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REGULARITY OF QUASI-LINEAR EQUATIONS WITH HORMANDER
VECTOR FIELDS OF STEP TWO

GIOVANNA CITTI AND SHIRSHO MUKHERJEE

ABSTRACT. If the smooth vector fields Xi,..., X, and their commutators span the tangent
space at every point in Q C RY for any fixed m < N, then we establish the full interior regularity
theory of quasi-linear equations >~ | X A;(Xiu,..., X;mu) = 0 with p-Laplacian type growth
condition. In other words, we show that a weak solution of the equation is locally C**.
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1. INTRODUCTION

The development of partial differential equations arising from families of noncommuting vector
fields has been conspicuous since the fundamental work of Hormander [29]. Such equations,
nowadays referred to as sub-elliptic equations, are not elliptic in general. Nevertheless, they
have a remarkable structural similarity with elliptic equations. This has been evident in the
theory that sub-elliptic linear equations entail, where the given non-commuting vector fields
Xi,..., X, on a domain Q C RV satisfy the, so-called, Hérmander’s rank condition

(1.1) dim (Lie(Xy,...,Xn)) = N,

at every point in Q. It was first used in [29] to show that the linear operator Lu = Y ;" | X X;u,
called sub-elliptic Laplacian or sub-Laplacian, is hypoelliptic. Later, it was found that it also
satisfies estimates of the form

lullst+en < e(N,p) (| Lullsrs + lulsrs),

where S¥P are Sobolev spaces defined by the vector fields (see Section 2 for details), which
clearly shows the resemblance to the corresponding elliptic estimates. This has been unveiled at
increasing levels of generality by Folland-Stein [21], Folland [20] and Rothschild-Stein [43]. Their
methods also reflect the importance of the special case when the vector fields are left-invariant
with respect to a Nilpotent Lie group. The Hérmander’s condition (1.1) endows a stratification
on the Lie algebra of such groups and they are called Carnot Groups (see [1]). Later, it has
been shown by Nagel-Stein-Wainger [41] (see also Sanchez-Calle [44]) that in the general case,
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the Carnot-Caratheodory metric is equivalent to the natural metrics intrinsic to the given vector
fields, that are generalizations of the homogeneous metrics of Carnot groups.

These subsequently lead to the development of an extensive literature and nowadays, the
theory of linear sub-elliptic equations is largely established. It naturally leads to the inquiry
for a regularity theory of quasi-linear equations in the sub-elliptic setting, similar to that of
quasi-linear elliptic equations. This area has remained relatively open over the years and the
present paper is aimed towards this pursuit.

Let © C RY be an open, simply connected bounded domain and Xi,...,X,, be smooth
vector fields with m < N such that they, along with their commutators, span the tangent space
at every point in Q. This is a special case of (1.1), referred to as the “step two hypothesis” by
Nagel-Stein [40], where commutators up to second-order are considered in place of the full Lie
algebra generated by the vector fields (see (2.1)). We consider the equation

(1.2) div, (A(Xu)) = iXZ*A,(%u) =0 inQ,
i=1

where Xu = (Xju,...,X,,u) is the sub-elliptic gradient, X* is the formal adjoint of X; and
A:R™ — R™ is a given C'-function that satisfies the following structure condition,

(6 +22)"2 €2 < (DA(2) €,€) < L5 + |22) "2 |¢]2;
[A(z)| < LI2|(6 + 2",

for every z,£ € R™, with 1 < p < oo, L > 1 and § > 0. The equation (1.2) with (1.3) is modelled
on the degenerated sub-elliptic equation

(1.3)

(1.4) div, (6 + |Xuf®)"2 Xu) =0,

which, for § = 0, is called the sub-elliptic p-Laplacian equation div,, (|Xu[P~2Xu) = 0.

In the Euclidean setting, it is known that weak solutions of the classical p-Laplacian equation
div(|Vu[P=2Vu) = 0 are locally O, as shown independently by DiBenedetto [10], Lewis [32]
and Tolksdorf [45] using techniques descending from the seminal work of De Giorgi [9]. Hence,
for the sub-elliptic case, C'1'®-regularity of weak solutions with respect to the metrics introduced
in [41] is likewise expected. The sub-elliptic Poincaré inequality was first proved by Jerison [30]
which leads to the Sobolev embedding theorem which has been later shown in different levels of
generality by Garofalo-Nhieu [24], Franchi-Lu-Wheeden [23], Hajlasz-Koskela [28], etc. However,
obtaining higher regularity of the gradient Xu using the classical techniques is quite difficult even
in the case of step two, due to the non-commutativity of the vector fields. For previous results
and similar theories in this direction, we refer to [2, 6, 7, 19, 13, 14, 35, 34, 12, 36, 42, 4]
and references therein. Recently, the problem has been resolved for the case of the Heisenberg
Group (see [47, 39]), which is the most trivial example of a step two Carnot group where the
vector space of commutators is one dimensional. The case of non-Nilpotent groups like SU(3)
and compact semi-simple Lie groups has been considered in [16]. In this paper, we prove the
Cl%regularity for the most general step two case.

First, we show that the sub-elliptic gradient is locally bounded as our first main result.

Theorem 1.1. If u € S'P(Q) is a weak solution of equation (1.2) equipped with the structure
condition (1.3) for any 1 < p < oo and 6 > 0, then Xu € LS (Q,R™). Moreover, for any xo € 2
and metric ball B, = By(xg) C Q, we have

1
C P p

onr

for any 0 < o <1, where ¢ = ¢(N,p,L) >0 and Q = Q(xo) = liminf,_,o+ W.
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The following Corollary is an easy consequence of Theorem 1.1.

Corollary 1.2. If u € SYP(Q) is a weak solution of equation (1.2) equipped with the structure
condition (1.3) for any 1 <p < oo and 6 > 0, then u € CS);(Q) Moreover, for any metric ball
B, C Q, we have

1
(1.6) lu(z) —u(y)] < c<]l (6+ \%uP)% dac) "dc(aﬂ, Y)

B
for any x,y € B,, where ¢ = ¢(N,p,L) >0 and d. is the Carnot-Carathéodory metric.

Second, we show that the sub-elliptic gradient is locally Holder continuous with respect to the
Carnot-Caratheodory metric. The following theorem is the second main result of this paper.

Theorem 1.3. If u € S'P(Q) is a weak solution of equation (1.2) equipped with the structure
condition (1.3) for any 1 < p < oo and 6 > 0, then there exists a positive « = o(N,p, L) < 1
such that Xu € CO’Q(Q,Rm). Moreover, for any concentric metric balls B, C B,, C ), we have

loc

1
(1.7) max oscp, X;u < c<i)a <][ (6 + |%u|2)% dm) ’
Br,

1<i<m 70 0
for any 0 < r < rg, where ¢ = c¢(N,p, L) > 0 is a constant.
The following Corollary is an easy consequence of Theorem 1.3 and Schauder estimates [46].

Corollary 1.4. If u € SY"P(Q) is a weak solution of equation (1.2) equipped with the structure
condition (1.3) for any 1 < p < oo and § > 0, moreover if A is smooth, then u € C*(Q).

The significance of this paper lies mainly in the fact that it shows the left invariance of the
vector fields with respect to a Lie group is superfluous for the purpose of regularity. As reflected
by the results in this paper, all necessary techniques and estimates are independent of any Lie
group structure on RY. Therefore, the commutation relations between the vector fields are quite
arbitrary within the restriction of the step two hypothesis. This is much more general than that
for the case of the Heisenberg Group or any other Carnot groups of step two.

In order to get the full regularity, the general structure of the vector fields makes it necessary
to obtain Caccioppoli type estimates of every possible type by testing the equations satisfied by
X;u and [X;, X;]u for all i, j with every combination of the vector fields and their commutators.
The interplay between the estimates leading to the proofs of the theorems is similar to the earlier
works. The guiding principle remains that the behavior of homogeneous sub-elliptic equations
(1.2) is similar to that of inhomogeneous elliptic equations with an integrable right-hand side
(this role is played by the extra terms containing the commutators for the sub-elliptic case).
Hence, the high integrability of the commutators (Corollary 3.9 and similar others) allows the
use of De Giorgi type techniques. The double truncation v = min (p(r)/8, max(p(r)/4— Xju, 0))
with (7)) = max;<;<m, supp, |X;ul, has been used within the estimates particularly to deal with
the singular case 1 < p < 2, similarly as in [39]. This argument originates in the earlier works
[45, 33], etc. The Riemannian approximation is used for the local Lipschitz continuity.

The paper is organized as follows. All necessary notations and preliminaries are provided in
Section 2 and the apriori Caccioppoli type estimates are proved in Section 3. Then, the proof
of Theorem 1.1 is provided in Section 4. In Section 5, further requisite estimates are obtained
that lead to the proof of Theorem 1.3 in the end.

Finally, we remark that the present regularity results seem to be the best possible ones within
the framework of the existing techniques and methods. The estimates of this paper use properties
that are specific to step two in subtle ways which, apparently do not have any immediate
generalization for higher-order commutators. We believe the regularity theory involving vector
fields satisfying the general Hérmander’s condition (1.1) would require new fundamental ideas.
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2. NOTATIONS AND PRELIMINARIES

In this section, we develop relevant notations and provide basic properties and previously
known results that shall be used throughout this paper.

Here onwards we assume the set of smooth vector fields {X1,..., X,,} defined on Q C R" for
some integer m < N, satisfy the step two hypothesis of Nagel-Stein [40]; precisely,
(2.1) Xq,...,X;m and [X;,Xp|Vjke{l....,m} span the tangent space at each xy € €.

The nontrivial case occurs if m < N because the case of equality is identical to the familiar

Euclidean setting. We choose an enumeration of the commutators as {71,...,7,,} such that

{X1,..., Xm,T1,...,T,} span the whole tangent space, for some integer 0 < n < m(m —1)/2.
For a function u :  — R, let us denote the gradients as

Xu=(Xiu,...,Xpu) and Tu= (Tiu,...,Tyu).

The Hessian is denoted as XXu = (X;X;u); 5, similarly XTu = (X;Tju) ; and TXu = (T, Xju) j i
which are respectively m x n and n x m matrices. The commutator matrices are denoted as
(X, X]Ju = ([Xj, X;]u); ; and similarly [X,7T] and [T, X]. The sub-elliptic divergence is defined as

div,, ( ZX fiv  YF=(fi,-- s fm)

The Euclidean vector fields on R™ are denoted as D; and D = (Dy,...,D,,) is the Euclidean
gradient; sometimes D; is also denoted as J,, or something analogous in terms of coordinates.
We note that the step two hypothesis (2.1) implies

(2.2) [Xi, X;] Z%T +ZB and  [X;,T)] ZW’X +25”>Tk,
k=1

and with appropriate ch01ce of scahng in the norm of vector ﬁelds, we can assume without loss
of generality that

k l l k
e 3 (ol e + 183 e + 13l + 185 l2) < e(N),  for some  e(N) >0,

and from smoothness, we can also conclude boundedness H%a || Loo + HTa || oo < ¢(N) and
similar bounds for the others. Therefore, some basic 1nequaht1es are in order. Usmg (2.2) twice
successively along with (2.3) and the bounds, we have the following inequalities :

(2.4) (i) (X5, Ti) Xju| < c(|XXu| + [TXu|) < c(|XXu| + |XTu| + [Xu| + [Tul);
(2.5) (i) 1[X5, X3), Xj]u| < o(|[T, X]u| + [[X, X]u| + [Xu| + [Tul) < c(|Xu| + |Tul),

for every i,7,l € {1,...,m} and k € {1, ...,n}, where ¢ = ¢(N) > 0 is a constant. Furthermore,
we have the inequality

(2.6) |Tu| < c|XXul,
for some constant ¢ = ¢(IN) > 0, since T}, = [X;, X;| for some [,j € {1,...,m}.

2.1. Sub-elliptic metrics. Let us recall the Carnot-Carathéodory metric (CC-metric) which
is defined in terms of the length ¢(y) of curves 7 : [0, 1] — €, as

(2.7) de(w,y) = inf{l(y) : vy € I(z,y)},
where the class I' of absolutely continuous curves is given by
L(z,y) = {y € AC([0,1];Q) : 7(0) = z,7(1) =y, (1) € span{X1|,(5), - -, Xmly() } -

Chow’s connectivity theorem (see [8]) gurantees I'(x, y) # () so that d_ is finite for any z,y € RY.
However, to determine the volume of the metric balls, another metric is required that is intrinsic
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to the vector fields, as shown in [41]. Let {Y1,...,Yn} = {X1,..., Xn,Th,..., T} We
observe that we can associate an integer, called formal degree d; = deg(Y;) € {1,2}; indeed, we
define that deg(Y;) = 1if Y¥; € span{Xy,..., X,;,} and deg(Y;) = 2 otherwise. Then, it is not
difficult to see that (2.2) and (2.1) respectively imply:

(a) For every j,k we have [Y},Y;] € span{Y] : d; < d; + dy };

(b) Y1,..., Y+ span the whole tangent space.
Then, we can define following metric as in Nagel-Stein-Wainger [41]. For any r > 0, let I'(r) be
the class of absolutely continuous curves 7 : [0, 1] — Q satisfying the differential equation

Y0 =3 aOY00) with |a0)] <,

then the metric is defined as

(2.8) plz,y) =inf {r >0: 3y € T'(r),v(0) =z,v(1) = y}.
Proposition 1.1 in [41], imply that within compact subsets of €2, we have
(2.9) ale =yl < plzy) Sclr—y?  YazyeCRY

for some positive constants ¢y, co. Let us denote the metric balls B,.(z) = {y e RV : p(x,y) < 7‘}
and it has been shown in [41] that they follow all standard properties. In general m +n > N
and it is possible to choose a local basis Y;,,...,Y;, for the tangent space. For every such
I=(i1,...,in), letting d(I) =d;; + ...+ d;, and

Aa,r) =Y Ar(a) D),
I

where A;(z) = det(a; (7)) whenever Y;. =, a; 0z, , one can estimate the volume of the balls.
Thus, A # 0 whenever Y;,,...,Y;, is a basis for the tangent space. Let |E| be the Lebesgue
measure of £ for any £ C RY. Then, from Theorem 1 in [41], there exists ¢ > ¢; > 0 such
that we have

cal(z,r) < |Br(2)] < e2A(z,7)

in compact subsets of 2. Therefore, let us denote

e Log (1B (2)])
(2.10) Qz) = lggérif “logr)

)

so that we have ¢jr? < |B,.(z)| < c4r? in compact subsets of Q for some ¢, > ¢ > 0 and
Q = Q(z). Since, A is a polynomial in r of fixed degree, hence @) is lower semi-continuous.
It is a deep result of Nagel-Stein-Wainger [41, Theorem 4], that the metric p is equivalent to
the CC-metric d.. Henceforth, in the rest of the paper, we shall denote CC-metric balls by B,
without loss of generality and @ as the local dimension.

Remark 2.1 (Step 2 Carnot Groups). For a special case, when the vector fields are left invariant
with respect to a Nilpotent Lie Group on R along with the hypothesis (2.1), then it is called
a Carnot Group of step 2. In that case, if Xi,...,X,, are linearly independent, then we have
m + n = N, the metric p is equivalent to the metric induced by the homogeneous norm of the

group, and @ = m + 2n. Also, the commutation relations are more special than (2.2), we have
[Xi,Tx] = 0and [X;, X;] = 1, 042(7]3-) T}, where ag? ’s are precisely prescribed by the composition
law of the group. Furthermore, if it is a free group then we have n = m(m — 1)/2.

The Holder classes C*© (also denoted as T'*) has been introduced by Folland and Stein, see
[20, 22]. The functions in these classes are Holder continuous with respect to the CC-metric.
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Definition 2.2 (Folland-Stein classes). Given an open set  C RY, a function u : Q — R and
0 < a <1, wesay u € C%(Q) if there exists a constant M > 0, such that

u(z) —u(y)] < Mde(z,y)*,  Vaz,ye

It is a Banach space with the norm ||ul|co.a(q) = [[ullpe (@) + [4]co.a(q), where the Holder semi-
norm is defined as

u(z) — u(y)|
2.11 U| 0,0 = sup ————
( ) []CO @ m,yepﬂ dc(:t?,y)a
TAY

For any k € N, the spaces C*(Q) are defined inductively as follows: we say that u € C**(Q)
if X;ue CF=1(Q) for every i € {1,...,m}.

Definition 2.3 (Sub-elliptic Sobolev spaces). Given an open set Q C RY | a function u : Q@ — R
and 1 < p < oo, the sub-elliptic Sobolev spaces are defined as

SYP(Q) = {ue LP(Q): X;u € LP(Q), Vi€ {1,...,m}},
which is a Banach space with the norm [lullsir(q) = [|ullzr(@) + [[Xul zp(@rm). The subspaces
S'P(Q) and Sé’p(Q) are defined as usual. Moreoever, for any k € N, the space S¥P(Q) is also

loc
defined by standard extension.

For any metric ball B, = B,.(z¢), the following Poincaré inequality for v € S'P(B,.)

(2.12) <]{3T lu— (u)g,|P dw) 1/p < cr(ér |XulP dx) 1/p

holds, see [30, 28]. This leads to the following Sobolev inequality,

Q—gq

1

Qa q

(2.13) <]l \v\% dw) T <er <]l \%v[‘%im)q,
B, By

for all v € Sy(B,) and 1 < ¢ < Q with Q = Q(o).

2.2. Sub—elliptic equations. If u : Q@ — R is a weak solution of (1.2), then for every test
function ¢ € C§°(£2), we have

(2.14) /Q (A(Xu),X¢) do = Z; /Q Ai(Xu)X;pde = 0.

Furthermore, for all non-negative ¢ € C5°(2), if the integral above is positive (resp. negative)
then u is called a weak supersolution (resp. subsolution) of the equation (1.2).
It is easy to see that (1.3) implies the following ellipticity condition

(2.15) (A(2),2) > elp) 22(8 + |2) =

and also the following strong monotonicity inequality
1 _2
(2.16) (A(z) — A(w), z —w) > 0+ 1212 + |w>)’Z |z — w]

for all z,w € R™, where ¢(p) >0 and L' = L'(p, L) > 0.

The inequalities (2.15) and (2.16) can be used to prove the existence of a weak solution of
equation (1.2), by standard variational methods. In fact, given any uy € SHP(£2), there exists a
unique weak solution u € SYP(2) of the following Dirichlet problem

{diVH(A(%u)) = 0 in

2.17
(2.17) u—ug € SyP ().
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The uniqueness follows from the comparison principle, i.e. if u and v respectively are weak super
and subsolution of the equation (1.2) and u > v on 9 in the trace sense, then we have u > v
a.e. in . This can be shown easily by appropriate test fuctions on the equation (2.17).

Remark 2.4 (Divergence-free vector fields). Given a vector field X, its formal adjoint with respect
to the Euclidean volume form (Lebesgue measure) is defined as X*, so that for any v € C5°(Q2),
we have

(2.18) /vX*ud:U:/ude:c,
Q Q

where X*u = —Xu—div(X)u. For simplicity, we assume that the given vector fields Xi,..., X,
are divergence-free, i.e. div(X;) = 0. Hence, we have that T1,...,T,, are also divergence-free,
from the formula div([X;, X;]) = X;(div(X;)) — X;(div(X;)). The general case is a perturbation
by a lower order term and can be obtained with minor modification. Moreover, in particular,
if the X;’s are left-invariant with respect to a Lie group then they are always divergence-free
with respect to the Haar measure of the group which is the Lebesgue measure up to multiples.
In more general cases if the vector fields are defined on a manifold and the adjoint defined
with respect to a volume form, then with appropriate geometric conditions (e.g. metrics with
certain curvature conditions or manifolds with Killing forms, contact forms, etc.) divergence-free
frames can exist and it is possible to write the equation (1.2) with respect to such frames having
structure conditions similar to (1.3). We refer to [4] for details.

Henceforth, we assume X1,..., X, are divergence-free, so that X = —X; and T}) = —Tj,.

Remark 2.5 (The case of § = 0). If apriori estimates are available for the case of § > 0 and if the
constants are independent of §, then the case § = 0 follows as well by a standard regularization
technique. A brief outline is as follows.

Let A satisfy the structure condition (1.3) for the case 6 = 0, i.e. for all z,& € R™,
o10) 72167 < (DA()&,€) < LIl 2lef
' |A(2)| < LIz~

There are many ways to define a regularization. In particular, for any 0 < § < 1, one can define
—2
(2.20) As(z) = (1= ns(|2D) A2) + ms(|2)) (8 + [21) 7

where 75 € C%1([0,00)) can be chosen (see [38]) such that A5 — A uniformly on compact subsets

of R™ as § — 07 and the structure condition
1 p=2 p=2

(2.21) f(5+ 1212) 72 |€]? <(DAs(2) €,€) < L'(0+ |21*) = €)%
[As(=)| T/ [2](6 + |22) 2,

holds for some L' = L'(p,L) > 1. Given a weak solution u € S'P(2) of (1.2), we consider us as
the weak solution of the following regularized equation

(2.22) {divH<A5<3€u5>) — 0 in O

us —u € SyP(V),
for any Q" cC Q. Now, for the case of § > 0 whenever we obtain uniform estimates for Xug

(with constants independent of §), taking limit § — 0T, one can show that (1.5) and (1.7) also
hold for the case of § = 0.

Therefore, we shall assume § > 0 without loss of generality, hereafter.
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3. APRIORI ESTIMATES

In this section, we consider the equation
(3.1) div, (A(Xu)) =0  in Q,
where A : R™ — R™ is a given C'-function that satisfies the structure condition

F(lz])l€]* <(DA(2) € €) < LF(|2])[¢f%

(3.2) |A(2)| < L|2|F(|z]),

for every z,£ € R™, given F : [0,00) — [0,00) and L > 1. We assume F to be continuous in
(0,00) and there exists dp > 0 such that F(¢) > ¢ for all ¢ > 0.

Here onwards, we denote u € 5110’3(9) as a weak solution of the equation (3.1). Furthermore,
in this section we assume apriori that

(3.3) Xue SE2(LR™),  Tue SEAHQ,R™) N LS (Q,RMY).

loc loc

Thus, (3.3) implies Y Xju, [X;,Y]u € L2 () for any 4,j, where Y = X; or Y = T}. We only
require the regularity (3 3) for the apriori estimates and the assumption shall be removed later
by an approximation argument.

Lemma 3.1. Let Y = X; or Y =Tj,. For every ¢ € C§°(2), we have
(3.4) > / D Ai(Xu)Y XjuXipde = / A (Xu)[Xy, Y] da.
i S =179

Proof. Given any ¢ € C§°(§2), we choose ¢ = Y on (2.14) and use integral by parts, to obtain

m

0 :Z/S]Ai(%u)XiYgodm
i=1
(3.5) = il /Q Ai(Xu)Y X;pda + i /Q Ai(Xu)[X;,Y]pdr
= i/gy (X)) Lpdx—i-Z/ (Xu)[X;, Y] da.
The proof is finished by using chain rule Y'(4;(Xu)) = 3°7" | D;A;(Xu)Y Xju on (3.5). O

Using YX; = X;Y — [X;,Y] on (3.4), we have the following variant;

. > /Q Din(%u)XquXiapdx:Z /Q DA (Xu)[X;, YuXip da
3.6

+ ZZ:; /Q A;(Xu)[X;,Y]pdrx

for every ¢ € C§°(€2). Thus for Y = X, we have

Z / D Ai(Xu) X; XjuXip do = Z / D A;(Xu)[X;, X)JuX;p dz

+Z/QA¢(%U)[XZ',X1]QOd1‘,

(3.7)
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and for Y = T}, using integral by parts on the last term, we have

Z/QDin(%u)XkauXigodm = Z/S)Din(%u)[Xj,Tk]uXiapdx
(3.8) " "
Y]

3.1. Caccioppoli type inequalities. Here we provide Caccioppoli type estimates satisfied by
the derivatives of a weak solution u of equation (3.1).

Lemma 3.2. For any 8> 0 and n € C§°(Q2), there exists ¢ = ¢(N, L) > 0 such that
c
[ PR TR de < S5+ 07 [ (7 + 0PI (RDITal (%0l +[TuP) de
(3.9) 79 @
+ 7’/ P F (| %u|)|Tul? | X%u|? dz,
Q

for any arbitrary 0 < T < 1.

Proof. In (3.8), we choose ¢ = ¢ = n?|Tu|?Tyu on (3.8) and sum over k € {1,...,n}, to obtain
the following,

> / 02| Tul’ D; A; (%u) X TuX; Tyu dz
ig k7
> / Tl TouD; Ay(u) X Tou X (|Tul) da
ijk 7
= —22/ n ]Tu\BTkuDin(%u)XkauXm dx
(3.10) ik
—i—Z/ Din(%u)[Xj,Tk]uXiapk dx
ik
+)° / o DA (Xu) [ X, Ti) Xju dz
ik
= R; + Ry + Rs.

Then, we use the structure condition (3.2) to estimate both sides of (3.10). The left hand side
of the above is estimated as

LHS of (3.10) 2/nQF(]%u])]Tu\ﬁ\%Tu\de—i—ﬁ/nQF(\%u\)\Tu]ﬁ]%(\Tu])Pdm

(3.11) Q @

2/nZF(]%u])]Tu\B\%Tu\de.
9]

We estimate the right hand side of (3.10), one by one.
Using (3.2) and Young’s inequality, we have

Ral < [ nlP(%a[Tul’* [XTul o] do
(3.12) “ )
§6/9772F(|%u|)|Tu|6|3€Tu|2 dm+;/ﬂ|%n|2F(|%u|)|Tu|ﬂ+2 dx.
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Notice that

Ro= 3 [ D340, DX Tl Ti) d
— Ja
1,5,k

+ 2 E / ’I’]DJAZ(:{U)[X], Tk]u|Tu|BTkuXm dr = R271 + R2’2.
1,5,k

(3.13)

Using (3.2) and (2.2) followed by Young’s inequality, we have
|Ro.1| Sc(ﬂ—i-l)/anF(\%u\)(]%u]—i—\Tu])\Tu]B\%Tu\ da
(3.14) < a/QnQF(yaeuy)yTu\ﬁ\xTuPdm
+Ep+ 1)2/9772F(|1£u|)|Tu|6(|%u|2 TP da
Similarly, we have
(3.15) |Ro| < C/Q | F (| 2ul)[Tul " (1%u| + [Tul) | %n| do

which is clearly majorised by the right hand side of (3.9) from Young’s inequality.
Then, Rj3 is estimated using (3.2),(2.4) and Young’s inequality on each term as

Ryl < c/ P2F (1 %u])|Tul*+ (|X%u] + |XTu| + [Xu| + |Tu]) d
(9]

1 1
(3.16) ge/nQF(|xu|)|Tu|ﬁ|3eTu|2dx+c( +;>/772F(|%u|)|Tu|5(|%u|2+|Tu|2) dx
Q Q

B
+ 7/ P (| Xu|)|[Tu|?|xXul? dz,
Q

for any 0 < 7 < 1. Combining (3.12),(3.14),(3.15),(3.16) with € = 1/6, it is easy to obtain (3.9)
and the proof is finished. O

Remark 3.3. For the special case when Xq,...,X,, are left invariant with respect to a step 2
Carnot Group, we have [X;, Ti] = 0 and hence, it corresponds to the case of 7 =0 in (3.9), i.e.

| PRIl 2T dn < (5 + VP [ |RnlPE () Tl d,
¢ Q

Nevertheless, it does not make any difference in the subsequent results.
The following is the Caccioppoli type estimate of the vector fields.
Lemma 3.4. For any 3 >0 and n € C§°(NY), there exists ¢ = ¢(N, L) > 0 such that
[ Fxupzalx0uP de < ¢ [ (R0 Tal) () 2l da
Q
(3.17)
LBt 1)4/ 2 F(|2ul) [%ul® (|1%ul? + |Tul?) da.
Q
Proof. Let ¢, = n?|Xu|? X;ju with n € C$°(Q2) and B > 0. Notice that

Xior = 1% |%u|’ X; Xpu + Bn? | Xul’ ™ XpuX; (| Xul) + 20| Xul® XjuXm.
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We take Y = X; and ¢ = ¢ in (3.6) and take summation over [ € {1,...,m} to obtain
> / n?|%ul’ Dj Ay (%u) X; XpuX; Xyu dz
il 7S
+ 52/ 72| Xul?~ XpuD; Ay (Xu) X; Xju X (| Xul) da
il 7€
= Z/ n?|Xul® D; Ay (Xu) [ X, Xi|uX; Xju dx
il 7
—i—ﬁZ/n2\%u\ﬁ_1XluDin(%u)[Xj,Xl]uXi(\%u\)dw
il 7
—22/n\%u\BXluDin(%u)XlXqumdx
Q

ihj?l

(3.18)

+ Z/ A (Xu)[X;, Xilorde = J1 + Jo + J3 + Jy,
il 79

where J; are the consecutive items of the right hand side of the above.
First, we estimate the left hand side of (3.18) using (3.2) to have

LHS of (3.18) 2/nQF(|3eu|)|3eu|ﬁ|3eaeu|2dx+ﬁ/77219‘(|3eu|)|3eu|/3|3e(|3eu|)|2dm
(3.19) @ @
2/anF(|Z£u|)|%u|5|%%u|2dx.

For the right hand side of (3.18), we claim that the following holds,

< e [ PPl e do o+ £ [ (0l 4 Tl (a2l do
(3.20) @ . @
+ 2@+ )" [ P RQRuDE (X0 + 1T do

for any 0 < e < 1and i€ {1,2,3,4}, where ¢ = ¢(N, L) > 0. Then (3.20) with a choice of small
enough ¢ = (N, L) > 0 together with (3.19) would imply (3.17), thereby finishing the proof.
We shall prove (3.20) by estimating each J; of (3.18), one by one.

Using (3.2), (2.2) and Young’s inequality, note that

1]+ | Ja| < e(B + 1)/ PR (|%ul) [ 2ul? | 2% (|%u] + Tul) d
Q
(3.21) Ss/ n?F(|%u|)|Xu|’ | XXu)? dz
Q

c
+ 2+ 12 | PRl (2 + [Tul?) do
and the claim (3.20) follows for ¢ = 1,2. Similarly, for J3 we have

1l < ¢ [ Il el X0l do

(3.22) @ .

< 5/ P F(|Xu)| Xul? | X%u)? do + g/ 1%0|°F (| %u|)|Xul? 2 dz.
) Q

To estimate .J4, first note that

X3, Xl = 0P| Xul’ [ Xy, Xo) Xpu + B | Xul®~ Xpu[ X5, X0](|%ul) + 20| %u|® X[ X;, X,
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and we rewrite J; as
Ji= Z/ 02| Xul® A (Xu) [ X5, X)) Xju da
NIRAL
(3.23) LY [ PR XA ) X, X)Xl de
1,1

+ 22/ 77|3€u|BXluAi(%u) [(Xi, Xilndx = Jy1 + Jao + Jus.
il V9

The estimate of the last term is straightforward. Using (3.2) and (2.2), we have
(329) aal < c [ (ol + pen P (a2l da,

which is majorised by the right hand side of (3.20). To estimate the rest of (3.23), we shall use
[Xi7 Xl]Xlu = X [Xu Xl]u + HXZ, Xl]7 Xl]u and

X5, X (1)) = X Xpu[X, X Xpu = | Xul ™ Xpu(Xe[ X, XJu + [[X5, Xi], Xglu),
k=1 k=1

to split the first two terms as Jy1 = Jy 11 + Ja1,2 and Jyo = Jy21 + Ja 22 so that the second
terms i.e. Jy 12 and Jy 29 contain the terms with the commutator of commutators.
We rewrite the first terms by integral by parts as

Jag+ Jaon = Z/ n?|%u|® A (Xu) X[ X5, Xj)u dx
il 8

+8Y /Q 72| Xul? 2 Xu A (¥u) Xpu X [ Xo, X|ud

(3.25) bhE

- _Zl /Q X1 (3P 2l Ai(2w) ) [X;, XiJuda

—BZ/ Xk<n2|%u|572XluXkuAi(%u)>[Xi,Xl]udac.
ik 7S

Then, further computation of the terms in (3.25) followed by the use of (3.2) and (2.2) yields
[Tl + [Jaz] < c(B+1)? /Q 0 F (| %ul]) | Xu|®|X%u| (| Xu| + |Tu|) dz
+e(+1) [ nlF(ul) Rl 20l (2ul + 1Tl) da
(3.26) < 8/9772F(yaeuy)yaeuyﬁyaeaeu\2 do
+ g(ﬁ +1)* /Q n? F(|Xul)|Xu|? (| Xul? + |Tul?) dz

te / %nF (1 %u]) | Xul*+? dr,
Q
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where the latter inequality of the above follows by using Young’s inequality on both items. Now
we are only left with

Jiga+Jiga =) / 7P| %P Ay (Xu) [ X, Xi], X))u dx
il 78

(3.27)
+8) / 02 Xul? 2 Xu A (Xu) Xpul[ X, X, Xi]u dx
ik 8

To estimate (3.27), we use (2.5) to have
(3.28) |Ja12] + a2l < c(B+ 1)/ 02 F (| %ul)|Xu|”™ (| Xu| + |[Tu|) d,
Q

which is estimated easily just as in (3.26). Thus, (3.26), (3.27) and (3.24) together imply that
the claim (3.20) holds for ¢ = 4 as well. This completes the proof of the the claim (3.20) and
hence the proof of the lemma. O

The following is a reverse type inequality similar to earlier papers, see [36, 47, 38], etc.

Lemma 3.5. For any 8 > 2 and all non-negative n € C3°(2), we have
(3.29) / PR (| Xu)) | Tul? | X Xul? dr < (B + 1)417(”/ P (| %u]) | Xu)? | TuP 2| %X ul? do
Q Q

for some constant ¢ = ¢(N, L) > 0, where K, = |[n||20c + [|X7]| -

Proof. Recalling (3.4) with Y = X; and ¢ = ¢;, we have
(3.30) E / D; Ai(Xu) X) XjuXip do = g / A (Xu)[ Xy, Xi]e dz,
1,7 i=1

where we use ¢; = 7712 Tu|’ Xju, where n € C$°(2) is non-negative and 3 > 2. Note that
X0 = P PHTulP X Xu + B TulP~ XouX; (| Tul) + (8 + 2)n° 1 X | Tul® Xu.

Using this on the above, we obtain
> / P2 Tu|? Dy A (%u) X, XjuX; Xyu de
ij 7%
= —ﬁZ/QnﬁJr2|Tu|5leuDin(I{u)XlXqui(|Tu|)dm
(3.31) "
—(b+ u|" Xjul)j Ay (Xu) X X juX;nax
2 0P T’ XjuDj Ai(Xu) X, XjuXn d
— JQ
Z7j

- E /golD]Az(%u)[Xl,Xl]X]udx,
— JQ
%]

where we have used integral by parts on the term in the right hand side of (3.30). Now we use
X;X; = X;X; + [Xi, X;] on the left hand side term and then sum over [ € {1,...,m} both sides
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of (3.31) to obtain
> / 02| TulP D; Ay (Xu) Xy X juX; Xyu d
ig.1 7%
= —Z/ 02| TulP D; Ay (%u) Xy Xju Xi, X)]u da
o (9]
0,5,

—52/ 0?2\ TP~ XjuD; Ay (%u) X, XjuX,(|Tul) de
(3.32) il Q

- (B+2)> / 0P TulP XpuDj Ay (Xu) X X juXin da
igl 7S
— Z/ P2 Tu)® XpuDjy Ay (Xu) [Xi, Xi) Xju da
igl 7
:Il+12—|—[3—|—[4.

We will estimate both sides of (3.32) as follows.
For the left hand side, the structure condition (3.2) implies that

LHS of (3.32) > / 0P PR (| X)) | Tul?| X Xu)? da.
Q
For the right hand side of (3.32), we will show that for each item, the following estimate holds,

|| < cs/ 0P 2R (| X)) | Tul? | X Xul? dx
(3.33) CQ
+ g(ﬁ + 1)4K,,/QnﬁF(|3€u|)|3€u|2|Tu|/3—2|3eaeu|2 dz,

for k =1,2,3,4. Then, a choice of a small enough ¢ = £(N, L) > 0, completes the proof.

To prove the claim (3.33), first we note that using (2.6) on (3.9) of Lemma 3.2 along with
minor modifications, we can obtain

(3.34) / PR (| Xu)) | Tu)? | XTu)? de < (B + 1)2K77/ 776+2F(]3Eu])]Tu\6(]%u]2 + | XXul?) dz
) Q

where K, = ||n]|2s + [|X7]|2. This shall be used multiple times below.
First, to prove that (3.33) holds for I;, we note that

n— Z/Qnﬁ+2|Tu|ﬁDin(xu)XlXju[Xi,Xl]u da
,7,0
-y / P2 Tl X (A (X)) [ X5, XiJu de,
il 7%

from chain rule. Then integration by parts yields

I :Z/QAZ‘(%u)Xl (n5+2]Tu\B[Xi,Xl]u) dx
il

:Z/QnBHAi(%u)Xl(]Tu\ﬁ[Xi,Xl]u) dx
il

- (B+2)> /Q nPTLA; (Xu) Xy | TulP (X0, Xjude = 11 4 T .
il



HORMANDER VECTOR FIELDS OF STEP TWO 15

Hence, we have
ha =Y [ ATl XX Xuda
il 79

(3.35) +ﬁ2/ P12 A (3w) | Tul’ (X5, XJu X (|Tu]) da
il 8

=Ii11+ 112
For Iy 11, using (2.2) and (3.2), we have

1111, < c/ 0P 2R (| Xu)) | Xu| | Tul® | X Tul dm+c/ 0P YR (| Xu)) | Xu| |Tul® | X Xu| d
Q Q

€ 4 9 c ) )
< 7(5“)2[{”/977‘” F(|2u))| Tul?|XTuf* dz + ~(8+1) Kn/ﬂnﬁF(\%um%u\ Tu|? d
“/ 0”2 F(|%u]) Tul|X%u] do + = / 2R (%)) | Tul? [ Xul? da,

Q Q

where the latter inequality is obtained by using Young’s inequality on both terms. Then, using
(3.34) to estimate the first term of the right hand side of the above, it is not hard to see that

(3.36) |I1.1.1] gcs/Qnﬁ+2F(|3eu|)|Tu|ﬁ|3eaeu|2dm+S(ﬁ+1)2K,7/QnﬁF(|3eu|)|Tu|ﬁ|3eu|2dx

holds for 0 < e < 1, K, = ||n||2 + ||Xn]|2~ and some large enough ¢ = ¢(N, L) > 0. Thus, we
have that I; ; ; satisfies the estimate of the claim (3.33).
For I 1 2, we just use |[X;, Xj|u| < 2|XXu| along with (3.2) and Young’s inequality to get

12 < cﬁ/n5+2F(|aeu|)|aeu||Tu|ﬁ1|3eaeu||3eTu| dx
Q

S BHAP(1xu|)|Tu|® | XTu|? dx
G 7 F R T T

+§ﬁ2(ﬁ+1)2Kn/ P (|Xul)|Xul2| Tulf 2| X Xul? da.
Q

(3.37) <

Then, using (3.34) to estimate the first term similarly as before, it is easy to see that I ; 2 also
satisfies the estimate of the claim (3.33).
For I 2, we similarly use (3.2), |[X;, X;]u| < 2|XXu| and Young’s inequality to obtain

D2l < (3 +1) [ 0" alP(%u) %l Tul 20| do
(3.38) @ )
< ca/ WP () el do + (6 + 1)2/ P |2 2R (%)) Tul [Xul? da.
Q Q
Combining (3.36),(3.37) and (3.38), we conclude that the claim (3.33) holds for I;.
Similarly, we estimate Io by structure condition (3.2) and Young’s inequality to get

|| < cﬁ/ n5+2F(\%u\)\%uHTu\B*1]%%uH%Tu\ dz,
Q

which is estimated exactly as I ; 2 and thus the claim (3.33) holds for I5.
For I3, we have by structure condition (3.2), that

L] < e(B+ 1) / P 20| F (| %ul) Xul Tul | %) da,
Q

which is estimated exactly as I; o and thus the claim (3.33) holds for I3 as well.



HORMANDER VECTOR FIELDS OF STEP TWO 16

Finally, we note that
L=-) / P2 Tul? XjuDj Ay (Xu) X[ Xy, X u da
il 7

+ Z/ 022 Tu|® XpuDj A; () [ X4, X), X ]u da

o 9]

i,

=141+ 14.

From (2.2) and (3.2), we find that

(3.39)  |[I41] < c/ 775+2F(|3€u|)|3€u||Tu|B|Z£Tu|d:v—|—c/ nPH2E (| Xu|) | Xu| | Tu|® | X Xu| dx
Q Q

which is estimated exactly as ;1. For Ii2, we use (3.2) followed by (2.5) and (2.6) used
successively to obtain

(3.40) ol <e [ o 2P Ru Rl Tul’|(u] + [%20]) da.
Q

the first term of the above is estimated from (2.6) and the second term is exactly equal to the
second term of (3.39). Thus, from (3.39) and (3.40) we conclude that the claim (3.33) holds for

14 and the proof is finished. O
Remark 3.6. It is not difficult to see that from the above proof, the case f = 0 leads to
G4 [ PPQRaDER do < (i +120lE-) [ F(xuDx6P de,

Q supp(n)

since all the terms containing 8|Tw|?~! in the proof vanish in the first steps of the estimates.
The following corollary is proved by using (2.6) and Holder’s inequality on Lemma 3.5.
Corollary 3.7. Given 8 > 2 and non-negative n € C§°(Q), we have ¢ = ¢(N, L) > 0 such that

(3.42) / PR (%)) | TulP | X Xuf? dz < ¢ (8 + 1)2/317(5/2/ n? F(|Xu])|¥ul’| X Xu|? do
Q Q

where K,y = |17 + [|Xn]|7~ and ¢ = ¢(N, L) > 0.

Proof. The right hand side of (3.29) is estimated by Holder’s inequality as

/nﬁp(\xu\)\xuﬂmﬁ2\3eaeuy2dx
Q

(3.43) B-2

2
< (/ 7P 2R (%) | Tul? | Xu? dx) ’ (/ ? F(|Xu)|%u)? | X Xu)? dac) v

Q Q
Then, using Young’s inequality on (3.43) and combining with (3.29), the proof is finished. O

Now, we can remove the error term in (3.17) and obtain the following apriori estimate. This
shall be used to prove local Lipschitz regularity of weak solutions.

Lemma 3.8. For any § > 2 and all non-negative n € C3°(2), we have that

(3.44) /9772 F()%u))|Xul’|XXu? de < ¢(B + 1)K, F(|Xul)|Xu|’*? dz,

supp(n)

where Ky = |[nl|7 + [XnlZ + [InTl|> and ¢ = (N, L) > 0.
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Proof. Let us recall (3.17) and rewrite it as

/ n° F(|Xul)|Xul’| XXul* do < (B +1)* / (n* + [Xn]* + [nTn|) F(|Xul)|Xul"+* dz

(3.45) @

+c(5+1)4/ n? F(|%ul)|Xul?|Tu)? da.
Q

It is clear that we need to estimate only the last term of the right hand side of (3.45). We
estimate it by Holder’s inequality and Young’s inequality as

c(B+ 1)4/ 772F(|Z£u|)|%u|ﬁ|Tu|2 dx
Q

N R GG B MR G e

supp(n)
812 [ B2 B+2 ¢ UZr2) B+2
<ch 2 F(|Xu|)|Tu dx + B8+1) 8 F(|Xu|)|Xu dx
n T2
Q h 5 supp(n)

for some h > 0 to be chosen later. The first term of the right hand side of (3.46) is estimated
using (2.6) and Corrollary 3.7 as

ch%/776+2F(\%u\)\Tu]5+2dx§Ch¥/n5+2F(\%u\)\Tu]5]%%u\2dm

(3.47) @ M“

< (ch)7(5+1)2/31{5/2/ n? F(|%u))| Xul’| XXu)? dz.
Q

Now, for a large enough ¢ = ¢(N, L) > 0 and small enough £ > 0, we take
£
c(B + 1)48/(6+2) g /E+2)”

(3.48) h =

so that the above implies
g2 [ B+2 B+2 42 2 B 2
(3.49) ch= [ n”T°F(|Xu|)|Tul”" dx < e 2 n° F(|Xul)|Xu|”| XXu|* dx
Q Q

Then, it is not difficult to observe that (3.49) used in (3.46) followed by (3.46) used in (3.45)
with the choice of h in (3.48) for a small enough ¢ = ¢(N, L) > 0, leads to

4(8+2)

MK, F(|Xul)|Xul?*? dz,
supp(7)

/ n? F(|%u))|Xul?|XXu)|? dz < ¢(8 + 1)
Q

for some ¢ = ¢(N, L) > 0. This completes the proof. O
The following corollaries would be essential for proving the C1:®-regularity of weak solutions.

Corollary 3.9. For any 8 > 2 and all non-negative n € C§°(Q?), we have that

B+2
(3.50) /775*219‘(|3€u|)lTulﬁ+2 dr < o(B) Ky / F(|%u])|Xul*+2 da,
@ supp(n)

where Ky = |07 + [X0] 2 + 0Tl and c(8) = c(N, L, 8) > 0.

Proof. 1t is easy to see that from (2.6), we have
/775+2F(]%u])]Tu\5+2 iz < c/ 042 B(|Zu])| Tul?| X Xul? do
Q Q

and then (3.50) follows easily from Corrollary 3.7 and (3.44). This completes the proof. O
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Corollary 3.10. For any 3 > 2 and all non-negative n € C5°(2), we have that

B+4
(3.51) / 0T (| X)) | Tul? | XTul* dx < ¢(B)K,° / F(|Xu|)|Xu|?? da,
@ supp(n)

where Ky = [nl|3 + X0l + [InTllz and ¢(B8) = ¢(N, L, 8) > 0.
Proof. Recalling the variant (3.34) of (3.9) of Lemma 3.2, we have

/ P HAF (| %)) | Tul® | XTu)? dz < e(8 + 1)2K77/ 775+2F(|3€u|)|Tu|ﬁ(|%u|2 + | XXul?) dz.
Q Q

The second term of the right hand side of the above is estimated from Corrollary 3.7 and (3.44)
and the first term of the right hand side of the above is estimated by Hoélder’s inequality as

_B_ 2
[P e de < ([ g2 RQRaDia? 2 de) ™ ([ 002 )
Q Q Q
and it is further estimated from (3.50). Combining all the estimates, the proof is finished. [

Finally, we need the following Corrollary, which also relies on (3.42), (3.44) and (3.50).
Corollary 3.11. For any 8 > 2 and all non-negative n € C5°(2), we have that

4 B+4
(3.52) / P HAF (| Xu]) | XulP | XTuf? dz < ¢(B) K, 2 / F(|Xu|)|Xul?+2 dz,
@ supp()

where Ky = |[nl[70 + [X0ll7 + InTn] L= and c(8) = ¢(N, L, ) > 0.

Proof. By testing the equation (3.8) with ¢, = n°T*|Xu|’Tju and summing over k € {1,...,n},
we get

Z/n6+4|xu|BDin(xu)XkauXiTku da
i<
==+ X [ P Rl T AR Xy T X d
ik 7S
—ﬁZ/ P4 %ul P Ty D Ay (%) X Thu X (| Xul) de
(3.53) ik’
T Z/ DjA;(Xu)[X;, TiJuX;pp, do
iji kS
+Z/Q%Djz‘li(%u)[XuTk]Xjde
ik
=L+ Lo+ L3+ Ly.

From the structure condition (3.2),

LHS of (3.53) 2/n5+4F(yaeuy)yaeuyﬁ\3€Tu\2dx+ﬁ/775+4F(\3eu\)\3eu\5yae(\Tuy)yQdx
Q Q

(3.54)

2/S)nﬁ+4F(|%u|)|%u|ﬁ|3€Tu|2da:.

We estimate the right hand side of (3.53), one by one. We claim that for ¢ € {1,2,3,4},

c(ﬁ) B+4

(3.55) | L] S6/9776+4F(|%u|)|%u|5|%Tu|2dx+TKnT /Supp(n)F(|%u|)|%u|5+2 dr,

which, with a small enough € = ¢(N, L) > 0, is enough to conclude the proof.
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First, using (3.2) and Young’s inequality, we have

L1l < e(6+1) [ 1P () Rl Tl Tl o] do
(3.56) @ )
< [ R (Rl [XTul do + S+ 1)7 [ 0Pl Rl [Tl da,
and the claim (3.55) follows from Holder’s inequality and (3.50). Similarly, we have

|Lo| < cﬁ/ nPHAF (| Xu)) | Xl Tu|| X Tu|| X Xu| do

(3.57) @ .
< 5/9775+4F(\%u\)\%u\5\%Tu\2 dx + 252 /Q PR (| %)) | XulP 2 | Tu)?| X Xu)? d,

where the last term in the right hand side of (3.57) is estimated by Hoélder’s inequality as

/ (| Xu|) | Tu?| Xul? 2| X Xul? do
Q

B2

< (AUQF(|%U|)|%U|5|%xu|2dx) ’ (/9775”F(|%u|)|Tu|5|%%u|2d:c>

@

and the claim (3.55) follows from (3.42) and (3.44).
To continue the estimates, note that

Ly=) /Q P Xul® D; Ay (Xu)[X;, Thlu X, Tyu do
1,5,k

(3.58) + B+ /Q 73 | XulPTyuD; A; (Xu)[X;, TeluXin dx
0,5,k

— ﬁZ/Qn6+4|%u|5_1TkuDin(3€u)[Xj,Tk]uXi(|%u|)dm.
ij,k
Using (3.2) and (2.2), we obtain

L] < c/ 7P HAF (| %)) %ul (|%u] + | Tul) XTu| d
Q
+e(B+1) /Q [0 7HF (| %u])|[Xul® | Tul (|2l + |Tul) %] dx
+cﬁ/ 7P AR (1 %u])| XulP | Tl (|2u] + [Tul)|XXu| de,
Q
and then, by Young’s inequality on all the above terms, we have
|Ls| < 6/ PR (| Xu)) | Xul® | X Tu|? de
Q
c
(359) + 2@+ 12 [ 2P + [nPIF ()l (X + [Tuf?) do
+cﬁ2/ P HB () [ XulP~2 | Tuf? X Xuf? de,
Q

which is estimated similarly as L; and Ls in (3.56) and (3.57) above.
Finally, we note that

Ly= Z/ 7T x| TheuD; Ay (%) (X3, Tl X ju da
ijk? S
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which, by (3.2) and (2.4), leads to
(3.60) L] < c/ nPHE (1)) Xl | Tul (X Xu] + |XTu| + [Xu| + |Tul) de,
Q

which is a linear combination of the right hand sides of the estimates L1, Lo and L3 of the above,
and hence is estimated accordingly. Thus (3.55) holds for all L;’s and the proof is finished. O

Remark 3.12. Similarly as in the case of (3.41), it is not hard to see that from the above proof,
the case § = 0 leads to

(3.61) AUQF(|xu|)|xTu|2 dr < cK, ( )F(|3eu|)(|3eu|2 + |Tul?) dz,
supp(n

with K, = ]2 + [|X0]|2 + [[7Tn]| L, since all the terms containing 8|Xu|?~! vanish.

4. LocAL LirscHITZ CONTINUITY

In this section, we shall prove Theorem 1.1 using the Caccioppoli type estimate (3.44) obtained
in Section 3 and an approximation argument. We shall fix zg € 2 and denote all CC-balls as
B, = B,(xy) with dimension @ = Q(z(). Notice that whenever § > 0, the function

p—2
(4.1) F(t)= (5 +t*) 2

satisfies all conditions in the begining of Section 3 for any 1 < p < oo and (3.2) is identical to
the structure condition (1.3). The substitution (4.1) on the estimate (3.44) followed by the use
of Sobolev inequality and Moser’s iteration, gives us the estimate of Theorem 1.1 subject to the
apriori assumption (3.3). The proof is standard, we provide a brief outline below.

Theorem 4.1. Ifu € 5110’3(9) is a weak solution of equation (1.2) and (3.3) holds, then
1
c o\ 2 P
(42) SBIE? \%u\ § m(][BT (5 + ’%u’ )2 dx)

holds for any 0 < o < 1, where 1 <p < oo, § >0 and ¢ = ¢(N,p,L) > 0.

Proof. We rewrite the Caccioppoli type estimate (3.44) with the substitution (4.1) to have
(4.3) / (65 + |Xu®) "2 |Xul® | XXu? de < (8 +1)°K, (8 + [ %ul?) 2" | 2|2 do
Q supp(n)

for any 8 > 2, where K, = ||n]|20 + || X7]|2« + 0T 5. Letting w = (§ +|Xu|?)P/? and using a
standard choice of test function n € C§°(B,) such that 0 <n < landn=1in B, for 0 <’ <r,
|Xn| <4/(r — ') and |XXn| < 16N/(r —1')?, (4.3) implies

2 c(y + 1" +2

for large enough ~. Using Sobolev’s inequality (2.13) for ¢ = 2 on (4.4), we get that

(]

where K = Q/(Q — 2). Standard Moser’s iteration is carried out by taking an appropriate
sequence 7; and r; = or + (1 — o)r/2" on the above, then the standard interpolation argument
[11, p. 299-300] leads to (4.2) and thereby completes the proof. O

1,,/

K

14
whrt2)m dw) < 76((7 + 1,))2 / w2 dz,
r—r

1,,/
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4.1. Riemannian Approximation. The sub-Riemannian metric generated by the vector fields

{X1,...,X,,} are approximated in the Gromov-Hausdorff sense via Riemannian approximation
generated by {X§,..., X5, .}, which is a relabelling of {X1,..., Xy, eTh,...,eT,}, as € — 0F
and generates the norm | - |- on R”*™. The second order vector fields remain {T%,...,T5} =
{T1,...,T,}. In other words, the approximate vector fields in consideration are

(4.5) (Xt X I, T =X, X, €T, e, T, L T )

which is exactly the step 2 case of the approximations provided in [5, 3]. The idea is to be
able to carry out everything above with X% and T} in place of X; and Tj. The reason for the
relabelling (4.5) is that the equation with respect to st» ’s become automatically elliptic since
{X1,..., Xm,Th,...,T,} spans the tangent space and hence, we can assume as much apriori
regularity as needed. Then the conclusion shall follow with the limit ¢ — 0" provided that all
constants do not blow up. We briefly illustrate in the following that this indeed is the case when
the set up of the begining of Section 2 is re-written in terms of the approximation (4.5).
We denote the approximation gradients as

Xfu=(Xju,..., X, ou) = (Xiu,..., Xpu,eThu,...,eTu), and T°u=Tu

» “Am+4n
and dive is similarly defined. Hence, X*u — (Xu,0) and |X°u|? = |Xu|? + &*|Tu|* — |Xu|* as
e — 0%, Given A : R™ — R™ that satisfies (1.3), one can define A : R™T" — R™T" as

(4.6) Ac(2) = (1= ne(121)) Az) + 0121 (0 + [22) 7 2

similarly as (2.20) for any 0 < ¢ < 1, where A(2) = (A(2),0) for any zZ = (2,2') € R™™ and
ne € C%1(]0,00)) can be chosen (see [38]) such that A. — A uniformly on compact subsets as
e — 0% and the structure condition

1 p—2 _ 9 p=2
(6 + 22T 1€ < (DA2)€.€) < L3 +122)"% |¢f
1A.(2)| < I 2.6 + |27,

holds for any z,£ € R™™ for some L' = L/(p,L) > 1. Since (4.7) ensures that the equation
dive (A-(X*u)) = 0 is uniformly elliptic on €, hence it has all necessary regularities including
(3.3). As an example we see that

(4.8) dive (0 + |X°ul2)"T X°u) =0 in Q,

is a natural regularization of the sub-elliptic p-Laplacian (1.4).

From the step 2 hypothesis (2.1), note that {Xy,...,X,,,T1,...,T,} spans the tangent
space automatically implies {X1,..., X, (1 + €)T1,...,(1 4+ )T} spans the tangent space
for any 0 < ¢ < 1 and therefore, any vector field can be written as linear combinations of
{Xi,. . X5, T, ..., T} with bounded coefficients; in particular the commutators [X7, X7
and [X7,T7] satisfy commutation relations similar to (2.2) with uniformly bounded coefficients
as in (2.3) independent of . Hence, all constants in the following inequalities are independent

of € as well. But establishing sub-elliptic metrics similarly as in Section 2 is non-trivial. Indeed,
we have to similarly define

{Yr, . Yot =X, X, I, T}
and define an approximate degree d; = deg®(Y}) € {1, 2} so that deg®(X7;) = 1 and deg® (1) = 2
(as e — 0T it is easy to see that deg® — deg with deg as defined earlier in Section 2). As before,
Y, ..., Y5, span the whole tangent space and [Y}7, V7] € span{Y}® : dj < d5 +dj } and we are
in the set up of Nagel-Stein-Wainger [41]. However, when we have
l
V7Yl = ) da@Yr,
ds <de+-ds

(4.7)
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the coefficients 02-7 () will be unbounded as ¢ — 07. In principle this could be a problem as the
doubling constant for the metric balls in [41] depends on these coefficients. In other words, letting
d*(I) defined with respect to d5’s and A°(z,r) = >_; NS (2)]r¥ (D) where \5(z) = det (a5 ;(2))
whenever Y = >, a5 0y, as earlier, there exists cz(e) > c1(e) > 0 such that we have

c1(e)A(x,7) < |Br(z)] < ca(e) A (2, 7)

due to [41], where BS C Q are the metric balls defined similarly as in Section 2. Nevertheless,
it has been shown by Capogna-Citti-Rea [5, Proposition 4.4] (see also [3]) that there exists
0 < € < 1 such that for every 0 < ¢ < &, the constants c;(¢) and ca2(¢) may be chosen to
be independent of € in compact subsets of 2. The argument involves a very delicate use of
exponentiation of sub-families of the vector fields depending on € < r or r < ¢ < &.

Combining all the above statements, we can conclude that the approximate vector fields
(4.5) has all the required properties to carry out the estimates of Section 3 for the equation
dive (A:(X°u)) = 0 and the constants are independent of €. The constants of Poincaré and
Sobolev inequalities are also stable under e — 0, we refer to [3]. Hence, we conclude from
Theorem 4.1 that

1
€ C(N,p, L) e 12\ 5 P
(4.9) %%IT) |Xful. < 7(1 Qi o (5 + X u]e) 2 dx

holds for any 0 < o < 1. It is known that B — B, in terms of Hausdorff distance as ¢ — 0T,
where B, C  is the concentric CC-ball (see [25]). This shall be used in the following.

4.2. Proof of Theorem 1.1. We are ready to prove Theorem 1.1 by a standard approximation
argument and similar as in the Euclidean setting, that incorporates the approximation in order
to remove the apriori regularity (3.3).

Proof of Theorem 1.1. Let B, = B,.(x9) C € be fixed and BZ be a sequence of metric balls with
limit B, as the Hausdorfff distance limit. We shall denote similarly also for concentric balls of
smaller radii. Given u € SHP(Q) as a weak solution of (1.2), there exists a smooth approximation
¢r € C*(B,) such that ¢, — u in S'P(B,) as k — co. Now, let u be the weak solution of the
following Dirichlet problem,

v £,,E _ . e
(4.10) diVH (Ae (X zﬁ’“p)) - 0 in Bj,
uk - ¢k‘ S SO, (BGT)'

for some § = A(IN) < 1. The choice of test function uf, — ¢, on (4.10), yields
(4.11) / (Ac(Xuf), Xug) do = / (Ac(Xuf), X° ¢y, ) d.
B

B,
In this case, we have an ellipticity condition similar to (2.15), which together with the structure
condition (4.7) leads to

J

(4.12) or

e
or

i) i e [ Grwal)iase [ (5 xap)
or

1>
or

D
2

dx + o(¢)

< c/ (6 + |Xul2) 2 dx + o(e) + o(1/k)
By,

for c = ¢(N,p,L) > 0 and o(¢),0(1/k) = 0 as ¢ — 0" and k — oo. Now, from (4.9), we have

€,,E c
(4.13) Sup X u e < =00 (fB

ofr

e £12)\ 5 %
((5"“% ukE)QdZ’
or
for some ¢ = ¢(N,p,L) > 0, o € (0,1). Then a standard argument follows, since (4.12) ensures
that there exists v’ € S'P(By,) such that up to a subsequence uj — u'. As uj — ¢y, € Sé’p(Bgr),
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hence we have v/ — u € Sé’p (Bgr). We have a monotonicity inequality similar to (2.16), using
that one can show that v is a weak solution of (1.2). From uniqueness, v’ = u. Taking ¢ — 0"
and k — oo along the convergent subsequence in (4.13) and (4.12), we conclude

1
C 2 P P
sup |Xul Si(l—aﬁ”’(]l& (6 + [Xu )2dx>

ofr

for some ¢ = ¢(N,p,L) > 0 and (1.5) follows from the above by a simple covering argument.
This, together with Remark 2.5, concludes the proof. ]

5. THE LOCAL C1® REGULARITY

Throughout this section, we denote u € S*(Q) as a weak solution of equation (1.2) satisfying
the structure condition (1.3) with 6 > 0. Equipped with Theorem 1.1, we have Xu € L% (2, R™),
which together with § > 0, implies that

vHEP? <(DA(Xu) &, €) <v¢f
|A(Xu)| < v|Xul,

holds locally in €2, for some v = v(N,p, L, || Xu||z,d) > 0. The equation div, (A(Xu)) = 0 with
condition (5.1), has been considered by Domokos-Manfredi [15] (and previously by Capogna [2]

(5.1)

for the case of the vector fields X1, ..., X,, being left invariant with respect to the Heisenberg
Group). From [15, Theorem 5.2], we have that

1,2 0, 1,2 0,
(5.2) Xu e S0 (QLR™) N O (Q,R™), Tu e 8.7 (QLR™) NCLH(Q,RY),

which is, in fact, stronger than (3.3). Also, we resume the notation (4.1), i.e. F(t) = (o +t2)%
throughout this section and therefore all lemmas and apriori estimates of Section 3 are also valid
in the settings of this section. The local boundedness of Xu allows us to define

(5.3) pi(r) = sup [Xjul, p(r) = max p(r),
B, 1<i<m

for any ball B, C Q and i € {1,...,m}.
—2

Note that the function h(t) = (8§ + ¢2)"Z t4 = F(¢)t¢ is non-decreasing on [0, 00) whenever

q > 0 and p+ q—2 >0 and hence, we have the inequality
p—2 p=2

(G4)  F(RuD|E? = (5+1%u?)> [xul? < c(m,p. )0+ u(r)?) "= u(r)? in B,.
where ¢(m,p,q) = mlatr=2)/2 it p > 2 and c(m,p,q) = m/2 if 1 < p < 2. Inequalities of the
type (5.4) shall be used multiple times in the local estimates.

Similarly as [39], we fix any [ € {1,...,m} and consider the following double truncation

(5.5) v :=min (p(r)/8, max (u(r)/4 — Xju,0)).

In the setting of Euclidean spaces, similar truncations have been used previously in [45, 33],
etc. The main property of v that is used in the integral estimates is the fact that it avoids any
possible singularities within the set

(5.6) E={zecQ:ulr)/8<Xmu<u(r)/i},
as easily seen from the following inequality
(5.7) w(r)/8 < |Xu| < m%,u(r) in £EN By,

which shall be used several times throughout this section. Furthermore, note that

(5.8) Xv— —-XXju ae. in E; and  Tv— -TXu ae. in E;
. 0 a.e. in Q \ E, 0 a.e. in 9] \ E,
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which shall be exploited in the following integral estimates. The technique of involving the
truncation in the Caccioppoli type estimates is useful particularly for the singular case 1 < p < 2,
whereas the required estimates can be obtained in easier ways for the case p > 2.

Finally, we remark that properties similar to the above also holds corresponding to

(5.9) v/ = min (,u(r)/& max(u(r)/4 + Xju, 0)),

and all following estimates invovling v shall also hold for v. Henceforth, we shall only be using
the truncation v without loss of generality.

5.1. Caccioppoli type inequalities with truncation. We prove certain integral estimates
of the gradient by testing (3.4) with the truncation v being incorporated in the test function.
Due to (5.7), these will eventually lead to an estimate similar to that of a uniformly elliptic
equation without the singular weight.

The following lemma is a truncated analogue of Lemma 3.4. The proof follows along the
direction of [39, Lemma 3.1] but it is lengthier due to the commutation relations (2.2).

Lemma 5.1. For any B,k > 0 and all non-negative n € C5°(2), we have that
/Q775+2v3+2F(|%u|)|3€u|“|%3€u|2d:n

<5+ 1P [ o (0P + alTal) ) el d
(5.10) @
el DG+ 17 [ PR ( Rl 2 do

Q

+c(k + 1)4/ 0P PVITRR (| %)) Xl (| Tul* + |Xul?) dz,

Q

where v is as in (5.5) and ¢ = ¢(N,p, L) > 0.
Proof. For any k € {1,...,m}, we take Y = X}, in (3.6) to have

> /Q D; Ai(Xu) X; XpuXppde = /Q D Ai(Xu)[X;, Xp|uXip da

(5.11) o o

+ 3 [ Ao, Xipds
T JQ

and then, we choose ¢ = 79+2v#+2|Xu|* X u with a non-negative test function n € C§°(€2) and
B,k >0 on (5.11) to obtain

/Q > 0PV D; A (%) X Xu X (| Xl Xju) da
2

=—(B+2) / > PR xu|" XpuD; Ay (Xu) X Xyu X n da
O
Z7.]
- (B+2) / > PPV x| XpuD; Ay (Xu) X Xju X, v da
(5.12) LR

+ Z/QDin(%u)[Xj,Xk]uXi(nﬁJrQVBJrQ‘xu‘nXku) dx
0]

_Z/Q[Xz‘vXk](Ai(fu))nBHVﬁH]%u]“Xkudm

=+ I+ 15 + I,
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where integral by parts is applied to the last item in (5.11). Then, by taking summation over
ke {l,...,m}, we end up with

(5.13) / > PPV A () X Xju X (| Xul* Xpu) do =) Z
1,5,k Eoj=1

where [ Jk ’s are the respective terms of the right hand side of (5.12).
In the following, we estimate both sides of (5.13). For the left hand of (5.13), first note that
X (|Xul"Xpu) = [Xu|"X; Xpu + X;(|Xu|") Xju, hence by the structure condition (1.3), we have

> Dj A (Fu) X; Xpu X (|Xul" Xpu) > F(|%u])|Xu|"|X%ul*,
W5k
which gives us the following estimate for the left hand side of (5.13) as
(5.14) left of (5.13) > / P22 (| %)) | Xu|® | XX u)? de.
Q
To estimate the right hand side of (5.13), we shall show that I ]k satisfies
\I]k] < cs/ 776“v6+2F(\%u\)\%u\“\%%u]2 dx
Q
F 2@+ 12 [ 0P (nl? + 0l Tl) V(R Rl do
(5.15) @
(5 + 170+ D [ 0" PR 20l % do
Q

_l’_

QI e le

(5 + 1)4/ B2 SR (2] Xul* (| Tl + | Xul?) de

Q
for each k € {1,...,m} and each j =1,2,3,4, where ¢ = ¢(N,p,L) > 0 and 0 < € < 1 is small
enough. Then (5.10) follows from the above estimates (5.14) and (5.15) for both sides of (5.13).
Thus the proof of the lemma is finished, modulo the proof of (5.15). In the rest, we prove (5.15)

in the order of j =1,2,3,4.
First, for j = 1, by the structure condition (1.3) and Young’s inequality that

IF] < c(B + 1)/QUBH|3€77|V6+2F(|3€U|)|3€U|“+1|3€3€u|diﬂ,
(5.16) < ca/ 2B 2R () X | X Xul? do
Q
2@+ 02 [ 0PnP o PR (R 2l
Q

Thus (5.15) holds for IF.
Second, when j = 2, by the structure condition (1.3) and Young’s inequality,

3] < e(B+1) / 0 PRV (| 2u)) [ Xul XX XV da,
Q
(5.17) §c€/ PP (| %)) Xul | XX de
Q
+E@+ 02 [P (R X 2P
Q

which proves (5.15) for I5.
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Third, when 57 = 3, we note that
| X (72072 2] Xpu) | < (5 1™ 2v742 20" X 2] + (8 + 2)n7 V2 2| )
+ (B4 2)n T2V xu| " %V,
Thus by the structure condition (1.3) and (2.2), we have
E] < ek + 1)/ P2V (| %) [2ul | X 2| (|Tu] + [Xu]) do
0
+ ¢(B + 1)/ 0P 2| VPTRR (| %)) | XS (| Tul + | Xul) do
0
+e(B+ 1)/ PR (%) |2l 2| (1Tl + | Xul) de,
0
from which, by Young’s inequality on each term, we get
15| Scs/ PP PIR (1)) | Xul® | X Xu|? dx
0
c 2 B+2 . 5+2 K 2 2
+ St ) / ) F (%)) Xl (1Tul + [Xul?) do
(5.18) @
+e(B + 1)2/ P | X2V 2R (| u) X[+ do
0
+c(B+ 1)2 / n6+2vﬁF(|%u|)|%u|“+2|3€V|2 dx.
0
This proves (5.15) for I%.

Finally, we are left with the case j = 4 and the estimate is more involved. Recalling our
choice of test function ¢ = n?+2v#2|Xu|* Xju, we note that

Iff =— Z/Q[Xi,Xk](Ai(%u))godx
(5.19) =— Z/QXsz(Ai(%u))god:c + Z/QXkXZ-(AZ-(%u))gpd:U

=2 /Q (X6 (Ai(xu)) Xigp — X (Ai (X)) Xpep ) d,

where integration by parts is used to get the last term of the above. Let us denote
(5.20) w = 02| Xul" Xpu.

so that we can rewrite ¢ = v#*2w and hence, we have X = (8 4 2)v?H wXv + v T2Xw. Using
this, note that (5.19) becomes

I =(8+2) /Q Py (X (As(Xw) Xiv = X, (Ai(Xw) Xpv) da

:Rk+Pk7

where we denote the first and the second integral in the right hand side of the above by R* and
P respectively. We shall estimate both of them one by one. First, by the structure condition
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(1.3), the definition of w as in (5.20), and Young’s inequality, we have

IR¥| < e(B+ 1)/Q776+2v6+1F(\%u\)\%u\“+1]%%u”%v\ do
(5.22) < ce/Qnﬂ+2vﬁ+2F(|3eu|)|3eu|“|3eaeu|2 dx
+S(B+ 1)2/Qn5+2vﬁF(|%u|)|%u|“+2|%V|2dm.
To estimate P*, we use integration by parts again to get
Pt =(p+2) /Q Vit Z A (Xu) (Xivka - kaXiw) dx
(5.23) + /Q vo+2 Z A (Xu)[ X5, Xy |w dx

= P} + PY.
For Pf, we have by the structure condition (1.3) that

P < c(ﬁ—i—l)(n—i—l)/n5+2v3+1F(]%u])]%u]“+1]%%uH%v] dz
Q

+c(B+1)3 / nPHVATIR (| %)) | Xu) "2 X v] | Xn| d
Q
from which it follows by Young’s inequality that
P Sca/ PRI (| %)) | Rl | X2 de
Q

(5.24) + g(ﬁ +1)%(k + 1) / PP R (| %) | ¥ul T2 %) da
Q

LB +1) /Q 7% >V 2R 2ul) [ 2ul 2 do.

To estimate P2k, we note that

(X, XiJw = 0772 Xu|" [X;, Xp) Xpu + £07 72 Xu) " Xpu[ X5, Xp] (| Xu))

+ (B4 2)n T Xu|" Xpu[X;, Xiln,

and hence, we rewrite

Py = /Q P PRVITEN A ()| Xl [ X, X Xpu da

+H/ P A () [Zul T X[ X, X ([Xu]) da
(5.25) Q i

+(8+2) / P HVITEN "A () | Xt Xgu[ X, Xy da
Q i

k k k
=Py + Py + Py,

which is estimated similarly as in the last part of the proof of Lemma 3.4. The estimate of sz,s

is straightforward. Using (3.2) and (2.2), we have
(5:20 Pl < @+ 1) [ P+ Rl 2R (R Rl da,
Q

which is clearly majorised by the right hand side of (5.15).
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To estimate the rest of (5.25), we shall use [X;, Xj|Xpu = X[ X5, Xi]u + [[X;, Xi], Xk]u and

m m
(X, Xi) (%)) = [Xu| ™Y Xjul X, Xe] Xju = [Xu| ™ Xju( XX, Xilu + [ X0, Xi], X;]u),
j=1 j=1
to split the first two terms as P2k71 = P2k,1,1 + P2k,1,2 and sz,2 = P2k;271 + P2k;272 so that the second
terms i.e. P2k7172 and P2k7272 contain the terms with the commutator of commutators.
Now we rewrite the first terms of Pé’fl + PQIfQ using integral by parts as

i

—|—I£Z/ NP2V A () | Xu| " Xu X ju X [ X, Xiu de
i 79
(5.27) N
=~y / Xk(nﬁ+2v3+2Ai(%u)|3€u|“>[XZ-,Xk]udm
i Q
—/@Z/QX]' (775+2v3+2Ai(%u)|%u|“72Xkquu) (X, Xi]udz.
0]

Then, further computation of the terms in (5.27) followed by the use of (3.2) and (2.2) yields

1Py |+ [PYoq| < ek + 1)2/Q776+2V8+2F(|3€U|)|3€U|“|3€3€u|(|3€u| + |Tul) dz
+ce(B+1)(k+1) / n5+2v3+1]%u]“+1\%\/\(]3€u] + |Tu]) da
Q

+ce(B+1)(k+1) / nﬂﬂvﬁ“]%ul"‘ﬂ\%nm%u! + |Tu|) dz,
Q
and then, by Young’s inequality on each term, we get

P + [Py < ce / P2 RR (X)) Xul | X Xuf? da
9]

+ S(H 1)4/ P PEPTRE (| Xu)) | Xul® (| Xul? + [Tul?) do
(5.28) @
+e(B+ 1)2/ P2 ()Y Xl 2 X V]2 do
Q
+e(B+1) /Q P | X2V 2R () X[+ do
Now we are only left with
Pio+ Phao =3 [ o5 4,0 2u (X, Xi). Xiuda
(5.29) ’
+ KZ/ 776+2v3+2Ai(%u)|%u|“72Xkquu[[Xl-,Xk],Xj]u dx
— JO
7/7]

To estimate (5.29), we use (3.2) and (2.5) to get
(5.30) [Py 1ol + | Poaal < c(r+ 1)/ PP TPR (X)) [ Xul (|2l + | Tul) da,
Q

which is estimated easily to get the right hand side of (5.15). Thus, combining the estimates
above we can see that the claimed estimate (5.15) holds also for I¥ and the proof is finished. [

The following lemma is a truncated analogue of Corollary 3.11.
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Lemma 5.2. Let B, C Q and n € C§°(B,) be fized. Then, for any T € (%, 1) and g >0,
/ BT B (20| Eul* X Tul? da
Q

(5.31) gco/n7(6+2)+4v7(6+4)F(I%UI)I3€u|4(|Tu|2+|3€u|2)dx
Q

1—7
+cu(r)4<1*T>K,§*T( / F(|Xu])|Xu| T dm) I

holds for any small enough cy = co(N,p, L,7) > 0, where ¢ = ¢(N,p, L,7) > 0 is large enough,
Ky = |nll7e + 1 X0l 7 + InTl oo, and

T=clB+ 12 [ w2+ el alTal) P (Rl do
(5.32) b e(B+ 1) /Q PR () Eult XV da
+c/Qnﬁ+4vﬁ+4F(yaeuy)yaequ\Tqudm.
Proof. Let us denote the left hand side of (5.31) by M, i.e.
(5.33) M= /Q B+ BB () Eult X T de,
for any fixed 1/2 <7 < 1 and > 0. Now, we recall (3.8), i.e.

1,) 2¥}

(5.34)
—Z/ ©D; A (Xu)[Xi, Ti) Xju da.
— JQ
27.]

We use ¢ = o = 57 B+ +4 73+ | x4 |4 Tju on (5.34) and take summation over k € {1,...,n},
to obtain

> / B2+ G 2y D) Ay (Xu) X Thu X Thu dz
ijk S
ij kY <
—-7(B+4) Z/ BT+ G B 2 AT uD; Ay (Xu) X Thou Xy v da
ijk S
(5.35) 4 (B4 [ (BH4) | 3,2
—4> [ v | Xu)? XpuTyuD; Ai(Xu) X Tyu X; Xyu do
ijikel S
+)° / D;Ai(Xu) [ X, Tr]uX o da
ij k<
-y /Q opD; A (Xu) [ X;, Ty Xju da
1,5,k
=K1+ Ky + K3+ Ky + K5,

where the integrals in the right hand side of (5.35) are denoted by K, Ko, K3, K4, K5 in order.
To prove the lemma, we estimate both sides of (5.35) as follows.
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For the left hand side, we have by the structure condition (1.3) that

(5.36) left of (5.35) > / B+ B (]| Rult X Tul2 do = M,
Q

and for the right hand side of (5.35), we estimate each item K;, one by one. Let us denote
(5.37) K- / n2r=DBD+6 L 2r-DEH) (|0 ) X0l | Tul2| X Tu|? da,
Q

which shall appear frequently in the following.
First, we estimate Kj by the structure condition (1.3) and Holder’s inequality, to get

| K| Sc(ﬁ+1)/ T BHDH3 T DB (| u)) | Xul* | Tu||[XTu||Xn)| dx
Q

NI

< c(ﬁ+1)< / 2 1)(B+2)+6 v<27*1><5+4>F(|3eu|)|3eu|4|Tu|2|3eTu|2dx)
Q
1
< ([ P! 2 de)
Q
1
—c(p+ DRY( [ P2 Rl 2 )
Q

Second, we estimate K» also by the structure condition (1.3) and Holder’s inequality,

|Ks| < (B + 1)/ B+ T (BHD=1R (| 2u)) | Xu)* | Tu) | X T u|| X v]de
Q

<c(B+1)( /Q n(37DE+2)+6 V(QT1)(5+4)F(\3€u\)\3€u\4]Tu\Q\%Tu\Qdac)%
x (/Qnﬁ+4vﬁ+2F(|aeu|)|3eu|4|3ev|2dgc)é

:c(ﬁ+1)f(é(/Qn5+4vﬁ+2F(|xu|)|xu|4|aev|2dx)%.

Similarly, we estimate K3 by structure condition (1.3) and Holder’s inequality. We have

Ky < c/ 77 BH2H T BB (| %)) | Xuf [Tl X Tul XXl da
Q
1
<cf / @ DERH0 R DE R uf) Xul Tul X Tuf* dr)
(5.40) ¢ N
x (/Qnﬁ+4v3+4F(yaeuy)yaeumaeaeuy?dx)2

1
:cz%%(/ WP (x| 22 dr) * < eRITE,
Q
where the last inequality of the above follows from Lemma 5.1 with

T—c(3+17 [ 020+ (% + 0Tl v (%) 20l do
Q
+c(5+1)2/n5+4v3+2F(\%u\)\%u\4]%V\2dx
Q
+o [ PR [RaPITul o,
Q

which is a rearrangement of the right hand side of (5.10) (with kK =2 and 5 +— 5 + 2).
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In fact, we can combine (5.38), (5.39) and (5.40) to obtain
(5.41) K|+ |Ks| + |Ks| < cK2T2.

Then K is estimated by Holder’s inequality as

i— / G DE+2)56 DR (| gu))| Xul* | Tul2|XTu|? d
9]

271

< ([ O [l Tl do)
(5.42) Q

1__7'
([ R ) 2 )
Q

2r—1 __1-7

= T T
)

where M is as in (5.33) and H is the second integral on the right hand side of (5.42), i.e.
(5.43) "= /ani+4F(\xu\)\xu\4yTu\fi\xTuR de,
which is estimated using Corollary 3.10 and (5.4) with ¢ =2/(1 — 1), as
(5.44)  H < cu(r)* /Q 2R ()| Tul T2 X Tul? de < cK,%,u(r)‘l/B F(|%u])|Xul? da
where K, = ||n]|2e + | Xn]|2 + [InT|| L and ¢ = ¢(N,p,L,T) > 0.
To estimate the rest, we note that
K=Y /Q T B T |20 D Ay (%) [ X, Thlu X T da
irj,k

+(r(B+2)+4) Z /Q B3 B x| Tu Dy Ay (%) (X, ThJu X da
1,7,k

(5.45) +7(8+4) Z / BT+ G BHD=1 2y 4T uD; Ay (Xu) [ X, Tilu X vde
Q

i7j7k

+4 ) / B+ GG 302 X uTuDj Ay (Xu) [ X, Tilu X; Xju da
ikl 7 <
= Ky + K41+ Ky + Ky 3.

Then K4 is estimated by (1.3), (2.2) and Holder’s inequality as
[Ky0] < c(B+ 1)/ BT EEDR (X)) | Xul* (|Tu] + |Xu) | XTu| da
Q
<e(B+ 1)(/ p2r=D(B+2)+6 v(27*1)(5+4)F(|3€u|)|3€u|4(|Tu|2 + |3€u|2)|3€Tu|2dm>
Q

1
% </Qnﬁ+4v3+4F(]3Eu])]%u]4dm>2

N[

1
:c(ﬁ+1)K%(/ nﬂ+4vﬁ+4F(|xu|)|xu|4dx>2 < cK373,
Q

N
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where K is the term similar to but larger than K and is estimated similarly as

K:/n(Qr—l)(ﬁ-l-Q)—i—G V<2T_1)<B+4)F(|%u|)|%u|4(|Tu|2+|§£u|2)|3€Tu|2 dr
Q

27—1

<of / DO R(|xu)) [ Xul [ XTuf? do
(5.46) Q

1—7

x (/ w5 MR () [Rul* (Tl 4+ %] 257 [XTuf dr)
Q

27—1

— M (H + H)
for some ¢ = ¢(N,p,L,7) >0, H is in (5.43) and

1—7
T
)

(5.47) H = / T AR (| 2u)) | Xl T | X Tu? da,
Q
which is estimated using Corollary 3.11 and (5.4) with ¢ = 2/(1 — 1), as

LQ
(548) H' Sc,u(r)4/ 2R (X)) w2 X Tul? de < cK,? ,u(r)4/ F(|%u])|Xul? do
Q

where K, = ||n]|2o + | Xn]|2 + [InT|| L and ¢ = ¢(N,p,L,T) > 0.

Since we have |[X;, Ti]u* < ¢(|Tu*+|Xu|?) from (2.2), it is not hard to see that the estimates
of Ky1,K42,K,3 can be performed by Holder’s inequality in exactly the same way as that of
K1, K, K3, ie. (5.38),(5.39),(5.40) respectively, where |XTu|? being replaced by (|Tu|?+|Xul?).
In other words, we have
(5.49) K| + | K| + | Kys| < k3T,

where Z is as in (5.32) and
(5.50) K= / = DEHDF6 Or=DEH B (| 20| Xu|* | Tul? (| Tul? + |Xu)?) d,
Q

which can be estimated similarly as above to obtain

27—1

K < c(/g777(5””4vT(6+4)F(I3EUI)|3€u|4|Tu|2 dm)

1—7

(5.51) y </ N (2l Xl (1Tl 77 + X6l 77 ) [Tuf o)
Q

—27—1 — 1—-7

=cM - H -

)

where H is the term analogous to H and H' as in (5.43) and (5.47) which can be estimated
similarly by (3.50) and

(5.52) M = / B+ TEHD R (| )| Xul* Tu|? de.
Q
Finally, we recall that

K5 = — Z 77T(6+2)+4 VT(ﬁ+4)’%u’4 TkuDin(%u) [Xi7 Tk]Xju dm,
irj,k
which is estimated by (1.3) and (2.4) as

_— | K5 gc/nT<5+2>+4 VDR (| 2u)) | Xul | Tul (|XXu| + |XTu| + |Xu| + |Tul) de
5.03 Q

NI

=
+
&
E

FR _
<cKi+ K2+ K
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where the latter inequality is obtained from Holder’s inequality and the previous estimates,
where K, K and K are as in (5.46) and (5.50), Z is as in (5.32) and the first term of (5.53)
estimated similarly as

27—1

p=

(5.54) Ko = /Q T DBH46 DG (| 0)) [Xufs do < M,

)

1-7
H,"

where My and Hj are the analogous terms containing only Xu in place of Tw or XT'u. Combining
all the estimates of the above, we finally have

- _ 1
M < (K3 + K7 + K2 +K2)I?
(5.55)

271
27

<o M5+ M+ M, )(H+H’+FI+H0)12__TTI%
which, by Young’s inequality, leads to
M < co(M + My) + c(H + H' + H+ Hy)' 7T,
which, with the estimates (5.44) and (5.48), implies (5.31) and the proof is finished. O

Remark 5.3. For the special case when X,...,X,, are left invariant with respect to a step 2
Carnot Group, since we have [X;, T;] = 0, hence it corresponds to the case of ¢ = 0 for (5.31).
However, it does not make any difference because of the following corollary.

Corollary 5.4. Let B, C 2 and n € C§°(By) be fized. Then, for any T € (%, 1) and g >0,
1—-7
/Q " B2 (B B (| 2] ) | Xul* | X Tuf? dr < cu(r)‘*(l*T)Kg*T( /B F(|Xu])|Xu| = d:c) I

where T is as in (5.32), K, = ||nl|2e + |X0|3 + [nTn|lzee and ¢ = ¢(N,p, L, 7) > 0.

Proof. The first term in the right hand side of (5.31) can be estimated by Holder’s inequality as
/ BTG 2u) 2uf* (ITul® + [Xul?) da
Q

(5.56) < (/ PR (X)) Xul? (|Tul? + |Xul?) dm)T
Q

< ( /Q n? TR (X)) [ Xu T (Tl + Xuf?) de) < eT(H + Ho)'

where 7 is as in (5.32) and H, Hy are as in the proof of Lemma 5.2, which can be estimated
easily by (3.50) as earlier. This concludes the proof. O

5.2. The main Lemma. We are ready to prove the main lemma for the proof of the C'h®

regularity. This is a Caccioppoli type estimate of the truncation that is devoid of the weight

F(|Xul) = (6 + ’%UP)% which is similar to estimates for equations with uniform ellipticity.
Towards this, we fix B, C 2 and use a standard test function n € C§°(B,) that satisfies

0<n<1 inB,n=1 inBr/Z’

5.57
(5.57) |¥n| <4/r and |X¥Xn| <16N/r? in B,,

and hence from (2.6), K, = ||[n||2ec + | X0]|20c + |nTn]| o= < ¢/r? for large enough ¢ = ¢(N) > 0.

The following is the main lemma of this section, which has been proved previously in [39] for
the special case when X,...,X,, are left invariant with respect to the Heisenberg Group. In
the Euclidean case, similar estimates have been proved earlier, see [45, 33], etc.
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Lemma 5.5. Let v be the truncation as in (5.5) and n € C§°(B,) satisfy (5.57). Then we have
the inequality

1y
(5.58) / PR dr < S8+ 12u(r) 1B / i dr)

B, Br
for any >0 and v > 1, where ¢ = ¢(N,p, L,~v) > 0 is a constant.

Proof. We shall assume 1 < v < 3/2 without loss of generality, since (5.58) can be extended to
the full range by applying Holder’s inequality to the right hand side.

Recall that v = min (u(r)/8, max (u(r)/4— X;u,0)) as in (5.5), for some fixed [ € {1,...,m}.
For this [, we test (3.7) with the function ¢ = n?*4v#*3 for B > 0 and n € C§°(B,) as given,
which is allowed since it follows from (5.2) and (5.8) that Xv € L (Q;R™) and T'v € L (S R™).
Thus, we obtain

—(B+3) Z /Q NPTV D; A (Xu) X Xu X vda
i.j
=(B+4) Z /Q 0?3V D, A (Xu) X XuXin da
i\j

(5.59) —(B+4) Z/Qnﬁ+3vﬁ+3Din(%u)[Xj,Xl]uXm dx
i.j

—(B+3) Z/Qn5+4v3+2Din(3Eu)[Xj,Xl]uXinx
i,J

- Z/ A (Xu)[Xi, Xp) (0P 4P H3) d.
—Jo
(2
We can combine the first two terms of the right hand side and rewrite (5.59) as

—(B+3) Z /Q nPTAVPTED; A (Xu) X Xu X vda
0]

= (8+4) Z /Q P3P D, A (Xu) Xy X juXin da
1]

i,

3 [ A )
i Q
:Il+IZ+I37

where we denote the terms in the right hand side of (5.60) by Iy, I, I3, respectively and we
estimate both sides of (5.60) in the following.
For the left hand side, from (5.8), the structure condition (1.3) and (5.7), we have

left of (5.60) > (3 + 3)/ PR (| %)) | X v da
(5.61) E
> (B + DF) [ o e de,

T
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for some constant ¢y = co(N,p, L) > 0, where E as in (5.6). For the right hand side of (5.60),
we claim that each item I, I, I3 satisfies

I 6+ DF(r)) [ 042 e da
(5.62) 0 B 1
+ S DR B ([ s as)
T B,

where k =1,2,3, 1 <y < 3/2 and ¢ = ¢(N,p, L,vy) > 0. Then (5.58) follows from the estimate
(5.61) for the left hand side of (5.60)) and the above claim (5.62)) for each item in the right,
thereby completing the proof. Thus, we are only left with proving the claim (5.62). To this end,
we estimate each I one by one, in the rest of the proof.

First, from chain rule, notice that

I =(B8+4) Z/QnﬁJrgVBJrng (Ai(Xu)) Xin da
=—(B+4) Z /Q Ai(Xu) X (nﬁ+3vﬂ+3xm) dx,
where the latter equality is due to integral by parts. Then by structure condition (1.3),
Il <e(B+17 [ 03B ul) ] (Xnl? + ol2%0]) do

+c(6+1)2/ PV (| X)) Xu|| X V|| Xn)| da
(5.63) ) Q
< SOV PG) [ 0P da
By
F LG+ DPEGDu0) [ 0P v da,

B

where ¢ = ¢(N, p, L) > 0. For the latter inequality of (5.63), we have used (5.4). Now we apply
Young’s inequality to the last term of (5.63) to end up with

B <D+ DF @) [ nP v ds
(5.64) Br
+ S0+ PFEODA [ 9

T

where ¢ = ¢(N,p, L) > 0 and ¢y is the same constant as in (5.61). The claimed estimate (5.62)
for I, follows from the above estimate (5.64) and Holder’s inequality.
Second, we estimate [o by structure condition (1.3) and (2.2), to have

L) < (B + 1) / PR (|2l R | (|Tu] + |Ru]) do,
9]

and it is important to note that the above integral is supported on E from (5.8). Therefore, it
follows by Holder’s inequality that

1 1
Bl < (3 + D) [ 0P RRavR do) ([ SRR () dr) T
(5.65) E E

1

x (/QUQF(|%U|)(|TU|€1+|%u|q)dx>q’
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where ¢ = 27v/(y — 1). The fact that the first two integrals are on E is crucial as (5.7) can be
exploited to carry out the following estimates,

(5.66) / P HAVPERR (1)) | XV )P do < ¢F(u(r)) / P42 12 v? da,
E r

and

(5.67) / B BRI (| xu|) de < cF(u(r))u(T)Q“// P8 da,
E

T

which cannot be done otherwise (unless ¢ — F(t) is increasing which corresponds to p > 2 for
the p-Laplacian). The last integral of (5.65) is estimated from (3.50) and (5.4) to get

G:689 [ PR (Tult+2ult) de < 5 | F(RuDEUltdn < 1B (u(r)ntr),

for some ¢ = ¢(N,p, L,v) > 0. Combining the above three estimates (5.66), (5.67) and (5.68)
for the three integrals in (5.65) respectively, we end up with

Bl < 3+ DFu)n(r? B ([ ) [ )

T T

from which, together with Young’s inequality, the claim (5.62) for I3 follows.
Finally, for I3, we have

Iy = — Z /Q A (Xu)[ Xy, X) (P T4 dae
(5.69) —— B+ )Y [ AN Xily da
3+ Y [ PR Xilvde = I + 1,
i Q

where we denote the last two integrals in the above equality by I?} and I?%, respectively. The
estimate for I3 easily follows from the structure condition (1.3) and (5.4) as

B < e(3+1) [ PSRl 2l (1T] + | 20]) da
(5.70) . @
< SO+ DFGE0) [ o d,

T

and by Holder’s inequality, Ig} satisfies estimate (5.62). To estimate Ig, we use the structure
condition (1.3),(2.2) and (5.8) to get

2] <e(B+1) / P2 (| 2ul) Rl (|2Y] + [T]) de,

(5.71) £

gc(5+1)/ nPHVIRR( a))| Xl (|X%u] + |XT| + [Xu| + [Tul) de.
E

As before, it is crucial that the above integral is supported on E of (5.6) since we require more
weight of |Xu| to estimate (5.71), which can be endowed by virtue of (5.7). First, we note that
by Hoélder’s inequality, we have

1

,[??, <c(B+ 1)(/Enw(ﬁ+2)vv5+4(v1)F(‘xu‘)dx> 2

N

% </ 77(2_7)(6“)“V(Q‘V)(ﬁ+4)F(I3€u|)|3€u|2(|3€3€u|2+|3€Tu|2+|3€u|2+|Tu|2)dx)
FE
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Then, using (5.7), we can obtain

(5.72) B < e(B+ DF (u(r) 2 pu(r)?0-07 / 7o dw)%uw’ + M + M + M)

T

where, we denote

(5.73) M = / nG B2+ =B 2 | AR (| Xu]) | X Tu|? da,
Q

and M', M, My are the other analogous terms containing |XXu|?, |Tu|?> and |Xu|? respectively,

in place of |XTu|? in (5.73). Note that M, M and My are the same terms as defined in the proof

of Lemma 5.2, with 7 = 2 — 4 when 1 < 7 < 3/2. Then, M is estimated by Lemma 5.2 and

Corollary 5.4, M’ + M + My is estimated by Holder’s inequality exactly as in (5.56) in the proof

of Corollary 5.4 (to estimate the term corresponding to M’, Lemma 5.1 and (3.44) are further

used) and hence, we have

_ —1
(5.74) M + M+ M+ M < 7%M(T)Ax(w—l)(/ F(|Xu|)| Xu| 7T dmy 727

T

for some ¢ = ¢(N,p, L,v) > 0, where Z is as in (5.32), i.e.

I =c(B+1) /Q P2 (0 + | Xn|? + n|Tn|) v (| Xu) | Xul* do

+c(5+1)2/nﬁ+4v6+2F(\xu\)\xu\4yaev\2dx
9]

+ c/ PR (1)) | Xu? Tu)? de.
Q

It is evident that each term of Z are estimable from (5.4). Indeed, the first term of Z is estimated

by Holder’s inequality and (5.4) to get

/ P2 HE(2u)) [ 2ul (o + |20 + n|To]) da
(5.75) ¢

r

T

For the second term of Z, we have

(5.76) /Q P HAVIRRE (|2 u)) | Xult| X v de < eF (u(r))p(r)? / P2 xv? da.

T

For the third term of Z, we use Hélder’s inequality, (3.50) and (5.4) to obtain

/Qn5+4vﬁ+4F(|3eu|)|xu|2|Tu|2dx

1—1

< ([ e Pzl d)

(5.77) . |

< ( / O+ R (| uf d) "
Q

< SE@RE ([

By
for some ¢ = ¢(N,p, L,7) > 0. Combining (5.75), (5.76) and (5.77), we get

(5.78) T <e(B+1)°F(u(r)u(r)'T

< SR IB ([ o an)

1
n”fﬁ V8 dx) B
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where we denote

4 1
(5.79) j:/ 776+4V3+2|%v|2dx+’u(2) |Br|1_}/</ n“/ﬁvwdx)f
B, r

By

Using (5.78) and (5.4) on (5.74), we obtain
MY+ M4 M+ My < (5 + 1P DR ) ) B 7

which is further used in (5.72) to obtain

B < S0+ 1P R B ([ et ar)”

T

Then, by Young’s inequality, we end up with

C

1
c 4_ _1 5
1< S5+ DF ()T + 55+ D Bt 55 ([ P ar),
By
where ¢y > 0 is the same constant as in (5.62) and J as in (5.79). Thus, IZ satisfies an estimate
similar to (5.62) and hence the claim (5.62) for I3 follows, since both I3 and IZ satisfy similar

estimates. This concludes the proof of the claim (5.62), and hence the proof of the lemma. [J

The following corollary follows from Lemma 5.5 by using Sobolev’s inequality (2.13) on (5.58)
and carrying out Moser’s iteration. We refer to [39, Corollary 3.5] for the proof. In the Euclidean
setting, similar statements have been proved earlier in [10, 45], etc.

Corollary 5.6. There exists a constant = 0(N,p, L) > 0 such that the following holds for any
ball B, C Q. If we have

(5.80) Hz € B, : Xju < p(r)/4} < 0|B,|
for an index l € {1,...,m}, then
inf Xju > 3u(r)/16.
B'r/2
Analogously, if we have
(5.81) {z € By : Xju > —u(r)/4}| < 0|B,|,
for an index 1l € {1,...,m}, then
sup Xju < —3pu(r)/16.
Br/2
5.3. De Giorgi’s method. It is evident that, equipped with Lemma 5.5 and Corollary 5.6,
the problem is reduced to the case for that of a uniformly elliptic equation where the Holder
continuity of the gradient has been shown in the fundamental work of De Giorgi [9]. The
techniques have been adopted for degenerated equations for the Euclidean case in [31, 18, 10, 45],
etc. and for the case of the Heisenberg Group in [36, 47, 39], etc.

To this end, some notations are in order. For any B,, C RY, the De Giorgi’s class DG (B,,)
consists of functions w € SM?(B,,)) N L>(B,,), which satisfy the inequality

(5.82) / X(w — k)P dz < %/ (w0 — k¥ d + AT ()| @
B, (p—10) B, '
for some v, x, € > 0, where A,J;p(w) ={z € B,: (w—k)" = max(w—k,0) > 0} for any arbitrary
k € R, the balls By, B, and B, are concentric with 0 < p’ < p < pg. Also, A,;p(w) and the
class DG~ (B,,) are similarly defined and DG(B,,) = DG (B,,) N DG~ (B,,). All properties
of classical De Giorgi class functions, also hold for these classes.

In order to establish integral inequality of the type (5.82) for the gradient, we require the
following lemma. The proof is similar to Lemma 4.1 of [39] but more involved.
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Lemma 5.7. Let B,, C Q and 0 < r < ry/2 be fizred. Suppose that there is T > 0 such that
(5.83) Xu| > 7rp(r) in AL (Xu),

for an index 1 € {1,...,m} and a constant k € R. Then for any ¢ >4 and any 0 <" <1’ <r,
we have the following inequality,

C _2
/ F(|Xu)|X(Xu — k)P de < m/B F(|%ul)|(Xiu — k) )*de + cK|AL(Xu)|' ",

™ T

where K = 14 2| Byo|* (1) ?F (1u(ro)) and ¢ = ¢(N,p, L,q,7) > 0.

/

Proof. Note that we can assume |k| < p(rg) without loss of generality, since otherwise all the
terms vanish. Recalling (3.6) with Y = X, we have

Z /Q D Ai(Xu) X; XjuXip do = Z /Q D A;(Xu)[X;, XiJuX;p dz

(5.84) 7 "

+Z/Ai(%u)[Xi,Xl]<pdx.
i Q

Let n € C§°(B,) is a standard cutoff function such that n = 1 in B,» and |n|+|Xn| < 2/(r'—1"),
we choose ¢ = n?(X;u — k)T as a test function in equation (5.84) to get

> j/ n?D; A (Xu) X; XjuX; (Xju — k) ) do
— - JB,
7.7

= -2 Z/B n(Xlu — k)+Din(3Eu)XleuXm dx
¥ a

(5.85) +3° / D Ai(Xu) [ X, XiJuX; (n* (Xju — k) ") dz
. (9]
7.]

— E / 772(Xlu— k:)*Din(%u)[Xi,Xl]Xjudx
— JB,
Z7.]

= Jl + JZ + J37
where integral by parts is performed on the last term of (5.84). From (1.3), note that

(5.86) LHS of (5.85) > / o2 F(|Xu)| X(Xu — k) de,

T

and we now estimate each J; of the right hand side of (5.85), one by one.
From (1.3) and Young’s inequality, we have

| < / Il (X — )| (|u])| Xu] [ 2] de
(5.87) Br .
ga/B nQF(]%u])]%(Xlu—k:)ﬂde—i—E/B |Xn|?F (|%u))|(Xu — k)T|? da.

Similarly, from (1.3), (2.2) and Young’s inequality, we have

92 < e [ F(Reul) (%l + 1Tul) (12K~ 0]+ ol 20X = 1)) d
Q
(5.89) <e /B TP ()| X (X — k) da + ¢ /B 202 F (| 2ul)| (X — k)* [ da

+ ¢ / 772F(\%u\)(]%u]2 + ]Tu\Q) dx.
g Jar

k,r
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Then the last term of the above is estimated by Hélder’s inequality, (3.50) and (5.83) as

/A+ PR (1Xul) (|Xul? + | Tuf?) do
k,r

(5.89) <([ Fxab(xal+1Tul?) ) [, Pl )
r0/2 k,r

—9 2 24 1-2
< crg“p(ro) F(N(TO))|Bro|q|Ak,r(Xlu)| 7

for some ¢ = ¢(N,p, L,q,7) > 0.
Finally, for Js, by (1.3),(2.2) and Hoélder’s inequality,

| < / P (%) |(Xru — k)| (|X%u] + |XTu] + [Xu] + [Tu]) de
B

1 1
< (/ n1(Xpw — k) PR (1 %ul) (|XXuf? + [XTuf? + [Xuf? + [Tuf?) do ) (/ F(|Xul)d )
AF e

k,r k,r

The estimate of integrand with the terms |Xu|? +|Tu|? of the above is same as (5.89). However,
estimating the first two terms of the above integrand is more delicate; the use of (3.41),(3.61) or
any other estimate of Section 3 right away would not be appropriate because the support A:T
would be lost that way, thereby producing terms larger than the required right hand side. 7

To circumvent this, we require the following variants of the Caccioppoli type estimates that
is similar to [47, 39]. For any k > 0, we test (3.8) with op = n?|(X;u — k)" |?|Tu|*T)u. Then,
taking summation over k € {1,...,n}, we obtain

Z/n |(Xpu — k)| Tul® Dy Ay (Xu) X Thu X Tyu dx
0,5,k

—{—KZ/ Tu|"  Tu|(Xpu — k)T 12D A (%) X Thu X (| Tul) do

0,5,k
= —22/ n|(Xu — k)P Tul" ThuD; A (Xu) X; TruXin dx
0,5,k
(5.90) -2 Z/ (Xpu — k)| Tul*TyuD; Ai (Xu) X; TruX;(Xiu — k)7 de
g5k
—i—Z/ D;A;(Xu)[X;, Ty JuX; i, do
i,k

+Z/ orD; Ai(Xu)[ Xy, Ti) Xju da
.5,k
=U1+Us+Us+ Uy

From the structure condition (1.3), we have

(5.91) LHS of (5.90) > / 7 F(|%u))|(Xiu — k)| Tu|| XTu)? dz.
By

The right hand side of (5.90) is estimated as follows. Let us denote

(5.92) M= / F(|Xu])[X(Xiu - )+|2d56+/ (® + 1Zn*)F (|Xul)|(Xu — k) * [ da.

T
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Then, from (1.3) and Hélder’s inequality, we have

U1] + U] < 0/ [l (Xow — k)™ [2F (1 %ul) | 7| X T ul | X1| do

By

(5.93) + c/B 7 |(Xpu — k) TR (| Xu)) [ Tu" X Tu||X(Xu — k)| dz

[un

<eMd (/ (X — )P (| Rul|Tuf 2| X Tufdr )
Br
To continue the estimates, note that

Us = Z/QUQ\(XW — k)T Tu|"D; Ay (Xu) [ X, TiJuX; Tyu dzx
1,5,k
+ KZ/ P2 Tl VTl (Xyu — k) 2D A (X0)[X;, ThJuX (1Tul) da
Q

(5.94) bk

+2 Z / n|(Xpu — k)P Tul* TouD; A (%u)[ X, TiluXin dz
ik S

+2) / n?(Xpu — k)| Tu|*ThuD; Ay (Xu) [ X, TeluX,; (Xu — k)7) d,
igik <
which, from (1.3), (2.2) and Hélder’s inequality leads to

U] < e+ 1) [ BRI i — K P Tal” (l + [7a]) ¥ da
+ C/Q [ F (|2u)|(Xpw — k) * P Tul** (|2u] + |Tul) | X9] do
(5.95) + C/QUQ\(XIU — k) FIF (| 2u)) | Tul* " (|| + |Tul) [ X(Xu — k)*)| do
<ec(k+ 1)./\/l% </B (X — k‘)+|2F(|Z£u|)|Tu|2"“(|§£u|2 + |Tul?) |Z£Tu|2daz)é
e ([ 1K~ R PRI (7l + [Tl )

Finally, from (1.3), (2.4) and Hélder’s inequality, we have

|Uy| < c/ n2F(]3Eu])](Xlu — k)ﬂQITu\“H(\%%u] + | XTu| + | Xu| + \Tu]) dx
Q

N

<cM: (/ n?|(Xpu — k) PF(|Xu]) | Tul* 2 (|XXu)® + [XTul® + |Xul® + |Tu|2)dx) ,

T

which combined with the previous estimates (5.90), (5.91), (5.93) and (5.95), leads to

=

(5.96) / 7 F(|%u)|(Xiu — k)| Tul|| XTu|? de < c(k + 1)./\/l%a(2/£ +2)

T

where ¢ = ¢(N,p,L) > 0, M is as in (5.92) and we denote

(5.97) a(k) = / 0| (Xpu — k) TPF(1Xu)) (|Tul® + | Xu]®) (|XXu]* + [XTul* + |Xul* + |Tul?)dz

T

for any x > 0. Notice that the left hand side of (5.96) contains a part of a(x). To get the other
parts one requires similar estimates. From the symmetric structure of commutation relations
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(2.2), it is not difficult to see that a similar estimate can be obtained as above by testing (3.8)
with ¢ = n?|(Xju — k)7 |?|Xu|*Tju, i.e. we can obtain

S

(5.98) / n?F (| Xul)|(Xju — k)72 | Xu|| XTu|® de < c(k + 1)./\/(%@(2/4 +2)2.
Similarly, it is also not hard to see that by taking ¢; = n?|(Xju — k) T|*(|Xu|” + |Tu|") Xju as
the test function in (3.7) and following the steps similarly as above, we can obtain

(5.99) / n?F (|1 Xu))[(Xou — k)* P (|1 Xu|® + |Tu|®) |XXu* dz < c(k + 1)./\/(%@(2/4 + 2)%

Finally, the following is easy to see from Young’s and Holder’s inequality that

(5.100) / PR (|%ul) | (Xu — k)2 (1 %ul™ + [Tul®) (|%ul? + |Tul?) de < cMza(2k +2)7.

T

Thus, by adding (5.96),(5.98),(5.99) and (5.100), we finally get

(5.101) a(r) < c(k + 1)Mz2a(2k + 2)2,

for any x > 0, where M is as in (5.92). We iterate (5.101) with the sequence x; = 2/ — 2 for
J € N and letting ¢ = ¢(N,p, L,j) and a; = a(x;), so that we get

1 ; ;
(5.102) a1 < (eM)zaf < ... < (M) G
for every j € N. Now, for a large enough j to be chosen later, we estimate using all the apriori
estimates obtained finally in Section 3, i.e. (3.44), (3.50), (3.51), (3.52), to get

2
(5.103)  aj41 < CI:].(LOJ)A /B F(|Xu)|Xu|+1 42 de < cra(li“ﬁzl)F(u(ro))u(ro)"j+1+4 | By .
7”0 ro

Now we are ready to estimate J3. Notice that, from (5.83) we have
1
5] < car/?( /A | F(xul)dz)® < caF(u(ro)) 2 A, (Xu)| 2
k,r

for some ¢ = ¢(N,p, L,7) > 0. Then, applying the iteration (5.102) and the estimate (5.103),
1/2i+1 1

S Fluro) 1A (X)) 2

T M UTYEIR (u(r)) 3020 () 20 B |V A ().

< T((]Hl/?j)

T3] < e Mz

Then, by Young’s inequality, we finally obtain
(5.104) T3] < M2 + crg®F (u(ro)) u(ro)?| Bry |V & DAL (Xpu)[P/7HD

for some ¢ = ¢(N,p, L, 7,j) > 0. This, with j = j(¢q) € N such that 27/(2/ +1) > 1—2/q, gives
us the required estimate. Combining (5.87) and (5.88),(5.89) with a small enough ¢ > 0 and
(5.104) with the choice of j = j(q), we finally end up with

| PEQRaDRCt = k) Pde < e [ 7 + [R0P)P (2] — k)P da

T BT
_ 2 1-2
e (o) F ((r)) | Bry 1 | AT, (Xpu)|
for some ¢ = ¢(N,p, L,q,7) > 0 and the proof is finished. O

Remark 5.8. Some observations on Lemma 5.7 are in order:

(1) We can obtain a similar inequality, corresponding to that of Lemma 5.7 with (X;u — k)™
replaced by (X;ju — k)~ and A} (Xju) replaced by A, (Xju).
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(2) It can be observed from the proof that Lemma 5.7 holds without the condition (5.83),
for the case of p > 2 and for this range, it is possible to prove the C1'® regularity directly
following the direction of the classical result of DiBenedetto [10], without using anything
related to the truncation from the previous subsections. However, for the full range
1 < p < oo, the application of Lemma 5.7 shall be made in the following whenever
Corollary 5.6 ensures the condition (5.83).

Le us fix By, C Q. For any 0 < r < rq, similarly as (5.3), let us denote
= X =
wi(r) = oscp, Xju, w(r) max wi(r),
and it is clear that we have w(r) < 2u(r). The following oscillation Lemma is a consequence of

Lemma 5.7 and Corollary 5.6. Its proof is the same as [39, Theorem 4.3] and quite similar to
those in [10, 45], etc. Nevertheless, we provide a brief outline for sake of completeness.

Lemma 5.9. There exists a constant s = s(N,p, L) > 0 such that for every 0 < r < ry/16, we
have the following,

(5.105) w(r) < (1—2"")w(8r) +2°(6 + M(To)z)% (:—0> ;

where o = 1/2 when 1 <p <2 and o = 1/p when p > 2.

Proof. Letting « be as given, note that we may assume
1 a
(5100 o)z () (£)
To

since, otherwise, (5.105) is true with s = 0. In the following, we assume that (5.106) is true we
divide the proof into two alternative cases, similarly as in [10, 45, 39], etc.
Case 1. For at least one index [ € {1,...,m}, we have either

(5.107)  |{z € By : Xju < p(4r)/4}| < 0|Byy| or |{z € By : Xju > —p(4r)/4}| < 0|Byy|,
where 8 = (N, p, L) > 0 is the constant in Corollary 5.6. Then, from Corollary 5.6, we have
(5.108) |Xu| > 3u(2r)/16 in B,

which allows us to use Lemma 5.7 with ¢ = 2Q) to obtain

/ 1X(Xju — k)T |2de < %,/2/ |(Xiu— k)T ]2 da
(5.109) By (r —7") B,
1
+ K (u(2r)) AL (Xiu) @
for any 0 < r” <1/ <2r, i € {1,...,2n} and all k € R, where K = (2| B, |"/?1(r0)F (1(r0)).
This implies that X;u belongs to the De Giorgi class DG (Bg,) for each i € {1,...,m} and
hence, it satisfies an oscillation lemma, see [9, 31, 27], etc. from which, as in [39], it is not hard
to obtain (5.105).
Case 2. If Case 1 does not happen, then for every i € {1,...,m}, we have

(5.110) [{z € By : Xju < p(4r)/4}| > 0|Byy| and |{z € By : Xju > —p(4r)/4}] > 0|Byy|.
Then, note that, on the set {x € Bs, : X;u > u(8r)/4}, we trivially have

(5.111) |Xu| > p(8r)/4 in Al g (Xiu)

for all k > p(8r)/4. Thus, we can apply Lemma 5.7 with ¢ = 2@Q to conclude that

2 c 2
/B X (Xou — k)2 da Sm/B (Xou— k)P da

1) 4+ -5
+ cK F(u(8r) A, (Xiu)| @

(5.112)
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where K = 74 2| By |9 u(r0)?F (11(r0)), whenever k > ko = u(8r)/4 and 0 < r” < ¢/ < 8r. Then,
we have standard estimates for the supremum and infimum of Xju, see [27, 31], etc. such that
for some s1 = s1(n,p, L) > 0 he following holds,

=

5.113 sup X;u < sup X;u — 27 % (sup X;u — w(8r)/4 —|—CK%F 8r)) " 1/2p3,
p AU =~ Sup A p Ay 1% M

Bay Bsr Bsr.

and from the second part of Case 2 and Remark 5.8, we similarly have
(5.114) }E;nf Xiu > }E;nf Xiu+27"(— glf Xiu — p(8r)/4) — CK%F(/L(8T‘))_1/2’I“%.
2r 8r 8r
Combining (5.113) and (5.114) as in [39], one can also get (5.105) and the proof is finished. [

From (5.105) of Lemma 5.9, it is easy to prove Theorem 1.3 for 6 > 0 by a standard iteration
argument which is classical. We refer to [27, 31, 26], etc. for details. Since all the constants
in the above estimates are independent of 9, hence from the arguments of Remark 2.5, we can
obtain (1.7) also for 6 = 0. Thus, the proof of Theorem 1.3 is complete.

5.4. Concluding Remarks. Here are some further remarks about the method and techniques
used above throughout the paper and some discussion on further generalizations.

(1) All the apriori estimates for the equation (3.1) in Section 3, rely only on the structure
conditions (3.2) and are independent of the “p” of the p-Laplacian. The other arguments
in the later sections can also be appropriately generalized for the regularity theory of
more general classes of equations; e.g. the equation div, ( f (|%u|)%u) = 0 with f as
any doubling differentiable function on (0,00) so that ¢t — ¢f(¢) is monotonic, admits
weak solutions in sub-elliptic Orlicz-Sobolev spaces (defined similarly as Definition (2.3))
which can be similarly shown to be locally C%® whenever 1 + |Xu|f’(|Xu|)/f(|Xul) is
positive and finite. We refer to [38, 37| for the case of the Heisenberg group.

(2) In the special case when the vector fields are left invariant with respect to a Carnot
group of step 2 (in particular, the Heisenberg group as in [47, 39]), the commutation
relations are more special than (2.2) as mentioned earlier in Remark 2.1, up to the choice
of exponential coordinates. This is why, in that case the estimates are simpler and some
of the items in the integral estimates gets suppressed, see Remark 5.3. But, unlike the
previous case for the Heisenberg group by Mukherjee-Zhong [39], here the lengths of
the main crucial lemmas like Lemma 5.2 and Lemma 5.7 are drastically extended and
Corollary 3.11, Corollary 5.4, etc. have to be added. Also, in [47], the approximation
has been accomplished by a Hilbert-Haar theory for the case of the Heisenberg group,
which depends on the group law and hence does not have an easy analogue for the case
of general Hormander vector fields (some deeper theorems and newer adaptations are
needed for it). Therefore, in this paper, we have used the Riemannian approximation
which is more natural and easier to use.

(3) The generalization of the above techniques from step 2 to any higher step does not seem
to be immediately available. The inequalities (2.4) and (2.5) in their present form, do
not lead to anything useful for the case of step 3 or any higher step. The higher order
commutators have more intricate strucures. For instance, letting X fs), o, X lis) as vector
fields corresponding to s-th order commutators, the nature of the intermediate integral
estimates for X(®)u is unclear. In case of a Carnot group of step r, ie. 1 < s < r,
notice that [XX®)u| # |X()Xu| except for the cases of s = 7 (as XiXJ(.T) = X](.T)Xi for
the last step of the Lie algebra) and s = 1 (from the definition of the norm even though
X;X; # X;X;). This feature leads to serious difficulties in the integral estimates for the
intermediary steps that do not occur in a set up where these two are the only possible
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alternatives, i.e. the step 2 case with s = 1,2. Similar features typical to vector fields of
step 2 Carnot groups are also imbibed in more general step 2 vector fields. Lastly, we
refer to [17] for some results on certain special cases of vector fields in higher steps.
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