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Abstract. We prove the hypoellipticity for systems of Hormander type with constant coef-
ficients in Carnot groups of step 2. This result is used to implement blow-up methods and
prove partial regularity for local minimizers of non-convex functionals, and for solutions
of non-linear systems which appear in the study of non-isotropic metric structures with
scalings. We also establish estimates of the Hausdorff dimension of the singular set.

1. Introduction

The present paper constitutes the first part of a project aimed at developing the
regularity theory for local minimizers of non-convex variational functionals and
for weak solutions of quasi-linear systems in a class of non-isotropic spaces known
as Carnot groups. Here, we focus on the non-evolutive case and on the model
situation of groups of step 2. In a series of forthcoming articles we will study the
technically more involved case of Carnot groups of arbitrary step, and we will also
prove partial regularity results for quasi-linear parabolic systems which arise in the
study of the harmonic maps flow. We will also consider the regularity theory for
variational functionals and systems with special structure.

A Carnot group of step r > 1 is a simply connected Lie group G whose Lie
algebra admits a vector space decompositionin r layers g = V! @ ... @ V" having
the two properties: (i) g is stratified, i.e., (vi,vil = vitl j=1..,r—1
(ii) g is r-nilpotent, that is, [V, V= {0}, j =1, ..., r. We note that the exponen-
tial map exp : g — G defines a global diffeomorphism. Such a group is equipped
with a natural family of non-isotropic dilations. One starts with defining dilations
A;. on the Lie algebra as follows. If X = X1 + ... + X, € g, with X; € Vi,
j=1,..r then A;(X) = AX| + ... + A" X,.. The group dilations §, : G - G
are then introduced by lifting A, via the exponential map exp : g — G, i.e.,
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Sp(x) = expoA, o exp_1 (x). We denote by dx the bi-invariant Haar measure on
G obtained by pushing forward the standard Lebesgue measure on g via the ex-
ponential map. When we say that a set has measure zero in G we mean this with
respect to dx. One easily recognizes that (d o 8;)x = A%dx, where the number

Q=) jdim(V’)

j=1

is the so-called homogeneous dimension of G. Such number is larger than the
topological dimension Z;: 1 dim(V7) of the group.

The homogeneous structure of G generated by the group dilations {3, },~0 plays
an important role in the analysis developed in this paper. Another aspect which
will be equally important is the pseudo-metric structure which one associates to the
stratification of g in the following natural way. We assume that g is equipped with
an inner product < -, - > with respect to which the V/’s are mutually orthogonal,
andlet|-| = (< -, ->)/2. For X = X| + ... + X, € g one defines

r 2r!
1Xllg = (Z |Xl-|2"/l) :

i=1
and
Ixllc = I1Xllg if x=expX.

Henceforth, we will ordinarily omit the subscripts and simply write ||x| and
| X||. The homogeneous pseudo-norm on G induces the following pseudo-distance
d(x, y) = ||x~'y]||. One has for every x, y, z € G and for any A > 0

d(zx, zy) = d(x, y), d(8x(x), 8,.(y)) = Ad(x, y).

Using these properties it is easy to recognize that the Haar measure of B(x, R) =
{y € G| d(x,y) < R} is given by |B(x, R)| = wgR?, where wg = |B(e, 1)| and
e is the group identity. This growth of the pseudo-balls accounts for the role of
a critical dimension played by the number Q in Theorems 1.1 and 1.2.

Carnot groups indirectly owe their name to the foundational paper of Carathéo-
dory [Ca] on Carnot thermodynamics. Such Lie groups are similar to Euclidean
spaces (which are themselves abelian Carnot groups with trivial step 1) in that they
possess translations and dilations, and come with a measure which is invariant with
respect to these operations. They also have a pseudo-metric structure, but when
the step r > 1, then the non-abelian group law produces a strong distortion of
the underlying geometry. As a consequence, the basic properties of the latter are
extremely different, and much harder to grasp, then those of Euclidean spaces.
There exists a very wide variety of situations in which Carnot groups appear as
the natural setting, and it is impossible to attempt here even a brief description.
Besides Carathéodory’s cited paper, we mention the famous accessibility paper of
Chow [Cho], which in many respects paved the way to the modern developments.
In connection with optimal control theory and sub-Riemannian geometry one
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should also see the articles [Br] and [Su], and the recent book [BR]. In partial
differential equations Carnot groups first implicitly appeared in Kolmogorov’s
short note [Ko]. Thirty years later Hormander [H] proved his fundamental theorem
stating that, given a system X,, X1, ..., X;, of smooth vector fields in R”, the
condition rank Lie{X,, X1, ..., X;u} = n is sufficient for the hypoellipticity of
the partial differential operator L = Z;-"zl X; + X,. These operators include
trivially all elliptic and parabolic operators (with smooth coefficients), but in the
important case when m < n — 1, they define a class which fails to be either elliptic
or parabolic. For instance, Kolmogorov’s equation for the probability density of
a system with 2n degrees of freedom is precisely of this type. Here is the basic
model in R3: X%u + Xou = 0, where X1 = 9/dx and X, = —xd/dy — 9/0¢t, and
one has [X1, X,] = —d/dy. Another operator, which is of paramount importance,
is the real part of the Kohn sub-Laplacian on the Heisenberg group H". In the
three-dimensional model H! such operator is given by L = X% + X2, where
X1 =0/0x +2yd/ot, Xo = d/dy — 2xd/dt, and one has the commutation relation
[X1, X2] = —40/0t. The Heisenberg group is the most important Carnot group of
step 2. For its description we refer the reader to section two. Carnot groups are
the natural osculating spaces (or blow-up limits) for Cauchy-Riemann [FS], [S],
and Carnot-Carathéodory manifolds [Pa], [Gr], [GN], [HK], [JX], [Che], [AK1],
[AK2], [Ga]. In continuum mechanics they occur as limits of crystalline structures
[Chr], but they also play an important role in other applied sciences, such as
mechanical engineering or robotics [CK]. These Lie groups are thus the natural
testing ground for problems in Calculus of Variations which arise in the study of
non-isotropic metric structures with scalings. In this paper we focus on the more
elementary case of groups of step 2. The reason for this choice is that the study
of these models incorporates most of the essential ideas. Many of the geometric
obstructions of the more general situation are already present for groups of step 2,
but the technical aspect is considerably less complicated.

Given a Carnot group of step 2 with Lie algebra g = V! @ V2, we fix an
orthonormal basis X = {X{, ..., X,,} of the first layer V1 of g. Thanks to the
stratification assumption, the elements of X and their brackets generate the whole
algebra. We continue to use the same symbols X; for the corresponding left-
invariant vector fields on G. For a function u = (u!,...,u") : G —> RV, the
matrix {Xu}; ; = X;u/ denotes the Jacobian matrix of u with respect to such
basis. Since {Xu} represents differentiation only with respect to a basis of the first
layer V!, we will call it the horizontal Jacobian matrix of u. The main objective of
this paper is to establish regularity properties in the non-horizontal (commutators)
directions starting from structural assumptions which involve only control of the
horizontal ones.

One of our main purposes is to study the partial regularity of local minimizers
of functionals of the type

(1.1 F(u, Q) =/ F(Xu)dp,
Q

where F : RN — R isa C? function satisfying the following structural assump-
tions:
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For some 2 < q < 00, one has for every &, 1 € R™V,

F&) = C(1+[§]D,

N m
oY dend o FE nfn = A0+ 1ED2 P > 0.
a.f=1i,j=1 /

Observe that while F' is strictly convex as a function of Xu, it may fail to
be so when viewed as a function of Vu (the full Riemannian gradient of ). The
prototype of the functionals we consider is the regularized horizontal g—energy

(1.2) Eg(u, ) =/(s+ |xu®)3dp,
Q

with 2 < g < oo. Here, €2 denotes a given open subset of G.
Another objective of this paper is to prove the partial regularity of weak solu-
tions of quasi-linear systems of the form

N m
13 - Z Z Xi(A?‘jfg(x, WX uP) = fx,u, Xu),a =1, .., N
B=1i,j=1

where A?f (x, u) are Holder continuous functions satisfying together with f =

(fY, . ) the hypothesis: For every M > 0 there exist M(M), a(M) > 0, such
that for x € Q and |u| < M one has

N m
(1.4) Yo 3 A were! = am lg,
o,f=1i,j=1
and
(1.5) |fCx, u, &) < a(M)E]* +b.

The model for (1.3) is the sub-elliptic harmonic map system for mappings
u: Q2 — N, where N is a Riemannian manifold. In this case the principal part of
the operator involved is the sub-Laplacian on G

m
L=) X
j=1

The Dirichlet problem for such maps with suitable conditions on the target has
been recently studied by Jost and Xu [JX] (see also [HS]). The parabolic version
of (1.3) has clearly a geometric interest in view of the applications to the harmonic
flow. This case will be studied in a sub-sequent article.

The regularity of local minimizers of (1.1) and of weak solutions to (1.3) will
be measured in terms of the horizontal Holder and Sobolev spaces introduced by
Folland and Stein [FS], [F]. Denote by H* the s-dimensional Hausdorff measure
generated by the pseudo-metric d. We prove the following.
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Theorem 1.1 Let G be a Carnot group of step two, and let Q2 C G be a bounded
open set. If u is a local minimizer of (1.1) in 2, then there exists a closed set S C €2,
having measure zero, such that Xu is Holder continuous in Q2 \ S. Moreover, if
g =2 then H2~217(S) = 0, for every o > 0.

Theorem 1.2 Let G be a Carnot group of step two, and let Q2 C G be a bounded
open set. If u is a weak solution of (1.3) in 2, with the assumptions (1.4), (1.5), and
ifa(M)M < XM(M)/2, then there exists a closed set S C 2 such that Xu is Holder
continuous in Q2 \ S, and H2=27(§) = 0, for every o > 0.

In the classical elliptic case corresponding results have been proved by various
authors using either the blow-up technique or the approach of Morrey-Campanato
(see [Mo], [GM], [GG1], [GG2], [Gi], [E]). The central result, on which both
approaches rest, are the W22 —estimates for constant coefficient systems. When
we tried to extend the classical theory to the non-elliptic setting of Carnot groups
we were confronted with a major obstruction: The W2 —estimates for the corres-
ponding constant coefficient systems of Hormander type were lacking. The main
contribution of the present paper consists in developing a direct proof of such
estimates in the setting of Carnot groups of step two. After completing this part
we will suitably modify and adapt several parts of either of the above mentioned
approaches to the non-abelian setting.

The constant coefficient systems of interest for us are of the form

N m
(1.6) 2> Xi(A?‘fXjuﬁ + /) =f%a=1,..,N,
p=1i,j=1
where A?jp is atensor satisfying the coercivity condition on the horizontal directions
N m
(17) > X aferel = ugl. ger™Y,
o,f=11i,j=1

and f, f* are L? functions defined in €. In the following we will let f =
(fY, o Y, and f; = (fl.l, fiN). Systems such as (1.6) are the most basic
examples of non-diagonal systems of Hormander type. In the context of the present
paper they either arise as limits of the blow-up’s of the Euler-Lagrange equation of
(1.1), or as the “frozen” version of the homogeneous part of (1.3). We will prove
that for smooth f*, and f¢, the system (1.6) satisfies the following estimate: For
each n > 0 there exist C,, > 0, and multi-indices a, b, c, d, depending on n, such
that for any multi-index k of order less than or equal to n

(1.8) sup |X¥u] gcn{f |u|2dx+f [IT° be°‘|2+|TCdei°‘|2]dp}.
B(0,1) B(0,2) B(0,2)

Here, T denotes a derivative along the direction of commutators. As a conse-
quence of (1.8) we find the following basic result.
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Theorem 1.3 Let G be a Carnot group of step two, then the system (1.6) is
hypoelliptic in the sense that, given an open set @ C G and f“, fi* € C*(Q),
a weak solution to (1.6) is C*°(S2).

After one has the hypoellipticity result, then standard arguments lead to L7,
1 < p < oo, and Holder estimates for higher order derivatives of the solutions.

It is important to note that for diagonal systems the W>?—estimates and the
ensuing hypoellipticity follow from the fundamental works of J.J. Kohn [K], Hor-
mander [H], Folland and Stein [FS], and Folland [F]. In this connection, one
should also see the interesting recent paper of Xu and Zuily [XZ]. However, the
results in these papers do not cover non-diagonal systems and this is why we
needed to develop a new proof of these basic results. After the completion of
the present paper E. Stein, M. Christ and D. Geller brought to our attention that
the W22 —estimates could also be derived from the analysis of pseudo-differential
operators on homogeneous groups developed in [G], [CGGP], and [T]. Such ap-
proach is very general but also highly technical and complex. We feel that our
proof, which is close in spirit to the works [C1], [C2], has perhaps the advantage
of being more easily accessible to workers in pde’s who are not familiar with the
theory of pseudo-differential operators. Moreover, the method of fractional order
difference quotients used here can be applied also to quasi-linear systems such as
(1.3), or to those arising as Euler-Lagrange equations for (1.1). While for (1.3) the
parametrix method can still be used (by freezing the coefficients), this is not the
case for the Euler-Lagrange systems of (1.1), where in order to use the method of
freezing the coefficients one needs to have a-priori regularity assumptions on the
minimizers.

We use the method of fractional order difference quotients to prove the second
part of Theorem 1.1. In order to estimate the size of the singular set one needs
to establish higher differentiability of the minimizers not just in terms of the
horizontal derivatives, but with respect to the underlying Riemannian structure.
This is achieved by the following result.

Theorem 1.4 Ifu is as in Theorem 1.1, with q = 2, then its Riemannian gradient
Vu has locally square integrable horizontal derivatives.

In closing, we give a short description of the organization of the paper. Section
two is devoted to some preliminary definitions and lemmas concerning Sobolev
and Holder spaces. We also collect various basic results concerning difference
quotients. In section three we establish the L? estimates, the hypoellipticity for
(1.6), and prove Theorem 1.4. In section four we present for the special case
f% = 0 the detailed blow-up analysis of (1.3), and we prove Theorem 1.1. In
section five we prove Theorem 1.2.

Acknowledgements. We thank Michael Christ and Daryl Geller for interesting conversa-
tions regarding the method of the parametrix on homogeneous groups. We also thank the
anonymous referee for carefully reading the manuscript, and for several comments that
contributed to improve the presentation.
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2. Preliminaries

As we mentioned in the previous section this paper focuses on Carnot groups of
step two. We will thus henceforth assume that G represents such a group with Lie
algebra g = vl @ V2, with (vi, vl = V2, (e, V2] = 0. We will denote by m
the dimension of V1, and indicate with k the dimension of V2. The homogeneous
dimension of G will be thus given by Q = m+2k.Let X1, ..., X,,, be an orthonormal
basis of V! and fix an orthonormal basis 71, ..., Ty of V2. The same symbols X ; and
T; will be used to indicate the corresponding left-invariant vector fields on G. One
can easily see that the Carnot Carathéodory metric — the control distance associated
to the vector fields X ; via Chow’s accessibility theorem [Cho] — is equivalent to
the pseudo-distance d. Since we will exclusively work with d, we will not make
further reference to the control metric. If B(p, r) denotes the pseudo-ball centered
at p with radius r, then as we said |B(p, r)| = wer?.

In this paper we will always use the globally defined exponential coordinates
on G. It is possible to describe the group structure only in terms of the algebra
by means of the formula of Baker-Campbell-Hausdorff (see Sect. 2.15 in [V]): If
X,Y € g, then

2.1 oXo¥ — XHYH3IX.Y]

Using (2.1) one can write explicitly the dependence of the vector fields on
the exponential coordinates. There exists constants ¢; j;, i, j = 1,...,m,and [ =
1, ..., k, such that if (x,7) € R"™ @ Rk represent the exponential coordinates of
p € G, then

: = — Ci jlXji—, 1=1,..,m,
P = L ST,
=1 j#i, j=1
0
Tl(P)Za—tl, l=1,.., k.

We respectively denote by Xu = (Xqu, ..., Xpu) and Tu = (Tiu, ..., Tru) the
horizontal and non-horizontal gradient of a function u.

The simplest non-trivial example of Carnot group of step two is the Heisenberg
group H". The latter is the Lie group whose underlying manifold is R?" x R
endowed with the non-commutative group law

(2.2) (2,0, 8) =(z+ ¢ t+s+2[z, ¢)),

where z, ¢ € R ¢, s € R, and [z, ]l = Zl'-’zl (¢izn+i — ZiCn+i). The vector fields
Xi = 0z +22p4i0r, Xiyn = 0g,,; — 2zi0, fori =1, ...,n,and T = —49, form
a left-invariant basis for the Lie algebra of H". The real part of the Kohn sub-
Laplacian on H" is £ = Z?i] X%. The stratification of the Heisenberg algebra
is given by V! = span{X1, ..., X2,}, and V> = span{T'}. The associated dilations
are parabolic §,(z,1) = (Az, 221), with homogeneous dimension Q = 2n + 2.
If V is a left-invariant vector field and V = 21221 v X; + vou417, then we will
write the exponential map as exp(V) = eV = (v, v, ..., vont1) = (V, vopa1).
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In this case, the Baker-Campbell-Hausdorff formula follows immediately from
the group law (2.2). Since the group is of step two the homogeneous gauge is
given by || p| = (|z|4 +t2)1/4, where p = (z,1) € H", with relative pseudo-
distance d(p, p') = |Ip~'p/|l. It was proved by Cygan [Cy] that this is in fact
a distance.

Let G be a Carnot group of step two and 2 C G an open subset. For N € N
consider functions u : @ — RY. For 0 < o < 1 we will use the Folland-Stein
class

Q) =1{u e L*(Q)
{ pLpepi£ps  A(p1, p2)®

u(p1) — u(p2)| }
sup —_ < 0y,

and its local version I'}Y () = {u|nu € T'*(Q) for every n € C;°(2)}, see [FS]

and [F]. For k € N the symbol I" {((’)‘CX(Q) will denote the set of functions having
horizontal derivatives up to order k in I'} (£2). Observe that I'*(£2) becomes

a Banach space when endowed with the norm

lu(p1) — u(p2)|
lullre@) = sup 7 —

+ llull Lo (-
pLpepi#p  dp1, p2)® “@

We will need the horizontal Sobolev spaces

L}O’Z(Q)z [f:Q->RY|felLl (,Xf=X1fXnf) €Ll (D)}

loc loc
1 <g < oo.

Here, X; f, j = 1, ..., m denotes the weak derivative of f € LIIOC(Q) along X ;
defined by the formula

fQ X f(p)o(p)dp = — /Q f(p)X;p(p)dp, ¢p e Cr(Q).

We recall that in any Carnot group one has X% = —X; for the formal adjoint
of X;, see [F]. We will also use the Sobolev space of functions with zero trace,
E;’q(Q) = Cl(2), where the closure is taken in the £'9-norm, ||u||q£1’q(m =
fQ(|u|‘1 + | Xul|?)dx. Let h be an integer and denote by I, = (i, ..., i) a multi-
index with 1 < i; < m. Given a function f we indicate with X f = X;,...X;, f
the corresponding horizontal derivative of order /2. The higher order Sobolev spaces
are

loc

Lpd(Q) = {f:Q — RN‘ZIX”’fI € L{, (), forany 0 </ Sk}ﬂ
I,

1 <g<o0.

We next recall that in a group of step two the gauge pseudo-balls are NTA
domains, see [CG], hence, in particular, they are Poincaré-Sobolev (PS—) do-
mains. Thereby, such sets support the Poincaré-Sobolev inequality, i.e., for every
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1 < g < Q there exists S; > 0 such that for every u € Sl’q(B(po, r)) one has

0—g

1 0q 0q
<7 |u —upu,r|Q—qu>
|B(p07r)| B(po,r)

<S,r| ———
! <|B<po, N Jaipen

|Xu|qu>q,

where we have let u ,,  denote the average of u over the pseudo-ball B(p,, r). See,
e.g., [Lu], [GN] or also [HK]. The fact that gauge pseudo-balls are (PS)-domains
allows to use Theorem 1.27 in [GN] and obtain the following compact embedding

LY9(B(po, 1)) =< LY(B(p,, 1)), 1<q<oo.

We will need the analogue of the Morrey-Campanato embedding, proved by
Folland (see Theorem 5.15 [F]): For every p, € G,k e N, 1 < g < 00, andr > 0,
one has

L5 (B(po, 1)) C T%(B(po, 1)),

where a = k — £

R

The spaces L'llo’g(Q), with ¢ < oo, can be characterized in terms of difference
quotients. Let Z be a smooth vector field in 2. A function f € LIIOC(Q) is weakly
differentiable in €2 along the direction Z, if there exists a locally integrable function

g such that for any ¢ € C°(2) the identity

/;2 Ap)Z*¢p(p)dp = /;2 g(p)p(p)dp

holds. Here Z* denotes the formal adjoint of Z. For 0 < s < &, where ¢ is suitably
small, denote with pe*? the integral curve of Z starting at p. If K CC Q is an open
set, then we can think of ¢*Z as a diffeomorphism ¢’? : K — ¢*4(K) C Q. We
also let e’ f(p) = f(pe*?) when p € K and f is a real valued function defined
on ¢'2(K).

Proposition 2.1 Let u € LlOC(Q), 1 < g < oo, and K CC Q. If there exist
positive constants €, C such that

SZ\ _ q
(2.3) /|M(X€ ) —u(x)] dx < CY.
O<\s|<e NE

then Zu € L1(K) and || Zu||La(x) < C. On the other hand, if Zu € LI (), then

(2.3) holds with C = 2||Zu|| pa(k) for any K CC 2.

loc

Proof. The proof of this proposition is standard, see for instance Proposition 2.3
in [C1]. =
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In the following we will need estimates on the Lebesgue norm of fractional
derivatives of functions in the direction of commutators 7'. Let €2, Z be as as in
Proposition 2.1. For w € L?(2) with compact support in €, and « € (0, 1), we
define the seminorm

(2.4) lwl%, = sup /Q|h|‘2“ lw(ge"?) — w(g)|*dg,

|h<&o

where ¢, is chosen sufficiently small. Let n = m + k = dim(g), and identify g with
the Euclidean space R”. Now consider a function w € C5°(R"). Fora € (0, 1) the
fractional derivative of w of order «, along the direction ¢, j =1, ..., n, is given
by

e~

a%w
Bej

= |h|aw(x17 .oy -xj—ls hv xj+17 ceey xn)v

where we have denoted by @ the partial Fourier transform in the variable e;. By
the Plancherel formula we have

0%w

86]‘

(2.5) ‘

=/ VRPN, ooy X1, By X1 oeny X)) | 2dxdh,
L%(g) "

The following theorem of Peetre [P] (see also sec. 2.3.3, Remark 4, p. 180 in
[Tr]) will play an important role in the sequel.

Theorem 2.2 Let 0 < B < a < 1, and w € C;°(R"). There exists a positive
constant C, depending only on a and p, such that for each vectorej, j =1, ...,n,
of the standard basis of R", one has

d

The next result, which is a direct consequence of the formula of Baker-
Campbell-Hausdorff, is a special case of Theorem 4.3 in Hormander’s fundamental
paper [H].

Pw

%w
Bej

<|wla , <C!
86]‘

L2(Rn) T

L2 (]Rn)

Theorem 2.3 Let G be a Carnot group of step two, let 2 C G be an open set and
B(po. 1) C Q2 a gauge pseudo-ball. If n € C°(B(po, 1)), and w € C* (), then
there exists a positive constant C such that for each T € V2.

2n

witlyy < C Y lwnlx,1.
=1

At this point we turn our attention to weak solutions to (1.6). To state our
next result we introduce a definition. For a given left-invariant vector field Z and
a function f : G — R we let for s # 0 fixed

f(pes?) — fp)

|s|”

(Hzy(p) =
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Theorem 2.4 Let G be a Carnot group of step two and Q2 C G be an open set. If
u e Elloz(Q) is a weak solution of (1.6) in Q, then for every left-invariant vector
field Z, the function (u) z,, = ((u! )Z,ys oo (uN)z,y) satisfies the following system

o 3 f X0 2.0 (p) + (F20 () |Xid™ (p)p

ﬁlz]l

-+ Z Z f AP X juP (pe?) + f2(pe SZ)] 7, X6 (prdp

B=1i,j=1

Z/Qf“(p)@“)—z,y(p)dp, a=1,.. N,

forevery ¢ = (@', ..., ¢N) € Co(Q, RM), y € (0, 1), and |s| small enough.

Proof. The proof is based on the Baker-Campbell-Hausdorff formula. The first
step consists in writing the weak form of (1.6)

>y (%" + g2 )Xo orap = [ 7o o2

p=11i,j=1

where ¢ = (¢!, ..., ¢N) € Coo (L, RY). We also write a similar equation with test

function ¢(p) = ¢(pe %), subtract one of the other, divide by |s|¥ and change
variable p — pe*Z, to obtain

S>3 [ AP0, 0+ 0|
B= 11] 1
+Z Z f ALY P (pe?) + i (peD)]

B=1i,j=1

Xi[¢* (pe= %) 1(pe*?) — Xi¢*(p)
RE p

= /Qf"(p)(ﬁb")—z,y(l?)dl’v

(recall that the Jacobian of the translation p — pe* is the constant function with
value one, see for instance [CoG]). The Baker-Campbell-Hausdorff formula yields

Xi[¢* (pe*H)(pe’?) — Xi¢p*(p) _ sls|™”
|s|¥ 2

[Z, Xil¢*(p),
concluding the proof. O

In several occasions we will make use of a basic energy estimate, which in the
standard elliptic case is usually referred to as Caccioppoli inequality. In the next
lemma we will state such estimate for weak solutions of the system (1.3) (of which
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the constant coefficient system (1.6) is a special case), but it should be remarked
here that, as in the classical setting (see for instance [Gi]), it holds in much greater
generality.

Lemma 2.5 Let G be a Carnot group of step two, and let Q@ C G be a bounded
open set. If u € Ello’g(Q) is a weak solution of (1.3) in 2, with the assumptions

(1.4), (1.5) and with f* =0, o = 1, ..., N, then the following Caccioppoli type
inequality holds for B(p,, 2r) C Q

1
2.7 f | Xul*dp < C— lul?dp.
B(po.r) r B(po,2r)

Proof. The proof follows along the lines of the classical argument, see, e.g., [Gi].
One multiplies both sides of (1.3) by ur}z, where n € C5°(B(po,2r)), n = 0,
n = 1in B(py, 1), and |Xn| < C/r. After integrating on B(p,, 2r), and using
Holder inequality and the coercivity assumptions (1.4), the conclusion follows.
The existence of test functions 7 with the properties described above can be easily
established using the group translations and the pseudo-norm || - ||. O

3. Systems with constant coefficients

In this section we prove the hypoellipticity of the constant coefficient system (1.6)

N m

p=1i,j=1

Our approach is based on appropriate sub-elliptic versions, contained in Theo-
rems 3.5 and 3.6, of the classical W>? estimates. Following the classical scheme
we differentiate the system with respect to a vector field Z, and show that the
function Zu solves a new system, similar in structure to (1.6). A major obstacle
is constituted by the non-trivial commutation relations involving the horizontal
basis X = {X1, ..., X;;,}. In fact, when (1.6) is differentiated new terms arise which
include derivatives of u along the directions of the commutators [X;, Z]. Since
a-priori there is no control on such terms, it is necessary to develop new ideas. In
essence, we combine in a delicate way a repeated use of the fractional difference
quotients along the integral curves of Z, with the energy inequality in Lemma 2.5,
and the interpolation estimates in Theorems 2.2 and 2.3. In the end, the itera-
tion of the sub-elliptic W22 estimates allows to establish the smoothness of weak
solutions.

To conclude the section, in Theorem 3.9 we will prove a priori estimates
for quasi-linear systems with quadratic growth in the horizontal gradient. Such
estimates, which are derived by the same technique employed in Theorems 3.1 and
3.2, will be used in the proof of Theorem 4.11. Henceforth, we use the notation

= =1 m, f=" o V).
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Theorem 3.1 Let G be a Carnot group of step two, and u € Lllo’z(Q) be a weak

solutionto (1.6)inanopenset @ C G. If f*, T; f«, [, T, f{* € leoc(Q),foreverjy
i=1,...m j=1,.. kandoa=1,.., N, then foreach T;, € V2 one has

@) Tju € L1:2(RQ).

Furthermore, for every pseudo-ball B(p,,2r) C Q2 and n € C(B(p,, 2r)),
the following estimate holds for w = nT ), u

(i) / (r“lwl2 + rﬁleIQ)dp
B(po.r)

= Cf (r2|x”|2+ ul® + r*1fP+ 8T, 1
B(p,,2r)
m
+> [r2|fi|2 + 1’6|Tj0fi|2]>dpv
i=1

for some positive constant C depending only on g and on the structural parameter
in (1.7). Moreover, T u is a weak solution in Q to

N m
(iif) =33 XX TP+ T 1) = T p

B=1i,j=1
fora=1,.., N.

Proof. Since the class of systems satisfying (1.7) is invariant under the action of
the group left-translations it is enough to show that w € Ello’cz(B(e, 4r)), where e is
the group identity and B(e, 4r) C 2. By dilation invariance we can assume r = 1.
Once (ii) has been proved for r = 1, the general case follows by rescaling. We use
difference quotients in the 7, direction of order (roughly) one half. For0 < y < 1
define

— 2.
”/(fjr_io)y)(P) =|o| 2y (lxlﬂ(pe(r T./t)) — Mﬂ(p))

The differentiated system (2.6) takes a simpler form in the case Z = T, and
y = 1/2. For every ¢ € C°(2, R") one has

3.1

N m
Z Z /Q [A?Jﬁ(xi"ﬂ)<T_/m1/2) + (ﬁa)(ffo,l/z)]xiqbadp - /;2 faqb?—Tfmlﬂ)dp'

p=l1i,j=1

Now observe that (3.1) continues to hold for test functions in £(1,’2(Q, RM). Since
T}, commutes with the X ;’s, then the function p — u(pe"zT./u) isin £12(B(e, 4)).
If we set ¢*(p) = (u"‘)(ij 1/2)( p)n*(p), with 1 as in the statement of the theorem,
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then ¢ is a good test function for (3.1). From the coercivity hypothesis, and with
this choice of test function, we obtain from (3.1) the following energy inequality

(3.2) /Q |(Xu®)z,.1/2*n°dp

<C /Q [|(u“><r_,u,1/z>|2(n2 + X%

m
+ Z (D, 2P 0” + |(f)(Tj0,1/2)|2ni|dP

i=1
Noting that |1(r;,.1/2)| < C, then (3.2) and Theorems 2.2 and 2.3 yield

1e
3.3) fQ |02 X ) *dp

m
<cf (|u|2 + 1Xul+ Y[R+ 1T 2]+ 1712+ |Tjof|2>dp
B(e,2) i
To improve in the order of differentiability of u we use Theorem 2.3 once more

(3.4) / 02 Pap

m
< C/B( § (|u|2 +1Xul + Y[R+ 1T 2]+ 1712+ |Tjuf|2)dp
e, i=1

We now apply (3.4) with &, = 1/12 to gain control over the L>norm of 86/ u®. Next,
we consider the difference quotients u(r;,,5/6) repeat the argument in (3.1)—(3.3),
and use (3.4) to obtain

S_ 3_
(o 3

m
< C/B( § (|u|2 +1Xul + Y[R+ 1T 2]+ 1712+ |Tjof|2>dp
e i=1

At this point we are ready to estimate

oy 2 3=€oa3—C0, q\|2 =0 a2
65 [ 1momesPdp < [ foi a5 " uesPap < [ |x05 " u)Fap

m
< /B( § <|u|2 +1xul+ Y[R+ 1T 2]+ 1712+ |Tjof|2>dp
é i=1

This proves the first part of the theorem. To establish (ii) it now suffices
to consider the following difference quotients of order one: (u%)(r; 1), and ap-
ply Lemma 2.5 to (2.6) for this special case. Part (iii) follows from part (i) and
from (2.6). |
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In the sequel for a function f defined in G we indicate with V f the standard
Riemannian gradient of f, whereas we let |Tf|? = (Y5, (T f)?).

Theorem 3.2 Let G, u, and Q2 be as in Theorem 3.1. If f*, T; f* € leoc(Q) and

l.“, Vfi“ IS L%OC(Q),fori =1,...m, j=1,...,kanda =1, ..., N, then for every
ip=1,..,mone has

(i) Xiu € L12(Q).

loc

Moreover, for any pseudo-ball B(p,,2r) C Q andn € C°(B(py, 2r)) one has for
v=nX;u

(ii) f 1 Xv|?dp
B(po.r)

< cf (r2|Xu|2 + |ul?
B(po,2r)

m
+ X [PUR+ IR+ Th R 4+ r8|Tf|2>dp,

i=1

for some positive constant C depending only on G and the structural assumptions
in (1.6). Finally, if we also assume that f* € L'llo’cz(Q), then X;,u is a weak solution
in Q to

N m
(iii) > xi(AFX X0, + AT X, X 4 X, 1)
p=1i,j=1
N m
+3° 31X, Xd(A?fXjuﬂ + f;*) =X, f%  a=1..N
p=1i,j=1

We mention explicitly that an important consequence of Theorems 3.1 and 3.2
is that

Xiu € Wh2(9),

where Wllo’c2 (£2) denotes the ordinary Sobolev space.
Before proving Theorem 3.2 we need a preliminary lemma.

Lemma 3.3 Let G be a Carnot group of step two and Q2 C G be an open set. If
f e Ello’cz(Q) is such that T; f € LIZOC(Q), for j = 1,...,k, then for each 6 € G,

the function g(p) = f(pb) is in ﬁ}(;g(fz), where 2 = QO~'. Moreover, one has the
identity:

Xi(f(pe®)) = X, f(pe®) — [S. Xi1f(pe®),

where without loss of generality we have set § = e.
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Proof. In the Heisenberg group the proof is a simple application of the Baker-
Campbell-Hausdorff formula. For the general case the argument is slightly different
and is based on the following identity (see Chap. 1 in [CoG], or Sect. 2.5 in [V]):
For X, Y eg

o0
1
(Ad expX)Y = Z E(ad X)Fy = ¢4 Xy,
k=0 "

where, if P € G, then Ad P : g — g is the differential of the map O — PQ Pl
and (ad X)Y = [X, Y]. In a nilpotent Lie group the infinite sum will simply be
a finite sum, the highest order of non-zero commutators being the step of the group
(in our setting hence, a sum of two terms).

At this point we observe that

d d )
Xi(f(pe®)) = Ef(pe’x”es)lz:o = Ef(pes(e_s)e’x’es)lz:o

Step of G

d $)kX;
= (cadeHxr) ety = [ Y0 ot ) ),

k=0 k
In our case, with a group of step two the formula becomes
Xi(f(pe®)) = Xi f(pe®) =[S, Xi1 f(pe®).

The proof is concluded once we observe that [S, X;] € V2 and the vectors T are
a basis of V2. O

Thanks to Theorem 3.1 (i), Lemma 3.3 allows to use difference quotients in the
direction of X;,i =1, ..., m.

Remark 3.4 Using the argument in Lemma 3.3 one can easily prove

Xi(ux;, . 1) = (Xi”)(Xio,l) +[X;, Xio]u(pe"x"o)_

In particular, this shows that if u € ng’cz(Q), then U(X;.1) € L'llo’cz(Q).

Proof of Theorem 3.2. The proof is based on Theorem 3.1. In particular, what
makes things work is the fact that the solution u is not only in the horizontal
Sobolev space Lllo’f(Q), but also in the usual Euclidean Sobolev space ng’cz(Q).
This follows from Theorem 3.1, which asserts the L2-integrability of the derivatives
in the directions of the second layer V2, and from the representation of the vector
fields in exponential coordinates (see section two).

As in the proof of Theorem 3.1, it suffices to establish (ii) in a fixed pseudo-
ball B(e, 1), and then use left-translations and dilations to obtain (ii) for a general
pseudo-ball B(p,, r). Observe that by continuity (2.6) still holds for any ¢ in the
ordinary Sobolev space Wg’z(Q, RM). Let n be as in the statement of the theorem.
By Remark 3.4 we may use ¢ = u(xio,l)nz as a test function in (2.6), thus we
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proceed to substitute it in the equation. By Remark 3.4 and the coercivity condition
(1.7) we derive the energy inequality

(3.6) / |(XT)M°‘)(X,-O,1)|2dP <
Q
c/ <|M|2+|XM|2+|T(M)(X,»0,1)|2
B(e,2)
m
+ 3 [1xAP+ AP+ If“I\((M“)(X,»O,l)rlz)(x[o)l)|>dP-
i=1
The conclusion now follows using Theorem 3.1 and Proposition 2.1. O

When studying the regularity theory of weak solutions to the quasi-linear
system (1.3) one is naturally led to analyze the hypoellipticity of linear sub-elliptic
systems with constant coefficients of the type (1.6). In doing this one naturally

encounters systems such as (2.6). For A?jp asin (1.7) and f* a smooth function we
thus consider weak solutions of

N m
3.7) YN A xixuf = pe,
B=1i,j=1
fora =1, ..., N. By iterating Theorems 3.1 and 3.2 we obtain the following.

Theorem 3.5 Let G be a Carnot group of step two and Q2 C G be open. Let

u e LIIO’E(Q) be a weak solution of (3.7) in Q. For each l, h € N and multi-indices

In = (it onip) €{1,2, ...mY" and J; = (i, ..., j1) € {1,2, ..., kY., define
oy = THXIuP = (T;, T3 (X, . X P

IFf=" ., fN) € C®(Q,RY) then

(3.8) v € LEHRQ).

Moreover, vy j, is a solution to the system

N m
GO 3D (AL X+ fum) = i @=L N,
p=l1i,j=1
where f('7,0> =T fe, i(,x(l,O) =0,
Fo =T X, f© + AYIX,,, X T0f
ihy = Liin Ji 1=1,n—1) ij Wi AjH Uy p1s

and

B B
fﬁh = le{[Xih’ Xl](Af; XjU(l—l,h—l) + fi(,x(l—l,h—l)) + Xih f(olé_l’h_l)}.
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We define the semi-norm [[gll.n.z = Y, 5, IT" X" gll12(p(p »)» Where Iy and

Jj respectively range over all the elements of {1, 2, .., m}h and of {1, 2, ..., k}l. As
a consequence of Theorems 3.1, 3.2 and 3.5 one obtains the following.

Theorem 3.6 Let G, 2, B(p,, r), and u be as in the previous theorem. For each
h,l € N, one has

(3.10)

202042h42) 12 2 20242430+ 1)12h) | #12
PP yga, < Ch,l{”””o,o,zr + 2D )||f”l+3h+l,2h,2r}'

Proof. By means of left-translations and rescalings we can assume that p, = e,
and r = 1. Using an induction argument and Theorem 3.5 one deduces that

(3.11) ” f;jt(l,h) ”%UJ < Cllulli+14+y,n—14v,2

and

(3.12)

1780 = CO iytn + Nl itz + 242102 ).

Now choose a non-negative cut-off function 7y € C°(B(e, 2), RY), with
m = 1in B(e, 1). Recall that n € C§°(B(0,2)) is also non-negative. Using
Theorem 3.2 we obtain

(3.13)

m
Il pin s < C(uuni,l,2 + 3 [fiam B2+ WiamlFoz] + ||f<z,h>||%,o,2).

i=1

From (3.11)—(3.12) one has

(3.14) Nl sy < CUlF 312+ 1F 1 1n0)-

Applying the energy inequality to (3.9) we obtain that for each / and / the following
estimate holds

m
(3.15) Imveasillf oy < C(”Ul,h o241 Ifiamlgoz+ I fan ||%;,0,2).
i=1

By (3.11)—(3.15) we infer
(3.16) el oy < CMulFiz 0 + 11 02)-
If h = 2h, then iterating (3.16) h times one finds

2 2 2
- < ( ~ + ~ ~
G.17) ”””1,2h+2,1 = h’l(“””1+3h,2,2 ”f”1+3h—2,2h,2)'
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On the other hand, if we take /—th order derivatives of the original system (3.7)

in the directions 71, ..., Ty € Vz, we obtain the new system
N m
B B
(3.18) DD ATXX =M a=1,..,N
B=l1i,j=1

Theorem 3.2 applied to (3.18) gives

2
Nl < Cllullzz + 11 li41.0.2)

Applying the energy inequality to (3.18) one may assume that in the right-hand
side of the last inequality there is the norm ||u]|;,0.2, and not |ju]|;1 2.
From a repeated application of Theorem 3.1 (/ times) one concludes

(3.19) lullfsy < Ci(lull oo + 1 F17.0.2)-
Now (3.10) follows at once from (3.17) and (3.19). O

Remark. It is important to observe that as a consequence of (3.10) one obtains the
hypoellipticity of the system

N m
>0 A?]ﬁXinuﬁ =0, a=1,..,N.
B=1i,j=I

Hence, in the special setting of Carnot groups of step two, Theorem 3.6 generalizes
to non-diagonal systems the basic results of Kohn [K] and Hérmander [H].

We now pass to the study of some consequences of Theorem 3.2 that will
be useful in the study of the regularity of solutions of non-linear systems. The
following corollaries are direct consequences of Theorem 3.2 and of the embedding
of the Folland-Stein Sobolev spaces £+ in the non-isotropic Holder classes (see
section two and thm 5.15 in [F] for details).

Corollary 3.7 Let G be a Carnot group of step two and Q C G be an open subset.

Ifuce Ell O’Cz(Q) is a solution of the constant-coefficient system

m N
(3.20) > ZA?‘fX,-Xjuf‘ -0, a=1,..,N,
i.j=1p=1

in the gauge ball B(p,, 3R) C 2, then u is smooth in B(p,, 3R). Moreover; there
exists a positive constant C such that

m
1
2, P2y 2 o ph 2 2
sup | |u|”+ R | Xu|"+ R E | XX iu| ) <C—— lul“dp.
B(p,,,R)( Py Y [B(Pos 2R)| JB(py.2R)



20 Luca Capogna, Nicola Garofalo

Corollary 3.8 Let G, Q2 and u be as in the previous corollary, then there exists
a positive constant C such that for each 0 < r < R < 2 one has

rQ+2
(3.21) / lu — u,, |*dp < C (E) / lu — uo,r|*dp,
B(po,r) B(po,R)

0
(3.22) [ widp=(5)° [ wlap.
B(por) R7Jbpo.r)

r\ 9+2
(3.23) [Xu = (Xu),.,1%dp < € (%) f |Xu = (X, kP dp,
B(po.r) B(po,R)

m m
r\Q
(3.24) / Y IXiXjuldp < c(—) / > 1XiXjul’dp,
B(por) ; o R} Jopm iz

i,j=1
where fp, , denotes the average of the function f on the ball B(p,, 7).

Proof. The estimates (3.21), (3.22) follow from Corollary 3.7 similarly to the
classical elliptic case. The key observation is that the function

v(p) = u(p) = up, & — Y _(xi(p) = xi(po)) (Xitt) p, R

i=1

is still a solution of the system (3.20). This can be easily proved using the Baker-
Campbell-Hausdorff formula (2.1) (see also the explicit expression of X's follow-
ing (2.1)). Moreover, one has

/ vdp = 0, / Xvdp = 0.
B(po,R) B(po,R)

The inequality (3.23) requires a new proof, since, because of the non-commutat-
ivity of the X ;’s, we cannot simply say that X; u satisfies the same system as u.
Instead, we have

m N

N m
Z Z A?]pXin(Xiuuﬁ) = ZZczijkauﬁ, a=1,.. N.

p=l1i,j=1 j=1p=1

In order to deal with this system one has to make use of the results in Theorems 3.1
and 3.2, and Corollary 3.7. The first step consists in proving inequality (3.24). By
homogeneity it suffices to do this for R = 1, i.e.

m m

/ > IXiXjul*dp < er > 1XiX jul*dp.
B(po.r) ;

i,j=1 B(po,1) i,j=1
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for r < 1. In the case 0 < r < 1/2, the latter inequality is obtained from Corol-
lary 3.7 and the sub-elliptic Poincaré inequality, see [J] or [Va], as follows

m

r—Q/ 3 IXiX uldp
B(po.r) i,j=1
m m
_ 0 / S IXXjpPdp<C sup 3 IXiXjuP?
B(po.,r) iji=1 B(po,1/2) i,j=1

m
scf  wapsc[ Papsc[ 3 ixxuldp,
B(po.1) B(po,1) B(po.1) ;52

The remaining case 1/2 < r < 1 is trivial and requires no proof. This es-
tablishes (3.24). Once this is done formula (3.23) follows from the Caccioppoli
inequality for w = X, u (see Theorem 3.2), and from the Poincaré inequality. O

In the diagonal case proofs of (3.21)—(3.24) have appeared in [XZ].

Remark. 1In Sect. 5 we will also need the following estimate: Letu € ﬁll (;3 (2, RM)
be a solution of (3.20). There exists C > 0 such that

2 r\@ 2
(3.25) \Xul?dp < C (—) | Xul2dp.
B(0,r) R B(0,R)

This estimate too follows from Corollary 3.7 and from the Poincaré inequality.

To conclude the section we show how the method of difference quotients allows
to establish L? estimates for some quasi-linear systems. Let F : R™Y — R be
a C? convex function satisfying the following structural assumption: There exists
a positive constant C such that for every £ € R™" one has

m N
—1,£.2 2
(O] E.E 1 Eﬁ lag;r%_lisF(é)SClél-
i,j=la,p=

As an example, we can consider the functional in (1.2) when the gradient | Xu| is
uniformly bounded by two positive constants.

Theorem 3.9 Letu € L1

1oz (82), be a weak solution to the quasi-linear system

(3.26) > /Q Fea(Xu)X;¢*dp = 0,
i=1

foreach ¢ € CSO(Q, RMN). The solution u is weakly differentiable (in the L? sense)

along the V2 directions and moreover for eachi = 1,....mand j = 1, ..., k, we
have

(3.27) Xiu, Tiu € LLA(Q).

loc
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Proof. The first step consists in differentiating (3.26) (in terms of difference quo-
tients) along one of the Ty, directions, in the same spirit as (3.1). In this setting we
will obtain the system

N m
b Sdp =
>3 fgaglgang(Xu)[X,u lin, 1 Xi¢"dp =0,

B=1i,j=1

foreach ¢ € £!"2(€2, RY). From the Caccioppoli inequality and Theorems 2.3 and
2.2, as in (3.3) we obtain the existence of fractional derivatives of order % —e¢in
the T, direction

1_
f |9: " X(u)*dp < C f (lul® + 1Xul?)dp.
Q 0 B(0,2)

If we use Theorem 2.3 once more we obtain
_ 2
/ | ()| “dp < C/ (lul® + 1 Xul*)dp.
Q B(0,2)

Repeating the argument in (3.5) we can easily prove that Ty, u exists in L? and
moreover

/ | T (qu®)dp < c/ (1ul? + [Xul?)dp.
Q B(0,2)

To continue we differentiate the system (3.26) along X ; with difference quo-
tients of order one. As in Remark 3.4, commutators will appear. However, at this
point we already have estimates on the commutators and this leads us directly to

[ 10xom)  Pap < [ (i + xuP)ap.
Q 7 B(0,2)

The proof is concluded once we apply Proposition 2.1. For more details we refer
the reader to the paper [C1], where the scalar case was considered. O

Since (3.26) is the Euler-Lagrange system of (1.1), the previous theorem has
an immediate corollary.

Corollary 3.10 Let F be as in Theorem 3.9. If u € Lllo’z(Q) is a critical point of
the functional

f(u,Q):/ F(Xu)dp,
Q

then u is differentiable along the V? directions and moreover for eachi =1, ...,m
and j =1, ..., k, we have
(3.27) Xiu, Tju € L:2(R).
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4. Partial regularity of homogeneous systems and of local minimizers of
convex functionals. The blow-up technique

In this section using Theorem 3.6 we develop the blow-up analysis and prove partial
regularity of weak solutions of non-linear systems of the form

N m
@.1) >3 xi(4afeowx ) =0,

B=li,j=1

where A?jp (x, u) are bounded continuous or uniformly continuous functions satis-
fying

N m
Yo > Ao werel = jgP,

a.f=1i,j=I

for every x € 2, and for every N x m matrix €. In section five we will allow in
(4.1) a non zero right-hand side satisfying natural growth conditions. However,
a method different from the one developed here will be needed, along with the
additional hypothesis that # be bounded. Before presenting the proof of the main
theorem we need to introduce some preliminary definitions and results.

Definition. LetA > — % A function u € L*() is said to belong to the Morrey
space M>*(Q) if

r ¢ f lu|*dp < Cr**=D,
B(p,nNQ

forevery p € Q and 0 < r <diam(£2).

Definition. Let A > —%. A function u € L%(Q) is said to belong to the

Campanato space C**(Q) if for every p € Q and 0 < r <diam(Q2) one has
U(po, R) < CR*, where we have let
1
U(po, R) = o Ju(p) — ttpo.rIdp.
|B(po. R)| Ja(po. 02 "

Remark. The classical characterization of Holder continuous functions via integral
means can be generalized to the setting of Carnot groups (see for instance [C2]
or [Ga] and references therein). In particular, adapting the arguments in [DP] (see
also Chapter 3, Theorem 1.2 in [Gi]), one has the following: Ler 0 < A < 1. If Q
has the A—property, i.e., there exists A > 0 such that for R > 0 and p € Q2

120 B(p, R)| = A|B(p, R)|,

thenC**(Q) C Ff\oc (2). In particular, the gauge pseudo-balls have the A—property
(for a proof of this fact see for instance [CG]), and therefore for every p, € G, and
every r > 0 one has

C**(B(po, 1)) C T (B(po, 7)) for0 < A < 1.

loc

This continuous inclusion will be henceforth tacitly used.
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Our first result in this section generalizes a beautiful theorem of Giusti and
Miranda [GM].

Lemma 4.1 Let u be a weak solution of (4.1), with continuous A ap ’s. For each
O<t<l,and M > O there exist €,, and R, > 0 such that lffor some p, € ,
one has U(p,, R) < 8 and |up, Rl < M for R < min(R,, d(po, 0R2)), then

U(po, TR) < CT°U(po, R).
Here, C is the same as in (3.21).
Proof. We argue by contradiction, assuming that there exists 0 < 7 < 1, M > 0,

sequences (p,) € 2, &, — 0, R, — 0, and a sequence u" (the upper index is not
an exponent) of weak solutions to (4.1), such that

(4.2) W R <M,
4.3) U™ (pn. Rn) = & — 0,
and
(4.4) U"(pn. TRy) > 2CT%e;,
Set
4.5) V(@) = &, ' [u" (pudr, (@) —ult, ¢ -

From the homogeneity of the X;’s we have

(4.6) (X" ) (pai, (@) = &0 Ry (Xiv")(@).
For R > 0, set Bg = B(e, R), where e is the group identity. From (4.1), and

(4.6) we infer that for every ¢ € C°(B)) the function v" satisfies the system

@7 § 3 f (Pudr, @ et + 45, 1 ) X; P (@) X9 @)dg = O,
B=11i,j=1
a=1,...,N.

Moreover, v =0,
1
n 1 ni2
(4.8) Vife,1) = — V' |"dg =1,
|B1| Jg,

and

(4.9) V' (e, 1) > 2C7>.
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From (4.8), taking a sub-sequence that we still denote as v”, one obtains the
existence of v € L2(B1) such that v, — v weakly in L2(B1), while ¢,v" — 0 a.e.

in Bj. From the continuity assumptions on Af‘jﬂ and (4.2) one finds

A% (anRn @), ent" + u’;)mRn> - BY.
At this point we recall the compact embedding
L'*(Bg) <> L*(Br).
noted in section two. This result, coupled with the Caccioppoli inequality Lem-
ma 2.5, implies Xv" — Xv weakly in L?(B;) and v" — v strongly in L?(B1). All

these facts, together with (4.9), give for every ¢ € C5°(B))

N m

(4.10) Z Z/ Bf;ﬂvaﬂX}qb“dp:O, a=1,..N.
p=1i,j=1"B1
The contradiction now follows from (4.8), (4.9) and from (3.21). |

Lemma 4.3 Choose 1> < 2C and let u be a weak solution of (4.1) in Q. If at
a point p, € 2 one has for some R < R, = R,(M),

4.11) |up07R| < M,
and
(4.12) U(po, R) < 12(M),

with n,(M) < min{e,(M), MT(@+2/2(] — 74/2C)}, then for every integer k we
have

U(po. ™ R) < 2CT*)'U(po, R).
We omit the proof of Lemma 4.3, since it is completely analogous to that of

the elliptic case in [GM] (see also Chap. 4, p.95, Theorem 1.1 in [Gi]). The key
step is an iteration based on Lemma 4.1.

Theorem 4.4 Letu € Ellc;f(Q) be a weak solution of (4.1) in Q2. Denote by
S1 = {po € Sup|upu,R| = oo},
R

S2 = {po € Q| liminf U(p,, R) > 0},
R—01

andwe let S = S1US, indicate the singular set. There exists 0 < o < 1 (depending
only on G, 2, and on the structural constants in (1.4)) such that u € FO’“(Q \9).

loc
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Proof of Theorem4.4. The proof of the Holder regularity follows from Lemma4.3,
by adapting the arguments in [GM]. If p ¢ S, then there exist M > 0 and 1,(M)
such that in a small neighborhood B(p, r,) of p the inequalities (4.11) and (4.12)
hold. From Lemma 4.3 we conclude for each R > 0 small enough and for some
O<a<l

(4.13) U(p, R) < CR*.

This implies u € C%4(B( D, o)), the sub-elliptic Campanato class introduced
above, and thereby the Holder continuity of u in B(p, r,) follows. |

Our next goal is to estimate the Hausdorff dimension (with respect to the group
pseudo-metric) of the singular set (compare with [Giu]).

Lemmad4.5 Letu € leoc(Q). If(4.13) holds for some a > O thenlimg_, o+ U p(p, R)
exists and is finite. Consequently, p is regular if and only if (4.13) holds for some

a> 0.

The elementary proof of Lemma 4.5 is left to the reader.

Remark. Inthe case where Af‘f are uniformly continuous the singular set coincides

with $> and a point p is regular if and only if (4.13) holds with a = 0.

Lemma 4.6 Let f € L! (Q) and set for0 < a < Q

loc
Fa:{poemlimsupr_“f | f(p)ldp > 0}.
r—0% B(po.r)

One has Hy(Fy) = 0.

Proof. Tt suffices to show that, if for s > 0 we let

Fy={poc sz|hmsupr—“f fp)ldp > 57,
B(Posr)

r—0t

then Hy(F®) = 0. Let K C €2 be a compact set and consider an open set O such
that K C O € O C Q. Fix0 < ¢ < D(K, 90). For every p € F; there exists
r(p) € (0, &) such that

r(p)™® f | f(@)ldg > s~".
B(p.,r(p))

By the covering lemma of Wiener type in a space of homogeneous type (see
[CW]) there exists a constant 1, depending only on the homogeneous dimension
Q, and a sequence of pairwise disjoint pseudo-balls B; = B(p;, r(pi)), such that
F* C |2, nBi. One has

[e9]
(4.14) dor<s /
i=1 Uz

i=1

[ f(q)ldq,
Bi
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and
o0

(4.15) I Bil < cue@s fO | f(g)ldg.
i=1

Letting ¢ — 0 in (4.15) we infer H,(F*) = 0. By the arbitrariness of s > 0 the
conclusion follows. O

Theorem 4.7 Let u be a weak solution of (4.1) in 2. For every ¢ > 0 we have

Ho-21£(5) = 0.

. . aff . . _
Moreover, if the coefficients Aij are uniformly continuous then one may take ¢ = 0.

Proof. Set

E. = {p(, € Q|limsupr U(po, r) > 0}.

r—0t

Lemma 4.5 implies S = N~ E.. We want to prove that for each ¢ > 0
HQ—2+€(E€) =0.

From the Poincaré inequality [J], [Va] one has

FCU(pos 1) < Cr 02 f | Xu(p)2dp.
B(po,r)

Since | Xu |2 is in Llloc(Q), the conclusion follows from Lemma 4.6. |
Remark 4.8 1t is easy to see that the solutions of (4.1) satisfy for some » < 2 the

following reverse Holder inequality

r

(4.16) <1+|Xu|)2dps( (1+|Xu|)’dp) :

B B

An adaptation of a well known argument due to Gehring (see [Ge], [BI]),
based on the Calderén-Zygmund decomposition in spaces of homogeneous type
(see [CW], [Ch]) allows to establish the higher integrability of Xu (see also [C3],
[FSC], [GMo] and [GG3]). Since one can easily generalize Theorem 4.7 to the L?
setting, with p > 2, then one infers that for some p > 2

HQ—p+£(S) =0.

We conclude this section with the proof of Theorem 1.1 which we will divide
in two steps, Theorems 4.10 and 4.11. We stress that in the proof of Theorem 4.10
the convexity assumption on the energy function F, stated in the introduction, is
only used in the study of the constant coefficient system arising as limit of the
blow-ups of the Euler-Lagrange equations of (1.1). Such study was conducted in
section three. Since the functional (1.1) is convex, then in particular it is strictly
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quasi-convex [E], i.e., there exists y > 0 such that for each N x m constant matrix
A and every ¢ € C°(Q,RY)

(4.17) f [FA) + v(1 + X917 1 Xg 2 [dp < f F(A + X¢)dp.
Q Q

We can thus adapt to the present sub-Riemannian setting the ideas in L.C.
Evans’ paper [E] on quasi-convex elliptic integrands. In doing so, we will avoid any
repetition, highlighting only those points where different arguments are needed.
These arguments are collected in the following Propositions 4.8 and 4.9 which
respectively contain a new Caccioppoli type inequality and the essence of the
blow-up technique.

In the following, we will denote points p € G by exponential coordinates
p = (x,t) where x € V! and ¢t € V2. Observe that if A is an N x m matrix,
then X(A - x)(p) = A for every p € G. If f is a function, we let )CQf(p)dp =

1 Jo f(P)dp.

Proposition 4.9 Leru € L'llo’g(Q) be a local minimizer of (1.1). For each L > 0
there exists C1(L) > 0 such that

(4.18) ][ (1 + [ Xu — A" Xu2dp <
B(po.r)

1
C(L)(,»—z][g( Ju(p) —a = A= Pdp
pwr

1
4

— Iu(p)—a—A-(x—xo)I"dp>,
") B(po.r)

foreach B(py,2r) C Q,a € RY, and any N x m constant matrix A with |A| < L.

Proof. Without loss of generality we can assume p, = e, the group identity.
For r <t < s < 2r choose a test function & € C5°(B(po, s)), with £ = 1 in
B(po, t). Define two auxiliary functions ¢(p) = &u —a — A - x), and p(p) =
(1 =& (u—a— A-x).Following Evans [E], and using (4.17) we can easily prove

(4.19) [ TR+ 4 1x01 2108 ap <
B(e,s)

[ [Ro = F X+ €+ xutt™ + X010 XpPap.
B(e,s)

Since u is a minimizer of (1.1), using |A| < L, and D> F(Xu) < C(1 + | Xu|)?72,
we obtain

[ rowdp= [ [F)+ F@)Xe+ O+ xubtxe Jdp.
B(e,s) B(e.s)

The latter inequality and (4.19) give
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(4.20) y /; (X DIxgRdp

< cf [0+ 1Xu) 2 X0~ Alxg)
B(e,s)

+ L+ [Xul ™2 + 1 Xg|1 ) Xg P |dp.

Recalling the definition of & and using (4.20) we easily arrive at

f (1 + |Xu — Al | Xu|*dp
B(e,1)

< C{ / (1 + |Xu — AD9"2| Xu)?dp
B(e,s)\B(0,r)

+/ |:|u—a—A'x|2+|u—a—on|qi|d}
pt.
B(e,2r) (s —1)? (s — 04

The conclusion follows from a standard argument based on the so-called hole filling
technique (se [Gi] or [E, Lemma 5.1 on p. 239]). O

Proposition 4.10 Let u be as in Proposition 4.8. For each L > 0, there exists
Ca2(L) > 0 such that for every 0 < 6 < 1/4 one can find (0, L) > 0 for which, if
[(Xt) pyr| < L, |(Xt) p,.00| < L, and U(po, 1) < &, then

U(po, 0r) < C2(L)O*U(p,, 1),

where

Ulpo. 7 =][ (1 + | Xu — (Xu) 2| Xt — (Xu) .o 2dp.
B(Po,r)

Proof. Similarly to Lemma 4.3 the proof proceeds by contradiction. If the as-
sertion of the proposition were false, then there would exist a sequence of balls
B(pi, 1) C 2, such that |(Xu) p.r| < Ly [(Xtt) pyon| < L, Upr, 1) = 22 = 0
as k — oo, and

4.21) U(pk, Or) > Ca(L)6*A3.
We now consider the blow-up sequence defined by

M(Pkark (p) — (u)pk,rk - (Xu)Pksrk X
ATk '

(p) =

By a simple rescaling, using the fact that the vector fields X;’s are homogeneous
of degree one with respect to the non-isotropic group dilations, one obtains from
(4.21) the inequality

(4.22)
][ . 0)(1 + A X — (xR 01972) X0k — (Xb)e 6| dp > Ca(L)6.
e,
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Using the compact embedding LY2(B(e, 2)) <> L%(B(e, 2)), one obtains
the existence of v € £1’2(B(e, 2)), such that A weakly in L’l’z(B(e, 2)),
and strongly in L?(B(e, 2)). Moreover, (Xu) o — A€ RN>*m Repeating the
argument in [E, Lemma 6.2], we infer that v is a weak solution of a constant
coefficient sub-elliptic system of the form (4.10), with coefficients depending on A.
This system satisfies (1.7) since the original functional is convex. It is at this point
that the sub-elliptic estimates from section three enter into play. In particular, by
means of Corollary (3.7) and the Poincaré inequality [J], [Va], one has

][ IXv — (X0) pe.g))> < C(L)?
B(e,26)

(note that the average in the integral is on a smaller ball). Using the latter inequality
and the Sobolev-Poincaré inequalities recalled in section two, one obtains

(4.23) m kz_z][ [V* — (9o 00 — (X0K) e - x|9dp = 0.
B(e,26)

li
k—00
The inequality (4.18) in Proposition 4.8, and (4.23), finally give

limsup][ (1+ |AZ‘2|Xvk—(xuk)eﬁ|q—2)|xuk—(Xvk)e,9|2dp < C3(L)6>.
B(e,0)

k— 00

Since the latter inequality contradicts (4.22), we have completed the proof. O

Theorem 4.11 Letu € 5110’3 () be alocal minimizer of (1.1). There exists a closed
subset S C 2, with |S| = 0, such that Xu is locally Holder continuous in Q2 \ S.

Proof. 'With Propositions 4.8 and 4.9 in hands, the proof of Theorem 4.10 follows
along the lines of that of Lemma 4.3 without major modifications. For more details
we refer the reader to Evans’ paper [E]. O

Proposition 4.9 characterizes the singular set S. One has § = S; U S», where

Si = {po € | lim R—Qf |Xu — Xu,, gl?dp > 0},
R—0F B(po.R)

and

S> ={po € 2| lim Xu,, g does not exist}.
R—07F

Clearly, S has measure zero. In the case ¢ = 2 we can say more about the
singular set.

Theorem 4.12 Let u be as in Theorem 4.10, with g = 2. For every ¢ > 0 one has

Hgp-24¢(5) =0.
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Proof. By virtue of Theorem 3.9 and Corollary 3.10 we have that for each i =
I,...,mand j =1, ...,k
(4.26) Xiu, Tiu € LL(Q).

loc

The conclusion now follows from an argument similar to that in Theorem 4.7.
One needs to use the results from Lemma 4.5, 4.6, the characterization of the
singular set from Proposition 4.10, the Poincaré inequality (see [J], [Va]), and
(4.20). O

Theorem 4.11 generalizes a result of Giusti and Miranda [GM].

5. Partial regularity for non-homogeneous systems via the
Morrey-Campanato approach

In this section we establish the partial regularity of weak solutions of (1.3). Our
results generalize to the sub-Riemannian setting those of Giaquinta and Giusti in
[GG2]. Here, in order to treat systems whose right hand side satisfies the natural
growth conditions (1.5), we need to assume a priori the boundedness of the weak
solution |u| < M. In connection with (1.4), (1.5), we also assume

(5.1) a(M)M < A(M)/2.

For the necessity of (5.1) see [Gi] Remark 1.3, Chap. 3. Since for the most part
the proofs of the results in this section follow closely those of their Euclidean
predecessors, we provide only sketches of the arguments, emphasizing only the
parts where the results of section three are used.

We begin by introducing several preliminary results. The first is a maximum
principle for constant coefficients systems which extends a result of Cannarsa [Cal].

Lemma 5.1 Let ¢ € Ellc;f(B(e, 1)) N L*°(B(e, 1)), and assume that X¢ €
M2O(B(e, 1)). Set

L? = sup rz_Q/ |X¢|2dp < 00.
po€B(e,1),r>0 B(po,r)NB(e,1)

Letv € Ello’g(B(e, 1)) be a weak solution in B(e, 1) of the constant coefficient
system

m N
> YA =0
i,j=1p=1

withv—¢ € E(l)’z(B(e, 1)), and Afl]ﬁ satisfying the coercivity condition (1.7). There
exists a constant C > 0 independent of v, and ¢ such that

sup [o] < C( sup ||+ L).
B(e,1) B(e,1)
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Proof. The proof is divided in two parts. First we show that
(1) sup lv|> < C( sup |¢|2+L2+ sup rz_Q/ |Xv|2dp>.
B(e,1) B(e,1) Po€B(e,1),r>0 B(po,r)NB(e,1)
To conclude the proof we then establish the following Campanato-type estimate
(i) sup r>Q / |Xv|2dp <CL>.
Po€B(e,1),r>0 B(po,r)NB(e,1)

In order to prove (i) let p, € B(e, 1), and set d = d(p,, dB(e, 1)) = d(po, 20)
for some z, € dB(e, 1). In virtue of (3.22) forany 0 < r < R = min(d, 1) one has

0 / wi2dp < CRC f wPdp <
B(po,r) B(po,R)

c[ sup |p]* + R—Qf | — Ulzdpi|.
B(e,1) B(z0.2R)NB(e, 1)
From the Poincaré inequality we infer
r—Qf lv|2dp < c[ sup |¢)> + L% + Rz_Qf |XU|2dpi|.
B(pow,r) B(e,1) B(z0,2R)NB(e,1)

The latter inequality gives the estimate (i). In order to prove (ii) we observe
that the functionw = ¢ — v € E(l,’z(B(e, 1)) is a weak solution of the system

m N m
APx.xw=Y X;Fla=1,..,N
ij J i
i=1

i,j=1p=1

where

m N
Fia = ZZAZﬂXJ(bOl =1,...N
j=1p=I1

in B(e, 1). Let p, € B(e, 1),andr > 0. Choose a test function n € C5°(B(po, 2r)),
such that n = 1 in B(p,, r) and | Xn| < Cr~!. If we multiply both sides of the
latter equation by wn? and integrate by parts, then by (1.7) we obtain the following
energy inequality

/ X — Xol?dp < cf \FPdp
B(po,r)NB(e,1) B(p,,2r)NB(e,1)

<C f |X¢|2dp.
B(po,2r)NB(e,1)

From Schwarz inequality one infers

/ xePap=c X¢Pdp.
B(po,r)NB(e,1) B(poy,2r)NB(e,1)

The estimate (ii) follows from the latter inequality, once we multiply both sides
by r2~€ and take the supremum over all gauge balls B(p,, r). O
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One of the main ingredients in the proof of partial regularity for non-homo-
geneous systems is the higher integrability of the gradient of the solution.
Lemma 5.2 Letu € L'llo’cz(Q) be a bounded weak solution of (1.3), and assume
that (1.4), (1.5) and (5.1) hold. There exists g > 2 such that for every B(p,, 2r) C Q
one has

1_1
(5.2) 1Xull Lacaepony < 2072 CIA + 1XuDI 250, 20)-

Moreover; if the right hand side of (1.3) is zero (i.e. a(M) = b = 0), then one
has

e

1
(5.3) 1Xull Lo < 272 ClXull 2080, 20

Proof. The hypothesis (1.4), (1.5) allow to prove a reverse Holder inequality
for the function (1 4 |Xul). The proof is standard and rests on the Caccioppoli
and Poincaré-Sobolev inequalities in section two. Once we have the reverse Holder
inequality, then a well-known argument (see [Ge], [BI], [FSC] and Chap. 5 in [Gi]),
yields the higher integrability of the horizontal gradient. In the homogeneous case,
when a(M) = b = 0, the reverse Holder inequality can be proved directly for
the function | Xu|, without need of the additional constant. The higher integrability
argument mentioned above yields inequality (5.3) (see also Remark 4.8 for more
references). O

The next lemma is the main step in the regularity proof, it substitutes the
blow-up argument in section four. We shall suppose that the coefficients Af‘ﬂ are
continuous functions of their arguments, and we shall denote by w(r) a bounded
continuous function such that

JA(x, u) — A(y, V)| < o(lx — y[* + [u — v]?),

whenever x, y € Q and |u|, [v] < M. Without loss of generality we may assume
that w is increasing, concave and w(0) = 0 (unless the coefficients A are uniformly
continuous one cannot expect w to be continuous).

Lemma 5.3 Let G be a Carnot group of step two and Q C G an open set. Let
u e Ello’cz(Q) be a bounded weak solution of (1.3), and assume that (1.4), (1.5) and
(5.1) hold. There exists Ry = Ro(M, a, b) > 0 such that for each point py € Q
and for every 0 < r < R < min(Ry, d(po, 052)), one has

5.4) <Lﬂxﬁwpsc/ .

2 r\ @
(4 XuP)dp| (%) +x(po. B .
B(po.r) B(po.R)

where
q=2
q

x(po. R) = R+ <25(R)q2;‘12 + o(CH(R)) ¢,

and ¢(R) = R*2 fB(po,R)(l + | Xul®)dp, with g > 2 is as in (5.2).
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Proof. First we prove that there exists R > 0 such that

(5.5) sup rz_Q/ |Xu|2dp < Csup |u].
r<R,B(po,r)C2 B(po,r) Q

Let B(po, 2r) C . Set ¢ = nu, with n € C°(B(po, 2r)) n = 1in B(po, 1),
|Xn| < Cr~! and use it as a test function in the weak form of (1.3),

N m
3 /B( 2)(A§?‘f(x, u)Xju’B)X,-¢a(x)dx
p=1i,j=1"7P0:="

= / e, u, Xu)p®* x)dxa=1,...,N
B(po.2r)
By means of (1.4), and (1.5) we obtain the Caccioppoli inequality

f | XuPrP(dx < Cr2 f P (odx + / 100l () P (o).
B(po,2r) B(po,2r) B(po,2r)

<cr / P ()dx + / @Dl XuPif + b luliP)dsx.
B(po.2r) B(po.2r)
Now we use (5.1) and obtain for every p € 2 and small r > 0,
(5.6) f |Xul® < Cré—2[M?* + br’ M.
B(p,r)

The estimate (5.5) follows from (5.6) if we choose R > 0 small enough so that

br* < M. Inequality (5.4) is obvious for § < r < R, hence we will consider only

thecase 0 < r < g.

Next, we split u as u = v + w, where v € Lllo’f(B(po, R/2), R") is a solution
of

2n N
3 S AL (po. ) po.r) XiX 1P =0,
i,j=1p=1

with boundary data v — u € E(l)’z(B(po, R/2)).
Recall that by (3.25) we have that for any 0 < r < R/2 the following inequality

holds
0
f |Xu|2dx§c(1) / | Xv|2dx.
B(0,7) R7 JB(po,R/2)

From Lemma 5.1 and (5.5) one obtains

5.7 sup |v| < CM.
B(po.R/2)

From (5.7) we deduce that |w| < CM.
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Observe that w € L(l)’z(B(po, R/2),R™), is a weak solution of the system

N m
>0 / (A5 (0. wp k)X P ) Xig™ ()
B(po,R/2)

B=1i,j=1

=/ , (Al?‘jf‘(po, po.rs2) — AT (x, u))ijﬂXid)“(x)dx
B(po.R/2)

—}—f o, u, Xu)*(x)dx. a=1,...,.N
B(po,R/2)

Set ¢ = w and we obtain the Caccioppoli inequality

(5.8) f |Xw|*dp < C[ (@ + |w])| Xu* + / |lwldpl,
B(po,R/2) B(po,R/2) B(po,R/2)
where @? = @?(R? + |u — upy r/2]?).
From the Poincaré inequality we have
: lwldx < CR ! |Xwld
—_— w|ax = —_ w\ldx
|B(po, R/2)| JB(po,R/2) [B(po, R/2)| JB(po,R/2)

1
< CR(s/ | Xw|?dx + —).
B(po.R/2) &

From (5.8) and the Poincaré inequality we obtain

(5.9)
1

[B(po, R/2)| JB(po,R/2)

1

w]dx < CR<7
[B(po, R/2)| JB(po,R/2)

a1+ |Xu|2)dx>.

To complete the estimate of the terms in (5.8) we use the results in Lemma 5.2
and obtain

1
(5.10) S o”| Xu|?dx
[B(po, R/2)| JB(po,R/2)

q=2

. 42
<C—— (1+|Xu|2)dx<7 a)zq/(q_z)dx> o
[B(po, B)| JB(po.R) [B(po, R/2)| JB(po,R/2)

where ¢ > 2 is as in (5.2). Since w is bounded we have ©?%/?=? < Cw. Being w
concave, then Jensen inequality and (5.10) yield
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1
(5.11) S ?| Xu|?dx
[B(po, R/2)| JB(po,R/2)

1

= B0 B gy X
) w<CR2 T 1BGo B Japon ”p°’R'2dx>
< c— 1 (14| Xu|?)dx
[B(po, B)| JB(po.R)
x a)(CRzm B(po,R)(l + |Xu|2)dx>.

Similarly we obtain

1
(5.12) S — w| Xu|*dx
[B(po, R/2)| JB(po,R)

q=2

|w|2dx) “,

where the constant C depends on M as well. At this point we recall (5.8), that
together with (5.9)—(5.12) and the Poincaré inequality yields

1

— (1+ |Xu|2>dx(
1B(po, B J(po. )

|B(po. R)| JB(po.R)

(5.13) / |Xw|?dp < Cx(po, R) (1 + [Xu|®)dp.
B(po,R/2) B(po,R)

To conclude the proof we use (3.25) and obtain for 0 < r < g,

f (1 + | Xu|Pdx < c[f (1 + |Xv|>)dx +/ |Xw|2dx:|
B(po,r) B(po,r) B(po,r)

r\@ 2 2
<cC (—) (1 + | Xv?)dx + | Xw|2dx |.
R7 " JB(po.R/2) B(po.R/2)

The conclusion follows at once from the latter, from the argument in the proof
of (ii) in Lemma 5.1, and from (5.13). |

We are now ready to prove the main result of the section.

Theorem 5.4 Let G be a Carnot group of step two and Q2 C G an open set. Let
u e Ello’cz(Q) be a bounded weak solution of (1.3), and assume that (1.4), (1.5) and
(5.1) hold. There exists a closed set S C 2 such that u is a—Holder continuous in
Q\ Sforevery0 <o < 1and Hp_2_(S) =0 for some ¢ > 0.
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Proof. From Lemma 5.3 one has that for 0 < 6 < 1 the following estimate holds
(5.14) $(OR) < CO*(R)(1 + x(po. RO~ 2).

Fix « € (0, 1). Choose 6 in such a way that 2C62~2% — 1. If, for some R > 0
small enough

(5.15) x(po, R) < 69,
then we can iterate (5.14) starting from

$(OR) < CT¢(R),
and obtain

$(O*R) < CT*¢(R),

which implies

f |Xu|?dx < CrQ—2+2°‘[/ 1+ |Xu|2)dx:|.
B(po.r) Q

From the latter and the Poincaré inequality it follows that u is a—Holder
continuous in a neighborhood of pg. The singular set of u is characterized by
inequality (5.15), from which it is easy to infer that

S={poeQ liminfRz_Q/ | Xul*dp > 0}.
R—07 B(po.R)

The estimate on the Hausdorff dimension of § can be proved arguing as in Theo-
rem 4.7. |

Theorem 5.1 holds for coefficients which are merely continuous. When A?f

are Holder continuous, then the horizontal derivatives of u are Holder continuous
too.

Theorem 5.5 Letu, Q and S be as in Theorem 5.4. IfA?j’3 are Holder continuous
with exponent o, then Xu is locally Holder continuous with the same Holder
exponent in the set Q \ S.

Proof. We follow the argument in [GG2]. Since 0 < ¢ < 1 is the Holder coefficient
of the Af‘f , then we have

(5.16) o(r) < Cro/?.

Let Q) cC Q\ S and let d = %d(Ql, AR\ 5)). Let po € Q1 and R <
min(1, d). Following the argument in Lemma 5.3, we split u = v+ w in B(po, R).
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Using (3.23) we obtain for 0 < r < R, the estimate

(5.17) f | Xu — (Xu) po.r|2dx
B(po,r)

r Q+2
< c[(-) / |Xu — (Xu) py g|*dx +/ |Xw|2dx}.
R B(po,R) B(po,R)

From (5.13), (5.16) and as a consequence of (5.15) we obtain

/ |Xw|?dx < CRC™ 2+2a+m,<q 2)
B(po.R)

for every 0 < o < 1. Consequently (5.17) yields

(5.18) f |Xu — (Xu) py | 2dx
B(po,r)
0+2 -2
= C[(5> f | Xt — (Xu) p, ke + RO 2000 }
R B(po.R)
)]

If « is close enough to 1, so that 2o + ao-“—= > 2, then using a standard
argument (see Lemma 2.1 in [Gi], Chap. 3) we can readily deduce that Xu is
Holder continuous in €21 with some exponent. In particular, Xu is locally bounded
in the same set. Now we want to prove that Xu is locally Holder continuous in €21
with exponent o. Using the boundedness of Xu in (5.8) along with the Poincaré
inequality, we can prove

f | Xw|?dx < CROt%.
B(po,R)

The proof is concluded once we introduce the latter inequality in (5.17), and use
the iteration lemma 2.1 in [Gi], Chap. 3. O

For the scalar (diagonal) case the reader should consult [XZ], [C1] and [C2].
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