(p— p YLK p
(p 1)/h TGP ) S/IWZI dx,

where we have used Young’s inequality in the last line. To prove the lemma, we
claim that:

upfl)({wk}da < uP~'dvy on supp(h). (4.10)
This will follow by an adaptation of a similar argument in [11]. Indeed, since
Tor(u) € Wli)’cp (R2), it follows that the set {# < k} is quasi-open, see e.g. [11,42].
Therefore, there exists an increasing sequence ¢; € W12°(Q), so that ¢ j converges
to X{u<k) 9.€. This is a simple adaptation of the proof of [10, Lemma 2.1], since
the functions uj considered in the proof of [10, Lemma 2.1] can be chosen to be
smooth. It follows (see (3.3)) that for any ¥ € C{°(supp(h)), that:

f{ Y Youl " dv = f VT () |P 72V T () - V(P ¢;)dx

:/WMP_ZW”'VW‘P/)CZX 2/¢j¢up_ld0,

the second equality here follows since ¢ is supported in {# < k}, and last inequality
is by hypothesis. Allowing j — o0, (4.10) follows. Combining (4.10) with (4.9)

we conclude:
/ hPdo S/IVhlpdx.
{u<k}

Letting k — oo with the aid of the monotone convergence theorem proves the
lemma. O

It is easy to see by the definition of p-capacity that inequality (4.8) implies the
capacity inequality (1.10) with constant C = 1. As was mentioned in the introduc-
tion, the converse is also true: if (1.10) holds with constant C = ((p — 1)/p)?, then
(4.8) holds (see [44]). Under the assumption that o € Lloc’ (4.8) is known to be
equivalent to the existence of a solution to the inequality L(u) > 0; see [53, Theo-
rem 2.3]. For more general o this relationship will be considered in [24].

4.4. Let us now prove Theorem 4.1, we will do so by verifying an equivalent char-
acterization of (4.7).
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Lemma 4.4. There is a constant C so that (4.7) holds for all compact sets E if and
only if there is a constant C1 > 0 so that:

/ We., (xgdo)do < C1 o (E) @.11)
E

for all compact sets E C R". Furthermore, if (4.11) holds, then there is a positive
constant A > 0, depending on «, s and n, such that

A~l'Cc; < C < ACy.

Lemma 4.4 is well known, for instance a proof can be found in [1, Theorem 7.2.1].

We will verify that the equivalent statement in Lemma 4.4 holds by first show-
ing it holds for a dyadic analogue of the Wolff potential, and then using a standard
shifting argument which goes back at least to Fefferman and Stein [13]; see also
Garnett and Jones [18].

To this end, we define the dyadic mesh at level k for k € Z, denoted by
Dx, as the collection of cubes in R” which are the translations by 2% for A =
(A1, ..., An) € Z" of the cube [0, 2K)". Then the dyadic lattice D is the collection of
dyadic meshes Dy, k € Z. For a cube Q, we denote by £(Q) the side length of the
cube Q.

With this notation, we define the discrete Wolff potentials W, | (see [9] for an
in depth discussion) by

/=1
Wi (fdo)x) = > o ( f(@)do (z)> (4.12)
QeD:xeQ+t O+1

where cg = Z(Q)Dil;ﬁ and r € R". Note that there is a constant C, depending only
on n, « and s (but not the shift #) so that for any nonnegative function f

W, (fdo) < CWqs(fdo). (4.13)

We will use the following definition of the discrete Carleson measure. Recall that
|E|; = o (E) foraset E.

Definition 4.5. Let 1 < s < oo, and let o be a Borel measure on R”. Then o is
said to be a discrete Carleson measure if there is a positive constant C = C(n, s)
such that for each dyadic cube P € D and every t € R”"

Y cplQ+1E =C P+, (4.14)
QcP, QeD

Remark 4.6. It is well known that the inequality

Do

QeD

S/

fdo
O+t

< CIAI e (4.15)
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holds for every f € le(do) if and only if o is a discrete Carleson measure, and
the constants in (4.14) and (4.15) are equivalent (see, e.g., [9,48]). From this it is
immediate that if o is a Carleson measure then yg do is also a Carleson measure,
for every measurable E C R”.

We now formulate a discrete analogue of the characterization in Lemma 4.4
which will be sufficient for our purposes, where we make use of Definition 4.5 and
Remark 4.6.

Lemma 4.7. Suppose there is a positive solution u to the integral inequality (4.6).
Then the measure o is a discrete Carleson measure, that is there is a positive con-
stant C = C(n, s, Co) such that for each dyadic cube P € D and every compact
set E C R", )
D col(Q+nNER <CI(P+1NE],. (4.16)
Qcp

QeD
Furthermore, we have that

Y col(Q+nNE <CIE|,. (4.17)
QeD

Proof. We will prove (4.16). The proof of (4.17) follows by the same reasoning.
The proof is rather reminiscent of the classical Schur’s lemma. First note that by
hypothesis and (4.13) there is a positive function u together with a constant C > 0
so that

u(x) = CW), (u*'do)(x)

and hence, using Holder’s inequality, we see that:

/

)
/ s—1 s—1
ZCQ|<Q+tmE|f,:ZCQ{/ us-usda}
(Q+HNE

Qcp QCP

QeD
1
=
< Z CQ/ uldo - {/ us_ldo} .
ocP (Q+1)NE (Q+1)NE)

By interchanging summation and integration, which is permitted by the monotone
convergence theorem, we see that the last line is equal to:

1
1
/ u! Z co {f us_ldo*} X0+t (x)do
(P+1)NE ocP (Q+HNE

< / u ' W! (wdo)do
(P+NE ’

§C/ u ' udo =C|(P+1)NE]|,. .
(P+H)NE
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We now state a suitable version of the dyadic averaging result which will be suffi-
cient for our purposes.

Lemma 4.8. There is a positive integer jo € N so that for any j € 7 there is a
constant C = C(n, a, s), not depending on j, so that

Wﬁ'fs(fdd)(x) < C][ W) (fdo)(x)dt

B(0,2/%Jo)

where Wg/s is the local Wolff potential defined in (2.1).

A proof of this lemma can be found, for instance, in [9].
We will next use the dyadic shifting argument to prove the following lemma:

Lemma 4.9. Suppose u is a positive solution of (4.6) with constant Cy. Then there
is a constant C = C(n, «, s) so that for any compact set E C R", and each m € N
the measure o satisfies:

/ (Wa.s(xgdo))" do < C" m!o(E).
E

Remark 4.10. This lemma in the case m = 1 shows that Lemma 4.4 is satisfied,
and hence proves Theorem 4.1. We prove the lemma in the form stated as it gives
us an exponential integrability result, which will be very useful in the sequel (see
Corollary 4.11 below).

Proof. Let E be a compact set. Then first we note that by Fatou’s lemma,

/ (Was(xedo))" do < liminf / (wgfs(XEda))m do
E k—oco JE ’

rn—as

2k 1/(s—=1)
B(x,r)NE d
whereWikv(XEda)(x):/ (—U( . r) )) a
R .

0
It therefore suffices to find a bound on the right hand side of the preceding
inequality which is independent of k. Lemma 4.8 yields:

/E (ngs ()(Eda))m do

m
§Cmf <][ Wés(xEdor)dt> do
E \J B(0,2ktJo) '

1 m
<c” (f (/ (Wi.s(xedo))™ da> dt) ,
B(0,2¢+i0y \JE ’

where the second inequality follows from Minkowski’s integral inequality.
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We will need the elementary summation by parts inequality:
o0 m o0 J m—1
(ij) ngAj( Ak> (4.18)
=1 j=1 k=1

j=

which holds for any nonnegative sequence {A;}; and m > 1. We apply Lemma 4.7
to the dyadic Wolff potential, after an m fold application of (4.18). Indeed, consid-
ering the inner integral in the right hand side of the last line above, we obtain:

/ (WJ’S(XEdU))m do
E

1

m
=/ (ZcQ|Q+mE|;'XQ+t) do
E

QeD
L 1
Sm!/ > o QI +tNERT ... Y g, |0m+tNES Xg,4ido
Egiep OnC 01
1 s
=m! Y o Q1 +tNE ... Y g, |0n+tNE|S
0reD 0nCOm-1
<m!C"o(E).
(4.19)

In the last line we have used (4.16) m — 1 times and then (4.17) once. Bringing
together our estimates proves the lemma. O

The following exponential integrability result easily follows from Lemma 4.9,
the power series representation of the exponential, and the monotone convergence
theorem.

Corollary 4.11. Suppose u is a positive solution of (4.6). If we let B > 0 so that
CB < 1, where C is the constant appearing in Lemma 4.9, then we have the follow-
ing:

/ ¢ PWas (EAD)0) s () < o (E) (4.20)
E

1—Cp

whenever E is a compact set.

In our next result, we specialize (4.7) to when the set E is a ball. By a standard
formula for the capacity of a ball (see [1, Chapter 5]),

o(B(x,r)) < Cjcapys(B(x,r)) = Cor"™% 4.21)

for all balls B(x, r), where C» = A Cy, and A depends only on n, « and s. However,
as is well known, (4.21) does not imply (4.7) for all compact sets E.

Our next lemma shows that the tail of the Wolff potential is nearly constant,
which is a key estimate to our construction of the supersolution.
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Lemma 4.12. Let o be a Borel measure satisfying (4.21). Then there is a positive
constant C = C(n, a, s, C3) > 0, so that for all x € R" and y € B(x,t),t > 0, it

follows:
[ (oBa.rN\™ (o(By.r)\=]dr
/t‘ ( rn*OlS > _< rnfots ) T

The proof of Lemma 4.12 is a modification of an argument due to Frazier and Ver-
bitsky, [16] for integral operators with kernels satisfying a quasimetric condition.
The extension to the nonlinear potential is elementary, but also technical and rather
lengthy. Due to this we present the proof elsewhere, in Appendix A of [25].

<C. (4.22)

5. Lower bounds for nonlinear integral equations,
the proof of Theorems 2.2 and 2.11

5.1. In this section, we will prove Theorems 2.2 and 2.11. Recall the operator

N(f)(x) = Wy (£ 1do) (x).

We will begin this section by proving a lower bound for solutions of the inequality:

u(x) = CoN (u)(x) 4 Co |x — xo| 51 . (5.1)
We will show the following theorem:

Theorem S.1. Suppose that u satisfies (5.1) with constant Cy. Then there is a con-
stant ¢ = c(n, a, s, Co) > 0 such that:

as—n [x—xol B 1/Gs=1) d
M(X)ZC|X—X0|ST16XP (C/ (M) _}’
0 rn—as r

x—xol o (B(xo, 7)) dr
- exp c/ — |-
0 r r

Theorems 2.2 and 2.11 will follow quickly from this theorem, as we shall show
once it is proved.

We shall prove Theorem 5.1 by iterating (5.1). To illustrate the iteration, sup-
pose that T is a homogeneous superlinear operator acting on nonnegative functions,
ie. that T(cf) = cT(f)forc > 0and T(f + g) = T(f) + T(g) whenever f
and g are nonnegative measurable functions. In addition suppose that u satisfies the
inequality:

(5.2)

u>Tw) + f (5.3)
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where f > 0. Now we define the j-th iterate of T by T/ (f) = T(T/~(f)), for
all j > 2. Tterating (5.3) m times yields:

u>TT(C..TT@W+H+f-)++f
>T"()+T" ')+ +T)+ f,

and since m here was arbitrary,
sl .
u= > "T/(f)+f.
Jj=1

Now, if 1 < s < 2, it is clear from Minkowski’s inequality that A" is a superlinear
homogeneous operator and hence if u is a solution of (5.1), then:

o0

- . as—n as—n

=Y CINI (- = xol 571 + Colx — xo| 5T .
j=1

However, if 2 < s < n, the operator A/ does not fall within this framework. In
this case we consider an operator 7 (f) = N (f1/6=Dys=1 = (Wa,s(f))s_l. Then
by Minkowski’s inequality, 7 is superlinear, and it is homogenous, and so we may
apply the above discussion. If u satisfies (5.1), then we have that:

W) = CT/ W~ H(x) + C |x — xo|* "
where C is a positive constant depending on 7, o, s and Cp. Hence, we see that
> . .
@) = Y CITI (= xol™ () + C x — 3ol
j=l1

By comparing iterates of 7 with the iterates of A/, we obtain

Jj=1

oo , 1/(s—1) ‘
u(x) > (ZCJNJ(I-—XOIH)(X)SI) +Clx —xol 5T .
Thus, by Jensen’s (or Holder’s) inequality, we have that for any g > 1,
& 2—s : H as—n as—n
u>CY  jUSTDCIN (| = xol 5T (x) + Clx — xol T
j=1

where C is a positive constant depending on ¢, n, s, « and Cop.
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We summarize this discussion as follows:

Lemma 5.2. Suppose u is a solution of (5.1) with constant Co. Then there is a
constant C = C(n, s, o, Co) > 0 so that if 1| < s <2, it follows:

u>Y CINI(| —x0|5T) + C|x — xo| 5T . 54

00
Jj=1

If2 < s < n, then for any g > 1,

.

[e.¢]
2—s . 7 s—n
u>=C(g) Yy j U CIN (- = xol 57 (x) + C Ix — xo
j=1

as—n
s—1

(5.5)

where C(s) = C(q,n, a, s, Cg) > 0.

5.1. Proof of Theorem 5.1

Suppose that u is a solution of (5.1). Then clearly u also satisfies (4.6), and hence
by Theorem 4.1, (4.7) holds for all balls compact sets E. Hence there is a constant
C (o) > 0 so that:
o(E)
C(o) =sup ———— < o0,

E Capa,s(E )
where the supremum is taken over compact sets E so that cap, (E) > 0. Note that
this implies o (B(x, 7)) < AC(o)r"~*S for all balls B(x, r), where A is a positive
constant depending on 7, & and s. To prove Theorem 5.1, we estimate the iterates
Ni( — xol%). We will do this in two lemmas, giving us two bounds. We then
average the two bounds to conclude the theorem.

Lemma 5.3. For a given x € R", define j, to be the integer so that
20 < |x — xo| < 2+t

Then, with By = B(xo, 2k),f0r anym > 1,

as—n s—1 as—n n as—n
N™(|- = x0] 1) (x) = ( 85”) |x — xo| s=1

n—uos

L 1/G—1)
- m

(ﬁ{ > zk((m*n)U(Bk-i-l\Bk)} ) :
" k=—00

Proof. We will prove this lemma by induction. Let us recall the definition of the
operator N:

as—n o0 1 1/(s=1) dr
N(|-—xo|s—1)(x)=/ ( _/ |y—xo|“”do(y)) =
0 Fe " JB(x,r) r

(5.6)
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First, restrict the integration in the variable  to r > 4 |[x — xo|. Then, observe that
asr > 4|x — xol|: B(xo,2|x — x9|) C B(x, r). This results in the bound:

o0

N (I = x0 ) ) z/ Pt =

4|x—xp| r

1/(s—=1)
(f ly — xo|*™" da(y)) .
B(x0,2|x—xol)

Now, recalling the definition of j,, we have:

(5.7)

Jx
/ ly — %ol " do(y) = Y 2%FDET6 (B \By).
B(x0,2|x—x0l)

k=—00

Using this and evaluating the integral in (5.7) yields the case where k = 1.
Now suppose (5.6) holds for some m. Then by the induction hypothesis, and
the observation above:

m
A=l 500 = (SR ) ST e

n—auos n—auos

j m 1/(s—1)
1 _ - _

— / lz—xol* ™" [ D 2o (Beyi\Be) | do(y)
m: JB(xo,2|x—xo) =00

We now consider the integral
m

Jy
/ = sl [ 3 2@ (BB | do(). (58)
B(xo,2|x—x0l)

l=—00

To complete the inductive step and hence prove the lemma it suffices to show that
(5.8) is greater than

20[S7n jx Z( ) m+l
205 (B B . 5.9
g e;w (Be+1\Bo) (5.9)
To this end, note that by the definition of jy, (5.8) is greater than
jx j}’ "
Y tHblesmm / Y 2o (Bri\B) | do(y).  (5.10)
k=—o00 B 1\Br \ r=—c0

We next remark that for all y € Byy1\By, we have by definition j, = k, and so
(5.10) equals:

i k !
pas—n Z 2k(as—n)o_(Bk+1\Bk)< Z zﬁ(as—n)o.(Be_H\Be)) ) (5.11)

k=—00 {=—00
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But an application of the elementary summation by parts inequality (4.18) now
gives that (5.11) is greater than (5.9). This concludes the proof of the lemma. [J

By using Jensen’s (or Holder’s) inequality, inserting Lemma 5.3 into the bounds
(5.4) and (5.5) in Lemma 5.2 yields the existence of positive constants c¢; and ¢z,
depending on n, «, s and Co, so that:

s —1n jx .
u(x) > cy|x — x| s-T exp (cz Z 2[(‘“_")0(3@“\85)) .

{=—o00

But, since o satisfies (4.21), we may further estimate the sum. Indeed,

Jx lx=xol (B d
R R
0

rn—ocs r
{=—00

where C = C(n,a,s) > 0. Hence we may conclude that there are positive con-
stants ¢ and ¢;, depending on n, «, s, Cp and C (o), so that:

as—n |x_x0| B d
u(x) > cy |x — xo|s=T exp (cz/ Mi)
0

rl’l—OlS r
The second part of the exponential build up in Theorem 5.1 is accounted for in the
following lemma:
Lemma 5.4. Foranym > 1,

as—n

as—n as—n |
N (|- = xol 571 ) (x) =(3/2) 51 . lx — xo| 1

vl /6 (B, r/2)\ /D dr m (5.12)
([ () ey

Proof. We will prove Lemma 5.4 when m = 3, as the case of general m is com-
pletely similar. The proof is based on the following claim:
For any locally finite Borel measures o and w, and x, xo € R":

s—1 1/(s—1)

|x—xp]| 1 00 1 1/(s—1)du dr
B(y, —r d —
/o rnees /B(x,r/z) /r (M"‘”w( o u))) u 7w r

[x—xo] 1/(s=1) poo 1/(s—1)
zf ' (M) / ( : ,w(B(x,u/2))> d—ud—r
0 e AN u r
(5.13)

The claim is just the triangle inequality. Suppose that |y — x| <r/2 and r < u,
then whenever z € B(x,u/2): B(x,u/2) C B(y,u). Thus, w(B(x,u/2)) <
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w(B(y,u)). The claim (5.13) then follows by using this estimate in the left hand
side and noting that the inner integrand no longer depends on y.

The lemma will follow from repeated use of the claim. First, by using defini-
tion and restricting domains of integration:

os—n |x_x0| 1
N3 = xol 5 (x) z/ ( /
0 reS=m JBx,r/2)

0/ VG=1 g, /=1y
1 )™ 4 o
r u u r

(5.14)

where:

w(B(y, u))

—1
00 1 1/(s—1) dt §
=/ f < — / Iw—XOI‘“_”dU(w)> — do (2).
By [Jo \1"" JB@n t

Applying the claim (5.13) to (5.14), we have that (5.14) is greater than:

b=xol (o (B(x, r/2)\ T oo V6D qy ar
/ (Tm/) / ( n—asw(B(x’ u/2))> I
0 r r u u r

Let’s now consider the integral:

00 1 1/(s—=1) du
/ ( (B, u/2)>> au
r N u

[x—xo| 1 1/(s—1) du
Z/r uniasa)(B(x,u/Z)) 7

Then we may rewrite the right hand side of this last line as:

o1 \/6-D

b=l [ ] /6D gy du
B(z.t —t d —
/r s fB(x,u/z){fo (,n—as”( (z, ))) ; o(2) ”

(5.15)

where

n(B(z,1) = / lw — xo|** ™" do (w).

B(z,1)

Now, restricting the integral over 7 to t+ > u, and applying the claim (5.13) with
o = u, we see that (5.15) is greater than

lx—2xo] 1 /(s=1) plx—xol 1 16=D gt du
/ (un_as o (B(x, u/2))) / (tn_as w(B(x, t/2))) ——
r u
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where we have also restricted the integration over ¢ to ¢ < |x — xg|. Now, let us

consider:
|x—xo] 1 1/(s—1) dt
/M (t w(B(x, t))) =

vl V6= g,
:/ ( — / lw — xo|*™" do*(w)) —.
u 1= JB(x,t/2) t

But, for w € B(x, t/2), note that: |w — xg| < 3/2 |x — x¢l|. Thus,

w=xol /] V6=1) g
/ < ey M(B(x, t/2))> —
u t t

as—n as—n [ X0l 1 1G=1) 44
> (3/2)5T |x — x|+ / <tn_asa(B(x,t/2))> =

Putting together what we have so far,

as—n as—n as—n lx—xol O'(B(x, r/2)) 1/6=D
N3 = 20l 5 ) (x) = 3/2) 5T | — 2] 55 f (f)
r=0 r
flx—xol o (B(x,u/2)) 1/(s=1) /Ix—xol o(B(x,t/2)) VG=D g du dr
u—r uhn—os —u fn—as t u r

Integration by parts now yields the lemma in the case m = 3. It is easy to see that
a completely similar argument works for general m, using the claim (5.13) m — 1
times as we have done twice in the above argument. Thus the lemma is proved. [J

As with Lemma 5.3, we readily see that applying Lemma 5.4 to the iterates in
the bounds (5.4) and (5.5) of Lemma 5.2 yields the existence of positive constants
c1 and ¢7, depending on n, &, s and Cyp, so that

as—n [x—xol 1/(5_1)
w(x) > 1 x — xol 5T exp <c2/ ' (M> dr—r) . (5.16)
0

rn—()lS

But, since C(0) < 00, we can replace o (B(x,r/2)) by o(B(x,r)) in the integral
in (5.16). Indeed, by change of variables:

=l (o (BGr, r/2)\VC TV dr a2 (o (B, ) VTV dr
0 pn—as 7 =2 0 yn—as T’

and by (4.21):

[x—xo] o (B(x,r)) 1/(5_1)dr
/| (7) 7 SCmas,Clo)).

n—aos
x=xl/2\ T
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Thus we conclude that there are positive constants ¢ and ¢ depending on n, «, s,
C (o) and Cy so that

o b=l (o (B(x,r)\ "¢ dr
u(.x) Z C1 |x —xOl s—1 exp ) W 7 .
0

Proof of Theorem 5.1. We have showed that if u is a solution of (5.1) with constant
Co, then there are constants ¢; and ¢, depending on n, «, s, Co and C (o), so that
the following two inequalities hold:

as—n =2l o (B(x,r)) dr
u(x) = cylx —xol =1 exp | 2 ——, (5.17)
0 r

rnfas

as—n [x—x0] o(B(x,r)) 1/(s—1) dr
u(x) Z e1 x —xol = exp | e2 == Y s
0 r

rn—(xs

Averaging (5.17) and (5.18) with the inequality of the arithmetic mean and geomet-
ric mean, a/2 4 b/2 > +/ab, yields the required lower bound for solutions of (5.1),
and hence completes the proof of Theorem 5.1. O

Proof of Theorems 2.2 and 2.11. The capacity estimates have been proven in
Corollary 4.2 so it remains to prove the bounds on the fundamental solutions. Sup-
pose first that u is a fundamental solution of £. Then, as a result of the Wolff
potential estimate, u satisfies the inequality (4.3), which is (5.1) in the case when
o = 1and s = p. Applying Theorem 5.1 when specialized to this case is precisely
the bound (1.5) of Theorem 2.2.

Similarly, if u is a fundamental solution of G, then u satisfies (4.4), which is
just (5.1) when ¢ = % and s = k + 1 and so we may apply Theorem 5.1. We
again see that the bound (5.2) in Theorem 5.1 with this choice of @ and s is exactly
the required bound (2.7) in Theorem 2.11. O

6. Construction of a supersolution

6.1. In this section we will construct a solution corresponding to the integral in-
equality (6.1) below, which as we have already seen is closely related to the funda-
mental solutions of £ and G. Suppose that v is a solution of the integral inequality:

v(x) = CoN(W)(x) + |[x — xo| 1 (6.1)
where

N(f)(x) = Wy (£ 1do) (x)

for any positive constant Co > 0. Then by Theorem 4.1 there is a constant C(0) >
0 such that o satisfies:
o(E) < C(o)capy,s (E) (6.2)
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for all compact sets E C R". By Corollary 4.11, a consequence of this is that there
is a positive constant A = A(s, «, n) so that:

1
/ e PWasOBwnd®) g < 5(B(x,r)), (6.3)
B(x.r) 1 - BAC(o)
provided BAC (o) < 1. In addition note that by standard capacity estimates we
may also assume that

o(B(x,r))

rnfas

AC(o) > sup

xeR", r>0

and hence the hypothesis of Lemma 4.12 are satisfied.

To solve the inequality (6.1) it suffices to find a function u so that v > |x — xg| =1
and v > CN (v). With this in mind the following theorem will be enough for our
purposes. Recall that By = B(xo, 2X) and j, is defined to be the integer so that
20 < |x — x| < 25+,

Theorem 6.1. Let o be a measure satisfying (6.2) (and hence (6.3)). In addition
suppose that

Vo (B(xo,r)) d
/ gBGo.r)dr (6.4)
0 rn—(xs r
Define a function v by the following:
as—n jX
v(@) = |x —xol T exp [ B D 2" o (Beyr)
t=mo0 (6.5)

( =l /o (Bx,r)\ "¢ dr
0 r r

Then, if C(o) is sufficiently small, there exists a positive B = B(C(0),n,a,s),
along with a positive constant Co = Co(B, n, «, s, o) so that

v > CoN (v), and in addition inﬂg v(x) =0.
xeR”"

Remark 6.2. The condition (6.4) is only used to ensure that v is not identically
infinite. By inspection of the bound in Theorem 5.1 it is clear that if it is not satisfied
then any fundamental solution is identically infinite.

Proof. We let N'(v) = I + 11, where I is defined by

lx—xol/2 1 | /6= g4,
I :/ ( n_aS/ v () da(y)) —. (6.6)
0 r B(x,r) r
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First note that for any y € B(x,r) withr < |x — xq| /2, we have that |y — xo| <
(3/2) |x — xol and j, < j, + 1. In addition note that for such y,

ly —xol = |x —xol — |x — y| = [x —xo[ /2.
These two observations, when plugged into /, yield:

n—as as—n s £( ) %lx_/ml !
T = as—n
I <251 |x —xp|s—T exp| B E 2 o (Be+1) /0 (rn—as

£=—o00

1

%lx—xol s% =T
Lo [ () )
B(x,r) 0 t t r

We now pay attention to the integral

3 lx—xol dt
/ exp <(s - DB / "o (B(y, r))”“—”—) do(y). (6.7
B(x,r) 0 t

Note that we may rewrite (6.7) as

r 1/(s—1)
[ ool ()4
B(x,r) 0 t t
3 |x—xol 1/(s—1) 1/(s—1)
~exp(<s—1>ﬂ | 0[(70(53;”) -("952) }%) do(y)
3 1x—xo] 1/(s—1)
exp <<s g [ (70?33; ”) ?) |

By the Wolff potential tail estimate, Lemma 4.12, it follows:

3 lx—xol o(B(y, 1) 1/(s—1) o (B(x, 1) 1/6=D7 44
ph—as - V’T T
,

Thus (6.8) is less than a constant multiple of:

. 1/(s—1)
| e ((s—l)ﬂ i (M) @) do (y)
B(x,r) 0 t t
3 1x=xo| 1/(s—1)
- exp ((s - 1);6/2 ’ (70(52?)) %)

(6.8)

<CMn,a,s,C(0)).

(6.9)
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Now, provided BC (o) is small enough we may apply (6.3), and hence we may
estimate the integral in (6.9) by:

r 1/(s—=1)
[ e ((s g [ (—“fﬁ;”) ﬂ) do(y)
B(x,r) 0 t t

< /B( , )exp ((p = DBWS s(XBx.2))(»)) do () < Co(B(x,2r)).

Putting these estimates together, there is a constant C = C (n, «, s, C(0)) so that:

» Jetl
I < Clx —xo| s exp (ﬂ > 22(‘”")0(3@“))

{=—00

ol (o (B(x, 2r))/ PV sl (o (B, 0\ dr\ dr
’ 0 T n—as exp | B ; s B

But now note since o satisfies (6.2), we have, for any p > 0:

2 1/(s—1)
/ g <W) ﬂ <(C, and 2(jx+l)(as_n)0(3jx+2) <C, (6.10)
t
P

l»l’l*()lS

where in this last display the constant depends on 7, «, s and C (o), but is indepen-
dent of p. By a change of variables and (6.10), we see there is a positive constant
C=Cn,a,s,C(o)), so that:

. s
I <Clx— x0T exp (ﬁ > 2f<“s—")a(34+1)>

l=—00

/IHOI (G(B(x,r))>1/(s_1) ( flx—xol (o(B(x,z))W‘” dt) dr
. —_— -exp | B —_— — ] —.
0 rn—(xs ’ tn—OtS t r

An application of integration by parts now yields I < C v for a positive constant
C=Chn,a,s, C(0)).

We next consider the remainder of the Wolff potential //. By writing the
integral as a sum over dyadic annuli, it is not difficult to see that there exists a
constant C > 0, depending on 7, s and «, so that:

o0 o 1/(s—1)
I1<C 2k =g ) 6.11
N Z (./;a(x,zk) ’ 0) ©.11)

k=jx

Let us first consider a single integral in the sum. Since k& > j,, it follows that
B(x,2%) C B(xo, 2¢*2). Thus,

k+2
/ v ldo < / v ldo =
B(x,2%) B(x,2K+2)

> / v do. (6.12)
Be\By—|

l=—00
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We now concentrate on one term in the sum on the right hand side of (6.12). Ob-
serve that for z € By\By_1, we have 2¢ > |z — x| > 2! and j. = ¢ — 1. This
yields:

—1
/ v ()do (z) < 27D exp <,B(s -1 Z 2m(“‘v_")o(Bm+1))
Be\B—|

m=—0oQ

2 1/(s—1)
[ e ((s—l)ﬂ [ (75%2) ﬂ) do(3).
By 0 t t

But, again, if we suppose that SC (o) is small, then by the exponential integration
result (6.3), there is a constant C = C(n, p, s, C(0)) > 0 so that:

2 1/G—1)
/ exp ((s - 1),3/ (M> ?) do(y) < Co(B(x,21)).
By 0

tn—O{S

Thus, plugging this into (6.12), we find that there is a constant C=C (n, p,s,C (o)) >
0 so that:

k+2
/ v ldo(z) < C Z @s=m 5 (B(x, 26H1y)
B(x,2%)

{=—00

(6.13)

m=—00

-1
exp (ﬁ(s—l) > 2’"<“S—">a(Bm+1>>.

Next, consider the following summation by parts estimate (see [15]). Suppose that
{A}; is a nonnegative sequence such that0 < A; < 1. Then:

o0
D ajeimith < 2=t (6.14)
j=0

Provided C (o) < 1, we may apply (6.14) to see that the right hand side of (6.13) is
less than a constant (depending on n, «, s, C (o)) multiple of:

k+2

exp ((s —Dp Y 2o (Bry )) :
l=—00

Hence (as we may bound two top terms in the above sum using the C (o) condition),

o) k
11=C) 2 exp (,3 > 2““5—%(3@“)) . (6.15)

k=jx £=—00
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This is less than a constant multiple of u provided C (o) is small enough. Indeed,
note that the right hand side of (6.15) is a constant multiple of:

s as—n jX
ZJXﬁCXp (:3 Z zﬁ(as—n)O(BH_l)) 22 = exp <ﬂ22€(as n)a(Bg_H))

f=—00 k=0 =1
(6.16)
Now, using the definitions of j,, v and also (6.2), it is immediate that (6.16) is less
than

Cv(x) i S exp (ﬁAC(U)S_lk) (6.17)
k=0

where C = C(n, o, s,C(0)) and A = A(n, s, ). Now, with C (o) small enough,
this series converges and so v > C// for a positive constant C > 0 depending on
n,s, o, Co).

It is left to see that inf,crrs v(x) = 0. To this end, first note that we can chose
C (o) sufficiently small so that:

. i
|x — xo| s=T exp (ﬂ Z 26(“")0(3“1))

l=—00

ke=xl /g (B, )\ ¢V ar 0
-exp | B : ~nas — — 0, as |x| = oo.

(6.18)

Indeed, this follows from the argument in (6.17), using the condition (6.2), along
with noting that:

Z 215 M (Beyr) < €

{=—00

/ o(B(xo,r)) dr
—_— <X

rn—as r

Let us define a sequence a; by:

. /1 (a(B(x, r)))”“” dr
aj = inf — —.
xeB(0.2)\B(0,2i~1) Jo riees r

To finish the proof it therefore suffices to show that a; tends to zero as j — oo.
First suppose s > 2, then consider:

/ / <G(B(x r)))‘/“ b drd
B(O.R) pn—as

By Fubini and Holder’s inequality,

(I 1 1/(s—1)
br < C/ —_— <—f J(B(x,r))dx) dr. (6.19)
0 +1 \ R" Jpo,R)

7 os—1
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Then by Fubini once again, / o(B(x,r))dx<Cr"o(B(0,2R)) < Cr"R"7?,
B(O,R)
where we have used (6.2) in this last line. Plugging this estimate into (6.19) we find
that bg — 0 as R — oo. This clearly implies that a; is a null sequence, since
aj < Cb,, for a positive constant independent of j.
Now let 1 < s < 2 and note that for any integer k:

2k a(B(x,r)) 1/(s—1) dr s—1 k O‘(B(x,zj)) 1/(s—1) s—1
</0 <f> ) =€ ,._Z (W)

=C Z 2](11 as) ( )

rn—as r

<c / o (B(x. 1) dr-
0
Since the previous argument shows that:

B(xo, d
f /0( (x0, 7)) rd — 0, as R — oo,
B(0,R)

rn as r

we conclude thata; — O as j — oo when 1 < s < 2. Thus infycgn v(x) =0. U

7. Proofs of Theorems 2.5 and 2.12

7.1. In this section we will prove Theorems 2.5 and 2.12. We make use of the
construction in Section 6. Combined with a simple iteration scheme based on weak
continuity, which is similar to those in [50,51]. Let us first consider the quasilinear
case.

Proof of Theorem 2.5. Recall that we denote by C (o) the positive (and by assump-
tion finite) constant:

C(0) = su ﬂ
& capy p(E)’

where the supremum is taken over all compact sets £ C R”" of positive capacity.
Note that by Lemma 3.11;

C(o) = Csup ﬂ
E capp(E)

where cap), is the p-capacity, and C = C(n, p) > 0. Suppose first that:

(7.1)

r—p r

/1 o (B(xo.r)) dr _
0
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Then, we see that by Theorem 2.2 any fundamental solution u(x, xp) = oo, and
there is nothing to prove. Hence we may assume that the integral in (7.1) is finite,
and so we may apply Theorem 6.1. This implies that if C (o) is sufficiently small,

in terms of n and p, then there is a function v € Lf:;l (o) and a constant Coy > 0,
depending on 7 and p such that:

v(x) = CoWS , (0" () + K Ix — x| 71, (72)

and infycpr v(x) = 0. Here K = %K, with K = K (n, p) > 0 the same constant
that appears in the Wolff potential estimate, Theorem 3.5. Indeed, recalling that jy
is the integer such that 2/x < |x — x| < 2Jx 1 we can let

. i
v(x) = 2K |x — x0|% exp (ﬂ Z 24P=M 5 (B(xq, 2£+1))>

{=—00

k=l /o (B, rN\YP ar
- exp ,3_/_0 (7#,_1, ) -

for a suitable choice of 8 = B(n, p) > 0. Let ug = G(-, x9) where G(x, xq)
is defined in (1.4). Then uq is p-superharmonic in R"” and —A ,uo(x) = 8y, (in
fact ug is the unique such solution, see, e.g. [28]). By choice of K (assuming

K > 1) we have that up < v, and hence ug € Lf;gl(a). Let € > 0 be such that
€K < Cy, then we claim that there exists a sequence {u, }m>0 of functions which

.. —1
are p-superharmonic in R”, u,, € L{;C (0):

—Apttyy = €0 (Upy—1)P " + 8y, and inf s (x) =0, (7.3)
xeR”

and in addition u,, (x) < v(x). The existence of this sequence can be shown by the
techniques of [51], using the notion of renormalized solutions. However, as we are
dealing exclusively with p-superharmonic functions this detour would be somewhat
artificial and so we prove the claim directly. Indeed, suppose that uy, ..., um—_1
have been constructed. Then, €0 (u,,—1 )P~ + dx, 18 a locally finite Borel measure.

For each j € N, let u# be a positive p-superharmonic function such that
—Apu,Jn = Ga(um_])pilXB(xOyzj) + (SXO in Rn

The existence of such a p-superharmonic function is guaranteed by [29], Theorem

2.10. By subtracting a positive constant, we may assume that inf, cgn u;, = 0.
Now, by the global Wolff potential estimate and since W ,(8,,) =

-1 p—n
111’7_]) |x — x| 7~T, we find that

iy (v) < KeW§ ul ™} (v) + K [x = xo| 1 .
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But since u;,—1 < v,

why(x) < KeWS 0™ (x) + K I — xol 7 |

By choice of € > 0 so that Ke < Cg, we conclude that u,{, (x) < v(x).

Appealing now to Theorem 3.3 [32, Theorem 1.17], we find a subsequence u,{f
and an p-superharmonic function u,, such that u,’,f (x) = up(x) for almost every
x € R". Thus u,;(x) < v(x) and hence infycgrn u;;,(x) = 0. The claim is then

completed by appealing to Theorem 3.4 to see that
—Apityy = €0 (Upy-1)P"' + 8, in R".

Now, since u,, (x) < v(x), for all m, we may again find a subsequence {u,,, }x and
a positive p-superharmonic function u so that u,,, (x) — u(x) almost everywhere.
Since it follows that u(x) < wv(x), we have that inf,cr u(x) = 0. Finally, by
Theorem 3.4, we may conclude that:

—Apu = eouP™! 48, in R".

This completes the proof of Theorem 2.5 with the potential & = €0, once we notice
that:

Jx lx—xol (B d
I e
P 0 ri—p r
=—00
for a positive constant C depending on n and p. O

7.2. For the Hessian existence theorem, we may state the following lemma, con-
tained in [51, Lemma 4.7].

Lemma 7.1 ([51]). Let i and v be nonnegative locally finite Borel measures in R",
so that p < v and W 2 gqqV <00 almost everywhere. Suppose that u > 0 satis-
T

fies —u € OFRM), uk[—ul = w, and u is a pointwise a.e. limit of a subsequence
of the sequence {uy,}m, with —u,, € &% (B(xgp, 2"*1)) and

prl—tm] = wxB(xp.2my in B(xg, 2"t
um =0 on dB(xp,2"H1).
Then there is a nonnegative function so that —w &€ OK(R™), w > u, and

ur[—wl=v and inf v(x)=0.
xeR?

Moreover, w is a pointwise a.e. limit of a sequence {wy,},, so that
—wy € D*(B(xo, 2"*1))
and

pkl=wm] = vXB(xg2m) in B(xp, 21
wm =0 on 3B(xg, 2"Th.
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Proof of Theorem 2.12. This is very similar to the previous proof so we will be
slightly brief to avoid repetition. As in the previous proof, the theorem is only
nontrivial in the case when,

/‘ o(Bxo,r)dr
0

rn—2k r

Hence if C (o) small enough, where now

o(E)
C(o) = sup :
E compact €aP2k/(k+1),k+1 (E)

then we may apply Theorem 6.1 to find a positive function v such that inf,cgrv(x) =
0 and

v(x) > CoW% (V")) + K |x — xo/7/*7"

jenglan

with K = n_kﬁl( . Here K is a constant appearing in the global Wolff potential
bound Theorem 3.7.

Let € > 0 be such that eK < Co. Let ug = c(n, k) |x — xo|* ¥, where
c(n, k) = (n—k—Zk) . ((’Z)wn_l)_l/ k. Then ug is the (unique) fundamental solution
of the k-Hessian operator in R”, see [60]. By a repeated application of Lemma
7.1, we find a sequence {u,,},, of nonnegative functions so that —u,, € Ok (RM),

infyerr tm (x) =0, uy € LE (o) and

wr[—um] = E‘J'(’/tm—l)p_l + SXO'

Furthermore, as in the previous proof, we see that by choice of K that u,, < v.
Now, appealing to the weak continuity of the k-Hessian operator (Theorem 3.6), we
assert the existence of a nonnegative u such that —u € Ok (RM),

l—ul = eout + 8y,

and u < v. Hence infycrr u(x) = 0. Thus, noting Lemma 3.12, we see that
Theorem 2.12 is proved with potential 6 = €0, once we make the easy observations
that v is comparable to the right hand side of the bound (2.8). O

7.3. Criteria for equivalence of perturbed and unperturbed fundamental so-
lutions. In this short section we conclude the paper with necessary and sufficient
conditions for fundamental solutions of £, defined by (1.1), to be equivalent to
the fundamental solutions of the p-Laplacian. Similar results also holds for the k-
Hessian operator. Recall the fundamental solution of —A ,, which we denoted by
G(x, xp) in (1.4), and the Wolff and Riesz potentials from (2.1) and (2.2) respec-
tively.
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Corollary 7.2. Suppose that there is a positive constant ¢ > 0 such that for all xog €
R” (1.3) holds whenever u(x, xo) is a fundamental solution of L. Then o (E) <
capy, (E) for all compact sets E, and furthermore (1.7) and (1.8) hold.

Conversely, suppose that (1.7) holds if 1 < p < 2, or (1.8) holds if p > 2.
Then there exists a positive constant C, depending on n and p, such that if o (E) <
Ccap,(E) for all compact sets E, then for any xo € R" there is a fundamental
solution u(x, xo) of L with pole at xq satisfying (1.3) for a constant c =c(n, p) >0.

The Corollary is an immediate consequence of Theorems 2.2 and 2.5 once we
notice that if 1 < p < 2 then there is a constant C = C(n, p) > 0 such that:

(Wi () @) < CL(0)(x)

for all x € R". This inequality has been proved in (6.20). The opposite inequality
holds if p > 2, this is clear from (6.20), as the sequence space imbeddings are
reversed.

8. Regularity away from the pole: the proof of Theorem 2.8

In this section we will turn to considering the regularity of fundamental solutions,
and in particular we will prove Theorem 2.8. Throughout this section we will as-
sume the hypothesis of Theorem 2.5 hold, and that the fundamental solution u con-
structed there is not identically infinite. It therefore follows from Theorem 2.2 that:

l'o(B d
/ oBbo.r)dr _ p _ 8.1)
0 r"—p r
By hypothesis, the constant C (o), defined by:
E
Coy= syp —2E_ (8.2)

E compact €aP1,p (E)

is finite, this is nothing more than a restatement of the condition (1.10). Thus we
will assume that C (o) < Cy, for a constant Co = Co(n, p) > 0. The first step will
be to perform some auxiliary calculations for the function v(x), defined by:

p—n
1

v(0) = B, p) Ix = xol 71 exp (Wi, @)@ + eyl @)x0)) . (8.3)

for a positive constant B(n, p) > 0 to be chosen later. In particular, we will need to

show that v € Lf:) -(R™"\{xo}). We will see that this is true assuming only that:

o(B(x,r)) < C(o)r"™? for all balls B(x, r) Cc R", (8.4)

with the implicit constant depending on n and p. Display (8.4) is a special case of
(8.2), using (4.21).
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Lemma 8.1. There exists a constant so that if 6 (B(x,r)) < Cr"=P for all balls
B(x,r) C R". Then for any ball B(x,r) C R", it follows:

/ eWir(Band® gy < C(r, p, Cy), (8.5)
B(x,r)

for a constant a < A/(C1)Y P~V with A > 0 depending on n and p.

There are several ways one can prove this lemma, for instance one can adopt
the proof of Lemma 4.9, leading to Corollary 4.11, which requires some lengthy
estimates of sums of dyadic cubes. We shall avoid this by instead offering a more
elegant proof, employing a regularity result from [45]. The proof of a more general
embedding for nonlinear potentials can be found in [23, Theorem 1.2].

Proof. Fix a ball B(x, r). Then under the present assumption on o, we may apply
[45, Theorem 1.12], to find a p-superharmonic solution w of:

{—Apu = o in B(x, 10r), (8.6)

u =0ondB(x, 10r).

so that w € BM O(B(x, 5r)), and furthermore:

1/(p—1
swp fJu - woiaslay sl
B(z,8)CB(x,5r)J B(z,s) B(z,s)

Therefore, by the John Nirenberg lemma, it follows that there exists a constant
¢S Cl_l/(p_l) so that:

][ eV dy < exp (c][ w(y)dy) < 00 (8.7)
B(x,r) B(x,r)

Employing the local Wolff potential estimate, [32, Theorem 3.1], it follows, for
y € B(x, r) that:

4r 1/(p—1)
v zc (a(B(y,s») ds
0

sn=pP s (8.8)
= CWI,p(XB(x,r)dJ)(Y)~
Substituting (8.8) into (8.7), the lemma follows. O

With this lemma proved, we may now prove that v € Lf;c (R™\{xo}.

Lemma 8.2. There exists Cy so that if C(o) < Cy, then:

ve Ll R\{xo}.
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Proof. Let K C R"\{x¢} be a compact set, and let B(x, r;) be a finite cover of K.
Then, note that by crude estimates:
|xg|4+diam(K) U(B(Xo, }") di”)

/ oPdx < d(K. x0)?"P/P=D exp (cp/
K 0 P

/ < /x—xo (G(B@, \B(x;, yp))”“"“ dr) (8.9)
. Z exp | pc . r
7 JB(xj.r)) 0 rep g

. epCWl,p(XB(xj-,2rj)d0')dx.

Employing the estimate (8.4), and recalling the definition of the constant B from
(8.1), we readily derive:

xol+diam(K) & (B(x¢, r) dr
/ > S B + C(0)(log(|xo| + diam(K))),
0

and using the same estimate on o, we similarly see for all z € B(x}, r;), that:

/Ho (G(B(Z, P\B(x, zm))” =D ar
0

r—p r

diam(K)+|xo| O‘(B(Xj, ")) 1/(p—1) dr
< - -
A

J

<€)V jog (diam(K? + |x0|) ‘

rj

Substituting these two displays into (8.9), it follows:

/ vPdx <) Cln, p, C(o),rj. K) P W Oee 20 gy, (8.10)
K i B(xj,rj)

Note that under the current assumptions, we may choose C| < C (o), with Cy as in
Lemma 8.1. This is just a restatement of (8.4). It follows that if Cy is chosen small
enough in terms on n and p, then (8.5) will be valid, and therefore:

W c: 2 d j
/ P Wir b 249 g o6 for each .
B(xj,2r))

This completes the proof of the lemma. O

Note that in a similar way, using Corollary 4.11 instead of Lemma 8.1, we
deduce the following lemma:

Lemma 8.3. There exists Cy so that if C(c) < Co, then:

P
v E Lloc

(R*\{xo}, do).
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We are now in a position to prove Theorem 2.8.

Proof of Theorem 2.8. Let us assume that Cp has been chosen so that Lemmas 8.2
and 8.3 are both valid. To prove the theorem, we will aim to construct the sequence
{um}m as in (7.3) from the proof of Theorem 2.5 with the additional property that
Uy € WloC (R™\{x0}), with constants independent on m. We will do this induc-
tively, as in the proof of Theorem 2.5. Let ug = G (-, xp), with G(x, xp) as in (1.4).
Note G (-, x9) € C°(R"\{xo}). Suppose that we have constructed u1, ..., Up—1 SO
that:

loc
= p-l1
—Apu; €ou;_ + x>

withu; <v,andu;_; € Wl p(R”\{xo}). Let K be a compact subset of R"\{0},

then we claim that u milda e W~ 1"”/(K ). This will follow from the capacity
strong type inequality. Indeed, since o satisfies (1.10) with constant C (o) < Co, it
follows [44], that:

/Ihlpda <C(0)< > /|Vh|de forall h € Cg°(R"),

and this can be extended by continuity to functions /& € WO1 P(R"). Now, let h €
C{°(K), and K’ be a subset K CC K’ CcC R"\{xo} along with a function g €
CP(K'),g=1onK, g >0. Then:

p—1

p—1 r=1 _p-1 r p o
/hum_lda :/hum_lgp do < /|h|pdo /um_]gpda

—1
SIVAI IV Wm—19)1lp = CklIVhll,

and hence u da e WL/ (K), as claimed. Now let v; be the measure:

_ XB(xp,27))
Vi = Thre 2=’
|B(x0,277)|

from Poincaré’s inequality it follows that v; € w-Lr /(B(xo, 27Y). Note in addition
that v; — &y, weakly as measures. Invoking the theory of monotone operators, see

e.g. [39,58], we assert the existence of a unique solution w,{q € Wol’p(B(xo, 27Y) of:

j -1 . -
—Ap Wiy = €0UN | Xy 2)\B(xo.2-)) T Vi In B(xo,2),

: . 8.11
wyy € Wy'P(B(xo, 27)). @1h

Furthermore, by the global potential estimate for renormalized solutions, [S0, The-
orem 2.1], it follows:

wih (X) < KeWy @~ do)(x) + KWy, () (x),
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where the constant K > 0 can be assumed to be the same as the constant appearing
in Theorem 3.5. But, for x ¢ B(xg, 2 - 27/), a simple computation yields:
p—n

n—p _n-p p=n
27-T|x — xg| P 1. (8.12)
p—1

Wi p (i) (x) <

Using the hypothesis u,,_1 < v, it follows for x € B(xo, 2/)\B(xo, 21-7) that:

n—p_n-p p=n

p—1

wip(x) < KeW, ,(vP~'do)(x) + K

Let us now choose the constant B(n, p) appearing in (8.3) as B(n, p) = 2K (n —

p)/(p — 1)2;%!17. Then, by construction of v, it follows as in the argument around
display (7.2), that we can choose € > 0 and Cy > 0 so that if C (o) < Cop, then:

KeWy (0P~ \do)(x) + K —— ’l’z'z’%’ﬂx — x| 7T < w(x),
p —
and hence,
wih (x) < v(x), forall x € B(xg, 2)\B(xo,2-27%). (8.13)

We are now in a position to derive the uniform gradient estimate. ‘
Let ¢ € C§°(B(xo, 2/)\B(xo,2 - 27/). Then test the weak formulation of wj, with

the valid test function function ¢? - w,ﬂ; € WO1 P (B(xg, 27)). It follows:
/ VwinP¢Pdx = p / IVwin P2V, - VowggP ™ + / ¢ iy do

Using Young’s inequality in the first term, and utilizing the bounds (8.13) and
Unu—1 < v, we find that:

1 ; 1
— [ IVwplPdx < [ vP¢pPdo + — [ vP|Vp|Pdx=C(n, p, C(0), supp(¢)) < o0,
p p

where Lemmas 8.2 and 8.3 have been used. Using Theorems 3.3 and 3.4, we let
j — oo to find a solution u,, of (7.3). Furthermore, by weak compactness in
WP, we deduce that u, € W, (R"\{xo}) with the local bound on the gradi-
ent independent of m. We now follow the rest of the proof of Theorem 2.5 from
display (7.3), using weak compactness again to deduce a fundamental solution

u e Wl’p(R”\{xo}), so that u < v. O

loc
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