Boundary regularity for elliptic systems under a
natural growth condition
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Abstract

We consider weak solutions u € ug+Wy? (2, RY)NL>*(Q,RY) of second order nonlinear elliptic
systems of the type
—diva(-,u,Du) = b(-,u, Du) in Q

with an inhomogeneity satisfying a natural growth condition. In dimensions n € {2, 3,4} we show
that 3"~ !-almost every boundary point is a regular point for Du, provided that the boundary data
and the coefficients are sufficiently smooth.
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1 Introduction

In this paper we are concerned with the existence of regular boundary points for the gradient of bounded,
vector-valued weak solutions v € W12(2, RV)NL>(Q, RY) of nonlinear, inhomogeneous elliptic systems
of the form

—diva(-,u,Du) = b(-,u, Du) in Q (1.1)

with boundary values ug on 9 in the sense of traces. Here  C R" is a bounded domain of class C1:*
and uy € CL2(Q,RY) for some a € (0,1). The coefficients a : Q x RY x R"™™ — R™V are assumed
to be Holder continuous with exponent o with respect to the first two variables and of class C! in
the last variable, satisfying a standard quadratic growth condition. Furthermore, we assume that the
right-hand side b: Q x RY x R™™ — R satisfies a natural growth condition and that an additional
smallness condition on ||u|/;~ holds. In general we cannot expect a weak solution to a nonlinear elliptic
system — in contrast to weak solutions to a single equation — to be a classical one of class C?, see
[15, 24]. Nevertheless, a partial regularity result still holds true which can be stated as follows: every
weak solution u € W12(Q, RY) N L*°(2, RY) to the inhomogeneous system (1.1) is of class C! near a
point x( if and only if a certain excess quantity is sufficiently small and the mean values of u and of Du
on balls B,(zo) do not not diverge for p \, 0. To be more precise, if we denote by

Regp, (Q) := {zo € Q: Due C°(Q1n A, R"Y) for some neighborhood A of z }

the set of regular points for Du (in the interior and at the boundary), and by Singp,, () := Q\Regp,, ()
the set of singular points of Du, then the singular set is characterized via Singp,, () = ¥ U 3, with

¥ o= {xo €Q: liminf][ ‘Du - (DU)QHBP($O)|2dJZ > 0 or limsup KDU)QNB,,(%)‘ - oo} ’
QNB, (o) .

p— 0t p—

PIRES {xo € Q: limsup |(U)QQB[7(IO)‘ = oo}.
p— 0T

Furthermore, the gradient Du of the weak solution is locally Holder continuous with exponent « in
a (small) neighborhood of every point ¥y € Regp, (), see [26] (and [30, 6] for the non-quadratic
analogues). This is the up-to-the-boundary extension of the interior partial regularity results obtained
in various papers starting from [23, 21, 31]. By Lebesgue’s differentiation theorem, the regularity

criterion stated above applies to almost every point in €2, whence |2\ Regp, (Q)| = 0. However, this
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does not yield the existence of even one single regular boundary point for weak solutions to general
nonlinear elliptic systems, since the boundary 0f) itself is a set of Lebesgue measure zero. By contrast,
due to Giaquinta’s counterexample [20], it is well known that singularities may occur at the boundary
even if the boundary data is smooth.

The question of dimension reduction of the singular set (in the sense that it is not only negligible
with respect to the Lebesgue measure but that its Hausdorff dimension is bounded strictly below n)
has received considerable attention in recent years. Some significant results were first obtained for weak
solutions to systems satisfying special structure conditions: for quasilinear systems of the form

—div (a(-,u) Du) = b(-,u,Du),

various partial regularity results were established, stating that the weak solution u (instead of its first
derivative) is locally Holder continuous. To bound the Hausdorff dimension of the singular set Sing,, (£2),
we recall that a regular point g € € of u is a point where u is locally continuous and is characterized

via a smallness condition on the lower order excess functional

2
][ |u— (Wang, @) dz,
QQBP(CEQ)

e.g., see [23, 14, 38, 25, 3]. Since the set of non-Lebesgue points of every WP -map has Hausdorff
dimension not larger than n — p, the Hausdorff dimension of Sing, (Q) cannot exceed n — 2. If the
coefficient matrix a(-,-) of the quasilinear system is further assumed to be of diagonal form, it is known
that the weak solution is a classical solution (see [42] where boundary regularity is included). Useful
estimates for the singular set are also available for nonlinear elliptic systems obeying special structure
assumptions: for instance, Uhlenbeck established in her fundamental paper [41] a strong maximum
principle for the gradient Du of weak solutions to nonlinear systems, provided that the nonlinear part
of the coefficient function only depends on the modulus of Du. This was the key to obtain everywhere-
regularity for Du. For an extension to the nonquadratic case we refer to [40, 1]. However, neither could
Uhlenbeck’s techniques be carried over to the boundary, nor is a suitable counterexample available in the
literature, leaving the question of full boundary regularity open for such systems. Turning the attention
to general nonlinear elliptic systems, we observe that a direct comparison technique allows to infer local
Holder continuity of the weak solution outside a set of Hausdorff dimension n — p in low dimensions
n < p+ 2, see [10, 11, 4, 5, 8]. By contrast, in arbitrary dimensions n the reduction of the Hausdorff
dimension of the singular set Sing,,, () for the gradient Du was a long-standing problem. It was finally
tackled by Mingione [37]: he studied the interior singular set Singp,,,(€2) in the superquadratic case p > 2
for systems without u-dependencies and with inhomogeneities obeying a controllable growth condition,
and he succeeded in showing that the Hausdorft dimension of Singp, (£2) is not larger than n — 2a.
In [36] he extended these results to systems with inhomogeneities under a natural growth condition,
covering also systems explicitly depending on u, provided that n < p + 2 is satisfied.

We now return to the existence of regular boundary points: we first observe that for this aim the
almost-everywhere regularity result has to be improved to a bound for the Hausdorff dimension less than
n — 1 because this yields immediately that almost every boundary point is regular. Consequently, our
objective is to identify additional assumptions on the coefficients or on the space dimension which guar-
antee this dimension reduction. A result in this direction was recently obtained by Duzaar, Kristensen
and Mingione [18]: they considered weak solutions u € W1P(Q,RY), p € (1,00), of the homogeneous
Dirichlet problem corresponding to (1.1) and developed a technique which allows to carry the estimates
in [37] up to the boundary, implying in particular the existence of regular boundary points, provided
that n —2a < n — 1 (or equivalently o > %) is satisfied. More precisely, the authors obtained for every
a € (%, 1] that almost every boundary point is regular if the coefficients a(z, z) have no u-dependency
or if n < p+ 2 holds. In the quadratic case they improved this result in two ways: on the one hand,
inhomogeneities with controllable growth were included, and on the other hand the condition on « was
sharpened to a > % — ¢ for some number ¢ > 0 stemming from an application of Gehring’s lemma.
We further mention that various results establishing better estimates for the (interior) singular set of
minimizers of variational integral can be found in [33, 34].

The main result in this paper is an extension of the result [18] to bounded weak solutions to inho-
mogeneous systems under a critical growth condition on the inhomogeneity (giving also an alternative
proof of [18, Theorem 1.3]), namely the improvement of the estimate | Sing,,,(€2)| = 0 in the following
sense:
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Theorem 1.1: Consider n € {2,3,4} and a > % Let Q C R™ be a domain of class CY® and ug €
O (Q,RN). Assume that u € ug+Wy > (Q,RN)NL=(Q,RN) is a weak solution of the Dirichlet problem
(1.1) under the assumptions (H1)-(H3) and (B) from Section 2, and suppose that ||ul| o r~yy < M for
some M > 0 such that 2L M < v. Then H"'-almost every boundary point is a regular point for Du.

This result was presented as a part of the author’s PhD thesis [7] where most of the proofs and
calculations are discussed in detail. In addition, some extensions and open questions concerning the
dimension reduction of the singular set are collected in Section 6. In particular, in view of an observation
by Kristensen and Mingione [34], it is possible to replace a part of the Holder continuity assumption
on the coefficients with respect to the z-variable (in the sense that it is only required with an arbi-
trary exponent) by an additional fractional differentiability assumption on the map = — a(z,u, z), see
Theorem 6.4.

We close this introductory part with some remarks about the ideas behind the arguments and the
techniques used within this paper. The strategy can be described as follows: To simplify matters
we initially consider coefficients of the form a(z, z): If they are Holder continuous in x with arbitrarily
small exponent, we know dims¢(Singp,, (Q2)) < n. If they are instead Lipschitz-continuous, then standard
difference quotients reveal Du € W12(Q, R*V) which implies that dims¢(Singp,,(Q2)) < n—2. Therefore,
the upper bound on the Hausdorff dimension of Sing,,, () reflects the regularity of the coefficients in
x. This gives the impression that the regularity of the coefficients is related not only to the regularity
of the solution (namely the local Holder continuity of Du to the same exponent), but also to the size
of the singular set. Working from this observation, Mingione [37, 36] introduced a remarkable new
technique and accomplished in the interior an interpolation between Lipschitz continuity on the one
hand and Hélder continuity on the other: for general a-Holder continuous coefficients the existence of
higher order derivatives of the weak solution cannot be expected, but it is still possible to differentiate
the system (1.1) in a fractional sense. This leads to the desired upper bound n — 2« for the Hausdorff
dimension. If the coefficients a(x, u, z) now depend explicitly on w, the situation becomes more complex
and the estimates are technically much more involved. To follow the line of arguments above we have
to investigate the regularity of the map x — (z,u(x)). If the weak solution u is a priori known to be
everywhere Holder continuous then z — (z,u(z)) is also Holder continuous and the arguments apply
with only marginal modifications. However, in general this map is no longer continuous, because v may
exhibit irregularities. Nevertheless, at least in low dimensions n < p+ 2, local Hoélder continuity of weak
solutions is guaranteed outside of closed subsets of Hausdorff dimension less than n — p. In other words,
the set of points where u is not continuous — and where = +— (z,u(z)) is not regular — has sufficiently
small Hausdorff dimension, hence, restricting the analysis of Du to the regular set Reg,(Q) of u, we
still arrive at a good result for dimg((Singp,,(£2)), see Theorem 6.1.

In the interior this method relies essentially upon finite difference operators, fractional differentia-
bility estimates for the gradient Du and interpolation techniques dating back to Campanato [12, 9],
combined in a delicate iteration scheme (applied for elliptic and parabolic systems [37, 36, 19]), and the
necessary estimates are deduced by testing with (differences of) the solution. At the boundary some
severe problems are caused by the fact that testing is allowed only for differences in tangential direction:
hence, the normal direction still has to be recovered by exploiting the system of equations (which follows
immediately if second-order derivatives exist). This problem was overcome first for homogeneous ellip-
tic system (and inhomogeneous systems under controllable growth) by an indirect approach developed
by Duzaar, Kristensen and Mingione [18]: via a regularization procedure involving both the original
coefficients a(-, -, ) and the specific solution u, a family of comparison maps is constructed for which the
existence of second-order derivatives is known. This allows to gain higher integrability for Du which
in turn is used to improve the integrability of the comparison map by means of Calderén-Zygmund
estimates (provided in [33, 7]) in the next iterative step.

When trying to apply this approach for inhomogeneous systems under critical growth, several critical
difficulties arise: most importantly the propagation of higher integrability via the Calderén-Zygmund
theory seems not to be clear since the natural growth condition merely gives L'*9 for the right-hand
side with some (small) 6 > 0 (coming from the higher integrability of Du) rather than the necessary
prerequisite L9/ ®=1) for some ¢ > p. For this reason we exploit the system differently and replace the
indirect comparison principle by a direct method, introduced by Kronz [35] as a promising approach
for up-to-the-boundary regularity results including upper bounds for the Hausdorff dimension of the
singular set, with the flexibility to attack higher order systems. Kronz observed that estimates for the
tangential differences suffice to control the averaged mean deviation with respect to mean values taken
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over slices in tangential direction. Using an alternative definition of fractional Sobolev spaces based on
pointwise inequalities, this helps to deduce a fractional differentiability property for the system, which
then gives further information on the gradient of the solution. The overall strategy remains unchanged,
i.e. existence of regular boundary points is still proved by a dimension reduction argument for the

singular set Singp,, (€2): The key tool here is the observation that if Du belongs to a fractional Sobolev
space WOP then the characterization of Singp,,(2) and a measure density result allow to conclude
that the Hausdorff dimension of Singp,, (£2) does not exceed n — #p. The proof of such a fractional

differentiability estimate for Du is now sketched in a series of steps:

Strategy of the proof:

Simplifications: Tt suffices to consider the model situation 2 = B* and solutions v € W1H2(B*t RY) N
L>(B*,RY) which vanish on the flat part of the boundary. The general situation then follows from a
transformation argument. Furthermore, we assume Holder continuity of v on BT with some exponent
A > 0. This is justified by the fact that the solution is Holder continuous outside a set of Hausdorff
dimension n — 2 in dimensions n € {2, 3,4}.

Tangential differences: Testing the system with differences of the solution up to the boundary is
only allowed for tangential directions (because zero boundary values on the flat part are maintained for
the test function). Taking into account the assumptions on the coefficients and the inhomogeneity, we
end up with an integral estimate for |Du(z + hes) — Du(x)| for all unit directions es L e,, telling that
its L?norm decays like ¢|h|*/? (with o denoting the Holder exponent of the continuity condition on
the coefficients with respect to the first and the second variable).

An estimate for tangential derivatives: If finite differences of the full derivative Du are estimated,
then it is reasonable that also normal differences of only the tangential derivative denoted by D’u are es-
timated similarly (if we think of Lipschitz-continuous coefficients a(x, Du) for example, this observation
is trivial since the previous step yields the existence of second order derivatives D' Du = DD’u). This
is in fact true (up to a small loss in the power of |h|), and we thus get a first fractional differentiability
estimate for D'u.

Towards the normal derivative: Information about D,u can only be gained out of the system (in
case of Lipschitz-continuous coefficients a(xz, Du), the existence of the second order normal derivative
D, Du is obtained from the system of equations —D,a,(z, Du) = 2;11 Dyag(x, Du) + b(x,u, Du)
in a standard way). Looking at the simple example — div (f(ﬂmu)Du) = b(x,u, Du) we get a first
idea on how the coefficients might serve to improve the differentiability of D,u, because we then have
an(z,u, Du) = f(x,u)Dyu, meaning that a,(z,u, Du) is the missing normal derivative up to a Holder
continuous perturbation (a similar property holds true for the general coefficients). For the moment let
us concentrate on a,(z,u, Du): mimicking the differentiable situation to a certain extent, we show by
means of the estimates for tangential differences of Du that slice-wise mean values of a,, (z, u(z), Du(z))
are differentiable in the weak sense in the x,-direction, and as a consequence, we obtain that the map
2+ an(x,u(z), Du(z)) is in a fractional Sobolev space.

An estimate for the normal derivative: Taking advantage of the ellipticity and the boundedness
condition assumed for the coefficients, we find that differences of D, u are essentially dominated by
those of a,(z,u, Du) and of the tangential derivative D'u. Together with a corresponding estimate
for the tangential derivatives of u, this leads to a fractional differentiability result for the full gradient
Du € W2 for every v < 1.

Getting rid of A: By an interpolation technique we gain higher integrability out of the fractional
differentiability of Du. This in turn is used to improve the differentiability of Du in a suitable iteration
procedure up to the final result Du € W72 for every v < 1.

2 Structure conditions and notation

We impose on the coefficients a: Q x RY x R™ — RV standard conditions (here stated for general
p-growth, even if we will concentrate on case p = 2): the mapping z — a(z,u, z) is a continuous vector
field, and for fixed numbers 0 < v < L, p € (1,00) and all 2,7 € Q, u,u € RV, 2 € R™V the following
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growth, ellipticity and continuity assumptions hold:

(H1) a has polynomial growth and is differentiable in z with continuous, bounded derivatives:
1 p=1

a1, 2)| + (14 [#?)* |Daalw,w )| < L(1+[2)F

(H2) a is uniformly strongly elliptic, i. e.
p=2

Doa(z,u,2) A A > v (1+[2?) = |Af VA eR™W,

(H3) There exists a nondecreasing, concave modulus of continuity w, : R™ — [0,1]
such that w,(s) < min{1,s*} for all s € RT and

la(z,u,2) — a(@,8,2)] < L(1+]22) " wallz -] + Ju—1al).

The latter condition (H3) prescribes uniform Holder continuity with respect to the (x, u)-variable with
Holder exponent « (for fixed z). Moreover, we assume the inhomogeneity b: 2 x RY x R™¥ — R to
be a Carathéodory map, that is, it is continuous with respect to (u, z) and measurable with respect to
z, and to satisfy a natural growth condition of the form

(B) there exists a constant Lo (possibly depending on M > 0) such that
|b(:c,u, Z)‘ <L+ L |Z|p
for all z € Q,u € RY with |u| < M, and z € R™V .

We further make some remarks on the notation used below:

(Half-)Balls, cubes and cylinders: We write B,(y) = {z € R : |z —y| < p} and Bf (y) = {x € R :
Zn >0, |z —y| < p} for an n-dimensional ball or the intersection of the ball with the upper half-space
R"~! x R*, centered at a point y € R™ (respectively € R"~1 x Rar in the latter case) with radius p > 0.
In the case y = 0 we set B, := B,(0), B := By as well as B := Bf(0), B" := B;. Furthermore, we
denote by D,(y’) the (n — 1)-dimensional ball D,(y') := {x € R""!: |y — /| < p} for y/ € R""!, and
by Z,(y) the open cylinder on the upper half-plane R"~! x RT

Zy(y) = D,y(y') x (max{0,yn — p},yn +p) = Dp(y') x I,(yn)

for a center y =: (v, yn) € R™ with y,, > 0. Similarly as for balls, cubes with center y € R™ and side-
length 2p are denoted by Q,(y), upper half-cubes by Q7 (y), and we further write Qg(y) =0Qf(y) N
R"~! x {0} (with the corresponding abbreviations for y = 0 and if p = 1).

Function spaces: We will work with functions belonging to the Hélder spaces C1%, o € (0, 1), and
the (fractional) Sobolev space W% 6 € (0,1],p € [1,00). The definition for noninteger values of ¢
and some preliminary material is collected in the next section. Moreover, we introduce the following
notation for W'?-functions defined on a upper half-cubes Q7 (y) which vanish on Q) (y) (in the sense
of traces):

WEP(QF (), RY) == {u € W"P(Q (y),RY) :u=0o0n Q(y)}.

where y, < p is satisfied; the subspace of functions vanishing on the whole boundary is denoted by
WO1 P, Sometimes, it will be convenient to treat the tangential derivative D'u := (Dyu, ..., D,_1u) and
the normal derivative D,u of a Sobolev function u separately.

Measures and mean values: For a given set X C R* we write L*(X) = |X| and dimg(X) for
its k-dimensional Lebesgue-measure and its Hausdorff dimension, respectively. Furthermore, if h €
LY(X,RY) and 0 < |X| < oo, we denote the average of h by (h)x = f y hdz, and when working on
cylinders we will use the abbreviation (v)z, , := (v)z, (o). We further define the slice-wise mean value
of win D, ((z¢)’) at almost every height z,, € I,((z¢)n) via

(U)mg,p(xn) = ][ U(l'/, l'n) dz’ .
Dy ((x0)")

The constants ¢ appearing in the different estimates will all be chosen greater than or equal to 1,
and they may vary from line to line.
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3 Fractional Sobolev spaces and finite differences

In what follows, we will use the notation of [2] (see also [33, 18]). For a bounded open set A C R,
parameters 6 € (0,1) and ¢ € [1,00) we write u € W?9(A, RY) provided that u € LI(A,RY) and the
following Gagliardo-type norm of u defined as

fulbwencay o= ( [ lutoirar) o+ ([ [ BEM0L 4rg,)¢

is finite. In order to formulate a general criterion for a function to belong to a fractional Sobolev space
we introduce the finite difference operator 7. j, with respect to a direction e € B; C R"™ and with stepsize
h € R via

Te,hG('r) = Te,}L(G)(x) = G(.’E + h@) - G(.T)

for a vector valued function G : A — R (this makes sense whenever z,z + he € A). If e = e,
s € {1,...,n}, is a standard basis vector, we use the abbreviation 75 instead of 7._ 5. These finite
differences are related to the fractional Sobolev spaces (in the interior as well as in an up-to-the-boundary
version) via the next lemma:

Lemma 3.1 ([32], Lemma 2.5; [18], Lemma 2.2): Let G € L9(Q%5,RY), ¢ > 1, and assume that
for 8 € (0,1], M > 0 and some 0 < r < R we have

> / T n G|t dz < M |h|®
s=1 Qj ’

for every h € R satisfying 0 < |h| < d where 0 < d < min{l, R — r} is a fized number. In the case
s = n we only allow positive values of h. Then G € Wb’q(Q[f,]RN) for every b € (0,0) and p < 7.
Moreover, there exists a constant ¢ = c¢(n,q) (in particular, independent of M and G) such that the
following inequality holds true:

G(y)|? M1g2(6—b) |QE‘
dedy < ( Gl?dz),
/Q+ /Q+ |a: - |"+bq TS\ Ty T e Qf < m)

where € := min{r — p,d}. In the interior the same result holds true without any constraint on the sign of
h with respect to the direction of the differences 75 . Moreover, we can consider (half-)balls or cylinders
instead of cubes.

In the case where G is the weak derivative of a W14 function v and where an estimate for finite differ-
ences only in tangential direction is known, we are still in a position to state a fractional differentiability
result which is limited to the tangential derivative of v:

Lemma 3.2: Letv € Whd( E,RN), q > 1, and assume that for § € (0,1], M > 0 and some 0 <r < R
we have

n—1
Z/ |Te.nDv|? dz < M |h|? (3.1)
s=1 Qj—
for every h € R satisfying 0 < |h| < d where 0 < d < min{l,R — r} is a fized number. Then
D'v=(Dyv,...,D,_1v) € Wb’q(Q;‘,R("_l)N) for every b € (0,0) and p < r.

ProOOF: We first fix b € (0,0) and p € (0,7). We consider arbitrary numbers A’ € R and h € R
satisfying 0 < |h|,[h/| < min{d, "52}. Then, using Young’s inequality, standard properties of the
difference operator and the assumption (3.1) on finite differences in tangential direction, we conclude
for every € € (0,0) and s € {1,...,n—1}:

|h/|7(9fs)q|h‘7(1+e)q/Jr |7’n,h/7's,h7's,—hv\qd$

r—2d

< (W4 ) [ ool do
j—Qd
< 2\h’\7q|h|70q/ |Ts,h7'n,h/v\quc+2|h\7q76q/ |76 1 Ts,—nv|? dz
Q:‘,d 'j'—fd

IN

2\h|—@/ |TS,thv|de+2|h|—9Q/ (7o nDv|?da < 4 MO
QF QF
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uniformly in h, A’. From [16, Lemma 2.2.1] we infer (for possibly smaller values of |h|)

|h/|—(6—a)q |h|—q/ |To e Tsnv|%dr < c (/ | Dv|? dz + Mq) ,
Qf Qh
and the constant ¢ depends only on 6, q,e,d and r — p. Considering the limit h — 0, we hence end up
with
\h’\_(e_s)q/ |Tn.h Dsv|?dz < ¢ (/ |Dv|? dz + Mq) )
+ Q+
r—2d R

Keeping in mind that the index s € {1,...,n — 1} is arbitrary, we combine the latter inequality with
(3.1) to find

Z/ |TenD'v|9dx < c|h|®==) (/ |Dv\qu+Mq)
s=1 Q:r—2d Q;

for all h € R satisfying 0 < |h| < min{d, ~5#} where we only allow positive values of h if s = n. For

€ = (0 — b)/2 the application of Lemma 3.1 with 0, r replaced by 8 — e, — 2d finishes the proof. O

The following interpolation inequality can be found in [9, Lemma 2.V] and is essentially based on
the inequality in [12, Theorem 2.I] for the case p = 2.

Theorem 3.3: Let \,0 € (0,1], p € (1,00) and u € C**(Q,RY) such that Du € Wo?(Q,R™Y) with
p < n, where Q C RN is an (upper) cube. Then

np(1 + 6)

Du € L*(Q,R"Y) forall s < p—y

Moreover,

/Q |Du|s dx < C(TL, vaa 05 /\7 S, |Q|a HUHWH'B’P(Q,]RN)? [U}CUJ\(@,RN)) .

The next lemma enables us to conclude from difference estimates for a map v an appropriate estimate
for the averaged mean deviation with respect to slice-wise mean values:

Lemma 3.4 ([35]): Let o < 2, n > 2,7 >0, Z,(x9) C Q" for some g € QT UQ°. Furthermore,
assume that v € LP(Z,(x0),RY), p > 1, satisfies

/ i evlP do < K7 B
Zsp(mo)

for some K >0, all e € S~ with e 1 e, and h € R with |h| < 20p. Then, for every B € (0,7) there
exists a function F' € LP(Z,,(x0)) such that

/ \F|Pdx < c(n,p,T, ) KP pl"=#P
ZGP(QJO)

and

il

(]é (z)]i - (2!, 2n) — V(Y 20) [P dy’ dx) < ¢(n, B)r? F(z)

for every exponent p € [1,p), almost all z € QT UQ° and all r > 0 such that Z.(2) C Zy,(x0).
p

A different definition for fractional Sobolev spaces, based on pointwise inequalities, can be derived
as follows: Let  C R™ be a bounded domain, p > 1 and 6 € (0,1]. Following the approach of Hajlasz
in [28], we set

DIP(Q; f) = {g € LP(Q): IE C Q, |E| = 0 such that
[f(@) = f )| < |z —yl”(g9(z) + g(y)) for all 2,y € Q\ E},
and we define the fractional Sobolev space via

MO (QRN) == {f € LP(Q,RN): DP(Q; f) # 0} .



8 L. Beck

M9P(Q,RY) is equipped with the norm

[fllaror@rny = [Ifllze@ry) + geDéIv}’f(Q;f) lgllze o) -

For p € (1,00), due to the convexity of L?, to every f € M%P(Q2,RY) there exists a unique function
g € LP(Q2) which minimizes the LP(Q2)-norm amongst all functions in D??(Q; f). We highlight that
this definition has its origin in the definition of Sobolev spaces in the context of arbitrary metric spaces
(replacing |z — y| by dist(x,y)) and that it does not use of the notion of derivatives (for a more detailed
discussion of the metric setting we refer to [29]). Employing the Hardy-Littlewood maximal function
we see that this “metric” Sobolev space coincides with the classical Sobolev space for the integer order
6 = 1 and sufficiently regular domains (e.g. with Lipschitz boundary). More precisely, provided that
p > 1, there holds M1?(Q,RY) = WP (Q,RY) for all bounded domains {2 with the so-called extension
property, meaning that there exists a bounded linear operator E : WP (Q,RY) — WLP(R" RM) such
that for every f € WHP(Q,RY) there holds Ef = f almost everywhere in Q. Instead, the equivalence
fails if p = 1, see [27]. Furthermore, the definitions of the classical and the metric fractional Sobolev
spaces immediately yield for all bounded domains {2, fractional orders § € (0,1) and p € [1,00) the
following inclusion:

MOP(QRN) Cc WO P(Q,RY)  forall 0 € (0,6).

The following lemma provides an integral characterization of fractional Sobolev spaces for domains
satisfying the mild Ahlfors regularity condition, which demands the existence of a positive constant kg
such that

(Kq) |Bp(x0) N Q| > kq p" for all points zg € 2 and every radius p < diam(9).

In other words: the domain is not allowed to have external cusps. We note that the latter condition is
for example satisfied by the large class of domains with Lipschitz-continuous boundary.

Lemma 3.5: Let Q C R™ be a domain which fulfills an Ahlfors condition (Kq), 6 € (0,1], p € (1, 00).
Then the following two statements are equivalent:

(i) f € M%P(Q,RY)

(ii) f € LY(Q,RY) and there exists a function h € LP(Q) and a radius Ry > 0 such that
][ | = (f)B,@oynel dz < p” h(zo) (3.2)
By (20)NS

for almost all xy € Q and p < Ry.

PROOF: The implication (i) = (ii) follows by standard properties of the Hardy-Littlewood maximal
function for the choice h = 4M(g) with g € D%?(Q; f). The reverse implication (ii) = (i) is an easy
adaptation of the proof of Campanato’s integral characterization of Hélder continuous functions, see
e.g. [39, Chapt. 1.1, Lemma 1]. O

Remarks 3.6: In fact, the following local version of the integral characterization holds: let o € © and
R > 0 such that

][ |f = (f)B,(x)naldr < ¥ h(2)
B, (2)NQ

for almost all z € Q, B,(2) C Bgr(xo) and h € LP(§2) as above. Then there holds f € M%P(Bg/s(xo) N
Q,RN) with
[f() = f(W)| < e(n ka,0) |z —y|° (h(z) + h(y))

for almost all x,y € Bg/s(x0)NQ. In view of Jensen’s inequality and the fact that the Hardy Littlewood
maximal operator is a bounded map from LP to itself, this characterization allows to infer the inclusion

wor(Q,RY) € MOP(Q,RN)

whenever () satisfies an Ahlfors condition (Kq), 8 € (0,1) and p € (1, 00).
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Moreover, we note that (i) implies indeed the following statement: there exists a function h € LP(Q)
and a radius Ry > 0 such that

<][ If — (f)Bp(aco)ﬁQ|qu)q < p? h(o)
Bp(wo)ﬁﬂ

for all ¢ < p and almost all o € Q and p < Ry.

4 Some basic facts about the solution

In what follows, we restrict ourselves to the model case 2 = Q;, and we study weak solutions u €
WEP(QF,RY) N L=(QF ,RN) of the system

—diva(-,u, Du) = b(-,u, Du) in Q7. (4.1)

By a transformation argument this covers the situation of general inhomogeneous systems of type (1.1)
on arbitrary domains Q of class C**®. Moreover, we argue under the permanent assumption that the
weak solution u of system (4.1) is Holder continuous on Q@+ with Holder exponent A for some A € (0,1).
This assumption will later be justified by the fact that in low dimensions the weak solution w is a priori
known to be Holder continuous outside a set of Hausdorff dimension n—2 (and since we are interested in
the behavior of Du on the boundary which is of Hausdorff dimension n — 1 this information is sufficient
to forget about the bad set where w is not Holder continuous).

We now present some tools needed in the remainder of the paper: first, we recall the well-known
Caccioppoli inequality in an up-to-the-boundary version. The fact that the oscillations of u are due to
its continuity arbitrarily small in a cylinder — provided that the side length of the cylinder is chosen
sufficiently small — allows to simplify the estimates which are usually slightly more involved for nonlinear
elliptic systems with inhomogeneities under a natural growth condition. As a matter of fact we here do
not need the smallness assumption |u| < M with 2Lo M < v.

Lemma 4.1 (Caccioppoli inequality revised): Let u € WP (Qf ,RN) N L®(Q5,RY) be a weak
solution of (4.1) under the assumptions (H1)-(H3) and (B). Assume further u € CO*(Q1,RN). Then
there exist positive constants Cegee = Ceace(n, N, p, %, L—lf) and Peace = Peace (D, %, %, A, [u]cox g+ rYy)
such that for every & € RN and every cylinder Z,(y) C QF withy € QT UQ° and yn, < p < Peace there
holds:

][ V(Du) = V(E® en)? dz < Fonee (][
Zp/z(?/)

‘V(iu — g”U”) ‘2 dz + p* (1+ \§|)”+2°‘) .
Zp(y)

p

Here we have used the V-function which is in general defined by V' (€) = (1+|¢|?)P=2/4¢ for all € € RF
for some k € N (in the quadratic case it is just the identity map) and which is in particular a bi-Lipschitz
bijection on R¥. Secondly, we recall an estimate concerning finite tangential differences of Du which is the
starting point to proceed to fractional differentiability estimates for Du and hence to dimension reduction
arguments for the singular set: We consider § € (0,1) and assume u € WP (QF,RN) N L®(QF,RY)
to be a weak solution of system (4.1). Then for every cut-off function n € C§°(Q1-s,[0,1]) and every
tangential direction e € S"~! with e L e, there holds

/ 7]2|Te,hV(Du)|2 der < ¢ <|h|2a/ (1 + |Du(x)|” + |Du(x + he)|? + \h|7p|Te7hu(:r)|p) dx
Qt Q+Nspt(n)

M)

—|—/ (1 + |Du(z)|* + |Du(z + hes)|2) |Te,hu(x)|2a dz
Q+Nspt(n)

+ /Q+ (14 |Du(@)|P) [7e,—n (0 Te nu())] dar) (4.2)

for all h € R with |h| < ¢, and the constant ¢ depends only on n, N, p, %, %, lu]|ze and || Dnl|pe~. We

highlight that this estimate is the up to the boundary analogue of [36, estimate (4.7)], and its proof
follows the line of arguments in [36]: Testing the weak formulation of (4.1) with the function 7. _,¢ for
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pE Wol’p(Q*, RM)NL>®(Q,RY) with spt ¢ C Q1_s, we first use partial integration for finite differences
on the left-hand side which results in integrals involving 7, » (a(z, u(z), Du(z))). Decomposing

Te.h (a(amu(w), Du(m)))
= a(z + he,u(z + he), Du(z + he)) — a(x,u(x + he), Du(xz + he))
+ a(z,u(z + he), Du(x + he)) — a(z,u(x), Du(z + he))
+ a(z,u(z), Du(x + he)) — a(z, u(z), Du(z))
=: A(h)+ B(h)+ C(h), (4.3)

we hence find
/ [A(h) + B(h) + C(h)] - Dpdx = / b(x,u, Du) - Te _ppdx. (4.4)
QF Qt
Choosing ¢ = nzT&hu, we have to estimate the various terms by taking advantage of the growth and
continuity assumptions of the coefficients and the inhomogeneity exactly as in [36], and we then end up
with the desired inequality (4.2).

5 The proof of Theorem 1.1

5.1 Higher integrability of finite differences

We first state a higher integrability estimate for both Du and for finite differences of Du (again mo-
tivated from [36]), which will allow later to end up with a slightly sharper estimate on the Hausdorff
dimension of the singular set. We first observe the well-known existence of a higher integrability ex-
ponent sg > 2 depending only on n, IV, £ % and [u]co, A(@+,r~) such that u € wh SO(QJr RY) for all

p < 1. Furthermore, for every center xg 6 Q+ U Q° and every radius p € (0,1 — |z]) there holds

1 1

(][ Dul de) ™ < e(n, N £, 22, [u ]CO,A(QtRN))(][ (1+[Duf?)dz)”,  (5.1)
Zpy2(z0) Zp(wo)

see e.g. [8, Lemma 4.1]. Combining the higher integrability with (4.2) we obtain similarly to [36, Section
5, step 2| a higher integrability result for 7. » Du:

Proposition 5.1: Let u € WI}’Q(Q;,RN) N L>(QF,RN) N COMNQT,RY) be a weak solution of (4.1)
under the assumptions (H1)-(H3) and (B). Furthermore, let Z,(xo) C QT for some zop € QT U Q°,
ce(0,%5), ec S withe Le, and h € R with |h| € (0,20p). Then there exists a higher integrability
exponent s € (2,sg) depending only on n, N, L Lz gnd [u }Co,x(QtRw) such that

TR

][ renDul® de < c|h|*# (][ (1+ |Duf?) dxf
Zap (o) Zy (o)

for a constant c= c(n N, L o lf,[ lcor @+ YY), Py 0‘).

PROOF: We consider in the sequel the tangential directions e € S?~!,i.e. e L e,, and we initially look
at numbers h € R satisfying |h| < 1. Recalling the abbreviations for A(h), B(h) and C(h) from (4.3),
representing the differences of the coefficients a(-, -, ) with respect to each variable, we set

Te,hU ~ —A(h) ~ —B(h)
s A(h) = = y B(h) = o 5

% ANTTES ATTES

and we define é(h) = fo D.a(z,u(x), Du(z) + tr. ,Du(x))) dt. Dividing the previous identity (4.4) by

|h|**/? (which is half the power of || to be expected in (4.2) for A-Holder continuous solutions) we get

Vp =

€(h) Dvy, - Dodx = /

[/NI(h) + %(h)] - Do dx + / \h|_aTA b(z,u, Du) - Te,_pp dx (5.2)
Q+

Qf Q*

for all functions ¢ € Wy *(Q7_ It RY) N L>(QF_ h|’ RM), i.e. the map v, € WH2(QF_, ,RY) is a

L—|h|’
weak solution to the linear system (5.2) for every h € R with |h| < 1. In the next step we infer

Caccioppoli-type inequalities for the functions vy, for which the constants may be chosen independently
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of the parameter h. For this purpose we first observe some simple properties due to (H1)-(H3) and the
Holder continuity of w with exponent A:

h)| < L (14 |Du(z + he)l) ,
|%( )| < [U]CO A (B+ RN) (1 + |D’U,(l‘—|— he)\)
VAP < CmA® A < LA VAeR™W.

For o, p and z( fixed according to the assumptions of the proposition, we next choose h € R such that
|h| € (0,20p) and consider intersections of balls B} (y) with the upper half-plane R"~! x R for centers

y € Z(l o)ps2(@0) satisfying B (y) C QT—IhI (implying that 0 < R < 1 — |h| — maxeq1,... 0} [yr]) and

yn < 3 i e we first study the situation for centers close to the boundary. Furthermore, we take a
cut-off function n € C5°(Bsrya(y),[0,1]) satisfying = 1 on Bg/s(y) and [Dn| < %, and we choose

¢ = nv, as a test function in (5.2). Taking into account Dy = n?Duvy, + 2nv, ® D7, we estimate the
various terms arising in (5.2): using Young’s inequality with ¢ € (0, 1) and the estimates for A(h), B(h)
and C(h) given above we see

i V/ n? |D7Jh|2 dz < / n? é(h) Dy, - Dvy, dzx
B} (v) B (y)

~ Y
* / 2 |€(h) Doy, - vp © Dyl dx < 5/ n? | Doy |* da + 72/ lvp|? de
BE(?J) BE(y) R ()

- L
o / |A(h) - Dp|dx < 5/ n* |Dup|? de 4+ — = |op|? da
B} (y) B (y) R2 Jp(y)

+c(e7'L*+1I) / (14 |Du(z + he)|?) dz,
B (y)

IN

o/ |B(h) - Dy| dz s/ |Dvh|2dx+ = |op |2 d
B} (y) B;<y> R2 [y

—|—c([u](;o,x(3+,Rw))6*1L2 /+ (14 |Du(z + he)|?) dz.
B (v)

In order to estimate the last integral on the right-hand side of (5.2) we calculate

a

|Te—n| = |TeonmPon)| < |h|™% (Jrepule — he)| + |repu(@)]) < 2[uloongrayy A} F . (5.3)
This yields
° / \h|_aTA |b(z, u, Du) - Te _pp| dz < C([U]CD,A(QJr’RN))/ (L—|— Lo |Du(x)\2) dx .
B (y) B} (y)

Collecting the estimates for all terms arising in equation (5.2) and choosing € = %, we finally conclude

6
the Caccioppoli-type estimate

/ |Dup|* dx < chz/ |vh|2dx+c/ (14 |Du(z)|* + |Du(z + he)|?) dz,
R/2(¥) B} () B} ()

and the constant ¢ depends only on %, % and [u]cox o+ rvy. With the boundary version of the Sobolev-

Poincaré inequality we deduce

n+2

][ |Dvp|? de < ¢ <][ |Dvh|ﬂ%2 da:) !
Bf 2(y) B (y)
+c][ (14 |Du(@) + |Dulx + he)?) dx, (5.4)
Bf(v)

and the constant ¢ now depends additionally on the dimensions n, N. We here note that the integrand
of the second integral on the right-hand side of the last inequality belongs to L*°/2 due to the higher
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integrability result for Du from (5.1). In the interior we proceed analogously and consider BE (y) with
centers y € Z(1_4),/2(0) satisfying Bf(y) C Qt‘hl and y, > %. If we choose ¢ := n? (vh — (vh)y73R/4)
as a test function all the computations above remain valid (with 2 replaced by 4 in inequality (5.3)).
Then, after applying the Sobolev-Poincaré inequality in the interior in the mean value version on the ball
Bsr/a(y), we obtain the corresponding inequality (5.4) with the full ball Bg/(y) instead of BE/Q(y),
and c has exactly the same dependencies as in the previous reverse Holder-type inequality; in particular,
the constant c is independent of the parameter h.

Applying the global Gehring Lemma [17, Theorem 2.4] on the cylinder Z;_),/2(z0) for the choices
of o, p and xy made in the assumptions of the proposition, we find that there exist a constant ¢ depending
only on n, N, q, %, %, [u]co.x o+ rvy and o and a positive number § depending only on n, N, %, % and
[u] co.x @+ r~vy such that there holds

1
(][ \Dvh|qu) !

Zap(xo)
[(][ Doy d)” + (][ (1+ [Du(@) + [ Dule + he)?) da)

Z(1-80)p/2(%0) Z(1-8a)p/2(T0)
1 . 1

¢ [jn- ][ ironDul?dz)’ + ][ 1+ |Du@)P)? da)’

{ ( Z(1-80)p/2(%0) ) ( Zp/Z(IU)( ) ) }

c K][Zﬁz(%) (14 [Duf?) dx)% + <][Z

for all ¢ € [2,2+6). Here, we have also used the bound || < 20p (with |o| < {5) and the estimate (4.2)
combined with the Holder continuity of « with exponent A (note that as a consequence the constant ¢
then depends additionally on the radius p). Hence, for all s € (2, min{sg, 2+ d}) the previous inequality
holds true. Keeping in mind the definition of v, and the higher integrability result (5.1), we finally

arrive at X
(][ |Te,hDu|de) T <c|n? (][
Zgp(T0) V4

which finishes the proof of the proposition. O

Q=

IN
o

)

IA

IN

(1+ |Du|2)% da:) %}

0/2(%0)

1
(1+Duf?) dz) ",

p(xO)

Moreover, we mention two direct consequences of Proposition 5.1. The first one follows from
Lemma 3.4 and concerns the slice-wise mean-square deviation of Du:

Corollary 5.2: Let u € WH*(QF,RN) N L=(QF,RY) N CONQH,RN) be a weak solution of (4.1)

under the assumptions (H1)-(H3) and (B). Furthermore, let Z,(zo) C QT for some zo € QT UQ° and

o € (0,15). Then for every v € (0,1) there exists a function Fy € L*(Z,,(x0)) such that the following

estimate holds true:

(]ér(z) |D“(I) - (Du)zf,r(xn)|2 dz)

< (][ ][ |Du(z’, z,) — Du(y’, z,)|* dy/ dx)
7‘(z) r(zl)

for all cylinders Z,(z) C Zyp(x0) with z € QT UQP, and the constant ¢ depends only on n,a, X and 7.

1
2

1
2

< er Fi(2)

Remark: The L®-norm of F; might blow up if v 1 (as a consequence of the application of the
L%-inequality for the maximal operator in the proof of Lemma 3.4). Moreover, when verifying the
assumptions of Lemma 3.4, we observe that the number K (resulting from the inequality in Propo-
sition 5.1) depends on the radius p and on o. This dependency is reflected only in the L®-norm of
Fy. However, this will not be of importance because p and o may be chosen fixed in every step of the
subsequent iteration. More precisely, in the next section we will infer appropriate fractional Sobolev
estimates on the cylinders Z,,(zo) and then, via a covering argument, also on Q1 (respectively on
smaller half-cubes in the course of the iteration).

As a second consequence of Proposition 5.1 we obtain a fractional Sobolev estimate for the tangential
derivative D'u. This follows immediately from Lemma 3.2 and the inclusion W%* C M%# (for § € (0, 1),
s € (1,00)) given in Remarks 3.6.
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Corollary 5.3: Let u € Wp(QF ,RN)NL®(QF , RV)NCOA(QT,RYN) be a weak solution of (4.1) under
the assumptions (H1)-(H3) and (B). Then for every v € (0,1) there holds

D'v = (Dyu,..., Dy_qu) € MY*N25(QF RM=DN)

for every p < 1. In particular, there exists a function Hy € L*( 1/2) such that

|D'u(x) = D'uly)| < |z —y|"% (Hi(z) + Ha(y))

for almost all x,y € Q1+/2'

5.2 A first estimate for the full derivative

So far, we can estimate finite differences close to the boundary only with respect to tangential directions.
In order to find a fractional Sobolev estimate of type (3.2) also with respect to the normal direction
we next choose a cylinder Z,(zo) C Q*, zo € QT UQ°, p < pracc Where pegee is from Lemma 4.1, and
o € (0,15). Furthermore, we fix a number v € (0,1) to be specified later. We now study the model
system (4.1) on cylinders Z,(z) with 2 € QT U Q° such that Zs,(z) C Zy,(x0), and by M* we always
denote the maximal operator restricted to the cylinder Z,,(x¢), i.e.

M*(f)(z) == sup ][ ()] de.
Z;(E)QZUP(I[)), ZEZ.;(E) Z;(z)

for every f € LY (Zy,(x0),R¥), k > 1, and z € Z,,(x0). We shall frequently use the fact that the
maximal operator is bounded as a mapping from LP to itself for every p > 1.

A fractional Sobolev estimate for a,(-,u,Du)
In coordinates we have the following representation of the weak formulation for the system (4.1):

N n )
ZZ al (z,u(z), Du(z) Kgojd:zz*z]l x), Du(zx)) ¢’ dx

j=1 w=1 7 Zr(2) Zr(2)

for all p € C§°(Z,(2),RY). Following the approach of [35], we are going to derive in the first step a
weak differentiability result for the function

Al(x,) = ][ al (2, x,u(z' 2,), Du(2’, x,))da’ (5.5)
D, (z")

for every j € {1,...,N} and z,, € I.(z,). For this purpose we choose a “splitting” test function of
the form ¢(z) = ¢1(a’) ¢p2(zy) E; where ¢ € C3°(D,(2')) with ¢1 =1 on the (n — 1)-dimensional ball
D, (') for some 7 € (0,1), ¢2 € C§°(I(zn)), and where E; denotes the standard unit coordinate vector
in RY. Employing the above identity with such a test function ¢ then yields

][ ]l afl (z,u(z), Du(x)) ¢1(x") Dpopa(xy) d2’ dz,
I-(zn) /Dy (2")

1

1 j .
= ][ al (z,u(z), Du(z)) Dxt1 (") po(zy) da’ dzy,
1) 1Dr GO b, o) 22

" ]{ (zn) ][ 2") v (Jf, U(Jj), D’U,(x)) ¢1 (33 ) ¢2 (.73") dx d.]jn
n—1

1 ' J X, u\xr ulxr —aj Z, (U )y x
= N ) 2 ) D) (0 (P )]
X Doy (x)) dH"2(2") dF do () day,

+ ]{r(zn) ][T(z/) V (z,u(z), Du(z)) ¢y (x) dz’ ¢o(x,) d,,
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for j € {1,..., N}, where we have used the co area formula in the last line. In particular, we may choose
by approximation a cut-off function of the form

1 if |2 — 2| <77,
o1 (z) = Ta‘fi;—)i/‘ ifrr<|o/—2|<r,
0 if |/ = 2| >r.
We note that this implies D,;¢1(2') = —ﬁ i forevery k € {1,...,n—1} provided that |2'—Z'| €

(tr, 7). Setting
Bl(z) = al(z,u(z), Du(x)) — al(z, ()2, (D)2 1 (20)) (5.6)

for je{l,...,N} and k € {1,...,n — 1}, we calculate with this particular choice for ¢;:
fo e, Du@) 61(a') do’ Dydalien) da,
I(2n) /Dy ()

1 r ) o
= _ BJ dg_cn 271 dr . d .
~7{r(2n) |Dr(zl)| ]{T /OD;(z’) ( |.Z‘ 7Z/| ( ) T¢2($ ) Xz
+ W (2, u(z), Du(z)) ¢1(z") dz’ do(zn) day, -
fj; Zn ][7(2’) L 2

Recalling the definition of A(z,) given in (5.5), we consider the limit 7 1 and conclude from
Lebesgue’s differentiation Theorem that for almost every radius r (and fixed center z € Z,,(z¢)) such
that Z,(z) C Z,,(xo) there holds

1 . o

AJ n Dn n d n = BJ .7dj_cn—2 / . d N
/IT(Z") H(@n) Dng2(@n) dx /I(zn)|D( ol (z) P (2) o (2 d

- / o) ]{DT(z/) bj(x, uw(x), Du(x)) dz’ ¢po(xy,) dxy, .

Hence, for almost every radius r with Z,.(2) C Z,,(zo) we find that A,(z,) = (AL(zy),..., AN (z,)) is
weakly differentiable on I,.(z,) (note that the index j € {1,..., N} and the test function ¢o are arbitrary
in the latter identity), and its weak derivative is given by

1 z — 2

A (zy) = - B(z) -
(&) |Dr(2)| Jop, (=) (=)

dH"2(2)) — ]l b(x,u(z), Du(z)) dz’ . (5.7)
D, (z")

2" = 2|
We next consider for any fixed r all radii p € (0,7] and we define the set J via

2
J={p:pe] and / / |B(2)] dH"2(2/) day > 7/ B()] de}.
I5(2n) JOD5(2") " JZ.(2)

The following computations reveal that there holds L1(J) < 5: employing the co area formula and
Fubini’s Theorem we get

/ )| dz > / / / )| dH"2(2") da, 7
Zr(z) I5(zn) JODj (z/)
// / )| dH" 2 (2" da, 7
(zn) YOD5(
> [ / B@)ldeds =21} [ [B@)d.
Z,(z)

Therefore, we find some radius p € [, 7] such that on the one hand A(z,,) is weakly differentiable and
on the other hand p ¢ J. Hence, in view of Poincaré’s inequality and identity (5.7), we obtain for this
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choice of p:

][ |Aﬁ(zn) - (Ap)zmﬁ| dz, < c(N)/ |A},(xn)| dx,
I5(zn)

5(2n)

C(N) T n—2 $, "
B |D,3(z’)‘ /Ip(zn) /E)D,,(z') |B()] d3 (@) day
e ]{7( 5 |b(z, u(x), Du(x))| da’ day,

I5(zn)
1 _
< )5t / L B@ld f It ute), Dute ]

e(n, V) ][Z | B@ r][ b u(x), Du(z))| dz] (5.8)

Zy(z)

IA

In the next step we control the integrals arising on the right-hand side of the last inequality by using
the growth conditions on coefficients and inhomogeneity, respectively, and by exploiting the assumption
that v is Holder continuous with exponent A (which shall be used without any further comment).

For the first integral in (5.8) we use the definition of B(z) in (5.6), the assumptions (H1), (H3), and
Corollary 5.2 to see

][ |B<x>rdx§][ [|a(z, u(z), Du(x)) — alz, (w)= . Du(z))|
Zy(z)

Z,(z)
+ ’a(z, (u)z,r, Du(z)) — a(z, (u),r, (Du)z/,r(xn))‘ ] dx

< 4L(r* + [W]o.a g+ m) rw‘) ][ (1+ |Dul) d
Z,(z)

L Du(z) — (Du) . r(2r)| dz
+ J[m)' (2) — (Du)r o (2|
< er™® (M*(1 4 |Dul)(2) + Fi(2)),

and the constant ¢ depends only on n, L, [u]cox(o+ rv), @, A and 7. Moreover, the functions F; and
M* (1 + |Du|) belong to the space L°(Z,,(x0)), due to Corollary 5.2 and the higher integrability of Du
(combined with standard properties of the maximal function).

For the second integral in (5.8), we initially assume that we are close to the boundary, meaning that
zn < 2r. We then infer the following estimate from the natural growth condition (B), the Caccioppoli
inequality from Lemma 4.1 (note that 2r < peacc), and the Poincaré inequality in the boundary version:

r][ |b(x, u(x), Du(x))|dx < r ][ (L + Lo |Dul?) dx
Z,(2) Z,(2)

c<r1_1+’\][ |Du|dx+r2"+1> +rL
Zar(z)

< cr* M* (14 |Dul)(z), (5.9)

IN

and the constant ¢ depends only on n, N, L, Ly, v and [u]co.x g+ r~). For cylinders in the interior, where
zn > 2r, we end up with exactly the same estimate using interior versions of Caccioppoli and Poincaré
where |u] is replaced by |u — () 2r]-

Hence, combining the last two estimates, we conclude from (5.8)

Fo0f et o). Du e dy = f anGul@), Du(@) dg| ds

Z5(zn) Dj(z") Z5(z)
:][ Ap(en) — (Ap)e | dan < r™ [M*(14|Dul)(z) + Fu(2)],  (5.10)
I5(zn)

and the constant ¢ depends only on n,N, L, Ly, v, [U]CO,A(Q+7RN),CE,)\ and v. Besides, we have Fi,
M*(l + |Du\) € L*(Z,p(z0)) for some s > 2. Furthermore, applying Jensen’s inequality, conditions
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(H1), (H3), and Corollary 5.2 we find

][Z,m

< C(L, [u}co,)\(Qﬁ»’RN)) ,500\][ (1 + |D7.L|) dx

%@mewm—f an(tf s Enyu(y) s 20), Dy 2)) dyf| d
D;3(2")

Z5(2)
+ L][ ][ |Du(a’, ) — Du(y', z,)| dy’ da
Zp(2) Y Dp(2')
< ¢(n, L, [ul oo+ myys @ A, Y) 55 [M*(1+|Dul)(2) + Fi(2)] . (5.11)

Combining (5.10) and (5.11), we conclude

F Joneut). Du@)  (anl . Dw), | do < erF [ (14 Dul) () + Fi ()]
Z5(2) ’

for every r with Z.(z) C Zsp(x0) and an appropriate radius p € [§,r] for which A;(z,) is weakly
differentiable on I,.(z,,) and p ¢ J. The constant c here depends only onn, N, L, La, v, [u]co.x g+ gy, @, A
and ~y. In particular, this yields

][Z . |an (@, u(z), Du(z)) — (an(- ,u,Du))Z’r/2| do < cr’® [M*(1+ |Dul)(2) + Fi(2)] ,
r/2(%Z

and the constant ¢ admits the same dependencies as in the previous inequality. This allows to apply
the characterization of fractional Sobolev spaces given in Lemma 3.5 and Remarks 3.6 (note that these
results also hold true if we replace the balls by cubes or cylinders). Since the cylinders Z,(zo) C Q*
were chosen arbitrarily we infer via a covering argument

an (- u, Du) € M5 *(Qf , RY).

Jr[RN

12> ) which satisfies

Furthermore, there exists a function Gy € L*(Q

Jan (2, u(), Du()) = an(y, u(y), Du))| < |z —y[*%" (G1(2) + G1(v))

for almost every x,y € QT/? We finally note that G; can be calculated from c, M*(l + \Du|), Fi(2)
and the restriction on the radius p.

We close this first step with some remarks concerning the components ag (-, u, Du) of the coefficients,
ke {1,...,n— 1}, and the interior situation:

Remarks 5.4: We first note that testing the system (4.1) with finite differences in normal direction of
the weak solution u is not allowed. Hence, the statement in Proposition 5.1 cannot be expected to cover
(via a modified proof) also differences of Du in any arbitrary direction e € S"~1 up to the boundary.
This reveals the crucial point for the up-to-the-boundary estimates derived in this section: the method
makes only an up to the boundary estimate for a, (-, v, Du) available — which is still sufficient to enable
us later to find an appropriate fractional Sobolev estimate for Du — but a corresponding estimate for
ap(-,u, Du), k € {1,...,n — 1}, does not follow.

For cylinders in the interior, however, Proposition 5.1 holds true for every direction e € S™~!. As
a consequence, we may repeat the arguments above line-by-line and end up with an interior fractional
estimate for the full coefficients a(-, u, Du). We here mention that fractional Sobolev estimates for the
coefficients a(-, u, Du) are not necessary in the interior to prove the dimension reduction for the singular
set. In fact, interior fractional Sobolev estimates for weak solutions to elliptic systems with inhomo-
geneities obeying a natural growth condition can be obtained directly by exploiting the fundamental
estimate (4.2), see [36].

A fractional Sobolev estimate for Du

The ellipticity condition (H2) and the upper bound in (H1) allow to estimate

[an(xvu(x)v Du(x)) - an(m,u(z), Du(y))] ! (Dnu(x) - Dnu(y))
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_ / D.an (, u(x), Duy) +t(Du(x) Dul(y))) dt
(Du(z) — Du(y)) - (Dnu(z) — Dyu(y))
v|Dyu(z) — Dpu(y)|* — L |D'u(z) — D'u(y)| | Dpu(z) — Dyu(y)|

Y]

for almost all z,y € QT/? Dividing by |Dpu(x) — Dyu(y)| (provided that D,u(z) # D,u(y) which is
the nontrivial case) and taking into account the fractional Sobolev estimates for both a, (-, u, Du) and
the tangential derivative D’u from Corollary 5.3 and condition (H3), the latter inequality implies

v IDyu(z) — Dou(y)] < |an(z, u(z), Du(z)) — an(z, u(z), Du(y))] + L1 D'u(z) — D'u(y)|
< L (Jz —yl* + [Wonr av)lz — y1*) (1+ [Du(y)])
+le—y"F (Gi@) + Cr(y) + Ll 9™ (Hi(2) + Hi(y))
< oL, [u]cor g+ ryy) |2 — y\% (1+ [Du(y)| + Gi(z) + G1(y) + Hi(z) + H1(y))
for almost every z,y € Q1/27 meaning that we have D,u € M7 S(621/2, N). Combined with Corol-

lary 5.3 we hence end up with
oA o n
Due M™=°(Qf 5, R™),
which is the desired estimate for the full derivative Du. We recall the embedding for the fractional
Sobolev spaces, namely that
M’ya)\/Q,s (Q-ll-/Q’ RnN) cw? wa)\/Q,s(QT/Q’ RnN)
for all 4/ € (0,1). Then, in view of the interpolation Theorem 3.3 and the fact that v and 7 may be
chosen arbitrarily close to 1 (an appropriate choice is for example v =+ = (nfz )\)1/ %), we finally arrive
at the higher integrability result

Du € Ls(l+a)\/2) (Q-l‘r/Q’ RHN)

5.3 Iteration

In the next step we iterate the fractional Sobolev estimate for Du. To this aim we define a sequence
(bi)ren as follows:
a\

S o (1-

é) Zbk-ﬁ-i

bo = O7 bk+1 = 9 9

(a — bk)
for all k € Nyg. We observe that the sequence (by) is increasing with by * «. The strategy of the proof
is the following: For every k € Ny we show by induction the following inclusions:

Due L+ (QF R™) = Due MW (@, R™Y)

— Du e Lsk+1(1+bk+l)(QT/2k+1aRnN) y

where v € (0, 1) is an arbitrary number and where (s )xen is a decreasing sequence of higher integrability
exponents with s; > 2 for every k € Ny. The first step of the induction, k£ = 0, was already performed
above (with s; = s). We now proceed to the inductive step: The objective is to find the first inclusion
by improving the fractional Sobolev estimates in Sections 5.1 and 5.2, and then to deduce in the second
step the higher integrability result by applying the interpolation Theorem 3.3.

Higher integrability I

We again need to deduce a higher integrability result for the tangential differences 7., Du (cf. Proposi-
tion 5.1) which now incorporates the fact that Du is assumed to be integrable with exponent sj(1+ by).
In what follows we will frequently use a simple consequence of b, < a, namely the inequality

al A
—+ — > — + — =] = .
a\ bk(l )\) 9 bk (1 2) bk—l—l
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Proposition 5.5: Let u € Wp(QF,RN) N L=(QF,RN) N CONQt,RN) be a weak solution to (4.1)
under the assumptions (H1)-(H8) and (B). Assume further u € W;’Sk(Hb’“)( 3. RY) for some k € N,
sk > 2, and let Z,(x0) C Q;r_k for some x¢ € Qg,k UQ;_,H o € (0, %), ec S" 1 withe Le, and h € R
satisfying |h| € (0,20p). Then there exists a higher integrability exponent sp+1 € (2, sg) depending only
onn,N,LZ L2 gng [u]co.x(g+ my such that

IR

Sk+1

Te nDul**+1 dz < ¢ |h|sF+1br+r 1+ |Du(x sik(1+b) dr) "
|Te,n Dul
Zop(z0) Zp(0)

for a constant ¢ = c(n, N, %7 %, [u]co.x @+ &Y, P U).

PROOF: We give only a sketch of proof and refer to [7, Proof of Proposition 8.8] for more details.
We start from the preliminary estimate (4.2) and show that for every 6 € (0,1) and every cylinder
Zy(x0) C QF_, there holds

/ e Dul? do < C\h|2bk+1/ (1+ | Du) 7> da (5.12)
Zor(x0) Zr(z0)

for all e € S"~! with e L e,, h € R satisfying |h| < @ and a constant ¢ depending only on
n, N, %, %, [u]co.x(g+ gy, ¢ and r. For this purpose, a suitable cut-off function is chosen, and the
different terms arising on the right-hand side of (4.2) are then estimated taking advantage of standard
properties of finite differences, the integrability of Du with exponent 2 + 2b; and the Hélder continuity
with exponent A, see also [36, p. 387].

In the next step we proceed similarly to the case k = 0 and estimate the L**+*-norm of |, , Du| for
some exponent sii1 > 2 in terms of an appropriate power of |h|. To this end we consider directions
e € 8" ! with e L e, and h € R satisfying |h| < 27%; furthermore, analogously to the proof of
Proposition 5.1 we set

_ —A) = _ —B(h)
- |h‘bk+1 ? Bk(h) T |h|bk+1 ’

Te,h U
Vh,k -

= ‘h|bk+1 s Ak(h) :

and Cp(h) = C(h) = fol D.a(z,u(z), Du(z) + tre , Du(x))) dt as above. Analogously to the derivation
of (5.2) we then see that the map vy, € W1H2+20 (Q;,_‘hl, RY) is a weak solution to a linear system,
for which the various terms need to be estimated in terms of the L2-norms of vp,, and Dup, ;. The only

point differing from the estimates before is the one involving B*) (h): to find an adequate inequality we
first take advantage of the Holder continuity of v and Young’s inequality and we see

/ (1+ [Du(z + he)|)2 |Te nul** dz
B (y)

< C([U]CO,A(B+7RN)) |h|2a)\2bk)\/+( | (1 + |DU(I+}L€)|)2 |Te7hu‘2bk dr
Br(y

2+4-2by,

< c(fuleonps av) |h|2bk+1/+ (1+ |Du(x + he)| + |Gn(x)) " da.

BR(y)

Here we have used the fact that
1
ronul < \h|/ \Du(z + the)| dt = |B] Ga(x),
0
and the function Gy, is L**(+%)_integrable on Bj;(y) in view of Fubini’s Theorem:

/ ‘Gh|sk(1+bk)d$ < / |Du|8k(1+bk)dx < 00.
B () Ql,

Hence, we find with Young’s inequality for every € € (0, 1)

. / |B®)(h) - Dp|dz < L/ |h| 7P+ (1 + |Du(z + he)|) |7enul® | Dy da
B (v) B (v)

< 6/ ne \Dvgﬂ)\zdz + C—i/ |v2k)|2dx
B} (y) B2 [y
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*C([U]CWBtRN))E’ILz/+ (1 + |Duz + he)| + |Ga(2)]) 7" da.
BR(y)

Arguing exactly as in the proof of Proposition 5.1, we obtain via the Sobolev-Poincaré inequality a
reverse Holder-type inequality, from which (taking advantage of the higher integrability of G},) we then
deduce the desired assertion by the global Gehring Lemma. O

Remark 5.6: If s, (1 + b) > 2 4 2« is satisfied, it is easy to check that the inequality (5.12) and in
turn the statement of the proposition on the higher integrability of the differences hold true with by
replaced by «.

Proposition 5.5 combined with Lemma 3.4 and with Lemma 3.2, respectively, again allows to state
two direct consequences concerning the slice-wise mean-square deviation of Du and a suitable fractional
differentiability of the tangential derivative D’u:

Corollary 5.7: Let u € Wr2(QF,RY) N L®(Qf,RY) N COMNQT,RN) be a weak solution to (4.1)
under the assumptions (H1)-(H3) and (B). Assume further u € Wll’sk(Hb’“)( 3 RY) for some k € N,
sk > 2, and let Z,(xo) C Q;k for some xg € Qg,k U Q;_,C and o € (0, %) Then for every v € (0,1)
there exists a function Fii1 € L+ (Zs,(x0)) where spy1 € (2, 5k) is the higher integrability exponent
determined in Proposition 5.5 such that the following estimate holds true:

1
2

<][ |Du(gc) — (Du)zl’r(gcn)‘2 d:v)
Zr(2)
1
< (][ ][ |Du(a’, z,) — Du(y’, x,)|* dy’ dm) * < e Fri1(2)
Z,(z) /D, (2)

for all cylinders Z,(z) C Zyp(x0) with 2 € QT UQP, and the constant ¢ depends only on n,a, X and 7.

Corollary 5.8: Let u € Wp?(Qf ,RY) N L®(QF,RY) N COMNQT,RYN) be a weak solution to (4.1)

under the assumptions (H1)-(H3) and (B). Assume further u € W;’Sk(1+b’“)(Q;,k,RN) for some k € N,
s > 2. Then for every v € (0,1) there holds

D'y € MYPk+1:8k41 (Q;, R(n—l)N)

for every p < 2,6% In particular, there exists a function Hyy1 € LS’“+1(QT/2H1) such that

|D"u(z) — D'u(y)| < | —y["*+* (Hypa(z) + Hisr(y))

for almost all z,y € QT/Q;CH-

An improved fractional Sobolev estimate for a,(-,u,Du)

Taking into account that Du is assumed to be integrable with exponent sg(1 + b), we next proceed
similarly to the case k = 0: We choose a cylinder Z,(zo) C Q;_k with center zy € Q;r_k U Qg,k
and radius p sufficiently small , i.e. p < peace Where pegee is from the Caccioppoli-type inequality in
Lemma 4.1, and o € (0, 1). Furthermore, we fix a number v € (0,1) and again study the model system
(4.1) on cylinders Z,(z) with z € Q;r_k U Qg,k such that Zs,.(2) C Z,,(x0). Using the notation from
Section 5.2, we first improve the estimate (5.10): To this aim we start with inequality (5.8): For the
first integral on the right-hand side of (5.8) we recall the definition of B(x) in (5.6) and take advantage
of conditions (H1) and (H3) to infer

][ |B(z)| do < L][ (|z = 2| + Ju(z) = (v).r|*) (1 + |Du()]) dz
Zr(2) Zr(2)

+ L][Zr(z) |Du(z) — (Du)yr p(an)] do .
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In view of Hélder’s and Jensen’s inequality, the Holder continuity of u and Poincaré’s Lemma, we derive

§ ol - e
Zr(2)
o ltlk 1i’zk 14+b bk1+1
(4 Ju@) = @5 de) ™ (£ (14 |Dul)+ da)
Zr(2) Zy(2)
b 1
CrlX)\*bkA (][ |u(:r) - (U)z,r‘1+bk dl‘) T+by, (][ (1+ |Du‘)1+b’“ dx) T+bp,
Zr(z) Zr(z)

< crw%k(H)]l (14 [Dul)"% de < er?™+ M*((1 4 [Dul) %) (2) (5.13)
Z,(2)

@ (1 + |Du(m)|) dx

IN

IN

for ¢ = c(n, [u]co.r(g+ ryy). Furthermore, we trivially have
][Z T (L DU de < o) P A (L DU ).
Keeping in mind Corollary 5.7 we finally arrive at the following estimate for the integral of |B(x)l:
][Z | 1B@)]de < er (M (U DU) ) ) + Fura () (5.14)

for a constant ¢ depending only on n, L, [u]oo,x(Q+’Rw),a,)\ and . We mention that the functions
M*((14|Dul)****) and Fy1 belong to the space L**+(Z,,(x0)), due to the higher integrability of Du
and Corollary 5.7, respectively (note sxy1 € (2, s%)).

For the second integral on the right-hand side of (5.8) we argue similarly to above on p. 15: we first
assume that we are close to the boundary, i.e. z, < 2r. Then, we infer the following estimate from the
growth condition (B) on the inhomogeneity, the Caccioppoli inequality (note that 2r < p < pegec), the
Hoélder continuity of u and Poincaré’s inequality in the boundary version:

r][ bz, u(z), Du(z))| dz < r][ (L+ Lo | Dul?) dz
Zr(2)

Zr(2)

cr ][ (1 + ‘E’H_bk T(lfb’“)()‘*l)) dz
Zor(2) r

< C’f'l+(17bk)()\71)f (1+|Du|)1+bk dfl;
Zar(2)

IA

< crlett M*((l + ‘Du|)1+bk)(z)7 (5.15)

where in the last line we have employed the fact that 14 (1 —bg) (A—1) > bg41 and where the constant
c depends only on n, N, L, Ly, v and [u]co.x g+ rv). For cylinders in the interior, meaning that z, > 2r,
we end up with exactly the same estimate using both the Caccioppoli inequality and the Poincaré
inequality with |u| replaced by |u — (u), 2|

Merging the estimates found in (5.14) and (5.15) together with (5.8) hence yields

][Zp(z)

][ ( )an(y’,xn,u(y’,xn),Du(y',xn))dy’— (an(~,u,Du))Z ﬁ’dx
Dj(2'

)

= ][ o |Aﬁ(zn) - (A,;)Zmﬁ| dz,, < crVbe [M*((l + |Du|)1+b’“)(z) + Fk+1(z)]
I5(zn

for a constant ¢ depending only on n, N, L, La, [u]co.x g+ r~), @, A and 7. This is the desired improvement
of inequality (5.10). Moreover, Fyy1, M*((1+ |Du|)*™*) € L¥+1(Z,,(x0)) holds true. In order to find
a fractional Sobolev estimate for the map = — a, (z,u(x), Du(x)) it still remains to deduce an estimate
corresponding to (5.11). To this aim we follow the line of arguments leading to (5.11) and (5.13): in
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view of Corollary 5.7, Holder’s inequality and the Hélder continuity of u, we see

][Zp(z)

an(z,u(x), Du(z)) — ][ an (Y, Tp,u(y', ), Du(y', ) dy” dz

D;(z")

IN

L][ ][ |Du(a’, z) — Du(y', )| dy’ da
Z5(z) Y Dp(2")

+4L ][ ][ (P + lu(@, zn) — u(y’, 2,)|*) (1 + |Du(z)|) dy dz
Z5(z) JDp(2")

IA

cr By (2) + 4L p° ][ (1+ |Du(z)|) dz
Z5(2)

bk 1
+8L (][ u(z) — (“)zmry% dx) o (][ (1 + |Du|)1+bk dx) o
Z,(z) Z,(z)
er?Pstn (M* (14 |Dul) ™) (2) + Frya(2))

IN

and the constant ¢ depends only on n, L, [U]COA(QJr’RN)? a, A and 7. In particular, taking into account
p € [5,7], we infer from the latter two estimates the inequality

][ [an (@, u(@), Du()) = (an(- 1, Du)), | de
ZT/Q(Z)
< e (M*((l + | Dul)' %) (2) + Fk+1(z)) ;

where ¢ admits the same dependencies as in the preceding inequalities. Since Fj41, M* ((1 + |Du\)1+b’€)
belong to L*+(Z,,(x0)), we may apply the characterization of fractional Sobolev spaces in Lemma 3.5
and Remark 3.6, and we obtain

an( U, D’LL) € M’ka-*—l’Sk-H( T/(Q.Qk)a RN) °

Furthermore, there exists G111 € L8k+l(Qi‘r/(2k+1); RY) which satisfies for almost every z,y € Qf/(gkﬂ)

|an (@, u(z), Du(z)) = an(y, u(y), Du(y))| < |z =y (Grsr(@) + Grir () -

We note that G, 1 can be calculated from the constant ¢, the functions M*((1 + |Du|)'T%), Fpi1(2)
and the restriction on the radius p which in turn result in a dependence on the iteration step k. For
the interior situation we observe that the statements of the Remarks 5.4 remain valid, in particular, the
coefficients a(-, u, Du) satisfy a corresponding interior fractional Sobolev estimate.

Final conclusion for Du

Exactly as before on p. 17 the normal derivative D,u inherits the fractional Sobolev estimate of both
the coefficients a, (-, u, Du) and the tangential derivative D’u (see Corollary 5.8). This gives

bre N
D’U, € M’Y k+175k+1(QT/2k+laRn ) .
At this point we are in the position to use the embeddding

’
]\4’ka+1’slCJrl (Q;—/Qk-u 5 RnN) cw” Vbk+1,8k41 (Qf/Qk-f—l y RnN)

for all 4/ € (0,1). Since v and 7' may be chosen arbitrarily close to 1 (the choice v = 7' = (;7%5) "/

like in the first step is still appropriate for every k € N), the application of Theorem 3.3 yields Du €
Lokt (Itbega) ( Y/QHNR”N). This finishes the iteration and yields:

Lemma 5.9: Let o € (0,1) and let u € W (QF,RY) N L2(QF ,RN) N COMNQT,RYN), A € (0,1], be a
weak solution of the Dirichlet problem (4.1) under the assumptions (H1)-(H3) and (B). Then for every
t < « there exists p = p(t) such that Du € Wt’g(Q;’{,R”N), where 3 > 2 is a higher integrability exponent
depending only n, N, L, Lo, v and [u]coxro+ vy (but not on t).
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ProOF: In view of by «, the iteration scheme immediately implies a fractional differentiability result
for Du: for every t; < « there exists k = k(t1) such that Du € W:2( IL/Q,-“]R”N). In particular, we
may choose t; sufficiently close to a such that

2n(1+t)

2420 < .
+ea n—2t1)\

In view of Theorem 3.3 we hence find Du € L*t2% and at this stage we can indeed stop the iteration:
as already observed in Remark 5.6, in all calculations above the exponent bz, can be replaced by «a,
leading to

Du e Mt’sm—l (QT/QTHA ’ RnN)
for every ¢ < a and a higher integrability exponent 5 := sz, > 2. With the choice p := 2-F=1 the
proof of the lemma is complete. O

Remark: A similar statement was derived for weak solutions to superquadratic nonlinear elliptic sys-
tems with inhomogeneities satisfying a controllable growth condition, see [18, Lemma 6.1]. We easily
observe that the method presented in this section does not only apply to inhomogeneities obeying a
natural growth condition, but also to those obeying a controllable growth condition. As an advantage
of the technique presented here, we note that in the formulation of the previous Lemma 5.9 the low
dimensional assumption p > n — 2 — § for some positive number ¢ is not necessary, whereas it was
required in the proof of [18, Lemma 6.1].

PROOF (OF THEOREM 1.1): Most of the arguments required here can be recovered from [18, proof of
Theorem 1.1]; for the sake of completeness we sketch briefly the procedure: First, we reduce the general
Dirichlet problem (1.1) with boundary values wug to the corresponding boundary value problem with zero
boundary values, ie., ug = 0 on 9 (some attention is needed here: the transformed coefficients still
satisfy assumption (H1)-(H3), but the transformed inhomogeneity then satisfies also a slightly different
critical growth condition in the sense that

|b(x,u,z)] < L+ La(M) |2|P

for all (z,u,2) € QxRN x R™Y with |u+ug| < M. Furthermore, the regularity of 9 allows us to flatten
the boundary locally around every boundary point xy € 9€) to end up with a finite number of problems
of type (4.1) on cubes. It then suffices to prove that almost every point on Q is a regular boundary
point, i.e. that it belongs to the set Regp, (Q°): since the Hausdorff dimension is invariant under
bi-Lipschitz transformations, a standard covering argument then yields the corresponding estimate for
the singular boundary points on 99, i.e. for Singp,, (09).

In the model situation, [5, Theorem 1] guarantees that u is Holder continuous on the regular set
Reg,(Q3 UT) of u with any exponent A € (0,1 — 252) and that dimg(Sing,(QF UQ") < n—2. In
particular, the set of singular points is empty if n = 2. We next observe that the statement in Lemma 5.9
still holds true if we replace the cube Qf by any smaller cube QE(mO), meaning that we then obtain
Du € WH3(Qix(20), R™Y) for some §(¢) > 0 for all t < o and some 5 > 2 (independently of the choice of
t). Therefore, choosing an increasing sequence of sets By, /" Reg, (Q+T UQ") with By, C Reg, (QT UQY)
such that By, is relatively open in Q1T U QP for every k € N, Lemma, 5.9 allows us to infer that for every
t < a and every point zg € B, N Q° there holds Du € WH¥(Q (o), R™Y) for some §(¢) > 0. Taking
t € (2/5,«) and applying the measure density result [18, Proposition 2.1] (tracing back to Giusti [22,
Proposition 2.7]) we thus find

dimg (Singp, (Q°) NQF (z0)) < n—5t < n—1.

Hence, we find dimg¢(Sing ), (Q%) N By) < n — 2t for every k € N via a covering argument. Keeping in
mind dimg¢(Sing,, (QTUQ") < n—2, we finally conclude the desired estimate dimg¢(Sing,, (Q°)) < n—1
on the Hausdorff dimension of the singular set for the gradient Du on the boundary. This completes
the proof of the main result. O

Remark: We emphasize that the proof also yields a global fractional differentiability result: if u €
wo + Wy (0, RY) N L=(Q, RY) is a weak solutions to (1.1) under the assumptions of the theorem and
with a € (0, 1) arbitrary, then Du € W2(Q, R"N) for all t < a.
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6 Extensions and open questions related to the dimension reduction

In the last section we discuss briefly some extensions and open questions related to regularity results
concerning the above regularity theory and to the Hausdorff dimension of the singular set up to the
boundary:

6.1 The nonquadratic case

In the case p € (1,00) it is convenient to work in terms of the V-function (useful algebraic properties are
found in [13, Lemma 2.1] for the subquadratic case, and for the superquadratic case similar inequalities
hold true). We start by observing that Mingione [36] was the first to succeed in the dimension reduction
for the singular points for Du in the interior of 2, where v € W1P(Q,RN) N L>(Q,RY) is a weak
solution (under the standard smallness assumption) to the general system (1.1) with an inhomogeneity
satisfying a natural growth condition and being Hélder continuous with respect to every argument:

b, 2) — b(@, @, 2)| < Lus, (e — & + Ju—al) (1+|2]?) (6.1)
b, 2) — b, u, 2)| < Lz — 3% (14|22 + 22)7 ™ (6.2)

forall 2,7 € Q, u,u € RY and 2,z € R™Y, wg, (t) = min{1,¢"} with 31, 82 € (0,1) (these condition are
in fact only needed to obtain a sharper bound in the superquadratic case). The dimension reduction
relies on the fundamental estimate (4.2) which iteratively improves the fractional differentiability of
V(Du). In a slightly generalized version (including also the subquadratic case) this result can be stated
as follows:

Theorem 6.1 (cf. [36], Theorem 2.2): Let n < p+ 2 and u € WHP(Q,RN) N L=(Q,RY) be a
bounded weak solution to (1.1) under the conditions (H1)-(H3) and (B), and suppose ||ul| oo rr) < M
for some M > 0 such that 2max{p — 1,1} LoM < v. Then we have

dimge (Singp, () < max{n — S21,m = 20,n — p}.

Ifp > 2 and o > p/(2p—2), then under the assumptions (6.1)-(6.2) for 81 = 2a—1 and B2 = 2a—1)/«
there holds
dimg (Singp, () < n—2a.

In the general homogeneous case a corresponding interior result [37] is valid, and it turned out that
the estimates can be extended up to the boundary and that in fact " '-almost every point in € is a
regular point for Du independently of the value of p as long as o > % and the Holder continuity of u is
known a priori (H"~!-almost everywhere). For this reason one expects that also in the inhomogeneous
case under natural growth it should be possible to carry the result of Theorem 6.1 from the interior up
to the boundary. However, apart from some partial result for p close to 2 (under further restrictions
on «), it seems impossible to obtain the boundary regularity statement for all p € (1, 00) with the direct
approach employed in this paper without any further technical tricks; we emphasize that this problem is
not caused by the inhomogeneity but appears also for homogeneous systems where boundary regularity
was already proved by the indirect approach. Hence, the direct approach seems to be matched well
only in the quadratic situation, and it would be interesting to develop an approach which leads to the
known dimension reduction for homogeneous systems, but which can also be applied for inhomogeneous
systems under natural growth assumption and a general p-growth assumption on the coefficients.

In fact, the only result available so far in this direction is in the two-dimensional case n = 2, where
by means of Morrey-type estimates and a comparison principle the optimal Cllo’ca -regularity of every
weak solution is obtained up to the boundary on the regular set of u (the set where u is locally in a
neighborhood continuous), and hence outside a set of Hausdorff dimension less than n — p:

Theorem 6.2: Let p € (1,00), Q@ C R? be a domain of class C1* and ug € CH*(Q,RN). Let u €
w4+ Wy P (Q,RN)N L= (Q,RN) be a bounded weak solution to (1.1) under the conditions (H1)-(H3) and
(B), and suppose that ||u|| e rry < M for some M > 0 such that 2max{p — 1,1} LoM < v. Then we
have

u € CH*(Q,RY)
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in the superquadratic case p > 2, whereas in the subquadratic case 1 < p < 2 there hold

S C’l’a(Regu(ﬁ),RN) and dim}c(ﬁ\Regu(ﬁ)) <n-—-p.

loc

PROOF (SKETCH): In the first step of the proof one compares the solution w of the original problem
to the solution of the frozen, homogeneous problem, for which good a priori estimates are known (in
particular full C''-regularity). This allows to show that Du belongs to the Morrey-space LP-2~7 locally
on the regular set Reg, () of u for every 7 € (0,2), see [5, p. 2743] if p > 2 and [8, p. 317]if 1 <p < 2
for the up-to-the-boundary versions. This decay estimate for the integrals [(1 + [Du|)? dz over balls
(possibly intersected with Q) in terms of the radius is then used to enter again into the comparison
argument and to improve the decay of the excess of Du on balls B,(zg) C Bgr(zg) contained in the

regular set Reg,, () via

2
/Bmom |V (Du) — (V(Du))Bp(xo)m| da

< 2/ V(Dv) - (V(DV) ., mdeHz/ V(D) - V(Du)[* de,
B, (20)NQ o B, (x0)NQ

where v € u+ WP (Bg(z) NQ,RY) is the weak solution to div a(xo, (1) g, (z0)ne, Dv) = 0. Taking into
account the Morrey regularity and proceeding as in [33, Chapter 9], we then estimate the first integral
on the right-hand side via the decay properties for the comparison map (see [11, 3.12] and [7, (4.34)])
combined with a good choice of the radius R as a power of p. The second integral is under control via
an estimate similar to the ones of [5, (34)] or [8, (4.16)], with the difference that the terms involving s
and ¢, respectively, do not appear if also the higher integrability of the comparison solution is kept in
mind. As a consequence, the reasoning in [33] applies, and a sufficiently small choice of 7 shows that
the previous excess integral is bounded by p?>*° for some o > 0. This corresponds to Holder continuity
of V(Du) and therefore of Du with some small exponent, which is then improved to the optimal one by
standard regularity theory. [

6.2 Systems with coefficients a(x, z)

In the introduction we already spent some words on the situation where the coefficients do not explicitly
depend on the weak solution u, but only on its gradient and the independent variable. In the interior it
turned out [37, 36] that the assumption n < p+ 2 (or priori Holder continuity of «) is no longer needed
(because — roughly speaking — possible singularities of u do propagate to the coefficients only in the
gradient variable). For this reason the dimension reduction follows in only one step, and it is further
valid without any restrictions on the space dimension n. In the indirect approach of [18] the same
reasoning was applied in order to extend these interior results up to the boundary. As a consequence,
in case of homogeneous systems there holds:

Theorem 6.3 ([18]): Consider p € (1,00), a > %. Let Q be a domain of class CY* and uy €

CL(Q,RN).  Assume that u € ug + WyP(Q,RY) is a weak solution to diva(z,Du) = 0 in Q un-
der the assumptions (H1)-(H3). Then H"~-almost every boundary point is a reqular point for Du.

It is not clear whether the result of Theorem 1.1 can be improved to such vector fields which do
not explicitly depend on u, in the sense that the existence of regular boundary points in that case is
valid for all dimensions n > 2. The first problem arises in the preliminary estimate (4.2), where in
general no positive power of h for the last integral — which came from | [ b(x, u, Du)7e 1, (n*7e pu)dz| -
can be produced. Hence, to obtain some fractional differentiability of the system, additional regularity
assumptions on the inhomogeneity are required (such as conditions (6.1)-(6.2) of Holder continuity with
respect to all variables), which then allow to use the formula for partial integration for finite differences
also in the integral involving the right-hand side. In the interior this gives dimg(Singp,, (2)) < n — 2«
in all dimensions. However, in the direct approach presented in this paper, these assumptions do not
seem to lead to fractional Sobolev estimates for x — a,(x, Du), see e.g. the derivation of (5.9) where
the Holder continuity was the crucial ingredient.
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6.3 Optimality of the Hausdorff dimension

It is not clear to what extent the estimates for the Hausdorff dimension of the singular set may still
be improved, neither in our main statements nor in the cited results [11, 5, 8, 37, 36, 18] on the
Hausdorff dimension of the singular set of v and Du. Up to now, the bound for the singular set of
Du depends on the parameter a. While one cannot rule out that the dependence on « is only due
to technique, it is believed that this dependence is a structural feature of the problem concerning the
Hausdorff dimension of the singular set. However, the literature lacks appropriate counterexamples. As
a consequence, the question of the existence of regular boundary points for Holder exponents a € (0, %)
remains open for general nonlinear systems of the type considered above. Recently, it was observed by
Kristensen and Mingione [34] that the Holder continuity assumption in = can be relaxed to a fractional
Sobolev dependence. More precisely, still assuming the Holder continuity assumption (H3) with now
an arbitrarily small @ > 0 (as a consequence, we have C’llo’co‘ regularity on the regular set and the
characterization of the singular set remains unchanged), we further assume for some 5 > 0:

(H4) There exists a function g € L”(2) with g > 0 and v > (1 + )/ such that

la(z,u,2) — a(@,8,2)] < LA+12P)T [lz - 21%(g(x) + 9(2)) +ws (fu — al)]

for almost all #,7 € Q and all u,u € RY, z € R*™Y (and ws(s) < min{1,s}). The function g again
plays the role of a fractional derivative, see Section 3. Obviously, condition (H4) is weaker than (H3) in
the case a« = 3 and v < oo, and it actually turns out that — independently of the value of o — the result
of Theorem 1.1 still holds true, provided that § > % In particular, we still get existence of regular
boundary points (even though in a regular point the exponent of Hélder continuity of Du is only v and

in general not (3):

Theorem 6.4: Considern € {2,3,4}, o, 8 € (0,1] with 3 > 1/2. Let Q C R™ be a domain of class Ct®
and ug € CH*(Q,RN). Assume further that u € ug+ Wy (2, RN)NL®(Q,RN) is a weak solution of the
Dirichlet problem (1.1) under the assumptions (H1)-(H{) and (B), and suppose that |[ul| e orvy < M
for some M > 0 such that 2LoM < v. Then H" '-almost every boundary point is a regular point for
Du.

PROOF: The strategy of the proof of the theorem is the same as the one of Theorem 1.1, and we im-
mediately get into the study of the transformed system (4.1) under the assumption of a priori Holder
continuity of u with exponent A. We first infer Du € L*™2*(Q} , R"") from Lemma 5.9 from a first
iteration using only assumptions (H1)-(H3) and (B) (alternatively we can use a simple higher inte-
grability result via Gehring’s Lemma), and now start a new iteration as in Section 5.3 by taking into
consideration the additional assumption (H4): for this purpose we define a sequence (0 )ren

A

Br+1 := Bk + min {5, 2(1%&:)} (B—Br),

and we observe that it is bounded and strictly increasing with limit 5. Observing that only the fractional
dependence of the coefficients in the x-variable has changed, we now have to re-estimate the terms
involving differences of the coefficients with respect to the z-variable, and then all the statement of
Section 5.3 remain true for by replaced by Si (and on smaller half-cubes). In fact, there are only two
new terms. Under the Holder continuity assumption (H3), these were estimated trivially, but they now
need to be investigated more carefully: the first occurs in the proof of Proposition 5.5 (assuming that Du
is integrable to a power greater than 2 + 2(;), when we derive a suitable substitute for the preliminary
estimate (4.2) to find the inequality corresponding to (5.12). Actually, only the integral involving A(h)
needs to be adjusted: Keeping in mind the integrability assumption g € L¥(QF) ¢ LU+A/8(QF) and
the Holder continuity of u we calculate with (H3), (H4), Young’s and Holder’s inequality:

«

ﬂo = 57

148 B
/ LA [D (e pu) dz < L|h|°F T
Q+

1+8 Bk

X / (1 + |Du(z + he)\) (g(:lc + he) + g(ac)) B T+hk (772|Te,hDu| + 277|D77||Te,hu|) dx
Q+

148 B 148 B8
= / 7P lrenDul® dw + ez, L) [P 5% + (L, || Dyl =) B 55
Q+
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= Br_
x (/ (1+ |Du(z + h6)|)2+2ﬁ’“ dx) T (/ Fa da:) o
QFNspt(n) o+

where we also have used standard estimates for finite differences (note that the exponent o was for
simplicity treated as 0 in the powers of |h|). To conclude (5.12) it then suffices to observe that both
powers of |h| are at least 2511 and that the other terms are estimates exactly as before (but using (H4)
instead of (H3) for estimating differences of the coefficients with respect to the u-variable).

The second new term arises in the fractional Sobolev estimate for a,(z,u, Du) (and in turn in the
same way also for D,u): it occurs for the first time in the estimate for B(x) and can be dealt with as
follows:

][ |a(z, u(z), Du(z)) — a(z, (u).,r, Du(x))| da
Zy(2)

B
< c(n) Tﬁ% 1+szk {][ (1 + |Du(m + he)‘)1+ﬁk dx + ][
Zy(z)

(9() + 9(2)) * da].
Zy(z)

The right-hand side is then estimated further via the maximal function.

With these two adjustments, the proof of the theorem then continues as before, leading to the
existence of regular boundary points for « € (0, 1) arbitrarily, provided that g8 > % ]
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