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Introduction

We begin with historical remarks. The research in quasiconformal maps goes back to Lavren-
tiev’s work in 1930s. The first monograph on quasiconformal maps was made in 1966 by
Ahlfors [1]. Reshetnyak [S7] in 1967 introduced space mappings with bounded distortion in
the Euclidean space R" of higher dimension n > 3. Mappings of this kind are not necessary
homeomorphic and represent a nice generalization of the classical notion of analytic functions.
Systematic study in this area was initiated by Reshetnyak, we refer the reader to monographs
[58.159] and references therein. Simultaneously, the authors of [S0] introduced the definition of
quasiregular mappings. Later it was proved that the analytical definition of the mapping with
bounded distortion and the geometrical notion of quasiregular mappings leads to the same map-
pings in Euclidean space R".

The Reshetnyak theorem, see, for example [58, Chapter 3 section 5], which exhibited a re-
markable relation between quasiregular maps and elliptic equations, allowed to make an essential
progress in nonlinear potential theory, in degenerate elliptic equations and later in subelliptic e-
quations, see, for instance [9, 10, 29]. Let us recall the Reshetnyak theorem. Suppose that 2 and
G are open subsets of R”, and f: Q@ — G is a quasiregular mapping. Assume that a function
v € C!(G) is a weak solution in G of the equation div (lel"‘2Vv) = 0. Then the function u = vo f
is a weak solution in the domain Q of the equation

div (¢0(x, £)Vau(x), Vu(x)">"26(x, f)Vu(x)) = 0,

where 0(x, ) = J(x)?"[Df(x)]"'[D” f(x)]"" and J/(x) is the Jacobi determinant of f. A simple
example of this theorem can be constructed in the case of n = 2 in the context of complex
function theory. Consider a function u(x, y) in the complex plane C, fix a point a in the unit disk

D and set the Mobius transform —a

W= ——. (1)
1 -az
It is not hard to verify that the equality
i i
1= 25\2 =(1 - 25\2 2
(1 —=1wl) T = ¢ |zI%) 5202" (2)

holds and therefore the Mobius transform w preserves the Laplace equation (9> + 03)14 = 0in
the unit disk D. However, the conformal maps in R” possess more complicated properties. For
example, let us fix a pointa € B = {x € R" : |x| < 1} and consider a space mapping

Y = @al(X) := Jo o 0 Ja(x) 3)



where jo(x) := x/|x*, ju(x):= (x—a)/(x—al*)+a and ¥(x):= (1 —l|a|*)(x —a)— a. Observe

that the space mapping (3)) is a generalized version of the Mobius transform (I]) in R". It is easy

to prove that ¢, is a conformal mapping that maps the open set B into itself. Moreover, it maps
a

three points a, P I%I to three points 0, oo, 1, respectively (see for example [33]). It was shown by

Hua [30] that
(=P > oy [ = PP dyu] = (A = 1" >~ 8y, [(1 = )"0 (4)
i=1 i=1

The equation () generalizes for n > 2. It is not hard to show that the degenerate elliptic
equation div(w(x)Vu) = 0 is invariant in the unit ball B under the transform (3)), and the weight
w(x) = (1 —|x|*)*>™ is not even an admissible weight for odd n, n > 3.

The example constructed above illustrates that there are some common features in quasireg-
ular maps and elliptic equations. The progress in the study of quasiconformal and quasiregular
maps always provides new methods for the theory of elliptic equations. Gehring [[17] proved that
the Jacobian of quasiconformal maps has a higher integrability property. Shortly thereafter, Mey-
ers and Elcrat [S1] obtained the higher integrability result for elliptic systems by making use of
Gehring’s technique. A well-known result from harmonic analysis [25) theorem 9.33] states that
a function w(x) is locally higher integrable if and only if w(x) is an A.-weight and thus it is open-
ended. Such property is usually called the self-improving property and the proof is essentially
reduced to the use of the reverse Holder inequality and harmonic analysis techniques. Another
characterization of A.-weight in terms of Gurov-Reshetnyak condition [26] was obtained by Ko-
renovskyy, Lerner and Stokolos [42]]. We shall discuss this topic in different geometrical settings,
such as the Euclidean space, the Heisenberg group and the Carnot-Carathéodory space.

The self-improving integrability of quasiregular maps in the planar case is well-understood.
Consider solutions of the Beltrami equation 0, f — ud:f = 0 in the plane, where yu is a bounded
measurable function, ||ul|l. = k < 1. The famous problem proposed by Gehring and Reich [18]]
asks to determine the minimal requirement of the type f € Wllo’cq which guarantees continuity of
any solution of the Beltrami equation. A deep result of Astala [2] says that f € W5 implies
f € W'k and thus f is a quasiregular map. On the other hand, Iwaniec showed in [32] that
q < 1+ k is not sufficient for the continuity. Petermichl and Volberg showed in [S6] that the
solution is always continuous for the borderline case ¢ = 1 + k. There are no good estimates
for these thresholds for Euclidean spaces of higher dimensions or for the Carnot-Carathéodory
space. Unfortunately, the results of the thesis do not provide much progress in this respect.

The thesis is organized as follows. In chapter 1, we set up a higher integrability result for
the horizontal part of certain weakly quasiregular maps on the Heisenberg group. Unlike the
Euclidean case, the exponential of the integrability is not near the homogeneous dimension Q
that is not analogous to the Euclidean setting. Chapter 2 is devoted to the study of self-improving
regularity for certain subelliptic equations. The difficulty of this problem in the Carnot group is
that the Whitney extension theorem and the main result in the Carnot group can be obtained only
for fourth-order homogeneous subelliptic systems from the arguments in [44]. Since the p-sub-
Laplace equation is a very special case of the nonlinear subelliptic equations we can establish a
better result in this case via the arguments from [12]. Chapter 3 provides a discussion of self-
improving regularity for the degenerate elliptic equations in the Euclidean space. The main result



of Chapter 3 extends a result of Lewis from [44] to the degenerate elliptic systems. The proof
relies on the weighted pointwise Sobolev inequality for higher order derivatives which is a useful
tool in study of higher order degenerate elliptic systems.






Chapter 1

Higher Integrability for Certain Weakly
Quasiregular Maps on the Heisenberg
Group

This chapter studies quasiregular mappings or, in another terminology, mappings with bounded
distortion on the Heisenberg group. We remind the definition of a quasiregular mapping on R”.
We set WI]O’;’(]R”) to be the first order Sobolev space in R” and Df be the differential of a map
f:R" — R

Definition 1.1 ([S8]]). Let Q be an open subset of R". If f : Q — R" is a continuous map and
fe W;(;:’(Q), then there exists a constant K > 0, such that

max|Df(x) - &' < K det Df, (1.1)

detDf < Kmin|Df(x) - &I (1.2)

then f is called the quasiregular map. Moreover, if f is a homeomorphism, then f is called the
quasiconformal map.

The study of higher integrability property for quasiconformal mappings in R” traces back to
the work of Gehring [17]. He proved that if f is a quasiconformal mapping, then the differential
Df has higher integrability property: Df € L"*¢. Iwaniec and Martin [31} 33| 34] showed that
if f satisfies and , then there exits & > 0 such that Df € L™ implies Df € L".
The higher integrability result can be used to study the removability property of quasiregular
mappings. It is a question of interest to know whether it is possible to establish the same result
for the Heisenberg group. The work [33] can give a clue in this topic. In fact, the use of the
Beurling operator is the basic tool in the study of quasiconformal and quasiregular mappings on
the even dimensional Euclidean space. The Beurling operator plays a crucial role in the Hodge
decomposition. Since the tangent space of the even dimensional Euclidean space has an even
dimensional basis {31, - - - 8y}, the conclusions in [33] yield that for each element d;, 1 < k < [ of
the basis, we can find a conjugate vector field dy = Oy, in the same basis and a bounded Beurling
operator S such that 9, = S o 0.
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The study of the boundedness of the Beurling operator is an interface between harmonic
analysis and quasiconformal mappings. The development of both theory and technique of the
harmonic analysis has had a big influence on the study of quasiconformal and quasiregular map-
pings in recent years. We refer the reader, for example, to [43] for the most recent excellent
progress in Astala’s conjecture regarding the distortion of the Hausdorff dimension under qua-
siconformal mappings. The novelty in this paper is the proof of the “conformal outside” part,
and that estimate relies on the boundedness of the Beurling operator on a non-doubling mea-
sure space. The main idea of the proof of the boundedness of the Beurling operator follows the
spirit of [23]], where the author uses stopping time arguments and construction of exceptional
sets. These technique can be traced back to the Fefferman and the Carleson works concerning
the convergence of Fourier series, see [0, [13]. For the systematic study of this topic, see also [3]].

Unfortunately, this approach does not work even for the lowest dimensional Heisenberg
group. This happens due to the absence of a bounded Beurling type operator for the Heisenberg
group. To illustrate this we consider the Heisenberg group (x,y,#) € H!' with its left invariant
vector fields X = 9/0x+2yd/0t and Y = 0/0y—2x0/0t. We know that the operator Z= %(X +1iY)
is exactly Lewy’s example regarding the unsolvable partial differential operator, see [45]], mean-
while the construction of the Beurling operator on the complex plane requires the solvability of
the operator 0 = d, +id,. Therefore, unlike the even dimensional Euclidean space, it is not wisely
to look for a singular integral operator S such that Z = § o Z, where Z = %(X —iY).

The authors of [[15]], provide a simple way to tackle this problem. But the new difficulty
arises: the integral zero condition for the Jacobian of the differential of a quasiconformal map
on the Heisenberg group does not hold. This is even false for case of the Jacobian of horizontal
differential. Indeed, if we consider a map F = (f,g,h) : H' — H' with f, g € Cy(Q), where Q
is an open subset of H!, then we get for the horizontal differential Dy

fdetDHFdx:fdet( Xf, Yf )dx:foYg—Yfngx:—ff[X,Y]gdx.
Q o) Xg, Yg Q Q

Observe that the integral may not vanish for all possible choices of functions f,g € C7(€2).
Anyway, this observation shed some light on the study of quasiregular maps on the Heisenberg
group. Unlike the Euclidean case, we shall impose some additional conditions on quasiconformal
mappings on the Heisenberg group and investigate the higher integrability property in this special
case.

We start from the definition of the Heisenberg group. The Heisenberg group H” is the set of
points X = (x',1)) e C" X R, x' € C", X' = (x1,...,x,) + i(X441, - - - » X2,), endowed with the group
multiplication defined by x-y = (x'+)’, #+s+2Imx’y’). We denote by Q = 2n+2 the homogenous
dimension of the Heisenberg group H". The quasinorm is defined by |(x’, 1)z = (|x'|* + |¢[*)'/*.
There exists the Carnot-Carathéodory metric dc(x,y) on the Heisenberg group, see [11]. It is
defined as the minimum over all lengths of rectifiable curves connecting points x and y. The
metric dc(x,y) is equivalent to the quasinorm |x~'y|y, see [14]. The left invariant vector fields
are defined as follows:

Xy = 0/0x; + 2x34,0/0t, Xysn = 0/0Xp4n — 2x30/0t, T =0/0t, k=1,...,n.
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The vector fields X;, k = 1,...,2n are called horizontal derivatives of the Heisenberg group. We
let dx,,...,dx;,,and 7 =2 )] j(xjdy ; — y;jdx;) + dt be the left invariant 1-forms dual to the basis
X, T, k=1,...,2n.

Let Q be an open set in H" and 1 < p < co. We denote by HW!?(Q) the horizontal Sobolev
space on the Heisenberg group:

HW'"(Q) ={feC3(Q): Xef €LP k=1,...,2n).

We set W!P(Q) to be the Sobolev space for all derivatives. The subbundle HT = span {X, ..., X5,}
is called the horizontal subbundle of the tangent bundle. We say that one form w is contact if
w() = 0 forany v € HT. A transform f = (fi,..., fon, fon+1) : Q — H" is called contact if its
differential defines a contact form. It is indicated in [28] that the differential of f can be written

as follows:
Xifi - Xahi
Df::(Dgf ;), where Dyf := ]

X1f2n T X2nf2n
The horizontal differential Dy f(x) is the linear map HT, — HT,, x € H".

1.1 A Variant Bounded Distortion

We follow the definition of the quasiregular mapping given in [28]] and we introduce the weakly
quasiregular map on the Heisenberg group in spirit of [31] and [33]].

Definition 1.2. If f : Q — H" is a contact continuous map such that f € WZ]O’Z(Q) and there
exists a constant K > 0 with

max Dy f(x)- €2 < KdetDf, (1.3)

detDf < Krlgllilll Dy f(x) - €2, (1.4)

then f is called the quasiregular map in the case g = Q. While if ¢ < Q we call the map f the
weakly quasiregular map.

The inequalities (1.3) and (1.4) imply

. 200 i .
somax IDuf(x)-&l < K éreﬁgg}%l:lIDHf(X) &l. (1.5)

Consider the collection of multiindices
J={(1,...,0y) : |lix — il # n for all integers 1 < k,[ < n}.

We fix an index I € J, and denote the n-form w = dx’ := dxﬁ} A A dxﬁ:. The definition of
pull-back I'y: A" — A" of a linear transform I" can be found in [33], page 39] and we follow
the notations therein.
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We denote by L, 1 < k < n, the vector fields either X; or X;,,. Let J = (ji, ..., j,) be any
n-tuple and let f; € C5(Q), k = 1,..., n, be smooth functions. We introduce a quantity

Lify - Lnfjl]

L](X,f) = det [
Lif, ... L.f;

Since L; are skew symmetric and [L;, L;] = O for all 1 < k, j < n, we have fQLJ(x, fdx =0,
where the observation is true due to [22} page 606]. Next, we write Dy f - (D f)T = 0 -T?. 07,
where O is an orthogonal matrix and

Y1 0
I = .
O Y2n

The matrix I" is diagonal with nonnegative diagonal terms 7y, for every 1 < k < 2n. We follow
the method developed in [33] and obtain

Dyfl"= max |Dyf-&" = max y).
Dufl" =  max_ Puf- & = max v,

Moreover, we get

max V" < KZn/Q min " < KZ"/QFa) — Kzn/Q D w
1gk32nyk lsksznyk | f | I( Hf)ﬁ |

from (1.5). Arguments in [33] page 39] imply

(Dufiw) = Dy fHadx'y = > Ly (x, dx’,

[J|=n

where L; ;(x, f) denotes the determinant of the (n X n)-minor obtained by fixing all j-th rows with
J € J and all i-th columns with i € I. If we impose the condition

Ly (x,f)>0o0r <0 forall multiindeces |J| =n and for I €J (1.6)

then we arrive to the following estimates that give a more suitable form of bounded distortion.

1

IDufI" < K" [Z Ly (x, f)z] <K Y Ly, f). (1.7)
J J

The advantage of Ii is the vanishing of fg L;;(x, f)dx for all f € C; (L) and for all multiin-
deces |J| = n. If we use the notation L(x, f) = >.,; L; ,(x, f), then we get

f L(x, f)dx = —f L(x, f)dx
F Q-F,
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for some subset F'(1) C Q.
We use the tensor product of fy = (fi,- -, f2n) by D¢ with ¢ € C7(€2)

hXag - fiXond
fH®Dyp =

f2nX1¢ e f2nX2n¢
in order to prove the following result in analogy with discussions in [[15].

Theorem 1.3. There exist a number q(n, K) < n, n > 2 such that for every q € (q(n, K),n) and
every contact mapping f € H WIIO’Z(Q, H") satisfying (1.3)-(L.7), the Caccioppoli type inequality

l¢Dp flle < Clg, n, K)llf ® Dudllrs, (1.8)
holds for any ¢ € C;' (L) and the horizontal part fy = (fi, ..., f2x) of the mapping f.

If we assume for the moment, that Theorem [1.3|is true, then the higher integrability of Dy f
can be proved by making use of the Poincaré inequality, what shows the following theorem.

Theorem 1.4. There exists a number 1 < q(n, K) < n, n > 2, such that for every q € (q(n, K), n),
and for every contact mapping f € H WZIO’Z(Q, H") satisfying (1.3)-(L.7) we have
ka_ c Lq(Q—l)/(Q—q)(Q)
J

loc
foranyk, j, 1 <k,j<2n.

Proof. Indeed, if we take a ball B = B(xp,2r) C Q in the Carnot-Carathéodory metric and a
function ¢ € C7(2B), ¢ = 1 on B such that |X;¢| < C/rforallk = 1,--- ,2n, then we get

(JC |DHf|q(Q—1)/(Q—q)dx
B

)(Qq)/(Ql)q )(Qq)/(Ql)q

1
=Clan By (JC [0) = (fast?@ D@0y
2B
)(Q—q)/Qq

9

1
< C(q,n, K); ( ] | fe(x) — (fk)ZquQ/(Q_q)dX
B

from (1.8)) since the volume of the ball B(xo, ) satisfies the relation |B(xo, 7)| ~ r¢. Applying the
Holder inequality and the sharp form of the Poincaré inequality [47], we obtain

(J[ |DHf|q(Q—l)/(Q—q)dx
B

)(Q—q)/(Q—l)q

1/q
<C(q,n, K)( IDHfqux) .

CB

This gives the higher integrability of Dy f € qu(ch_l)/ (@9 Therefore we have proven Theo-

rem L4 O

Remark 1.5. The inequalities (I.3]) and (I.4) show that we actually proved

(Q-9)/(Q-1)q
(Jc(det Df)q(Q—l)/Q(Q—q)dx) < C(g,n,K) (JC
B

CB

1/q
(det D f)"/de)

for some constants C(g, n, K) > 0 and C > 0. This implies that (det Df)?/? is A.-weight.
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1.2 Proof of Theorem

In the following arguments the neighborhood of x = (x/, ) is defined by

2n
172 _
B(x,r) := {y =, ne": (Y l-yl)  <r and |r-s—Imyy] < rz}. (1.9)
i=1

and the metric d is defined by
d(x,y) = max {lx' = y'|, [t — s - Imx'y"|"?}  x,y € H". (1.10)

It is easy to see that d(x,y) is a quasi-metric and equivalent to the quasimetric |x"'y|y or the
Carnot-Carathéodory metric dc(X,y). The neighborhoods defined in (1.9) also form a topology
basis.

1.2.1 Auxiliary Lemmas

We need to establish a geometric lemma which is obvious in the Euclidean case. We will use the
projection map mc-X = x’, where x = (¥, 1) € H".

Lemma 1.6. We set dy, = 2dist(x,, H" — B(xo, r)) for a fixed X, € B(Xo, r). Then we have
|B(x1, Cdx,) N (H" = B(Xo, r/2))| = C(n)|B(X1, dx,)|
for some constant C > 0 that only depends on n.

Proof. Letx; = (x|, s) and X, = (x;, 59). Since the closure Bx, r) is a compact set, there exists a
pointy; € dB(xo, r) such that d(x;,y;) = dist(x;, H" — B(xp, r)). If |x] — ¥}| = d(x;,y1), then there
exists X, = (x5, 5) € B(Xy,dy,) with x, € mc.(H" — B(Xo, r)) such that

U:={xeC":|x —x5| <(1/100)dy,} € {x" € C": |x — x| < dx,} N wen(H" — B(xo, 7)),

where 7. denotes the projection operator from the Heisenberg group H" to C”. o
Next we aim to show that if | — s — Imx’x}| < (dy, /100)? for all X’ € U, then |t — s — Imx’x}| <
Cd; . In fact, we have

It — s = Imx'x(| = [2( = 5) = (t = 5) — Imx,x] — Imx'x}, + Imxyx) — Im(x’ — x5)(%) — X))
<t =5 = Imxo| + |t — s — Imx' X)) + |t — s — Tmxb )| + [(x" — x5)(x] — x5)|
<4d;.
Therefore, we have proved the inclusion B(x,dy,/100) C B(x;,Cdy,) N (H" — B(Xo,r)). We

estimate
|B(xy, Cdy,) N (H" — B(Xo, )| > |B(X2, dy, /100)| > C(n)|B(x1, dy,)|.

On the other hand, if the minimum is attained at the “bottom” or “top”, that means for y; =

"}, 51) € OB(Xg, r), we have x| — || < |s — s, — Imx|y||'/? = d(x,,y1) = dy, /2. We assert that the
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4

boundary point y; must have the property [y, — x| < |s; — so — Imy/x;|'/2. If this were not true,
the point (y7, s; + €) would also lie on the boundary. But this could change the value of distance
from x; to the boundary. By this argument we must have |s; — sy — Imy’lx_()l = r? and for the fixed
Yi» X4, §1 is unique on one side.

We only consider the case when (¥}, s;—¢€) lies outside of the domain B(x, ), since arguments
for the case when (y], s, +€) is outside of the domain are similar. We take a point X3 = (y}, s —dfl ).
We can show that B(x3, d, /100) € H" — B(xp, r/2). In fact, we have

It =5 = Imy'x| = |t = (s1 = dg) = Imy'y] + (51 = dx) = so — Iy, xg = Tm (O = (x5 = 1)
> r* +d;, — (dy,/100)* = rdy, /100 > (r/2)?

for any (', 1) € B(X3,d,,/100). The last step is followed from the fact dy, < r. We also need to
show B(x3, dy,/100) C B(x;, Cdy,) for some constant C > 0. This is easy case, since

d(()”, t)’ xl) < C [d((y/, t)’ .X3) + d(X3, )’1) + d(yl’ xl)] < Cdxl

for any (', 1) € B(x3,dx,/100). So we have B(x3, dy,/100) C B(x;, Cdx,) N (H" — B(Xy, r/2)), that
completes the proof of Lemmal|l.6 O

The following Lemma was proved in [27] for vector fields satisfying the Hormander condi-
tion. Here we provide a simpler proof for the homogeneous group.

Lemma 1.7. Let Q be an arbitrary domain in H". If f is a Lipschitz function on Q c H", then
f e HW=(Q).

Proof. If we write y = exp(tX;) and y, = exp(Xy) for horizontal vector field X; then y = ryj.
Since |f(xy) — f(x)| < Clylg and

‘m Sfxexp(tXi) — f (X)’
0

= lir t (1.11)

d
Xof = d_tf (xexp(tXyi))

t=0
we get
|f(xexp(iX)) = f(x)| < Cleyolu.
Therefore, we have
|[f (xexp(eXe)) = f(0)1/1] < Clyolu < eo

by (1.11) for all || < &, where ¢ is a small enough positive number. There exists a function
g € L*(Q) such that there is a sequence t; — 0 with

[f(xexp(t;X) — f(0)]/t; =~ g weaklyin L ().
On the other hand,

fg SLf (xexp(t; X)) — F(0)1/1tdx = fg FOBCrexp(—,X0) — 9011 dx
L fg (Xe) f(Ddx

for any test function ¢ € C’(Q). This implies fQ pgdx = — fQ(qub) fdx and X f € L™ (Q). O
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Lemma 1.8 (Pointwise Sobolev inequality [36}, 46]). Let u € W'"P(H"), 1 < p < oo, and let
x € B = B(xy, r). Then there exist constants ¢ > 0 and C > O such that

|u(x) — upl < crM(|Xiuly c)(xo))

|u(x) = u(y)l < cde(x, y)IM(Xul)(x) + M Xul)(y)],

where M(f) denotes the Hardy-Littlewood maximal function defined on the Heisenberg group,
Xy is any horizontal derivative and y ¢ is the characteristic function of the set G.

1.2.2 Whitney Extensions for Horizontal Components f;, k =1,---,2n

We assume that ¢ € C7(Q) and supp ¢ C By := {x € H" : d(x,0) < r/2}. Let g = [pDy f| +|fu ®
Dy ¢| and let
Fy={xeBy:M(g) <A for A1>0,

where M(g) is the maximal function of g on the Heisenberg group. We aim to show that u; = fi.¢,
1 < k < 2n, are the Lipschitz functions on the closed set E(1) = F(1) U (H" — B), where
B={xeH": d(x,0) < r}. We will consider three cases.

Supposing x, y € F(A1), the Lemmal|l.8|implies

(%) — up (V)| < ede(x, YIM(Xiul)(x) + M(IXiu))()]
< cdc(x, )IM(Igh(x) + M(1g) ()]
< cAdc(x,y).

If x, y € H" — B, then uy(x) = u(y) = 0. We set By := {z € B(x,d,) : uy(z) = 0}. Lemma[l.6
implies
|B1| > |B(x, Cdy) N (H" — B(xo, 7/2))l = C(n)|B(x, d,)| (1.12)
for the case x € F(1) and y € H" — B. Basing on (I.12]) and the Poincaré inequality, we get

f ukwdyl
B(x,dy)

JC u(y)dy
B(x,dy)

< C(n) lur — (Ui) Bx.ayldy
B(x,dy)

< C(n)d (JE (Xiul?/ @Dy
B(x.dy)

|Bi|
u(y)d | <Clh)———
Ji(»c,d» e |B(x,d,)|

< C(n) (ﬂ

|B(x, d.)|

o),
—_ g — (i) B, Idy)
|B(X, dx)l B(x,dy)—B oo

)Q+1/Q

Therefore, by the Holder inequality we have

(UQ)Bxay < C(n)d,y JC \Xiu| < C(n)d:M(g)(x) < C(n)Adc(x, y).

B(x,dy)
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This yields
i (x) — Y| < (X)) — (i) Boan | + 1) Byl
< C(n)d, JC |Xiu| + C(n)Adc(x,y)
B(x.dy)
< C(n)Adc(x,y).

We have proven that u; is a Lipschitz function on E(A1) and Lipschitz constant is C(n)A. Since
(H", d¢) 1s a metric space, we can use the McShane extension theorem [52]. We extend i to the
Lipschitz extension function u; defined on H", which can be constructed as follows

up(x) = sup [up(x1) = C(m)Adc(x1, x)].
x1€E(Q)
1.2.3 Stopping Time Arguments

Consider any cofactor L; ;(x,¢f) that was defined in Subsection 1.1. We denote by (ji, - j,)
a multiindex from J and let ujl be a Lipschitz extension of ¢ f;. Lemma shows that ”?1 €

HW'(Q). Let f; = (u;?l ,@fp, - ¢fj,). By approximation arguments and the Holder inequality
we get

f Lis(x, fdx = 0
Q

for all n-tuples from / and J.
Since |f;, Du¢l < C(n)|fu ® Dyl and |Xi(¢f; )| < C(n)g for all i € I, we have

f ¢"Liy(x, f) < C(n) (ﬂ f g+ f |fH®DH¢|g"‘1)
FQ) Q-F(1) FQ)

from the above estimates. We multiply by A~'=¢ both sides and interchange the integrations to
obtain

fg; ¢"Liy(x, f )M(g)(X)_ESC(n)(i fQ g M(g)(x)' " dx + fg IfH®DH¢Ig"_1M(g)(X)_€dX)

for all n-tuples from 7/ and J. The definition of the variant bounded distortion of quasiregular
maps on the Heisenberg group (1.7) essentially implies

C(n)K?%e
1-€

fg &\ DufI' M) < fg ¢ M(g)(0) “dx+Cn)K> fQ fu®Dudlg™™ M(g)(x)dx.

(1.13)
Next, by the Holder inequality, and the Hardy-Littlewood maximal theorem we have

(n—€)/n €e/n
f|¢DHf|n_EdX < (f |¢DHf|"M(g)_€dx) (f M(g)”_edx)
Q Q o

(n—e)/n €/n
< C(n) ( fg |¢DHf|”M(g)‘EdX) ( fQ g"_EdX)
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for a small enough € > 0 and an integer n > 2. If the following estimate is true

fgn—edxz2n—ef|¢DHf|n—edx,
Q Q

then Theorem [I.3/has been proven. In the case

f g dx <2 f |¢Dp f1"“dx,
o Q

making use of the above estimates, the Holder inequality, the Hardy-Littlewood maximal theo-
rem, and the fact g < M(g) one gets

f o<dx < C(n) f 16D fI'M(g)“dx
Q Q

C(mK? 1/(n—€) (n—e~1)/(n—€)
< Lefg"_éa’x+ C(n)K? (f IfH®DH¢|”_de) (f g”_edx) .
Q Q 0

1-¢€

This leads to the estimate
fg”‘edx < C(n)f |fz ® Dyo|" “dx.
Q Q

The proof of Theorem[1.3|is completed.



Chapter 2

Self-Improving Regularity for the Very
Weak Solutions of Subelliptic Equations

We begin with the definition of elliptic systems in R". Let m be an integer number greater than or
equal to 1. Introduce the notations P = [y, RY and D"u = (u, d,u, - -- ,d%u) for all |o’| = m.
In order to simplify the notation, we denote by 0"u the summation }},_,, 7u. We assume in this
chapter that Q is a bounded domain in R". Let A = (A,): Q X P — RY be a function such that
Ay (-, D™u(x)), x € Q, is a measurable function on €, satisfying the following conditions:

Z Ay (x, D"u(x)) - OTu(x) = y|0"ul’ —a(x) a.e. inQ (2.1)

lo|=m

and
|As(x, D" u(x))| < [07u(x)|""" + bo(x) a.e. inQ, (2.2)

where |o| < m and a(x), b,(x) are nonnegative integrable functions. We say that a function

u € W™P(Q) is a weak solution of

D (=107 AL (x, D u(x) = 0

lor[=0
on an open set Q if

> f Ay (x, D"u(x))87¢dx = 0 (2.3)
lr|=0 V€

for any test function ¢ = (¢y,- -+, dy) € C;(Q).

In [51], authors extended Gehring’s lemma, regarding the higher integrability [[17] in a more
general form, and proved that the weak solution of elliptic system (2.1)-(2.3) has the high-
er integrability property. That is to say, there exists an € > 0 such that the weak solution
u € WmP*<(Q). There are several monographs studying and generalizing this question (see,
for example [4} 8, [19]]). Motivated by the Iwaniec and Martin work on the integrability of weakly
quasiregular maps [31,,133,34], Lewis [44] introduced a very weak solutions for elliptic systems;
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that is, if u satisfies and u € W'4(Q) for g < p then u is a very weak solution of elliptic sys-
tem (2.1)-(2.3). Lewis [44] obtained a higher integrability property for the very weak solutions
of the elliptic systems that is the extension of the result in [S1]. Also, a number of authors have
given regularity results concerning parabolic equations. Kinnunen and Lewis [40, 41] proved
the result for the first order parabolic equations and Bogelein [S] generalized these results for
the higher order parabolic systems. It is worth mentioning that there are another ways to study
the higher integrability problem for elliptic equations, see [29] for the second order degenerate
elliptic equations and [9] for the second order subelliptic equations.

It is also interesting to know whether the Lewis celebrated result [44] can be extended to the
Carnot-Caratheodory space. However up to now, it is only known that this kind of extension
works for the particular case for the second order system. Zatorska-Goldstein [16] got a higher
integrability result for the second order subelliptic equations by combining the technique in [44]]
with the Young inequality. This kind of technique was shown to be extremely useful in the
study of the first order parabolic equations, see [40, 41]]. The difficulty in this problem is that
the Whitney extension seems to be more complicated in the Carnot group than in the Euclidean
space. We shall discuss a certain specific subelliptic equations in this chapter.

In the first section, we prove the self-improving regularity result for weak solutions of the
fourth order homogeneous subelliptic system. In Euclidean space, a typical fourth order homo-
geneous elliptic equation is the biharmonic equation A’u = Ao Au = 0, A = 9% +---+ 0% , which
appears in the linear elasticity theory and the Stokes flows. We will consider a generalized form
of this kind of equation that is given in more general geometric setting, namely, on the Carnot
group G.

In the second section, we consider the p-sub-Laplace equation. In this particular case, there
are some nice properties of weak and very weak solutions. We follow the approach of [[12]], where
it is claimed that a special kind of function A, defined by the p-sub-Laplace equation, belongs to
the Hardy space H'(R") if we have the decomposition A = E -7?), where E € (LP(R™))™ is the
“electric field”; that is divf =0, ? € (L” (R™)" is the "magnetic field” defined by curlTB) =0
with i + % = 1. Unlike the approach in [53], this technique provides another point of view on
studying higher integrability of determinants. Making use of this technique is useful for study of
determinants of vector fields satisfying the Hormander hypoellipticity condition (see [21} 22]).

2.1 Self-Improving Regularity for the Weak Solutions of Fourth
order Homogeneous Subelliptic Systems

The Carnot group is a connected simply connected Lie group, whose Lie algebra g is nilpotent
and graded:

g=Vi®..0V, Vi.Vil =V, j<n, [Vi,V.]=0.

Let Yy, V>, ..., Y), be left invariant vector fields on G that form a basis of Lie algebra g, here M =
dim G. We say that a vector field Y; has a degree d; if ¥; € V,;,. The vector fields X;, X, ..., Xy,
that form the basis of V;, are called the horizontal derivatives on G. If I = (ij,...,iy) is a
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multiindex, then we denote by Y/ = Yl."l1 Yl’; Yl’A": the differential operator of order |I| = i;+...+iy;,
and by d(I) = dyi; + ... + dyiy the homogeneous degree of the multiindex. The exponential
mapping x = exp Y7, x;¥; is a diffeomorphism of g onto G and we use it to introduce the normal
coordinates. Let n;(x) = x;, i = 1,--- , M be the coordinate functions. We denote by Q = Zle d;
the homogeneous dimension of the Carnot group.

Let us define the homogeneous polynomial on the Carnot group. We denote by ! = r]’i‘ . -n%
the monomial of homogeneous degree d(I) = dyi; + ...+ dyiy. A homogeneous polynomial of
homogeneous degree d is a linear combination of monomials of the same homogeneous degree d.
We say that a polynomial has homogeneous degree d if it is a linear combination of monomials
with the homogeneous degree at most d. We let | - | be a quasinorm in the Carnot group. We
shall use the notation |B]| to denote the Haar measure of a set B.

Let X' = X ’f X; --- X, be the m-th order horizontal derivative, Q be an open bounded domain
in the Carnot group. Define the functional space L},(Q) of functions u : Q — R¥ as follows:

Lh(Q) = {u = (uy, e un): we € LP(Q), X willirey < o0, Il S m.k =1,...N}.
We consider the horizontal Sobolev space on the Carnot group defined by
HW™P(Q) = C*(Q) N LL(Q).

To define the fourth order homogeneous subelliptic systems on the Carnot group G we follow
the definition of the higher order elliptic systems in R”. Denote P = [Jo<<; RY and D*u =
(u, X'u, Xu) for all o] = 2. Let A = (A,): Q x P — R" be a function such that A,(-, D*u(x)),
x € Q is measurable in Q and satisfies the following conditions:

Ay (x, D*u(x)) - XTu(x) > v|X“u(x)| (2.4)

almost everywhere in Q and
e (x, D*u(x))] < IXTu(0)l"™" + by (x) (2.5)

almost everywhere in Q, where |o| = 2. We say that u(x) € HW*9(Q) is the weak solution of
fourth order homogeneous elliptic system

Z XA, (x, D*u(x)) = 0,
|o|=2

if u satisfies the following identity

> f Ay (x, D*u(x) X" p(x)dx = 0 2.6)
=2+
for any ¢ = (¢1,...,¢n) € C37(Q) and g = p. We say that u is the very weak solution of if
q < p. In order to simplify the notation, we denote by X;X;u the summation with respect to the
indices i and j, thatis ZZ‘FIX[X .

In this chapter we follow the approach, developed in [44], to obtain a self-improving integra-
bility result for subelliptic equations. Our principal result states as follows

Theorem 2.1. Let Q be a bounded domain on the Carnot group G, u € H WIZD’E(Q) and A satis-

fies 2.4)-@2.6). Then for p > 1 there exists a § = §(Q, N,y, p) > 0 such that if r = p — 6, then
ue HW"(Q).
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2.1.1 Preliminary Lemmas

First of all, we need to establish the pointwise Sobolev inequality for higher order derivatives on
the Carnot group G, which is the content of Lemma For a locally integrable function f on
G, and B(x,r) = {y € G : dc(x,y) < r}, where d¢ is the Carnot- Caratheodory metric on the

Carnot group we let
o 7=
= — dx = dx.
5 B ), f i f

We define the center maximal function

r>0

Mp =sup £ If0dy
B(x,r)
and a localized operator with respect to any fixed subset B c G,

Mp(f)(x) = M(fxp)(x),

where y is the characteristic function of B. We let Dﬁ’;( f)(x) to be the k-times composition
operator of Mp(f), that is if ML (f)(x) is defined then

ME()(x) = sup ﬁ( )mtﬁ‘l(ﬂ(ym(y)dy

r>0

is defined inductively for k£ > 2. We remind that the Carnot-Caratheodory metrc d¢(x,y) on the
Carnot group is defined as infimum over lengths of all absolutely continuous curves y : [0, 1] —
G such that y(0) = x, y(1) = yand y € span{Xy, -+, X, }.

Lemma 2.2. Let | be a positive integer, 1 < g < oo, r > 0, xo € Q, and By = B(xy,r). If
u € HW"(Q) in a bounded open subset Q C G and fBo X =0 for0 < |a| <[—1, then there
exist constants Cy(ny, Q, 1, q) and C > 0 such that

lu(x)| < Clrlsmg(z IX7ul)(x), x € B = B(xy,Cr). 2.7)

lor|=L

Moreover, if 1 < s < gandls < Q, then there exists C,(ny, Q, 1, q) > 0 such that

1

Y
u(x)| < Cor! [ Ji My IX‘TuI)“(x)de ML IX7u) ™ (x), (2.8)

o=l

( Ji |u(x)|~‘*dx) < czr’( Ji N>

lorl=1

o=l
1
s

IX‘TMI)S(X)dXJ ; (2.9)

Qs
Q-ls*

where s* =
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Proof. We start our proof from the first order case, and then continue to show the higher order
result by induction. We know from papers [36,46], that the Morrey type inequality holds for the
Carnot group. Since up = 0 then

n

(o)l = = up,| < C f D IXu()lde(x, y) 2 dy

B =1

ny
) Cf + f 3 X, y) 0 dy = 1+ 11
{yeB:dc(x,y)<n} (yeBidc(x.y)>n) 4=

for some 1 > 0 that will be chosen later. To estimate / we write I in the form

o ni
1=cy f D Xeu(lde(x, )2 dy
k=0 Y yeB27*In<dc(xy)<27*n) 15

oo 1 1
<c N oy f X (y)ldy.
; (2"‘77)Q {yeB:dc(x,y)<2~*n} ;

Due to the relation |B(x, 27*n)| ~ (27*n)2, we get

1< CaM(Y X)),
k=1

If n > Cr then I1 = 0 and the above estimate shows that (2.7 holds for / = 1. In the case n < Cr
we apply the Holder inequality with the exponent s, 1 < s < Q for the second term and deduce

1 1
ni s ra
11 < C[ f D IXku(y)I)de] ( f dc(x,y)(‘Q“)“’dy) :
{yeB:dc(xy)zn} =1 {yeB:dc(x,y)2n}

Since d¢ ~ |x~'y|g, we can estimate

f de(x, )" dy < €, f GO gy = f H(x"y)dy,
{yeB:dc(x,y)=n} {yeB:|x"1ylg=Cn) G

where H(z) = C2|z|(G_Q+1)S, X(:€G:lde=Cni- The biinvarians of the Haar measure on the Carnot group
and [[14} corollary 1.16] imply

f de(x, )" dy < C(s, Q@1
{yeB:dc(x,y)zn}

Therefore, we obtain

11 < O+ ( f O X)) dy -

beBdc(ey)zn)
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‘We choose

ni é ni ]
n= [ f » |Xku<y)|>de] M) Xialys) ()
{yeB:dc(xy)zn}t =1 k=1

in order to get I = /1. Thus we obtain the chain of estimates

ni é ni
ju(x)| < Cr f(z |Xku(y)|)‘*dy] M) Xy p)™ (x)
B k=1 k=1
n é ny
<cr| £y, |Xkum>5<y>dy] MO e ()
B =1 k=1

1

ni 0 ni i
= Cr f Mp( ) |Xku|)5(y)dyJ My IXil) * ().
B k=1 k=1

This finishes the proof for the case [ = 1.

For the general case, we assume that the theorem already holds for / — 1, and we proceed to
show the theorem for / > 1. We repeat the above arguments for x € B, applying the induction
hypothesis to every X;u, and get

1< CpM() , Xiulys)(®)
k=1

o
< Cm)Conr'"™! f MO IX7u) (x)dx M(Dﬁ;—‘(Z IX“ul)(~))(B(-)) (x)

B = o=t

=1

o i
< C(ny)Cor™™! f MO IXTuly (x)dx [imlB(Z |X"u|<-)XB(->>(x>]
B

lol=1

o=l

forls < Q and s* = Q_Q;;S. The last step followed from the Holder inequality and the definition
of the localized operator. If n < Cr, then (2.7) holds for [. If not, we need to estimate second term
once again. Applying the Holder inequality with the exponent s* for /1, the similar arguments

show

1
_1 1 S s 8
k=1 VB

1
< Cp w2 B! ( JC My () IX"ul)S(x)dX) :
B

lol=1

We set

S
F

- ki
n* = BI* [ f my' IX‘TMI)S(x)a’x] (sm;(Z |X“u|<->>(x)] :
B

o=l |or|=I
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After simplifying and making use of the fact |B| ~ Cr?, we get

[

g
()| < Cor' { f MmO IX"ul)s(x)dx] My (> XUl e (x),
B

lorl=L o=

which is the required estimate. The inequality (2.9) follows immediately, that completes the
proof of Lemma O

In the Euclidean space it is very useful to consider a special type of polynomial P(x, B) of
degree m, which satisfies fB (0"u(x) — 0"P(x, B))dx = 0 for all || < m — 1. Such a polynomial
is called the fitting polynomial that received its named after P. W. Jones’s celebrated paper [37]]
concerning the extension problem of the Sobolev space on (€, §)-domains. In the present paper
we should prove that such kind of polynomials also exist on the Carnot group. Our proof is based
on Nhieu’s ideas [S5]. In fact, the proof can be rather straightforward extended to an arbitrary
Carnot group. For this purpose we state the following lemma.

Lemma 2.3. (Existence of fitting polynomial on Carnot groups) For any fixed measurable subset
BcC BcQ 0<|B| <o andanyu € W™P(B), m and p are any fixed positive integer; there exists
a polynomial P(x,u, B) (may not unique) such that

X'P=0 forall |I| =m, and f X'(u—-P)dx=0 forall |I|]<m-1.
B

Proof. We divide the proof into 3 steps.

Step 1: Some properties of homogeneous polynomials on the Carnot group.
Remind from [14] that the left invariant vector fields can be written as

X = 0/0n + Z Py0/0n;,

di>dy,

where Py is a homogeneous polynomial of homogeneous degree d; — di. The higher derivatives
can be written
X'= Y Pr@/on),
d(K)=d(D), |KI<|1]
where P,k is a homogeneous polynomial of homogeneous degree d(K) — d(I). Therefore, it is
easy to check that if P is a homogeneous polynomial of the homogeneous degree m, then the
homogeneous degree of X’ P equals

dego(X'P) = d(K) — d(I) + m — d(K) = m — d(I).

We conclude that if d(I) > m, then X’P = 0 and if d(I) = m, then X' P is a constant. Since we only
take into account horizontal derivatives, we get d(I) = |I|. Therefore we have deg (X' P) = m—|1|.
Step 2. The proof of Lemma [2.3| will be completed by proving the following statement: for any

fixed integer [, 0 < [ < m — 1 there exists a homogeneous polynomial P; of degree deg;(P;) = [
such that [, X'(u — P;)dx = 0 for all |I| = L.
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If this statement is true, we first find a homogeneous polynomial P,_; such that fBXI (u —
P,.—1)dx = 0 for all multiindeces |I| = m — 1. Next, we let g = f — P,,_; and find a homogeneous
polynomial P,,_, such that fB X! (g—P,,_»)dx = O for all |I| = m—2. Continue to repeat this process
until we find a 0-degree homogeneous polynomial P,. Then we assert that P = Py+P;+---+P,_;
is the desired polynomial.

Observe that if multiindex I satisfies |I| = m, then X'P = Y7/ X'P, = 0.

For any fixed multiindex / with |I| = [ < m — 1, we have showed that homogeneous polyno-
mials, constructed above, satisfy fBX’ (U= Py —--+—P)dx = 0. Since X'(34_, P;) = 0 we

get
-1

f X'(u - P)dx = f (Xl(u P, ——P)— X’(Z Py |dx = 0.
B B k=0

This finishes the proof of Step 2.
Since X'P; is a constant, in order to find the homogeneous polynomial it suffices to determine
its coefficients, that is to find a solution of the overdetermined linear system:

X'p, = JC X, |1l =1. (2.10)
B

To complete the proof of Lemma [2.3] it is enough to show that the linear system (2.10) has
solutions. It reduces to the linear algebra problem to indicate whether {X'P; : |I| = [} and
{X"u : |I| = [} has the same linear dependent relation. This will be proved in the third step.

Z i X'P; =0,

1=t

Step 3. We prove that the equality

implies
Z cX'u=0 (2.11)
=
for any choice of real numbers c;.
Indeed, first, we assert that for the same set {c; : |I| = [}, the equality

Z aX'P=0 (2.12)

171=t

holds for any polynomial P.

Indeed, if the homogeneous degree of P satisfies k = degg P < [, then (2.12) holds auto-
matically. If k = degg P > [, we write this polynomial in the form P = le‘:o P; and assert that
X'P(0) = 0. In fact, X'P = 3 5/, X'P;, since X'P; is the homogeneous polynomial of the ho-
mogeneous degree j —d(I) = j—|I| = j— [ > 1. Therefore X'P;(0) = 0 for all j > [ + 1. Thus
the assertion is true.

We denote 7,(y) = x - y the left translation on the Carnot group G which is a diffeomorphism
of G. Composition P o 7, is a polynomial if P is a polynomial. Since X' are invariant under the
left translation, we have

Z e X P(x) = Z c/(X'P) 0 7,(0) = Z ¢/(X'P o 1,)(0) = 0.

= = 1=l
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We prove the equality (2.11) for u € C7(Q). In [14, page 34-35], one can find the Taylor
series on the Carnot group. We apply this formula to u for any fixed xj. Let

n'(xy'x)
I

P(x,x0) = Y arx))
d(h<k

be the Taylor polynomial of # with homogeneous degree k > [. Then we can conclude that

Z 1 X'P(x, xy) = 0.

=

Since X' P(x, x0)lr=x, = X'u(x0), we get

Z crX'u(xp) =0

171=t

for any fixed xy € Q.

The last step is to show that the equality (2.1T)) holds for u € HW™P(B). This follows imme-
diately from the definition of the Sobolev space on Carnot groups. Applying approximation
arguments to u € C7(B), we get that the conclusion holds for the Sobolev space. This completes
the proof of Lemma[2.3] |

Another approach to prove the existence of fitting polynomial can be found in [48].

Lemma 2.4. Let Q be a domain on the Carnot group G and xy € Q. Assume that A > 0, r > 0,
and 1 < q < co. Foru = (uy,...,uy) € HW>4(Q) with supp u C B(xy,r) C Q, we denote
B = B(xy, Cr) for some C > 1 and

F() = {x e Q: MO IX7ul)(x) < AN B # 0.

lo|=2

Then u|py has the Whitney extension v to G satisfying
(1)v=uonF(1),
(2) Xpv = Xpu on F(Q),
(3)1X7v| < cAdae. onG for|o| = 2.

Proof. We need to verify that u satisfies the conditions of the Whitney extension theorem shown
in [62]. We know by approximation arguments that fz 5 Xkudx = 0. Applying Lemma we get

| Xu| < Crﬂﬁf;(z [X“ul)(x) < CAr forany xe€ F(Q)

lol=2

and for k = 1, ..., n;. Moreover, we have |u — uyp| < CAr?. If x; € (%B)c, then u(x;) = 0 and

juasl = (1) = g < CPONGY | IXTul)(x1)
lor|=2
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< Cre f sz(Z IX7u)(y)dy < CAP2.
2B

lor|=2

Therefore |u(x)| < CAr?.
The first order Taylor polynomial for the function u can be written in the form

P(x, x0) = u(xo) + ) Xeat(xo0) mielxg ' ).
k=1

We can choose a polynomial Q(x, yy, s) of homogenous degree 1 satisfying
f (u—Q)dx =0 and f Xe(u—Q)dx =0 for k=1,...,n
B(y0,5) B(yo,5)

for any fixed yp € F(4) and s > 0 by Lemma[2.3] Using Lemma[2.2] we get
lu—Q|<CA?* and | Xu(u— Q)| < CAr on F(2) N By, 9). 2.13)

Since Q is the polynomial of the homogenous degree 1, it contains only 7, for index k varying
only from 1 to n,. Therefore, Q can be written as

0(x) = Q(x0) + ) (X Q)(x0) milxg' )
k=1

and from (2.13) we can immediately deduce
10(x0) — u(xo)l < CAr*, X, Q(x0) = Xeu(xo)| < Car

Since P and Q are polynomials of homogenous degree 1, their first order horizontal derivatives
are identically constant, therefore X; Q(x) = X;Q(xo) and Xy P(xo, x) = X3P (X0, X)|y=x, = Xitt(X0).
This implies

|IP— Q| <CA* and |X(P- Q)| < Car.

So we get
|P—ul < CA* and |X,(P—u)| < Car

and this shows, that u satisfies the condition of [62, Theorem 2]. Thus, we conclude that require-
ments (1) and (2) of the statement of Lemma 2.4 hold and the observation from [62, page 611]
implies that | X7v| < ¢4 on F(2). This completes the proof of Lemma [2.4] O

In order to prove the main result of the present chapter, we recall the following Gehring’s
lemma on metric measure spaces X, d, u, where d is a distance and y is a doubling measure.

Lemma 2.5. [ /6] Let q € [qo, 2Q], where qo > 1. Assume that functions f, g, defined on a metric
measure space (X, d, u), are nonnegative and g € L! (X,u), f € L (X, ) for some ro > q. If

loc loc
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there exist nonnegative constants b > 1 and 0 such that for every ball B C BB C X, B > 1, the
following estimate holds
+6 f gldu,
BB

gldu <b gdu ' + Sfldu
B BB BB

then there exist nonnegative constants 6y and €y, 8y = 6y(qo, Q, Cy,B) and €y = €y(b, qo, Q, Cy,5)
such that if 0 < 0 < 6y then g € LY (X, u) for p € [q,q + &) and moreover

loc

() <el(f o + (£, 0] ]

for C = C(b, gy, Q,Cy, B).

2.1.2 Proof of Theorem 2.1]

Our approach is due to [44] and we divide the proof into several steps.

The distributional set of maximal function on the Carnot group is an open set.

For any fixed locally integrable function f, we prove that the set {x € G : M(f) > t} is an
open set for all # > 0. This assertion is equivalent to saying that the maximal function M f(x) is
lower semi-continuous. Obviously, any average of the function f

1
d
BG D) fB o lfFO)ldy

—

is continuous. Therefore

(xeG: M(f)>t}:{xe(G: sup ! f |f(y)|dy>t}
r>0 |B(X, l")l B(x,r)

1
- U {x €G: BT lF)ldy > t}.

B(x,r)

is an open set. This proves the assertion.
Stopping time arguments.

Let u, Q be as in Theorem Suppose B(zp, R) be the any Carnot-Caratheodory ball in
Q. We fix a point xy € B(z9,R/2). Let r = R/4C, C > 1, and denote by B, the ball B(xy, r).
There exists ¢ € C°(B), B = B(xo, Cr), such that ¢ = 1 on B(xo, ), supp ¢ C B and |[X7¢(x)| <
Ci(e)r !, |o| < 2, see [14]. By Lemma there exists a polynomial P such that fB X'(u -
P)dx = 0 for any |I| < 1. Denote uy = (u — P)(x) and let

(x0,R)

EQ) = {x LR IXTup(x) < /1} and F(1) = E(1) N B.

lol=2

So that F(Q) is a closed set. Applying Lemma [2.4] we extend uy|ry to v on G. Next, denote by 6
a test function 6 € C;(B(xo, R)), which 0(x)|px,3cr2) = 1. Define #(x) = v(x)f(x). We can show
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that [X"V] < C 2jn IX7V] < Ci(1 + A+ A%), and thus X"y € L=(Q) for all 5| < 2. Since Q is
bounded, we can deduce X7v € L1(Q) for ¢ > p — 6. We assert that holds if we substitute ¢
by ¥, that is

Z f Ay (x, D*u(x)X(x)dx = 0.
lo=2 ¥ &

In fact, we choose a sequence ¢; € C;7(€2) such that [|¢; — Vl|y24) — 0. Therefore

Z f A, (x, D*u(x))X7(x)dx
Q

lor|=2

Z f Ay (x, D*u(x)) (XT9(x) — X i(x)) dx
=2 Y

<> f (IX7 U™ + by () (X70(x) — X7 () dx
lol=2 Y

< C ) IXTuGIP + Do ()| o0 000,

lo]=2
X |IX7V(x) = X7 ¢i(2)| 1oy — O.

The last step is followed from the Holder inequality.
We split Q into two sets Q = F(1) U (Q — F(1)) and obtain

Z f Ay (x, D*u(x)X uo(x)dx = Z f Ay (x, D*u(x) X7 (x)dx
lorj=2 V@ =2 YO-F(

(2.14)

<G f IXTu(x)|P™" + by (x)) dx.

1 I;=2 B(XO’R)—F(A)( e * ) *

The last inequality is followed from (2.5). We assert that there exists 4o > 0 such that E(1) =
F () for any A4 > A,. To prove this assertion notice that we have

M IXupl)(x) < er @ f Mp( > IX7upl)(x)dlx

IO_|:2 B(.X(),4Cl’) |0.|:2

< min MY Xuol)( —
= B 0 )C)

B(x¢,8Cr) .2

for any x € Q — B(xy,3Cr). Setting

Ao =cr? f Mp( D IX up)(x)dlx,
B(x0,4Cr)

lor|=2

we finish to prove the assertion. Multiply both sides of (2.14) by 17!~ and integrate on (1, o).
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Interchange the integration on both of sides. We get for the right hand side

K = f ) /I‘HZ f Ay (x, D*u(x)) X7 1o (x)dxd A

Ao =2 VF

- C, f R Z f (IX7u(lP~" + by (x)) dxda

) lo]=2 B(xo,R)~F(2)

<C f 70 f IXTu(x)P! + b, (x)) dxdA
: Z 0 B(xo,R)—F(/l)( )

lo|=2

1

-C
1 =6 &4 Jon

MEX:X juo ) (x)! = (IX7uCe)l”™ + by (x)) dix

M(1X: X juo) ()P0 + ME(1X:X juao])(x)' by (x)dx
1 =6 Jpor)

f 1X: X juolP~°dx + MX: X juo)(x)' b (x)dx,
B(x0,R) B(x0,R)

<C
=S

where the last step follows from the Hardy-Littlewood maximal theorem. Let
FP™ = MG0X:X uoD(0)' b ().

Then

K < f FI'dx + ¢ f XX ol dx (2.16)
B(x0,2Cr) B(x9,2Cr)

F, € L"(B(x,,2Cr)) 2.17)

and we have

for certain @ > 0. It remains to estimate the lower bounds for K. In fact, we can write

K:Z f 4—1—5( f + f Ao.(x,Dzu(x))X”uo(x))dxda
Ao F(d0) F()-F(o)

|o|=2
1

= 5155 f Ay (x, D*u(x) X uo(x)dx+
F(20)

! f IML(X:X 1)) (x) ° Ay (x, D*u(x)) X (x)dx (2.18)
0 Ja-E0) |
1

2 f MG (X:X o)) (%) A (x, D*u(x)) X ug(x)d x—
B(x0,Cr)

1
- M(1X: X juol)(x) ° Ay (x, D*u(x) X uo(x)dx := Ly — L.
E(o)

The estimate of L.
First of all, we need to prove the estimate

1X"uo(x)| < CiOMHUXX jul)(x). (2.19)
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We assume for all multiindeces [ that /| = 2 and this assumption will play a crucial role in the
proof of Theorem Thus we can write

X'uy= ) X~ PY0)X ()

a+p=I
=eX'w-Py+ D X"u- PY0)X p(x)
a+p=I, la|<2
= oX'u + Z X(u — P)(x)XPp(x).
a+p=I, la|<2

The last step is followed from the equality X’P = 0. We have
X (u = P)0)] < Crr* MG(XiX jul) (x)
from Lemma Combining this result with the fact | XP¢(x)| < C;r7¥, we get
X (u = P)0)XPeo(x)] < COMG(IX:X jul)(x)
for all multiindices @ and 5, 0 < |a| < 2, 0 < || < 2. Since ¢ is bounded it trivially follows that
X u(x)| < CroMZ(XX jul)(x).

This implies the inequality (2.19). We can conclude that u(x) = uy(x) on B(xy, r) and we have
the inequality
X 1o — oX'u| < C,r2 Z X(u — P)(x) (2.20)

0<l|a|<2
for all multiindices I, |I| = 2.
Suppose 0 < < % and split E(1y) = E{(dp) U (E(Ay) — E{(Ap)), where
Ei(do) = {x € E(dp) : [X;Xju(x)| = 7' o}.

We have the chain of inequalities

1
Li<< | OMGXXuo) () 1X:Xuo(ol (IXiXu(l ™" + by(x)) dx
E(9)

1
<< | MGOXXjuoh)' (IXXu(0l™! + be(x)) dx
E(9)

1 1 _
< - MB(X: X juao)) (x)' 1 X X ju(x)|P~ dx + = f FI™dx.
6 E(p) 0 E(20)

by (2.5). We also know
ME(X: X juol)(x) < Ao < 17 [XiXju(x)|

for any x € E;(4o). We continue for [X;X u(x)| > 7' Ao:

1 _
L < U]_éf IX,-Xju(x)lp_‘de+—f Fy °dx.
E(9) 6 E(9)

Sollan
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On the other hand, Y-, IX“u(x)| < 7', for any x € E(dy) — E\(d). Applying (2.15) and
(2.18)), we get the pointwise estimate for a fixed ¢ > 0

M(X:X ) (x)1X: X juto ()| (X, X ju(x)l ™ + b (x))
< 25707 + 01X X jug ()] b(x)

1/t
< nz—P (JC |Xl'Xth|th) + /166|Xinu0(x)| ba'(x)
B

by the Hardy-Littlewood maximal theorem. Recalling the definition of 1y and making use of the
notation
FI™ = 35°IXiXjuo(0)] bo(),

we get the estimate

nl=r (p-6)/t
L <C—r? (JC |X,-Xju|’dx) + —f Fg_‘sdx,
0 B(x¢,2Cr) 0 B(x¢,2Cr)

where we have used the fact |B(xy, 2Cr)| ~ r2. Therefore, we have proved the estimate for L;:
1

1 _
L < —nl_‘sf IXinu(x)I"_‘sdx+ —f F,f °dx
0 B(x0,2Cr) 6 B(x0,2Cr)

o (p-0)/1t
+—° (JE |Xinu(x)|tdx) ,
0 B(x0,2C1)

where F’; is the integrable function defined by

Fé"‘s = F{’_‘S + Fé’_‘s and F3 € L""(B(xo,2R)).

(2.21)

Decomposition of L,
In order to estimate L,, we need to decompose L, in a more suitable way. Denote by D, the
set
D; = {x € B(xo, Cr) = B(xo, 7) : MHIX:Xuo)(x) < & M(X,X;ul)(x)}

and set D, = B(xy, Cr) — (D U B(xy,r)). We get
L, = ( f + f )SﬁzB(lXinuol)(x)_6AU(x, D*u(x)) X uo(x)dx
B-D;  JD;
> fB i MED " IX 7o )(x) Ag(x, D2u(x) X up(x)dlx—
i lo|=2
[ DX )0 KXo (XX + )
Denote the second term by H3 and decompose the first term into two parts as follows

SL, > MB(X: X juto])(x) ° Ay (x, D*u(x)) - X" u(x)dx—

B-D;
MBIXX oD () Ao (x, D) - (X u(x) = X ug(0)elx
B-D;
—H3 = H1 _HZ_H3.
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Consider H;. Since B = Dy U D, U B(xy, r), we have the following estimate by (2.4))

H, = f M (XX juol)(x) ° Ay (x, D*u(x)) - X u(x)dx
B(x0,r)UD>
> ME(X: X juto])(x) ° Ay (x, D*u(x)) - X7u(x)dx
B(xo,r)

2y MBX X juoD)(x)°IXTu(x)Pdx = Jj.

B(xo,r)

To estimate H, we will use the estimate (2.19) and the equality u(x) = u(x) on B(x, r). We

rewrite H, as follows

H, = f MG(X:X juto])(X)° A (x, D*u(x)) - (X Tuu(x) = XTug(x))dx
B(xo,r)UD>

< f MEX:X juo) () (XX ()P~ + by () - X7 u(x) = X ug(x)ldx
D,
<

< DL [ MRXX g (0 (XX u(oP ™! + be() - X @(x) = P(0)ldx.

0<jal<2 Dy

Denote by J; the last term of the above inequality. We continue and get for H3

Hy = | OGUX:Xuol (01X X juto (o)l (1X:X ju(o)l”™ + by (x)) dix

D,

< [ MBAXXuoh(0)' ™ (IX:X ()P~ + by(x)) dx = T,
D

Then we arrive at the following relation
oLy >Jy—J,— Js.

The estimate of J;
We can write

imB(|X1Xjuo|)(x) = M(|XinM0|XB)(X)
< M(IX:X juoly s, )(x) + M(I1X;X juolx p-p,)(x)

for any x € B(xo, 5). For the second term we deduce

M(IX; X juolx p-,)(x) < J[ | XX juoldx.
B(xp,Cr)
Therefore, we obtain

imB(|X1Xjuo|)()€) < M(|XinM0|XB,)(X) + f |XinM0|dx-

B(x0,Cr)

(2.22)



2.1 Self-Improving Regularity for the Weak Solutions of Fourth order Homogeneous
Subelliptic Systems 37

Moreover, by the same arguments, we have

ME(X:X juol)(x) < M (M(XiXuolys,) (W a()) (x) + f X, X jugldx

B(xo,Cr)

< M(M(|XinM0|XB,)('))(B,(')) (x)

+ M (M(X:Xuolys,)(Ws-5,(-)) (x) + f XX jugldx
B(x0,Cr)

M(IX;X juo|)(x)x pdx + JC | X; X juoldx

B(x0,Cr)

< DM, (1XiX juol)(x) + JC

B(x0,Cr)

< MG, (IX: X juol)(x) + 2 JC IML(1X;X juo))(x)dx.

B(x9,Cr)

Since X7 up(x) = X7u(x) on B(xy, r) for all multiindices o, || = 2 we produce the estimate

MBUX:Xju ) (x) < MG (XX jul)(x) + C, M(X: X jul)(x)dx (2.23)

B(x9,Cr)

by (2.18). Having established (2.23)), we construct the set D as

D= {x € B(xo,7/2) = M (IX:X;ul)(x) = Cy f mt‘;<|xlx,-u|><x)dx}.
B(xo,Cr)
We immediately obtain that if x € D, then we have
MEIX: X juol)(x) < CTMG (1X,X jul)(x) (2.24)

by (2.23). It is known that the quantity (mt%(lX,-Xjuol)(x))_é is A,-weight if 26 < p — 1 by [16,
Lemma 4.1]. This leads to the lower bound for J;

h=y) IME(X:X o) () IX ()" dx

lo]=2 B(xo.,r)

>C, MG IX:X o) (%) IMZ(UX X jul)(x)P dx

B(xo.r)

> C, f MG, (IX: X jul)(x)Pdx (2.25)
D

> C, f MG, (1X:Xu)(x)P°dx - C, MG, (1X:X jul)(x)P°dx
B

r/2 B,j2—D

(p=6)/1
> C| f 1X: X ul”°dx — Cr? ( JC |X,~Xju|fdx) :
B, B(x0,2Cr)

The estimate of J,
To estimate J,, we consider two cases.
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Case p -6 > Z_LM Take 0 < ¢y < 1 and let s = % < p — 0. Using Lemma we get

2-la]

X (u = P)(0)| < Cyr* ! ( f ME(1X:X jul)(X)“'dX) ) DGO X jul) ()¢
B

= Co K MG(X:X jul) ()",
where the quantity K; is defined by

2—|a|
[

Ky =27 ( f 93?%<|X1-X,-ul><x)5dx)
B
Therefore, we have the estimate of J,

Jr < oK, f MG (XX juo ) (1) (IX:iXu(0)1P™" + by(x)) dx. (2.26)
B(x¢,2Cr)
Case p— 6 < 5. Let s = (p — 6)(1 — ), then
b S __Qclabs __Q-lahp-9-9 _
s* 0 0
Applying Lemma [2.2] we get in this case

1.

2-lo|
[

IX*(u = P)(x)| < Cor*™ ( JE M(1X: X jul)(X)(”‘d)“‘E)dx) M2(X:X jul)(x)" .
B

Denoting
2-Ja|
o
K, = ( f imé(lXinul)(x)(p_é)(l_e)dx)
B
we have
J» < C:K; f MEX:X juo)(x) ™ (IX:Xju(o)l”™ + by(x)) dx. (2.27)
B(xp,2Cr)
We conclude that there exists F4 € LP**(B(xy, 2R)) such that
Jr < f FI™dx (2.28)
B(xp,2Cr)

by (2:26) and (Z.27).

The estimate of J;
By the definition of the set D and by the Hardy-Littlewood maximal theorem we have

Js= | MGOXiXjueD (0" (XX u()l ™" + by(x)) dx

D
< f MEXX u)()' ™ (XX (™ + by () dx (2.29)
D,

< 51_6f IXinuolp_5dx+f Ff_‘sdx.
B(x0,2Cr) B(x0,2Cr)
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Final estimations
We get

(p=0)/1
§Lr > C, f 1X: X ul’°dx — Cor? ( JC |X,Xju|’dx)
B B(x0.2Cr)

-G, f (F'™° + F'™")dx — Co6"™° f |1X: X juol”°dx
B(x0,2Cr) B(x0,2Cr)

from (2.21), (2.24), (2.27) and (2.29)). Therefore, since B(x,,2Cr) ~ r¢ we can deduce

(p=0)/1
6r 2L, > C, f 1X: X ul”°dx — C, ( f |X,-Xju|fdx)
B2 B(x0,2Cr)
-G, f (FI™° + FI™)dx — C26"™° f XX juol"°dx.
B(x¢,2Cr) B(x9,2Cr)
Combining the above estimates, we have

6r %K > C, JE IX:XulP~°dx — Cy(n' ™ +6'°) 1X;X ju(x)|P~dx
B, B(x0,2Cr)

4 (p-0)/1t
- JC FI™dx - Co(n' 7 + 1) ( JC |Xinu|’dx)
=1 v B(x0.2Cr) B(x0,2Cr)

by (2.17) and (2.20). Applying (2.16) which is the upper bounds of K, we obtain

4
f X X;ulP~*dx < C; ) f F™dx
Br/Z k=1 B(x0,2Cr)

+Cm' 0+ 670+ 6) 1X: X juol”°dx
B(x9,2Cr)

(p—0)/t
+Cm'P+ 1) ( f IXinultdx) )
B(x0,2Cr)

Now we take 7, 0 < t < p — ¢ and denote '/ = ¢ Z?:] Fi,q=(p—0)/t. Applying Lemmato
(IXiX ul(x))", we have proved that the highest horizontal derivatives have the higher integrability.
If X7u(x) € LY(B(xg,2R), for some ¢ > p and the multiindex o, |o| = 2, then the Poincaré
inequality enables us to prove that both X;u and u have the higher integrability. Since u €
HW?P=° function u and its derivatives X;u are locally integrable. We have

IXkutllzasy < C(B, u) + | Xpu — (Xgu)gllzacs)

ni
< CB,u)+ Cs ) IIX;Xitllags) < o

=1
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for any ball B C Q by the Poincaré inequality [36]]. Moreover
lullLasy < C1(B, u) + [lu — upllLacs
ni
< Ci(B,u)+ C, Z 1X jull o) < oo.
J=1

This completes the proof of Theorem 2.1}

2.2 Hardy Space Estimate for Weak Solutions of Sub-Laplace
Equations

Let {Xi,...,X,,} be a set of real C*-smooth vector fields on an open bounded domain Q2 C R".
This set satisfies the Hormander condition if there exists an integer s such that the family of
commutators of the vector fields up to the length s, i.e. the family of vector fields

Xl,...,Xm, [ijXj]]""7 [XJI’[XJZ, [~~',X/'S]]"~]a jk = 1’~'-’S’

spans the tangent space T,R" at every point x € R".
In [54], the authors define a (quasi)metric p on Q. We say that an absolutely continuous curve
Y : la,b] — R" is admissible, if there exist functions «; : [a,b] — R, j =1,...,k, such that

7= a0X(y(®) and Y a0 < 1.
=1

=1

The distance p(x, y) between points x and y is defined as the infimum of those 7 > 0 for which
there exists an admissible curve y : [a,b] — R” such that ¥(0) = x and ¥(T) = y. For x € Q
and 6 > 0, let B(x,0) = {y € Q : p(x,y) < ¢} be the ball centered at x with radius ¢ with
respect to the metric p. In general it does not need to be a metric. When the family of vector

fields Xi, ..., X; satisfies the Hormander condition, then p is a metric and we say that (R", p) is
a Carnot-Carathéodory space. The set {Xi, ..., X,,} is often called the horizontal vector fields in
Q.

It was shown in [54] that these balls satisfy doubling property for Lebesgue measure. More
precisely, for any compact subset K of €, there exist positive constants Cx and ¢'(K) such that
forall 9,0 < ¢ < ¢'(K) and all xin K

|B(x,206)| < Ckl|B(x,0), (2.30)

where | - | denotes the Lebesgue measure. We denote by C,; the best constant of the estimate
(2.30), then the Carnot-Carathéodory space (R”", p) with a Lebesgue measure has the homoge-
neous dimension Q = log, C,. We define the local Hardy-Littlewood maximal function

1
M = dy.
s = sup s [ lray
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It follows from that the Hardy-Littlewood maximal function maps L”(€Q) to L?(K) for any
K compact subset of Q and 1 < p < co.

Next, we are going to define the Hardy space H'(Q). Fix a smooth bump function @ in the
unit ball of the Carnot-Carathéodory space and let ®s5(y) = 6 "®s(6"'y). For any x, in Q and
6 > 0 small enough, the push-forward of ®; by any of the coordinate maps constructed in [54]]
gives a smooth bump ®° supported in the ball B(xy,5). One can check that for any compact
subset K of Q) and for arbitrary x € K

D3 (x)| < Ck|B(x0,0)["" and [ Xp(@;)(x)| < Cx6'1B(xo, O™, k=1,....m,  (2.31)

when 0 < 6 < ¢”(K), where &” is a small constant such that B(x,, 6”) C Q.
For a function f on Q and ¢ > 0, let

M5(f)(x0) = sup

0<o<6

fg f(y)CD?(y)dy‘. (2.32)

We say that f lies in H'(Q) if for any compact subset K of Q, there exists a 5o(K) > 0 such that
Mao(x)( f)(x) is in L'(K). We define the Hardy space norm of f on K by setting

Nty = sup (| Moo (DO g - (2.33)
KcQ
Given a first-order differential operator X = (Xi,...,X,,), we define the Sobolev space

WP(Q) in the following way:
W Q) = {ue L(Q): Xue LP(Q), j=1,....m},
where Xu is the distributional derivative. The W'P_norm || - |l1, is defined by
lull1,p = lloellr + |1 Xullr,

where Xu = (Xju, ..., X,,u) is the horizontal gradient and its length is given by

Xu(x)] = [Z |Xku<x>|2]
k=1

We denote by X the C*-smooth vector field which is the formal adjoint to X; in L?ie.

1
2

ffX;gdx - _fngfdx for functions f, g € C; ().
o Q

We say that u(x) € WP(Q) is the weak solution of the p-Sub-Laplace equation

y X (IXulP?Xu) = 0,
2% )

i=1
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if u satisfies the following identity

f | Xul" " X;uX:¢pdx = 0 (2.34)
Q

m
i=1

for any ¢ € C(Q).
Our result states as follows.

Theorem 2.6. Let u be the weak solution of the p-Sub-Laplace equation (2.34) and % <p<

O+1.
(a) If u € WH(Q), %p < q < p, then we have

IXul |l < Cllullf,
where y = %, % <y<1

(b) If u € W"(Q), where 5% p < q < p then u € W(Q).

Proof. Lett > 0 and x € Q, we set B, = B(x,t) and up_ = |B,|™! fB. u(y)dy. We find a smooth
function @; such that ®; > 0 and ®; = 1 on B(x, t/2). We first write )

Oy MIXu(y)I” = Z Xi(u = up)Xou - | Xul 2D} (y). (2.35)
i=1

Since

m m

DXl = up )OO Xt - (Xul = > (= wg )Xot - [Xul” X 0} (y)
i=1 i=1

+ 3 Xilw = ug)Xiu - |Xul”20L(),
i=1

by differentiating of product and from (2.35)), we get

OIWIXuG = > X[ = up )OFG)] Xitt - |Xul? ™
i=1

= > = up )X [Xul 2 X,DH).
i=1

It is easy to see that & = (u — up )P; € WLr(Q). Thus there exists a sequence ¢y € Cy(Q) such
that ||¢y — @l , — O where g < ¢’ < p. We have

> f Xi [ = g )OS )] Xt - [Xud 2y = ) f X; (@t~ ¢n) Xiut - |Xul""dy
i=1 V& i=1 Vv

< |IXulll; 1X gy = @), — 0.
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Therefore, we obtain

M=

f O MIXu@)Pdy = -
Q
From (2.31)), we get
X P N -1 p—2
' f OF)IXu()| dy‘ <> f ot = up | Xoul - | Xu"2dy.
Q i=1 Y Bx

fg(u — up )Xt - | Xul"2X, 07 (y)dy.

i=1

Remind the Poincaré inequality on the Carnot-Carathéodory space [47]]:

1 m 1
( lu(x) — JC udylsdx) < CtZ (JE IXiuI’dx)
By By ' \J2s,

L < % < 1. It follows that

for o

<l<p 1o
r r

<C Zml Z ( JEBX |X,~u|’dx)1 ( JCB (il - 1x02)” dx)x

i=1 j=1

‘ L O; (y)| Xu()|’dy

1

0
Since |X;u| < |Xu| for r = % we have

where } = -+ ly

0+1

Op ¢
< C(n, ®) ( f |Xu|Q+1dx) .
By

0+1

Q

< C(n. D) [MQ|XM|QQ+F1(X)] . (2.36)

f I Xu(y)I"dy < ‘ f O WIXu(y)ldy
B(x.,t/2) Q

This proves part (b), and moreover,

sup
>0

fg O (y) I Xu()|Pdy

Therefore, we can get the Hardy space estimate as follows:
o 1%
X1l = Clon. @) [ MalXul & ()| o

Oop &
< €1, ®) | IXul 5 ()| Tou
L 2
= C(n, @) IXu()lI7,, < C(n, @) llullf, ,
by boundedness of the Hardy-Littlewood maximal function. This finishes the proof of (a). O
Remark 2.7. Notice that if u € W!(Q) then for any compact set K C Q we have

leu|p10g+|Xu|dx < 4o00.
K

This means that if the horizontal gradient Xu of a solution u belongs to L”(£2), then it has lo-
cally higher integrability L”log*L(Q). In fact, the author in [16, Theorem 1.2] actually proved a
stronger result that if u € W!'P(Q) then u € W'P*¢(Q) for some € > 0. Combining this result with
Theorem [2.6] (b), we come to the following proposition:
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Proposition 2.8. If u is a weak solution of and u € W"(Q), where % p < q < p, then
u € Whrte(Q).

Remark 2.9. From the estimate (2.36)), we have

<

{x e R" : sup

>0

[ oromuora > A}

o+l
{x eR": MQ|Xu|5+’1(x)] ° s om, (I))/l}‘

__90
< C(n, ®)A 2 | Xu(x)|l%,

2
0+l

space H %, which was introduced by Grafakos [20] and

for the end point case with y = We conclude that [Xu|” belongs to the weak type Hardy

NXul”|l o < Cllullf .
weak 4

_H O+

Remark 2.10. If we restrict the Carnot-Carathéodory space to the Heisenberg group, then from
the arguments in [22], we state without proof the following compactness result:

Proposition 2.11. Let u; be solutions of and |luglly,, < C for k > 1. Then there exists some
subsequence uy, of uy such that | Xu |P converges x-weakly in H . Moreover if Xu, — Xu a.e. for
some u, then |Xu|P — |Xu|? converges +-weakly in H'.

Remark 2.12. Let u; be solutions of (2.34). We set

P=1{g>0: g<panduc WQ)implies u € W"(Q)}.
It is of interest to know whether g = % is the best lower bounds of the set *J3? In other words, is
it possible that the set I3 is an open set? If the answer is affirmative, the integrability property of
the solution of is open-ended. Keith and Zhong [38]] proved that the (1, r)-type Poincaré
inequality is open-ended. The proof of part (b) of Theorem [2.6]shows the investigation of open-
ended property for the Poincaré inequality in general case is rather important. For the definition
of open-ended property see Subsection 3.4.



Chapter 3

Self-Improving Regularity for Very Weak
Solutions of Degenerate Elliptic Systems

In this chapter, we consider degenerate elliptic systems in Euclidean space R”. We aim to find a
result analogous to a result from [44] for degenerate elliptic equations. In comparison with [29]
Lemma 3.38, Theorem 3.58] our result reveals some new aspects of a measure u defined by
A ,-weight.

Let (R", u) be a measure space, where du = w(x)dx and w(x) is A,-weight for some p > 1.
ie fQ w (liQ| fQ wl‘p')p_1 < ¢, where Q is an arbitrary cube in R". Let m be an integer number

such that m > 1. Denote P = [To<<, RY and D"u = (u,d,u, - - - ,87u) for all |o| = m. Let Q be
a bounded domain in R", A = (A,): Q x P — R" be a function such that A,(-, D"u(x)), x € Q,
is a measurable function on Q satisfying the following conditions:

ZAg(x,Dmu(x))-Bju(x)Zya)(x)la’”ulp ae.in Q 3.1)
lo|=m

and
|A,(x, D" u(x))| < a)()c)l(')gu()c)ll’_1 ae. in £, (3.2)

where |o| < m. We set H"?(Q, u) to be the weighted Sobolev space defined in [29]. Similarly,
we introduce the definition of the higher order weighted Sobolev spaces.

Definition 3.1. For a function ¢ € C*(Q) we let

m l/p
lwmm=§](£WWuquMﬁ .

lo1=0

The weighted Sobolev space H™?(Q, ) is defined to be the completion of
{o € C¥(Q) : ¢lln,y < o}

In other words, a function u € H™P(Q, u) if and only if u € LP(Q, u) and there are functions v,
such that for some sequence ¢; € C* (L) we have convergence

f lo; — ul’ w(x)dx — 0
Q
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and

f 107 ¢ — ve|Pw(x)dx — 0
Q
as i — 0. The function v, is called o-th derivative of u in H™?(Q).

We say that a function u € H™4(Q, ) is a weak solution of

D (=137 AL (x, D" u(x)) = 0

lor|=0

on an open set Q if ¢ = p and

> f Ao (x, D" u(x))0%¢dx = 0 (3.3)
lorj=0 V€
for any test function ¢ = (¢y,--- ,dy) € C7(2). We say that u € H™(Q, u) is the very weak

solution if (3.3)) holds and ¢ < p.

Definition 3.2. For the locally integrable function u denote by ggu the o-th weak derivatives;

that is
f¢5§udx:(—1)|”|fu6§¢dx
Q Q

for any ¢ € Cy(Q). We say that u € W™P (L, u) lfgfu e LP(Q, ) for all |o| < m.

Observe that we have the identity 5x o 5x = 5)% due to

f ¢5x(5xu)dx:— f 5xu6x¢dx: f (/)Aa?cudx,
Q Q Q

and moreover, we have the semigroup property
808 =97 (3.4)

for any multiindeces o and .
In this chapter we follow the approach, developed in [44], to obtain a self-improving integra-
bility result for degenerate systems in the weighted space. Our principal result states as follows.

Theorem 3.3. Let Q be a bounded domain in Q, p > 1, and w(x) is A,-weight. Assume that
u € H'(Q,u) and A, satisfies 3.1)-(3.3). Then there exists 6 = 6(n,N,y, p,[wla,) > 0 such

loc

that ifr = p — 6, then u € HZ;’C“&(Q,/J).

We postpone the proof of Theorem [3.3]to Section 3.4 and start from some auxiliary results.
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3.1 Preliminary Lemmas

For w(x) € A, there exists a py < p such that w(x) € A, (see for example [29, 25]). We set
qo = qo([wla,) = Inf{py : w € A), 1 < pp < p} and fix a positive number gy < g < p.
It is important to introduce another weighted Sobolev space W™?(Q, w) as follows.

Definition 3.4. For the locally integrable function u denote by Egu the o-th weak derivatives;
that is fg¢0gudx = (=1l fguagqbdx for any ¢ € Cy(Q). We say that u € W™P(Q,w) if
u € L(Q, w) for all |o| < m.

The author of [39] shows that H™?(Q, w) = W™P(Q, w) for m = 1. His arguments also can
be successfully applied for m > 2. We sketch the proof of this lemma for the completeness.

Lemma 3.5. [39] H™?(Q, w) = W"™P(Q, w).

Proof. We divide the proof into three steps.
Step 1. Let n(x) € C7(€2), n(x) = n:(|x[) and fRn n(x) = 1, where 1,(r) is a decreasing function.
If wis Ay,-weight and f € LP(R", w), thenn; * f — fin L’(R", w).
Step 2. We show that H™?(Q, w) ¢ W™P(Q,w). If D c R" is a bounded domain recalling the
embedding property [39]

LP(D, w) c LP/“(D). (3.5)

So, for any u € H™P(R", w), we have u € H™?/%(D, dx) whenever D is a bounded open subset
of Q. Moreover, any o-th derivative of u that is in H™” (€, w) is also the o-th weak derivative.
Since this assertion is true for m = 1, we prove the assertion for higher order derivatives by
induction. If we have H"" TP(Q,w) C Wn=LP(Q, w) and m > 2, since u € H™"(Q, w), there exists
¢;j € Cy(Q), and 07¢; — 6‘7u in L(Q, w) with 0 < o] < m—1and d}¢; — v, where |7| = m. We
set ¢; be the multiindex with k-th component 1 and O elsewhere. For any multiindex |0 = m — 1,
from Definition we can verify that 6”+eku(x) = axk(a"u)(x) We take ¢ € C7(2) and from

b

'fgguﬁxkl// — (=1)Viie pdx| < max | Dy (f |5¥u - 07 ¢jldx + f Vs, — 07 % jldx
Q Q Q

-0 as j— oo.

It follows that 87+ u(x) = Vot € LP(Q, w). This completes the proof of Step 2.

Step 3. We aim to show the inclusion W"?(Q,w) ¢ H™P(Q,w). Let u € W"P(Q,w) and D
be a bounded domain in Q. It suffices to prove u € H™P(D,w), see [29, 1.15]. Since u; =
nj*u € C*(R") and 07u; = n; *éfu(x) (63, Lemma 2.13], we have |u; — ull,, ., — 0. Therefore,
u e H™?(Q, w). |

Let (R", d, 1) be the metric space with doubling measure. Let f be a locally integrable func-
tion on this measure space. We introduce arbitrary maximal function with respect to the measure
w1 which is defined by

— 1
M, (f)(x) = sup ) f | fldp,
0

xeQ M
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where the supremum is taken over all cubes QO C R”" containing x. We define the centered
maximal function

1
M - d
W) = SUP B Sy

where B(x,0) = {y € R" : d(x,y) < ¢}. We start from the observation that, the doubling
condition of the measure u implies the inequality M,(f)(x) < CM#( f)(x) for some constant
C > 0. We choose an arbitrary cube Q, containing x. Let r = 2+/nl(Q) and Q' = 100+/nQ,
where [/(Q) is the length of the edge of the cube Q. Then Q C B(x,r) C Q' and therefore

U(B(x,r)) < u(Q") < Cu(Q). So we have

du < CM
o f fldu < (B( ~ fB < CML ()

and, consequently, we know that these two maximal functions are pointwise comparable

C' M, ()(x) < Mu(f)(x) < CML(f)(). (3.6)
From Vitali lemma and Marcinkiewicz interpolation theorem, we have the following lemma

Lemma 3.6. [60] (1) If f € L'(R", ), then for every 1 > 0,

plx s My(f) > A} < % FOldu(y)
N
(2)If f € LP(R",u), 1 < p < oo, then M, (f) € L’(R", u) and

M.

0 < Cpllfllzr@n

where the bound C, depends only on c and p.

More specifically, for du = w(x)dx and d(x,y) is the Euclidean metric |x — y|, we define a
localized maximal operator with respect to any fixed subset B C R", Mp(f)(x) = M,(fxs)(x),
where yp is the characteristic function of B. We let Mg( f)(x) to be the k times composition
operator of Mp on f. That is if M’ g‘l( f)(x) is defined, then

MY(f)(x) = sup MS (OGN )w)dy

1
>0 W(B(x,r)) B(x,r)

is defined inductively for k > 2. We write

1
M d
B = SUp e fm,r) 7 heedy

be the classical Hardy-Littlewood maximal function. Since w(x) € A,, we get

|B|q 7'

q-1
=04 <C ~C . 3.7
(fg @t x) : [,wx)dx  w(B) G
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We can deduce the following estimate

1 1 1/q 1-1/q
dv < q d —-q/(g-1) d )
lmﬂmeMﬂMMUQmeﬁ(Lw> w()dy 58

< Ma(lf1D(0)'".

Note that from (3.8]) we actually proved

ME(F)(x) < ME(IF19)(x0)'4 (3.9)

for k > 1 and any locally integrable function f.

To simplify the notation, we write ﬁ; f(x)w(x)dx to be %3) fB f(x)w(x)dx and 07u to be the o--
th derivative of u when u € H™?(€), w). We shall use a theorem of Gehring in doubling measure
space [16]. It is also worth to mention that Martin and Milman [49] extended the Gehring’s

lemma for non-doubling measures.

Lemma 3.7. [49, [16] Let g € [qo,2n], where gy > 1. Assume that functions f, g, defined on
(R", w), are nonnegative and g € L! (R",w), f € L" (R",w) for some ry > q. If there exist

loc loc

nonnegative constants b > 1 and 0 such that for every ball B C BB C R", 8 > 1, the following
estimate holds

q
JC glw(x)dx < b[( JC gw(x)dx) + JC flw(x)dx|+ 0 JC glw(x)dx,
B BB BB BB

then there exist nonnegative constants 6, and €, 6y = 6y(qo, Q, C4,8) and € = €y(b, gy, O, Cy,B)
such that if 0 < 0 < 6, then g € Ll‘;c(]R”, w) for p € q, q + €) and moreover

1/p q 1/p
(J[ gpw(x)dx) <C l(f ng(x)dx) + (J[ fpw(x)dx) }
B BB BB

for C = C(b, qo, Q,Cy,P).

3.2 Weighted Pointwise Sobolev Inequality

The following lemma extends [44, Lemma 2.1] to the case of the weighted Sobolev space.

Lemma 3.8. Let [ > 0 be an integer, r > 0, xg € Q, and B = B(xo,r) € Q. If u € W' (B, w),
fB 0®udx =0for0<|al <1-1, and x € B, then there exists C\(n,l, p) > 0 such that

u(x)| < C P ML(10'u%)(x)s  a.e. in B (3.10)

Moreover, if 1= < s < p, and ls < ngq, then there exists C;(n, [, p) > 0 such that

!

lu(x)| < czr’( JC Mg(|a’u|q)(x)2w(x)dx)"q ML(10'u))(x)™ a.e. in B (3.11)
B
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(fWQquMﬂYScﬂ%fdﬁwwmuﬁquxs (3.12)
B

ngs
ng-ls*

where s* =

Proof. Recalling the embedding property (3.3), we conclude that

1 \Y
um—ﬁ-uwﬁ<a>fﬂf$h

< CrMp(|Vul)(x) < CrMp([Vul)(x)"/4 a.e. in B

where Vu = (0,,u,--- ,0,,u) is the distributional derivatives of u. From an iteration argument,
we have
u(x)| < Ci1r'ML(10'u|")(x)"4  a.e. in B.

Next, making use of arguments from [29, page 306] for g < s < ng, we can write

1/s (g-D/s
lu(x)| < CiMg(|Vul)(x)+Cons 9/ ( f |Vu|sa)(x)dx) ( f a)(x)]/(l_q)dx) = I+II. (3.13)
B B

Thus we have

1/nq (g-1)/nq
lu(x)] < CMp(|Vul)(x)"a=9/na ( f IVulsw(x)dx) ( f w(x)]/(]_q)dx) (3.14)
B B

by taking

Mp([Vul)(x)

[(ﬁ? lvu|pw(x)d)€)l/s (Jl; w(x)l/(lq)dx)(ql)/S]S/nq

Combining (3.7) with (3.14), we obtain

1/ng
lu(x)] < CrMp(|Vul)(x)"4=9/ma ( JC |Vu|sa)(x)dx)
B

1/ng
< CrMg(|Vul?)(x)"a-)/na’ ( JC MB(|Vu|q)“'/qa)(x)dx) .
B

The last step is followed by the fact [Vu| < Mp(|Vu|9)(x)!/9, w—a. e. in B. As aresult, we have
proved (3.11)) for the case / = 1. Now, we need only to show (3.11)) since the inequality (3.12) is
an immediate consequence of (3.11).

Applying the induction argument we show that if already holds for / — 1, then it also
holds for /. We repeat the arguments above, for x € B and (I — 1)s < Is < ng, observing that
5= gand § < ng. Replace 5 by s in - 3.13) and get the estimate of /

ng—Is+s

[ = CinMp(IVul)(x)

(-1)/ng
< Cpr'™! ( JC Mz (10'ul)(x)*! qw(X)dx) M(Mjg ' (10'ul)()*/4)(x)
B

(I-D/ng
< Cnr'™! ( f Mﬁ;lqaluw)(x)s/qw(x)dx) M5(10"ul?)(x)*45
B
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by (3.11), and the induction hypothesis where the last step is follows from (3.9) and Holder
inequality. On the other hand, we estimate // as follows:

o ) 1/5 (@-1/s
Il = Cop5 /s (fqulsw(x)dx) (f w(x)”(l_q)dx)
B B

1/s (¢-1)/5
< Czw(B)]/§n(E—nq)/§rl—l (JCM}[g_l(lalulq)(x)s/qw(x)dx) (fw(x)]/(l—q)dx)
B B
1/s
S Cor Ot ( f Mi;l(lafuw)(x)s/qw(x)dx) .
B

by (3.7) and induction procedure. Choosing

1/ng
n= r( f Mg‘l(|a’u|q)(x)s/qw(x)dx) M0 ul) ()"
B

we get I = I1 in this case and we obtain

I/nq
u(x)| < Cor! (JC Mg(l@lulq)(x)s/qa)(x)dx) ML ul?)(x) e,
B

that proves (3.11) for the general case. This completes the proof of Lemma 3.8 O
As an application of Lemma 3.8 we have the following lemma which will be used later.

Lemma 3.9. Let g < ¢’ < p, 1> 0. Ifh € W™ (Q, w), supph C 1B ={x € Q: |x— xo| < r}, and
F(1) = EQ)N B # 0 where E() = {x € R": My(9"h*)(x)""" < A,

then h |py has an extension H to R" satisfying

(i) H=h on F(A) and supp H C B(xy, 4r),

(ii) H € W™(R") with ||0” H||o®ey < cAr™171, 0 < || < m,

(iii) |07 (H — h)(x)| < cAd(x)" ! a.e. for 0 < |o| < m — 1, where d(x) denotes the distance
from x to F(A).

Proof. From (3.5), we know that 4 € W™4/9(Q). Observe that

f@"hdx =0 when O0<|o|<m,

B

and, by Lemma we have |07h(x)| < cAr" ! for any x € F(1) and 0 < |o| < m. On the other
hand,

h(x) — 1 h

B < cr"Mp(0"h)(x)"? a.e. in B. (3.15)
B
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Therefore we can find a point x; € {43—’ < |x=xo| < %} such that holds for x;. Since A(x;) = 0,

we get
1
il
1Bl Jg

Since w(B(xo, r)) < w(B(x1,5r)) < Cw(B(x1, X)), we get

1
K
Bl Jg
where My is the localized arbitrary maximal function and the last step is followed by 1j This

implies |07 h(x)| < cAr™! for any x € F(1) and 0 < |o| < m. From a similar argument of [44),
Lemma 2.2] and Lemma 3.8} for any z, € F(2) and s > 0 we have

1/q
1
< e M ("R ()7 < cr’"(— f Ihlqw(x)dx) .
’ W(BCx1, ) b

< ¢ min (5" HE)(xn) ¥ < ¢/ min M (" hI) )
X€ *e

107t — Q)Y < cAs™ 1y e F(1), 0<lal<m

where Q,,_; is the Taylor polynomial of degree m—1. So h |z, satisfies the conditions of Whitney
extension theorem. O

3.3 The A, weight on metric space with doubling measures

Consideration is given to A, weight the metric space (R", d, i) with doubling measures. More
specifically, the measure u satisfies a so-called doubling D, condition which states as follows.

Definition 3.10. [61|]] We say that u € Dy, if there are a constant k > 0 and a number b > 0 with
the property that for all x € R", t > 1 and r > 0 we have

w(B(x,tr)) < ki’ u(B(x, r)).

We follow the definition of A, weight on the metric space (R", d, u) which was introduced in
[61, page 4].

Definition 3.11. [l61]] The A,(u) condition for w with respect to the measure y, that is
1 1 1/(p-1) -
— | wd —fw‘p_d) <c
uwnﬁ “&w>3 g

We will also need the following lemma.

for all the ball B Cc R".

Lemma 3.12. Let p > 1. The estimate ||M,(f)llzro) < Cpll fllry holds for every f € LP(v) if and
only if v is a weighted measure with respect to p and the weight w € A,(u).

We are going to prove the following lemma which in analogue with [25, Theorem 9.2.7].
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Lemma 3.13. Let f be a locally integrable function on (R*,u), 1 < g < pand0 <6 < p—q.
Then My(lfIq)(x)“S/q is the A,,(1) weight.

Proof. The proof is divided into several parts.

Step 1. Recalling the Kolmogorov theorem on the measure space [60, page 43]. Let S :
LY(R", u) — L"°(R", u) be a weak-(1, 1) type operator and A is a finite measurable set. Then

f IS (AN du < (1= €)ISIIE L, ep(A)' ™ ( fR Ifldu) : (3.16)
A )

for all 0 < € < 1. From Lemma 3.6, we have (3.17) is true when S replaced by M,

Step 2. Let 0 < € < g. We prove that M, (|f |9)(x)€/4 is an A;(u) weight. The assertion is reduced
to showing that

0 f M (1D du(y) < Cn, €, YM(fID0)T 1 ace. (3.17)

for arbitrary cube Q C R” containing x.
We split the function f(x) = f(xX)x3mg + f(X)XG vrgye := f1 + fo. On the one hand, we have

€/q
f MO du(y) < Cn, e)( (Q) f Ifllqdu)

E/q
<Cn,e)| — 2du

< C(n, )M, (1) (x)"

uQ)

by (3.16). On the other hand, observe that M, (|£519)(y) < CM,(|f219)(x) for any x,y € Q. Com-
bining this estimate and (3.6), we have M, (| 41)(y) < CM,(|217)(x) < CM,(|f17)(x). Therefore,

- f MBI 0)dy < CoM(fI7 0.

This proves (3.17).
Final Step. We show that £(x) = M,(|f19)(x)™/% is an A, (1) weight..
Denote by B an arbitrary ball in R” and obtain

1 q 1
_ “rady = —— M q o/r-a) g4
W(B) ff(x) "7 B fB AT
< C(n, p, ) M,(|f1)(x)"' =

from (3.17). Then we get

(r—9)/q
) <Cn,p,q)

L -q/(p—q) d
¢ (ﬂ(B) ff(x) .
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and thus

1 (r—/q
( (B)ff( ) #)( (B)ff(X) 4/ Q)d#) < C(n, p,q).

This completes the proof. O

Since the A, weight w(x) satisfies the D, condition (see, for example [25, page 284]), from
Lemma [3.12]and Lemma [3.13| we get the estimate

f M (|l M (| 1) () Y w(x)dx < C f 1P Mg(| f19)(x) M w(x)dx, (3.18)
Q

Q

for any function & € LP(R", n(x)dx) where n(x) = Mp(|f|9)(x)"/9w(x).

3.4 Proof of Theorem

Let u, Q be as in Theorem [3.3] Suppose B(zo, R) is any ball in Q. We fix a point xo € B(z9, R/2).
Let 0 < r < R/32 and B, = B(xg,r). There exists a smooth function ¢ € C7’(B), where
B = B(xo,2r), such that ¢ = 1 on B(xo,r), supp ¢ C B and [3”¢(x)| < Cr™!, |o| < m. There
exists a polynomial P such that f 0'(u—P)dx = 0 for any |I| < m—1. Denote uy = (u—P)p(x)

B(x0,8r)
and v be the Whitney extension of u |r,. We assert that (3.3)) holds if we substitute ¢ by v; that

is
> f A (x, D" u(x)075(x)dx = 0
lorj=0 V€

In fact, we choose a sequence ¢; € C;’(Q) such that ||¢; — Vl|gme-o0-0, » — 0 asi — oo.
Therefore

3 f Ao, D"u() (B75(x) — 76,() dix

|0'|0 Q

f 107 u(x)[P~ 1|(9(’v(x) 07 i (x)|a)(x)a’x

> f A (x, D" u(x))075(x)dx| =
=0 ¥

|o-| 0

s Z ozl

lo=0

o
— 076 ”L(p HI1-6/(Q, ) — 0.

The last step follows from the Holder inequality.
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We split Q into two sets Q = F(1) U (Q — F (1)) and obtain
> f Ag(x, D" u(x)Tug(x)dx = = )" f Aq(x, D" u(x))37v(x)dx
=0 Y F() 120 YQ-F (D

m—1
< Z fB A (x, D"u(x)d (ug — v)(x)dx

lo=0 ¥ B(x0,8r)—F (1)

(S (3.19)
-2 f A, D" u() o (x)dx
=0 * B(x0,8n)~F(1)

+cA |07 u(x)|P w(x)dx
B(x0.8r)—F (1)

=Ji+J+ Js.

We need to verify that F(1) is a nonempty set. We assert that there exists 4o > 0 such that
E(1) = F(A) for any A > Ay. Notice that if x € R" — B(xy, 3r), then

wW(B(xp,2r)) < w(B(x,7r)) < Cw(B(x,r)).

This implies

My (107 uol")(x) < ¢ My (102 uol?) (x)w(x)dx

1
(,()(B(X(), 4}’)) \fB:(onr) (320)

< c¢ min ME(|07u|?)(x).
B(x0,8r)

If we denote
q 1
0T T AN
w(B(xo,4r)) B(x0,4r)
we find that the assertion is true and F(1) # 0 for 4 > Ay. Multiplying both sides of (3.19) by
A717° integrating on (4, ), and interchanging the order of integration on both sides, we get

M~ (187 uol ) (x)w(x)dx,

6 'K
=" Z f MR (0™ uol?)(x)™1A 5 (x, D" u(x)) 0 uo(x)dx
/=0 ¥ R"=F(do)

+5_11552 f A (x, D" u(x))07 uo(x)d x (3.21)
=0 ~ F(40)

< 2 f; A1 rda = 21{

The estimate of K,
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Let 0 <1< m— 1. We define the following quantities:

o= (p — De
100n(p + €)*’
. (m-D(1-a)p
p=1- ;
nq
. _m=l
mg| qm n(-a) 7 |B(Z05 3_R)| ’
= f M0 ul?) T w(x)dx ﬁ )
Bz, %) w(B(z0, )7 |
| e
e i 200 ¢ |B(zo, 3l | " (3.22)
¥, = f M5"(8"ul)" 7 w(xdx| ————|
B(zo. %) w(B(z0, 7)) |
- 1 12t
mg| qm n(-a) a |B(Z0a 3_R)| '
T = f MB(la l/t()lq) m-l w(x)dx ﬁ ,
B(z. %) w(B(z0, 7)) |
1 1
¢ |B(z0, 3P)|

p-a)
= [ My s =N
B(zo. %) w(B(z0, 7)) |

We can write

Iup= Y 9" - PY0)P(x)

a+f=m

=" w- P+ Y W= P0Pe)

a+f=m, |al<m

=@ u + D 3" — PYPe().

a+B=m, |a|l<m

We have 1
10%(u — P)(x)| < Cr My (19mul) (x) @

from (3.10) and by 8" P = 0. Combining this estimate with the fact that |Pp(x)| < Cr ¥, we get
0% (1 = P)(0)Pp(x)| < CM (10" ul?)(x)7

for all multiindices @ and 8, 0 < |a| < m, 0 < |B] < m. Since ¢ is a bounded function, we know
that 1
10" u(x)] < CMEF(0"ul")(x)s. u—a.e,

see, for example [60]. Therefore,
10" ol < CM2(0™ul)(x)1 p—a. e. (3.23)
and

|J1] < C/IZf 10" ulP d" " (x)w(x)dx

-1
=0 JR-EQ)
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from (3.2). Observe that d"!(x) < C|B(x, 8r) — E(D)|*"". We fix 0 < < (p — 6)/q and deduce

m=l
n

Ad™(x) < CAE f Mgl(|amu0|q)2dxl
B(z0,30)

—l

’ =175
<cA (f M”’(I(?muolq)tw(x)dx]q (f a)(x)_qll) !
i B(z0,38) B B(z0,38) (3.24)

. m—I
7 |B(zp, 3R "
( f quamuorf)’w(x)dx] B Dl
[\ B0, 38) w(B(zp, 2))s

< Cmin{A%1;, 2715} < Cmin{A%y,, A7y},

M[

<CA

where the last step is followed from (3.23). Using (3.24])), we get

m—1
|J;] < ch 10" ul”~! min{A%y,, APy, }w(x)dx.
— Iri-E)

Ifp> q" , then we choose 1%y, that provides the minimum in - In this case,

m-1 M 0118
K, <C Zyl f f A7 A ulP w(x)dx
= B(x0.81)—E(1p) JO

m—1
cSy f M uol") 710 wo()dx
l=0 B()C() 87')

IA

—_

cS f M 051"l () d,
(x0,87)

=0

3

IA

where the last step follows from (3.23). While in the case p < %, the quantity A7y, should be
taken into account, and thus,

-1
K, Y2

IA

MS

M0l
C f AP g ulP~ w(x)dx
B(x0,8r)—E(do)

~
(=]

IA
b%

B(xo,87)

.\
Il
(=]

E

M2 ul?) 7 10" P~ w(x)dx.
(x0,87)

IA

C Y2
I=

yf M0 uol") 7 10"l w(x)dx
J.

O

We use arguments similar to [44], and conclude that

Kl < f o Ff_éw(x)dx7 with F] € LP-HY,(B(XO’ 87‘),#), (325)
B(x0.8r)
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provided (p + @’)(p — min{a, p} — 6)/(p — 6) < p — ¢ and thus

6 < min{a, p} — @' + o’ min{a, p}/p. (3.26)
The estimate of K,
We write
m—1
|Jo] < Z f |6mu|”_10iuo(x)w(x)dx
=0 J Bxo.81)-F()

and distinguish two cases. We fix a constant Sy(n, m, [, g) > 0 such that

m 1 <Bo < gmin« 1, -
—_— 1 — .
qn+m—l 1~ 0=9 n

then By > and

n
= qn+m—l—1

Bo

JC M(3"ul) 7 w(x)dx < C [JE M?‘l(lamulq)w(x)dx] 2
B(x0,87r) B(x0.87) (3~ )
<CX <CA

from (3.16). We use inequality (3.TT]) with s = 8y~ and obtain

m—1 [ mg| am ﬁo/q
10'uo| < Cr™=' AP M (16 o))
/e (3.28)
< C|B(z,3R/4)| " ﬂﬁOM’"(Iamuol")
On the other hand, if p > %, we also have
180l < Cr"~y1|B(z0, 3R/ My (10" uol?) (3.29)
< Cy1 MR (10" uol").
Therefore
_ 1) ayql 1-a Lo, 1—a a sm m q e ﬁo/q) o
10'uol = 10"uo|*10'uo'"™™ < C(n, R)AP*y; " My (10" upl) ¢ (3.30)

from inequalities (3.28)) and (3.29) evaluated in the power « and 1 — a, respectively. We proceed
to estimate K>:

M’};(lamuolq)" ﬁo/q)a o
K> < Cy™@ f 0™ u|P! f Aoa=1=0 g Mmqamuow) w(x)dx
(x0,87) 0

a2

<o [ g T e (331)
B(x(,8r)

-« m_p—1a2me am. 1q c16o)
< Cy, - 10" ulP~" Mg"(10"ul")" T w(x)dx.
X0,87
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In the case p < -, using (3.11) once again, we obtain
0ol < Cr"yalBlzo, 3R/ My (1" gl 1= a1
< Cy My ugl") i~ = Cya M0 uol)' '
We write |0uo| = |0'ug|® X |0'uo|'~* and get
; I yfoc 1 gmy | A (1-Bg/pa+(1-a)p
10'ug| < C(n, Ryy, * A Mg (10" uol?) a (3.33)
from (3.28)) and (3.32). We finish to estimate K, in this case:
1
- I M (10 upl?) o1 e (-By/pa+(1-a)p
|K>| < Cy, |0 ul|P A7 dA | Mg (10" uol?) q
B(x(,8r) 0
¢ (Bp)a—d+(1-a)p
<oy f "l My ol w(xdx (3.34)
B(xo,Sr)
1-«a m -1 2m m Qpla=ori-ap
<Cy, [0"ulP’™" M5" (10" ul?) a w(x)dx.
B(x0,8r)
Combining (3.34) with (3.31) we deduce
K> < f Fg_‘sa)(x)dx, with  F, € LP* (B(xo, 87), ). (3.35)
B(x0,8r)

by the Muckenhaupt theorem, provided

(p + ) (p — min{c2(Bo)a + (1 — @)p, c1(Bo)a — a*} —8)/(p—6) < p -0

and thus

0 < min{c;(By)a+(1-a)p, cl(ﬂo)a—a/z} —a’ +a min{c;(By)a+(1—a)p, cl(ﬂo)a/—az}/p. (3.36)

The upper bound of K
Since we have

Ks<C f 16"l M (10 uo|?) T w(x)dx
B(x0,8r)

<C f 18"l M2 (0™ ul?) T w(x)dx
B(x0,8r)

<C f M2"(8"ul")'T w(x)dx < C f 10" uP w(x)dx,
B(x0,8r) B

(x0,87)

where the last step follows from the Muckenhaupt theorem under the condition ¢ < p — 6. We

conclude that

K<§6 f FIw(x)dx + 6 f 10" ulP°w(x)dx,
B(x(,8r) B(x(,8r)

with  F3 € LP* (B(xo, 87), ).

(3.37)
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The lower bounds of K
Since supp uy C B(xy,2r), we can write

K= Z f ME (10" uol")(x) 1A (x, D™ u(x))0% uo(x)dx
=0 Y R"=F (o)
50 f Ag(x, D"u(x))0%uo(x)dx
lo=0 ~ F(10)

> Z f M3 (10" uol*)(x) 1A (x, D™ u(x))07 o (x)dx
B(x0,2r)

lol=m

(3.38)

m—1
iy f M gl /10 a0 o o) x
B

=0 ¥ B(x0,27)

—-c M (10" uol") ()18 ul” 10" o ()| w(x)dx
Elo)

:L]—LQ—L3.

We start from estimates of L, and L.
The estimate of L,
Following the same method we used above, we obtain that

LZ < f o )Ff_éa)(X)dx, with Fl € LP+C¥'(B(X0, 8r)a /J)a (339)
B(x0,8r

from (3.29) and (3.32]).
The estimate of L;
Suppose 0 < < % and split E(1y) = E{(dp) U (E(Ay) — E1(Ap)), where

E () = {x € E(A) : 10™ul = 77" A}

We have the estimate

L; < M0 uol") ()95 ulP ! w(x)dx.
E(9)
We also know that
M (18" uol)(x)"7 < Ag < 1 10™ul

for any x € E;(4y). We continue and for [0"u| > 17! 1, we get

Ly <np'™® f 10" ulP S w(x)dx. (3.40)
E1(0)

On the other hand, |0"u| < 7' A, for any x € E(1y) — E,(1y). Applying (3.20) and (3.23)), we get
the pointwise estimate

M3 (0" uol) ()™ o (NS u ()P~ < My (10" ol ) () ~an' P Ay~

p—o6
o— = o— . 1
=" A <n P[ min M (10" uo|?)(x)"/
B(x(,8r)
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Since for a fixed £, such that ¢, > g, the following inequalities

1/ty
min My (10" uo|?)(x)!4 < JC M;;lqa:;luo|4)(x)f0/qw(x)dx)
B(x(,8r)

B(xo,Sr)

IA

1/ty
JC M (107 Ul By 81 () "w(x)dx)
B(x(,8r)

1/ty
< JC IBTul“’w(x)dx) ,
B(x0,8r)

hold by the Muckenhaupt theorem, we obtain the estimate

1/t
Ly <np'™® f 10" ulP P w(x)dx + 1° P w(xo, 87) ( J[ |a¢u|’0w(x)dx) (3.41)
B(x0,8r) B

(x0,87)
from (3.40).
Decomposition of L,
In order to estimate L, we need to decompose L; in a more suitable way. Denote by D, the
set
Dy = {x € B(x0,2r) = B(x0,7) : My(10"uo|)(x)"'? < 6 My (10" u|")(x)"/}

and set D, = B(xy, 2r) — (D U B(xo,r)). We get

D | N L AR e
B(x,2r)—-D; D,

lo|=m

> Z f M3 (0™ uol")(x) 1A - (x, D" u(x))d” ug(x)dx
B(x0,2r)-D;

lor|l=m

- f M3 (0" uol) (010" o (NI () w(x)dlx.
D

lo|=m

Denote the second term by H3 and decompose the first term into two parts,

L] > Z f Mg(|amuo|q)(x)—6/qu(x, Dmu(x)) . ‘)Da(ru(x)d.x
B(x¢,2r)—Dq

|or|l=m

-3 f M3 (0" ol () A (x, D" () - (0" u(x) = O up(x))dx — Hy
lol=m B(x0,2r)-D

=H, - H, - H;.

Consider H, first. Since B(xq,2r) = Dy U D, U B(xo, r), we have the following estimate

H, = Z f M2 uol")(x) 1A (x, D™ u(x)) - 90" u(x)dx
B(x9,r)UD,

lol=m

> ) M (10" uol)(x) " Ay (x, D" u(x)) - 07 u(x)dx
loj=m ¥ B(xo.1)

>y M0 uol)(x) 0" u(x)Pw(x)dx = J;

B(xo,r)
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To estimate H, we use the estimate (3.23) and the equality uy(x) = u(x) on B(xp,r). We
rewrite H, as follows

H, = Z f M (0™ uo|)(x) 1A - (x, D" u(x)) - (907 u(x) — 8" uo(x))dx
B(x0,r)UD>

|o|l=m
< Z re f M (10" o) (x) "8 u(x) P10 (u(x) — P(x))ldx.
0<lal<m D,
Denote by J; the last term of the above inequality. We continue and estimate Hj:
Hy = | My(16"uol)(x) "0 o)l w0l w(x)dx
D,

= f M0 uol) () =" u(x)P w(x)dx = Js.
D,

Then we arrive at the following relation
Ly>J,—J,—Js. (3.42)

The estimate of J;
Let B, = B(xy, r). We can write
Mp(10" uol*)(x)""4 = M(10" uox 517)(x)""4
< M0 uox 5,1 ()" + M0 ugx p-g,1)(x)""

1/q
< My, (10" uo|")(x)17 + ( f |a'"uo|qw<x)dx)
B

(x0,8r)

for any x € B(xo, 5). Moreover, by the same arguments as (2.23)), we have

1/q
M(10"uol") ()9 < M (M, (10" uol)(x)x5)"* + (JC |(9muo|qa)(x)dx)
B

(x0,8r)

1/q l/q

< M3, (10" ugl)(x)"4 + ( JC IMB,(ﬁ’”uo)lqw(X)dX) + ( JC Iﬁ’"uolqw(X)dx)
B(x0.87) B(x0.87)

l/q

< M3 (10" uol)(x)"7 + C( J[ IMB(amuo)lqw(X)dX) :
B(x(,8r)
Since 0"uy(x) = 0"u(x) on B(xy, r) we get the estimate
1/q
M0 ugl)(x)''4 < My (10" ul)(x)' + c( JC Mﬁmqamm)qw(x)dx) (3.43)
B(x(,87)

by induction. Next, we construct the set G:

2

(x0,8r)

l/q
G= {x € B(xo, -) : M (18" ul)(x)"1 > C, ( f Mg'"qamuw)w(x)dx) }
B
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We see at once that if x € G, then
ME(0"ul?)(x) ™ < cC M (10" ul?)(x)"4. (3.44)

It is known from Lemma that the quantity M7, (18"uo|?)(x)"/? is A, ,-weight in the measure
space (R", u) if 6 < p — g. Since fy > g, we can find the lower bound for J;:

Ji=vy M (19" uol")(x) 13" u(0)l w(x)d x
Blxo.r)

> Cy M (10" uol")(x) ™ M (10" ulx 5, ) ()" (x)dx

B(xo,r)
>C f M (10" ul") ()P w(x)dx
G
S S (3.45)
=C f M (10" ul")(x) P w(x)dx — C, M (10" ul")(x) P w(x)dx
B,/z Br/2_G

(p—9)/q
> Cf 10" ulP° w(x)dx — Cyw(B(xo, 87)) (JC M,'?r(lamMI‘f)(x)w(x)dx)
By B

(x0,8r)

(p—0)/10
|(')mu|t°a)(x)dx) )

(x0,87)

>C f 10" ulP° w(x)dx — Cyw(B(xo, 87)) ( f
B,-/z B

The estimate of J,
To estimate J,, we consider two different cases.
If p > A% then using Lemma 3.8} we get

' = PY0)| < Cr"!|Bxo, 3R/ yi My~ (10" ul)™ (),
Ifp< ,Z—fl, then applying Lemma we have
18 = PY()| < Cr"|B(xo, 3R/4)™F ya My~ (19" ul 7"/ (x).

Set
Ji = C|B(xo, 3R/4)|‘m";171M?‘l(la’"ul")(“‘ﬁ)/q(X)Iﬁmu(x)l

if p < = and denote
fi = CIB(xo, 3R/ %y, M (18" ul) P~ ()]0 u(x)|

if p > -~ Therefore, we have

m—1

I < f Frlo(xdx, with Fi° =" f. (3.46)
B(x0,8r) lZO

The estimate of J;
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By the definition of the set D, and by the Hardy-Littlewood maximal theorem we write

Js = f M oY) D ()P ()
D,

<" | Mo ul)(x) 0™ u(x))P w(x)dx (3.47)
D,

<0 f 10" u(x)|P~° w(x)dx.
B(x0,8r)

Final Estimations

The estimations (3.45)-(3.47) imply

f 0" ulP " w(x)dx < Cw(B(xo,8r) 'Ly + f FPw(x)dx
B(x0,r/2)

B(x(,8r)
RSP (3.48)
+co 0 JC 10" ul” P w(x)dx + ¢ (JE Iﬁmultow(x)dx)
B(x0,8r) B(x0,8r)
On the other hand, since K = L; — L, — L, it follows from (3.47)), (3.40) and (3.41)) that
f 10" ulP P w(x)dx < cw(B(xo, 8r)) 'K + J[ (F"° + FP)w(x)dx
B(x¢,r/2) B(x0,8r)
+c(6'0 + ') f 10" ul”’ w(x)dx (3.49)
B(x0,8r)

(p—0)/10
+cn’ P ( JC |6mu|t°w(x)dx)
B(x0,8r)

Combining (3.49) with (3.37), we get

JC 10" ulP° w(x)dx < J[ FP%w(x)dx
B(x¢,r/2) B(x0,87)

+ (80 + nl“s)][ 10" ulP~ w(x)dx (3.50)
B(x0,8r)

+cn’P ( JC 10" u|° w(x)dx
B(xo,Sr)

where FP= = ¥ F'™°. We take the quantity c(6'° + 1'=%) in (3.50) to be sufficiently small, for
instance, less than 1/2. This leads to

JC 10" ulP P w(x)dx < JC FP3w(x)dx
B(xq,r/2) B(x(,8r)

1
+ = JC 10" ulP° w(x)dx + Cy (JC 10" u|" w(x)dx
2 B(x(,8r) B(x0,8r)

for some large C > 0.
In view of 1} we can use Lemmaby letting g = |0"u|®, f = F and 6 = % We apply
Theorem [3.3] for the value of § satisfying (3.26)), (3.36) and 6 < p —g.

b

)(P—ﬁ)/ fo

)(P—5)/t0 (3.51)
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Remark 3.14. In the situation when du = w(x)dx is defined by a quasiconformal map, namely
w(x) = (det Df)!=P/" where f is a quasiconformal map, one needs to find a different approach to
this problem.

Remark 3.15. We hope that this kind of techniques could shed some light on the study of self-
improving regularity problem of the degenerate elliptic equation with double weight, namely let
A,(x, Du(x)) be a measurable function satisfies

D" Ag(x, D"u(x)) - Fu(x) 2 yo (OIS ae. inQ (3.52)

lo|l=m

and
|As(x, D" u(x))| < wr(0)|07u(x)P"  ae. inQ, (3.53)

where |o7| < m and w;(x), w,(x) are two weights. This kind of degenerate elliptic equations was
initiated by Chanillo and Wheeden [/]].

Remark 3.16. It is an interesting problem to understand whether the main results in [J5, 40, 41]]
can be extended to the degenerate parabolic systems

O — w3(x)divA(x, Vu) = 0,

where ws(x) is an admissible weight and A(x, Vu) satisfies (3.52)) and (3.53) for m = 1.
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