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Abstract. We consider almost minimizers of variational integrals whose integrands are quasi-
convex. Under suitable growth conditions on the integrand and on the function determining the
almost minimality, we establish almost everywhere regularity for almost minimizers and obtain results
on the regularity of the gradient away from the singular set. We give examples of problems from the
calculus of variations whose solutions can be viewed as such almost minimizers.
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1. Introduction. One of the most basic questions in the calculus of variations
is that of existence and regularity of minimizers of regular functionals subject to some
sort of boundary conditions. To fix ideas we consider a functional

(1.1) }"(u):/Uf(x,u,Du)d:c

for z € U, a domain in R™, 4 mapping U into RY; then F is regular if f(x,u,p) is
convex in p. Appropriate growth conditions on f can be imposed to ensure that the
Euler equation corresponding to F is elliptic, or at least degenerate elliptic; however,
even under reasonable assumptions on f, in the case of systems of equations (i.e.,
N>1) one cannot, in general, expect that minimizers of F will be classical, i.e., C%-
solutions. This was first shown by De Giorgi [DeG]|; we refer the reader to [G1,
Chapter IL.3] for further discussion. It is thus of interest to consider questions of
partial regularity. The regular set of a solution w is defined by

Regu = {x € U | u is continuous on a neighborhood of z}
and the singular set by
Singu = U \ Regu.

Partial regularity theory involves estimating the size of Singwu (i.e., showing that
Sing u has zero n-dimensional Lebesgue measure or better, controlling the Hausdorff
dimension of Singu), and showing higher regularity on Regu. There is a wealth of
literature covering the existence and regularity of minimizers (and, more generally, of
stationary points) of regular functionals; we refer the reader to the monographs [G1],
[G2], and the literature contained therein.

The condition (for F to be regular) that the integrand be convex in the gradient
is quite restrictive. There are a number of interesting and important problems in the
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calculus of variations which are not regular; in addition, weak lower semicontinuity,
an essential notion for showing the existence of minimizers, is implied by convexity
(in appropriate Sobolev spaces), but not vice versa. This led Morrey to introduce the
notion of quasi converity in the paper [M1]; we postpone giving a precise definition
until section 2 and simply note here that Morrey showed that, in many circumstances,
quasi convexity and weak lower semicontinuity are equivalent, and refer the reader
additionally to [Da], [Bal], and [AF] for discussion, literature, and further references.

The first results on partial regularity for minimizers of general quasi-convex in-
tegrands were obtained by Evans [Ev]. He considered integrals of the form F(u) =
fU f(Du) dz and showed, under the principle assumption of uniform strict quasi con-
vexity (see (H2) of the current paper), that a minimizer u of such an F satisfies
L"(Singw) = 0 and that Du is Holder continuous for all exponents between 0 and 1;
see [Ev, section 2] for precise statements. These results were extended independently
by Fusco—Hutchinson [FH] and Giaquinta—Modica [GM] to more general functionals
of the form (1.1) under assumptions comparable to our (H1)-(H4) and to an addi-
tional assumption concerning the Hoélder continuity of the integrand f(z,u,p) in z
and u; see [FH, section 2] and [GM, Theorem 1.1]. Note in particular that in these
results Du is shown to be Holder continuous for some exponent depending on the
Holder continuity of the integrand f.

In the current paper we wish to consider a more general class of functions than
minimizers, namely, almost minimizers. Writing F(u; D) for [, f(x,u, Du)dz, an
almost minimizer (at z¢) for F is a function u for which

(12)  Fu; By(w0) < Flu+ ; By(xo)) +wlp) /B (U IDu ¢ Dl

for all suitable test functions ¢ with supp ¢y C B,(2¢); see Definition 2.1 for a pre-
cise statement. Here w is a real-valued function. Obviously w identically vanishing
corresponds to the case of F-minimizers, and minimal conditions on w (continuous
and nondecreasing at 0 with w(0) = 0) ensure that the term almost minimizer makes
sense. In the next section we impose some additional (mild) conditions on w and
give examples that show that solutions of a number of problems in the calculus of
variations (precisely, minimizers subject to certain constraints) are almost minimizers
of suitable functionals; hence the notion of an almost minimizer is in fact useful.

A comparable but more restrictive definition of an almost minimizer was given
by Anzellotti [An]. In that paper the author shows partial regularity for almost
minimizers of the (regular) functional with integrand given by a®®(z) DouDgu+ g(z)
for suitably regular a®® and g; see [An, Theorem 1.5]. Anzellotti’s definition was
more restrictive in two respects; he required Holder continuity for the function w and
required a sharper inequality than (1.2). We also mention that there is another related
concept for regular integrands, namely, that of a quasi minimizer (or Q-minimizer);
here the right-hand side of (1.2) is replaced by Q F(u + ¢; B,(z0)) for some constant
Q@ > 1; see [G1, Chapter IX] for details and further references.

We also note here that there are close ties between the current setting and the
study of elliptic parametric variational problems in geometric measure theory. In
particular, our notion of an almost minimizer is analogous to Almgren’s definition of
an (F,e,6)-minimizer; see [Al, Chapter III|. Indeed our regularity result, Theorem
2.2, is the analogue of Almgren’s regularity theorem [Al, Theorem III.3.7] in the
current setting; of course [Al, Theorem II1.3.7] is broader in scope, and the proof
is considerably more involved than the proof of our regularity result. We refer the
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reader to [Ev, section 1] for more comments on the connections to geometric measure
theory and restrict ourselves here to noting the above-mentioned work of Almgren
[Al], as well as the paper of Bombieri [Bo]. The closest analogue of the current paper
in the setting of geometric measure theory is the paper [DS], where the authors prove
optimal regularity results for almost minimizing rectifiable currents of general elliptic

integrands.
The main regularity result of this paper is given in Theorem 2.2. We consider
integrals of the form F'(u fU f(Du) dzx and show, under reasonable conditions on

f (the main one being unlform strict quasi convexity) and the function w, that (F,w)-
minimizers are regular away from a set of zero-measure. In addition we obtain an
optimal local modulus of continuity for Du on Regu. The structure of the proof and
the nature of our definition of an almost minimizer enable us to extend this result
to families of such integrals. This allows us to obtain, as an easy corollary, partial
regularity for minimizers of integrals of the form F'(u fU x, Du) dx, where f
is quasi-convex, but where we only require a Dini condltlon (cf. [HW section 1]) on
the continuity of the coefficients in . In particular, we do not need to assume that
the coefficients are Holder continuous with respect to x, in contrast to the results of
[FH] and [GM] (of course, the results there admit u-dependency, in contrast to the
current paper). Indeed, even for minimizers of regular integrals of the form F'(u) =
fU x, Du) dz, in the case of systems (i.e., N > 1) this appears to be the first time
that partlal regularity results have been obtamed for coeflicients which are not Holder
continuous (there are a number of results for scalar valued problems; we mention here
specifically [HW] and the recent paper [Kol).

We wish to briefly comment on our technique. The central idea in our proof is
that of A-harmonic approximation, as expressed in Lemma 4.2. This idea, too, has
its origins in the field of geometric measure theory, specifically in Simon’s proof of
the regularity theorem of Allard [A]; see [S1, section 23], and cf. [Bo]. The point
here is to show that for A € Bil(Hom(R", RY)), which is rank-one elliptic, a function
which is “approximately A-harmonic,” i.e., a function g for which fU A(Dg, Dy) dx is
sufficiently small for all test functions ¢, lies L2-close to some A-harmonic function.
Lemma 4.2 is due to Duzaar—Steffen (see [DS, Lemma 3.3]). The lemma is also vital
to the paper [DG], where the authors give an elementary, self-contained approach to
partial regularity for nonlinear elliptic systems of divergence type.

Many of the advantages of the approach of [DG] are relevant in the current paper.
In particular we note that the arguments in both papers avoid the technical compli-
cations associated with using Gehring’s lemma [Gel; as noted above, in the current
setting this is essential to obtaining the optimal modulus of continuity. Furthermore
the A-harmonic approximation lemma is the only time where we argue indirectly;
hence we keep some control on the sensitivity to the structure constants in our proof.

In section 2 we discuss our assumptions on the integrand f and the function w and
give a number of examples (as discussed above, these are concerned with applications
of the partial regularity theorem and with showing that the notion is in fact useful;
we also show how the result is optimal in a certain sense). The remainder of the paper
is concerned with the proof of the regularity theorem.

We close this section by briefly summarizing the notation we use in this paper. As
noted above, we consider a domain U C R™ and maps from U to RN, where we take
n > 2, N > 1. For a given set X we denote by £"(X) its n-dimensional Lebesgue
measure. We write B,(zg) = {# € R" : |z — 29| < p}, and further B, = B,(0),
B = B;. For bounded X C R" we denote the average of a given g € L'(X) by
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fxgdz, ie., fxgdz = %fxgdx. In particular, we write gu,, = B, (x0)9 d=-
We let «,, denote the volume of the unit ball in R", i.e., a, = L"(B). We write
Bil(Hom(R"™, R™)) for the space of bilinear forms on the space Hom(R", RY) of linear
maps from R” to RV,

2. Assumptions, examples, and the partial regularity theorem. We con-
sider a function w : [0,00) — [0, 00), and define

= ([ 5Pa)

We impose the following conditions:

(w0) w is nondecreasing;

(wl) 7 w(r)/r?® is nonincreasing for some « € (0, 1);

(w2) w(r) <1 for all r; and

(w3) Q(r) is finite for some r > 0.

Note that all the arguments involving w in this paper are local in nature; therefore
(w2) is always realizable. In addition (w3) shows that Q(r) is in fact finite for all
positive r. Before we discuss some of the consequences of (w0)—(w3) we define the
central concept of the paper, that of an almost minimizer.

DEFINITION 2.1. Consider a functional F defined on H*(U,RN) and w : [0, )

loc

—[0,00). A function u € H2(U,RN) is called (F,w)-minimizing at xo € U if, for

loc

all p > 0 with B,(xo) CC U, there holds
(21)  Flus By(ao)) < Flu+ @3 B, (o)) + wlp) / U IDu 4 Do) da
B o

for all p € H&’Q(Bp(xo),RN).
A function u is (F,w)-minimizing if u is (F,w)-minimizing at each xog € U.
We now note some less immediate consequences of the above conditions, which
we will need in section 5. From (wl) we see
(2.2) w(tr) < t2“w(r) for t > 1,
and from the definition of Q2 we thus have
(2.3) Q(tr) < 2°Q(r) for t > 1.
We further have, for 0 <7 < 1,7 >0, j € NU{0}

7 Tj”"
24)  —(1—7)e(r) VTJ:T/ 0o 1dp</ o) 4.

Titlp ity 14

This estimate has two useful consequences. We first note

(2.5) > Vw(rir) < p Va(r).
j=0

In addition we see

(2.6) w(r) < Q(r)
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for all » > 0. We note further that (w0) and (wl) imply continuity of w at 0, as well
as w(0) = 0.
We now discuss our assumptions on the functional in question. We consider

functionals of the form
= / f(Du) dx
U

where U is a domain in R”, and f : Hom(R",R") — R satisfies the following condi-
tions:
(H1) there exist positive constants ¢; and ¢y such that, for all p € Hom(R"™, RY),

Ml =2 < F(p) < calpl® + e2

(H2) the function f is (uniformly) strictly quasi-convez, i.e., there exists A > 0
such that for all B,(zg) CC U, p € Hom(R",R"Y), ¢ € C§(B,(xo), RY) there holds

/B,,(zo) (f(p+ Do) — f(p)) dx > /\/Bp(mo) Dof? dr:

(H3) the function f is C? and there exists a nonnegative constant L such that
for all p € Hom(R", RY) there holds |D?f(p)| < L.

Note that the upper bound in (H1) follows from (H3), and the lower bound is
only useful for questions of existence; cf. [M2, 4.4.7], [Ev, p. 228]. We include the
condition here largely for completeness in the examples which follow.

Condition (H2) implies the Legendre—Hadamard condition; see [M2, 4.4.3, 4.4.1]
or [Fe, 5.1.10], i.e

(2.7) Z Z . PIEEnans > NEP[nf?

i,j= laﬁl ﬁ

for all p € Hom(R",RY), ¢ € RY and n € R™.
From condition (H3) we have

(2.8) |Df(p) = Df(p)| < Llp —pl;

this condition also implies the existence of a modulus of continuity of D?f, more
precisely of a family of monotone nondecreasing, concave functions v(M,-) : [0,00) —
[0,00) for M > 0 satisfying v(M,0) = 0 and

(2.9) [D?f(p) — D*f(p)| < v(M, |p— 5|

for all p, p € Hom(R",RY) with |p| < M .

For the proof of our main theorem we will initially strengthen (H3) by further
imposing

(H4) D?*f is uniformly continuous.

In conjunction with (H3) this leads to the existence of a monotone nondecreasing,
concave function v : [0, 00) — [0, 00) satisfying v(0) = 0 and

(2.10) |D?f(p) = D*f ()| < v(lp - BI)

for all p,p € Hom(R"™,RY). At the end of the paper (Corollary 5.3) we show how the
arguments can be modified to remove (H4).
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We are now in a position to state our main result.

THEOREM 2.2. On a domain U C R™ consider a function w satisfying (w0)-
(w3), and a function f which satisfies (H2) and (H3). Let F' be the functional on
H'2(U,RN) given by F(u) = [, f(Du)dz. Letu € H"?(U,RN) be (F,w)-minimizing
on U. Then there exists a relatively closed subset of U, Sing u, such that

u € CHU \ Singu).

Further Singu C X1 U Xo, where here

¥ = {mo € U : liminf |Du — (D) g, | dz > 0} , and

p~>0+ Bp($0)
Yo = {aco €U : sup |[(Du)g, |l = oo} ;
p>0

in particular L™(Singu) = 0.
In addition, in a neighborhood of any xoy € U\Singu and for any 8 with a < 5 < 1,
Du has a modulus of continuity given by

p(r) =C(r‘3+ \/W) :

where c is a constant depending only onlimsup,_,q [(Du)x, |, on B, on the dimensions
n and N, on the structural parameters A\, L, and «, and on the functions w(-) and

v(-).

With a view to applications (see, in particular, Example 1 below) we are also in-
terested in being able to consider a different functional at each point, i.e., a functional
of the form

Fpo(u) ::/Ufro(D“) dx

for xg € U. Given a family of such functionals, the analogues of (H2) and (H3) are
(h2) the functions f,, are uniformly strictly quasi-convez, i.e., there exists A > 0
such that for all B,(xg) CC U, p € Hom(R",R"Y), ¢ € C3(B,(x0),R™) there holds

/BP(IO) (fa:o (p+ Do) — fa, (P)) dx > )\/ |Dl? da;

Bp(xo)

(h3) the functions f,, are C? and there exists L > 0 such that for all p €
Hom(R",RY) and zq € U there holds |D?f,,(p)| < L.

Just as we imposed the additional condition (H4) to obtain a uniform modulus
of continuity above, we will have occasion to require that

(h4) the second derivatives D?f,, admit a uniform modulus of continuity, i.e.,
there exists a monotone nondecreasing, concave function v : [0, 00) — [0, 00) satisfying

v(0) =0 and
(2.11) |D? f2,(p) — D? fzy (B)] < v(|p — 5I?)

for all p, p € Hom(R",R™) and zy € U.
We can now state the regularity result for families of functionals: the proof follows
exactly the same lines as the proof of Theorem 2.2.
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COROLLARY 2.3. The conclusion also holds when {Fy,}z,cu s a family of func-
tionals arising from functions { fz, }zocu satisfying (h2), (h3), and (h4), w is as above,
and u € HY2(U,RYN) is (Fy,,w)-minimizing at each xo € U.

We now give a few examples of almost minima and applications of the partial
regularity result.

Example 1. Consider u minimizing a functional of the form

G(u) = / g(x, Du)dz,
U
where here the frozen coefficients

Gz (P) = g(w0, p)

satisfy (h2), (h3), and (h4), and in addition

(2.12) l9(2,p) = 9(2,p)| < w(lz —2|)(1 +[p)

for all 2,7 € U and all p € Hom(R", RY) for some w satisfying (w1)—(w3). Writing

Gy, (u) ::/ngO(Du)d:vz-/Ug(aco,Du)d:v,

we have that u is (G,,,w)-minimizing at each zo € U.
Ezample 2 (solutions of an obstacle problem). We wish to minimize [, [Dv|? da
amongst all functions v € Hé ’2(U7 RY) satisfying

vt >t (i=1,...,N),

where the given functions ¢® are nonpositive on OU and in the class C*®. In or-
der to see that a minimizer v is an almost minimizer of the Dirichlet integral with
w(p) = cp®* (for a positive constant c¢), we argue as follows. (Note that this exam-
ple is essentially the same as [An, Example 3.2], but for completeness we repeat the
arguments here.)

Fix B,(zo) CC U and let h : B,(z¢) — RY be the (vector-valued) harmonic
function coinciding with u on 0B, (z). Since h is harmonic (and hence minimizing),
we have

(2.13) / |Dul? do = / |Dh|? dz + / |D(u — h)|* dz
By (z0) By (zo0) By (z0)
§/ |D(u+<p)|2d9:+/ |D(u — h)|* dz
B,(x0) By (z0)

for all ¢ € Hé’Q(Bp(xO),RN). On the other hand, the harmonicity of A and the
minimality of u also imply

/BP(IO)D(u—h)-D(u—U)dx:/ Du- Dl — v) de

BP(IO)

d
4 V |Du|2da:—/ (1= #)Du + tDv|2 dz| <0
By (z0) By (o)

_1
T 2dt

t=0+
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for all v € HY2(B,(x0),RY) with v = u on 9B,(z¢) and v’ > ', We set v’ =
RV 9t = max{h?, ¢’} for i = 1,..., N and infer

/ D(u—h)-D(u—hV)de <0;
By (o)

hence

/ |D(u—h)|2dx§/ D(u—h)- DbV — h) do
B B, (z0)

1
gf/ |D(u—h)|2dx+f/ |D(h V) — h)|*dzx
2 JB,(20) 2 JB,(x0)
and therefore
(2.14) / D(u— h)? dz g/ ID(hV 1 — )2 da.
By (z0) By (o)

n+2a

The last integral can be estimated by cp , as can be seen by the inequality

/ \D(hE v i — B2 da
(Io

- /B o PV ) = (D) DOV = 1)

< / DV ) — (D) | [D(REV 0 — )] de

- /{ o D (DY DO = )

Sgf, v D Pdesg [ DY P

for i =1,..., N, which implies

(2.15) / ‘D(h\/ ’Lﬁ — h)|2d:p < / |D¢ _ (Dw)m07p|2 dx < Cpn-&-Qa.
By (xo)

Bp(xo)

Combining (2.13), (2.14), and (2.15), we have shown the asserted almost minimality
of u. If we only know that the ¢%’s are in C*(U), with a modulus of continuity given
by

|D(z0) — Dy(2)| < p(|zo — 21),

the same argument can be applied to show the almost minimality for a function w
given by w(s) = u?(s).

Ezample 3 (almost minimizers of the Dirichlet integral; optimality). As a more
general result, we have that every function v : U — RY of class O™ is an almost
minimizer of the Dirichlet integral with w(p) = cp?® for some constant ¢ > 0. The
proof is a simplified version of the arguments in Example 2, consisting of establishing
(2.13) and the inequality

(2.16) / |D(u — h)|*dx < / |Du — (D) gy | dz < cay, p™ 2,
B (:Eo) p(IO)
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which is proved exactly like (2.15).

Note in particular that this example shows that our regularity theorem is optimal
in the case of Holder-continuous moduli of continuity. We can in fact show the same
for an arbitrary w satisfying conditions (w0)-(w3).

We begin by noting for an arbitrary u € C'(B,(z0),RY) that we can combine
(2.13) and (2.16) to see

(2.17) / | Dul|? dx g/ |D(u+g0)|2d:17+/ |Du — (D) 4, p|* da.
Bp(iﬂ) Bp(mﬂ)

BP(IO)

In order to construct our example, we first consider v : R — R given by
S
v(s) :/ VQ(|t]) dt .
0
We calculate

(2.18) ;/_pp |v'(s)—v6’p|2ds:/0p \/ﬁ(s)—fop\/ﬁ(r)dr

- [ ([ mon) -2 ([ o)

/OPQ(s)ds;</Opm(s)ds)2.

Since \/w(r) = r(+v/Q)'(r), (w0) can be expressed as r(v/Q)(r) < s(vVQ)'(s) for r < s.
Using this in (2.18), we see

Ld /f’ [0/ (s) — g, |* ds = Q(p) + <]€p VQ(s) d8)2 - 2vVQ(p) 7€p VQ(s) ds

san )
= (Vi) - { Vi ds)2

_ (]{)p (/:(m)’(t) dt) ds>2
<(f ([ tvarea) ds)2

2

- (/Op(logp —log s) d8> (V) (p))?

= P’ [(VQ)' (o))
(2.19) =w(p).

Integrating this expression, we see

2
ds

(2.20) %/_P V() — vg,|* ds < /Opw(s) ds < pw(p).

Consider now a real-valued function u defined on B, the unit ball in R™, given by

u(w) = /Ox Vat)) de.
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In view of (w3) we see that u € C'(B), and the modulus of continuity of Du is given
by vQ. We consider an arbitrary ball B,(z9) € B; due to the symmetry of u with
respect to 2!, it suffices to consider zy with x(l) > 0. We first consider the case that
x4 < 2p. We have, using (2.20) and (2.2),

z5t+p

(2.21) / |Du — (Du)ggo,p\2 dx < ozn_lpnfl/ [v'(s) — v;é p|2 ds
BP(CDO) x ’

5—p

z5+p
< anflpn_l/ [v'(s) — Ué,w5+,,|2 ds
zi—p

1 xé+p 2
o [ ) ol P ds
—xt—p 0
< 20,1p" " H(ag + p)w(zg + p)

< 2.3 2%, 1p"w(p).

For x§ > 2p we begin by noting that v/Q is monotone nondecreasing on the interval
(x4 — p,x{ + p). Keeping this in mind, and using (w1) twice, we have

/:5-4-9 [v'(s) — v;’l_(1]7p|2 ds = /xéﬂ) ‘\/ﬁ(s) - (VQ) ds

1 1
T5—p

’2
0_.0

1
z},p

</ . Vas) ~ VAl — o) ds

5—p

Aol e o) 1
< / / do| ds
1(1’ —p wé —p g

1 2
1 _ To+p s
< 7w(1x° §> / / Cllf ds
(xO - p) @ zl—p zi—p o

W(p) a a2
< a2p2e p [s% = (zg — p)*]" ds
2pw(p)

Hence we have

azé+p

(2.22) / |Du — (D) gy | dz < an_lpnfl/
By (o) zt—p

<2(3* —1)2a %o, _1p"w(p) .

[v'(s) — v;é7p|2 ds

In view of (2.17), the estimates (2.21) and (2.22) show that w is an w-almost
minimizer for the Dirichlet integral on the unit ball B.

Ezample 4 (volume-constrained minimizers). For a fixed vg € HV2(U,RY) we
define H,, to be the set of functions v in H%2(U,RY) such that v = vy on OU and
Jyvdx = [, vodz. We then consider u € H,, such that

(2.23) /|Du\2dm§/ |Dv|? da
U U
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for all v € H,,; that is, the function v minimizes the Dirichlet integral amongst
all functions satisfying a given (vector-valued, signed) wvolume constraint. We will
show here that u is an almost minimizer for the Dirichlet integral, for a function
w(r) = Cr for a suitable constant C. This example was also given by Anzellotti
[An, Example 3.2]. In the current situation, due to our more general definition of
an almost minimizer (see the comments in the introduction) the calculations are
somewhat easier; in particular, in contrast to the result of Anzellotti, the constrained
minimizer is an almost minimizer for the same functional. Having said that, we should
also state that our calculations are similar to those in [An].
We wish to show for all g € U

(2.24) / |Dul? dz < / |D(u + )| *da
By (zo0) By (x0)

+ cp/ (1+ |Duf® + |Dg|?) do
Bﬂ(ro)

for all test functions ¢ € Hy*(B,(x0), RY), for all p with B,(z) CC U. Define Ry =
sup,cy{sup{r| Br(z) CC U}}, and set pg = po(zo) = min{Ry/4,dist(zo,0U), 1}.
Obviously it suffices to establish (2.24) for all p with 0 < p < pg. Let ¥ be a
fixed function in H3’2(330/4,RN) with fBR0/4 P #£0i=1,...,N. Wefixyo € U

such that B’ = Bp, /4(yo) C U and B’ N B,(xy) = 0. Define n € Hy*(B',RV) by

(@) = P = yo)- Ly
For a given test function ¢ € Hy*(B,(zo),RY), for i =1,..., N we define t; € R
by

(2.25) ti = _IBP(“O? o _IBP(“)# o
fB/ " dz fBR0/4 W dz

Poincaré’s inequality yields the estimate

1/2
(2.26) Iti| < esp2tt (/ |D<pi|2dx>
Bp(zo)

for a constant c3 depending only on n, U, and the fixed function .
We next define a function w via

, u'(z) + o' (2), x € By(x0),
w'(z)=q u'(@)+tn'(z), w€B,
u'(x), z €U\ (By(xg) UB’)

fori=1,...,N. We see immediately that w € HY?(U,R") and that w|aU = u}aU =

UO’BU' From (2.25) we also have that [, wdz = [,; udz, meaning that w € H,,. We
thus have from (2.23)

(2.27) / | Du|? dx S/ |D(u+ ¢)|? dx+/ |Du 4+ tDn|? dx
B, (o) B, (x0) B

- | Dul|? dz
B/
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where tDn denotes {tiDan"}ffll’j:j; - We then estimate

N N
/ |Du+tD77|2dx—/ |Du|2dx§2‘2/ Dui-Dnidx’+Zt?/ |Dn'|? da .
B’ B’ i=17B' i=1 B

Using (2.26), we see that the second term on the right can be bounded above by
cap™t? fB (o) |Dy|? dx for ¢4 depending only on n, U, and 1. We further have, after
P

applying the Cauchy—Schwarz and then Young inequalities, and taking into account
(2.23),

N

12 1/2
§2(/ |Du|2dx> Zt?/ |Dn|? da
v i=1 B
1/2 1/2
<2 (/ | Dwol? dac) C4p”+2/ |Dy|* dx
U B, (20)

<c(oiep [ IDePds
By (o)
for ¢5 = e + [i; |Dvo|? dax.

Combining these estimates in (2.27), we have (noting that ¢5 > ¢4, p < 1)

2

N . .
Z t; / Du' - Dn' dx
i=1 B’

/ |Dul? da < / |D(u+ @) > dz + c5p™ T + (C5p+04p"+2)/ |D|? da
By (z0) By (z0) By (o)

g/ |D(u+ @) |* dz + 2c5p 1+/ |Dy|?dx | |
BP(ZO) B,,(wo)

which is the desired estimate.

We also note (again, cf. [An, section 3]) that the same arguments hold for func-
tionals of the form [, A%8(z) DoyuDgu dr, under suitable assumptions on the functions
{AB},

Finally, it should be mentioned here that comparable examples exist in the setting
of geometric measure theory; see, e.g., [Al], [Tal, and [DS].

3. The Caccioppoli inequality. We begin by stating an elementary technical
lemma from Fusco-Hutchinson, [FH, Lemma 3.2] (cf. [G1, Chapter V, Lemma 3.1]);
for completeness we include the result here.

LEMMA 3.1. Let h be nonnegative and bounded on [p/2, p], and satisfy

h(t) < 0h(s)+ A(s—t)" >+ B

for positive constants A, B, and 0 with 0 < 0 < 1, for all s and t with p/2 < s <t < p.
Then there exists a constant ¢ depending only on 6 such that

h(p/2) < c(Ap~2 + B).

We now prove a suitable version of the Caccioppoli inequality. The proof is close
to that of [Ev, Lemma 5.1] and [GM, Proposition 4.1].

LEMMA 3.2. Let f satisfy (H2) and (H3), and w satisfy (w0), (wl), and (w2).
Let F be the functional on H?(U,RN) given by F(u) = [, f(Du)dxz. Then there
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exist positive constants p1 = p1 (A, w(-)) and cg = cg(A, L) (without loss of generality
we take cg > 1) such that for every B,(zo) CC U with p < p1, po € Hom(R",RY)
and every u € HY2(B,(z0), RY) which is (F,w)-minimizing at xo there holds

(3.1) / |Du — po|* dx
By /2(z0)
< cg [p2 / ( |~ po(x — z0)[* dz + cnw(p)p" (1 + [pol*) | -
B/J o
Proof. For £ <t < s < p choose n € C§°(B,(x0),[0,1]), n =1 on Bi(xg), n =0
outside Bg(xg), and |Vn| <2/(s —t). We set

¢ =mn(u —po(r — 70)),
Y= (1 —=n)(u—po(x — x0))-

Then
(3.2) Dy + Dy = Du — po

and, with v(x) := u(x) — po(z — x0),

(3.3) |De|? < 2|Du — po|* +

o[,

8
(s —1)?

(3.4) |Da|? < 2|Du — po|* + lv|?.

8
(s —1)?
From (H2) and (3.2) we have

65) A[ DePdr< [ (oot Do) flon)do =1+ 114111,
B (zo) Bs(zo)
where
1= [ (#(Du=Dv)~ f(Dw)da,
Bs(zo)
II = / [f(Du) — f(Du — Dy)] dz, and
BS(f”O)
= [ o+ Do)~ Sl ds.
B, (xo)
The (F,w)-minimality and (3.3), along with (w2), imply

(3.6) II < w(s)/ (1 + | Dul* + \Dap|2) dz
Bs(xo)

8
gw(s)/ (1+2|p0|2+4|Du—p0|2+ |v|2) do
BS(I()) (3 - t)2

A
Sf/ \Du—p0|2dx+%/ |v|? dx
2 JB.(z0) (s =1)% JB.(z0)

+ 200w (p)p™ (1 + [pol?),
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as long as p is sufficiently small that 8w(p) < A; by (w0) and (wl) we can choose
p1 > 0 such that this holds for all p € (0, p1]. For the other terms we have (via (2.8)
and (3.2), as well as (3.4))

(3.7) I+HI§L/ (1Du — pol +1D91)|DY| d
Bs(l’o)
- (10w~ ol + [Dw]) D d
B (w0)\Bt(zo)
L 3L
< — | Du — po|? dx—l——/ | Dap|? da
2 /B, (w0)\Be(wo) 2 /B, (w0)\Be(wo)
7L 12L
< — \Du—po\gdx+72/ lv|? dz.
2 JB.(z0)\ Bt (o) (s =1)? JB.(z0)
Combining (3.6) and (3.7) in (3.5) and noting Dy = Du — py on By(xo) we see
A 7L+ A
(3.8) 7/ | Du — po|? dx < i / |Du — po|* dx
2 J B, (zo) 2 JB.(20)\Bi(x0)

12 + 8 .
by [ e 20w (L o).
(s—1) B.(zo)

Thus we have

7L+ A
(3.9) / | Du — po|? do <
Bu (o) TL+2X /B, (w0)

| Du —p0\2 dx

24L + 16 ) 4 ,
24L+16 dr + —anw(p)p"(1 :

7L+

Since Lo

< 1 we can apply Lemma 3.1 to conclude (3.1). d

4. Approximate A-harmonicity and A-harmonic approximation. The
next lemma is a prerequisite for applying the A-harmonic approximation technique.

LEMMA 4.1. Let w satisfy (w2), and f satisfy (H2), (H3), and (H4). Let F
be the functional on H'(U,RN) given by F(u) = [, f(Du)dx. Then there exists
cr = c7(n, L) such that for every u € HY?(U,RY) that is (F,w)-minimizing at x,
every ball B,(zo) CC U, and every po € Hom(R",RY) we have

(4.1) pr /B D) (Du—po, D) do

< o7 | 2(p) (14 @ + pol?) + v1/2(@)01/2] sup | Dyl

Bp(-'”o)
for all ¢ € C}(B,(w0),RY). Here we write
(42) (I):(I)(xO,P»PO) ::][ |DU*p0|2 dx.
BP(IO)

Proof. Without loss of generality we take zo = 0. We first note

Df(Du)- Dy dx = Df(Du)- Dy dx — Df(po) - Dpdx
Bp Bp BP

(4.3) - /B / D2f(po + 7(Du — po)) (Du — po, Dg)drd.
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Initially we assume |Dy| < 1 on B,,. For positive s we have from the (F,w)-minimality
of u

(4.4) /B D2 f(po) (D — po, Do) da

1
> 3 / (f(Du) — f(Du+ sDy))dx — w(p)/ (1 + | Dul?® + 52|D<p|2) da:‘|
B, B,
+/ D? f(po)(Du — po, D) dz
Bﬁ
1 s d ,
> |- —f(Du+tDy)dtdx + s D* f(po)(Du — po, Do) dx
S B, J0 dt B,
- w(p)/ (1 + 5%+ |Du|2) dx since |Dyp| <1
BP
1 S
== / / (Df(Du) = Df(Du+1tDg)) - Dpdtda
s 1JB,Jo
1
w5 [ [ (D%70) = D fpo + (D= po) dr(Du — po. D) do
B, Jo
- w(p)/ (1 + 5%+ |Du|2) dx via (4.3)
BP
1
> —= lss%znp" + 8\/2L/ v2(|Du — po|?)| Du — po| dx:
S B,
+w(p)/ (1 +57 + |Du|2) d:r] via (2.8), (2.10), (H3)
B,
I 1/2
> —§sanp” dz — V2L anp"v'/? <][ |Du — po? dm) (][ |Du — pol? dw)
B, B,

S0 [ (1452 20— P + 2l o
S B,

L 2
> —ap" {25 + V2LV 2 (®)®1/? + #(1 +s2+®+ |p0|2)} ;

we have used the Jensen and Hélder inequalities to obtain the second to last inequality.
Completely analogously we see

(4.5) /B D2 f(po)(Du — po, Dp) d

L 2
< app” {23 + V2L 2(d)0l/2 4 %p)(l +52 4+ pOQ)] .

By choosing s := w'/?(p) and using (w2) we have the desired conclusion for ¢ such
that |Dy| < 1 with ¢; = «,(4 + L). By a simple scaling argument this yields the
result for general . O

We close this section by giving a result which is central to our technique, the
A-harmonic approximation lemma. The lemma was first proven in [DS, Lemma 3.3];
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cf. [S2, section 1.6] for the case A = id (i.e., the harmonic approximation lemma); for
completeness, we quote it here.

LEMMA 4.2. Consider fized positive A and L, andn, N € N with n > 2. Then for
any given € > 0 there exists 6 = §(n, N, A\, L,e) € (0,1] with the following property: if
A € Bil(Hom(R",RY)) is rank-one elliptic with ellipticity constant A > 0 and upper
bound L, then for any u € H“?(B,(z0),RY) (for some p >0, zg € R™) satisfying

p_"/ |Dul? dz < 1, and
By(z0)

< 6(n, N, A, L,e)sup | Dy|

p_"/ A(Du, Dyp) dx
Bp(w(J)

for all p € CY(B,(z0),RY), there exists an A-harmonic function h€ H?(B,(xo),RY)
such that

p_”/ |Dh|? dx < 1 and p_”_z/ \h—u\dege.

B, B,

Here h is called A-harmonic if
/ A(Dh, Dy)dx =0
BP

for all ¢ € C§°(B, (o), RY).

5. Proof of the main theorem. To prove the result we follow the general lines
of [DG, section 3]. We first establish appropriate smallness conditions sufficient to
deduce growth estimates on ®.

PROPOSITION 5.1. Consider u satisfying the conditions of Theorem 2.2, and 3
fized, o < B < 1. We write ®(xo,r) for ®(zo,r, (Du)g,,r). Then we can find positive
constants cg, co, and 6, and 0 € (0,1) (with cs depending only on n, N, A\, and L,
and with cg, 0, and 6 depending only on these quantities as well as 3) such that the
smallness conditions p < p1,

(5.1) v(® (0, p)) + P(0, p) < 6%/2,
and
(5.2) csw(p) (14 |(Du)ay o) *) < 6

together imply the growth condition
(5.3) B (w0, 0p) < 0°°D (20, p) + cow(p)(1 + |(Dw)ay,p|*).
Here py1 depending on \ and w(-) is given in Lemma 3.2.

Proof. From Lemma 4.1 we have (with c19 := 1 + v/2¢7)

(5.4) < co [‘b(l’oy P o)

p" / D?f(po)(Du — po, D) dx
Bp(mﬂ)

+01/2(@ (a0, p, p0)) @Y/ (30, p,p0) + (w(0)/2)"/2 (L + Ipol*)]| sup_|Dgl.

Bp(zo)



Downloaded 12/15/15 to 130.102.82.110. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

ALMOST MINIMIZERS OF QUASI-CONVEX INTEGRALS 681

We set

"= u — po(x — x0)
2¢101/® (20, p, o) + 62w (p) (1 + [po[?)?

and deduce from (5.4) that for all ¢ € C°(B,(zo), R™) there holds

(5.5)

(5.6)

p" / D?f(po)(Dw, Dy) da
B, (IO)

IN

3 [@172 (w0, p, o) + /2 (@ (w0, p,p0)) + 8/V2] sup Dyl

BP(IU)

1/2
< (@0, pipn) + Blan.pipn) +6/2] 7 sup 1Dyl
Bp o

and (since ¢19 > max{ay,1}),

(5.7) p*”/ |Dw[?de < 22 < 1.
B, (z0) detg

We further set

(5.8) A(&,m) == D?f(po)(&,m).

From (2.7) we see that the bilinear form A satisfies the conditions of Lemma 4.2.
For positive € to be determined later, we denote by § = 6(n, N, A\, L,e) € (0,1] the
corresponding constant from Lemma 4.2; via this lemma the smallness condition

(5.9) v(® (0, p,po)) + ®(x0, p, po) < 6%/2

guarantees the existence of an A-harmonic h € H?(B,(x¢),RY) satisfying

(5.10) p_"/ |Dh|?dx < 1 and
BP(IO)

(5.11) p_"_Q/ |w — h|?dx < e.
By (wo)
We also note that h satisfies the estimate

(5.12) p~ sup |Dhf+ sup |D2hl2§cnp_"_2/ |Dhf2dz < S
Bp/z(mo) Bp/z(zo) B, (z0) P

with ¢17 = e11(n, N, A, L) (without loss of generality we take ¢1; > 1). For elliptic
A the first inequality follows from a standard argument due to Campanato (see [Ca,
Teorema 9.2]) combined with the Sobolev and Poincaré inequalities; the same argu-
ments are valid in the current setting because the Legendre-Hadamard condition is
satisfied; cf. [Ev, p. 236]. The second inequality follows from (5.10). For 6 € (0, 1/4]
we can thus apply Taylor’s theorem to h at xy to deduce

C
sup  |h(z) — h(wo) — Dh(wo)(z — z0)|* < —5 (20p)* = 16¢1,60*p.
CEEBQQP(I()) p



Downloaded 12/15/15 to 130.102.82.110. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

682 F. DUZAAR, A. GASTEL, AND J. F. GROTOWSKI

Thus we have, using also (5.11),

(5.13) (20p) "2 /B - |w — h(x0) — Dh(zo)(x — x0)|*dx

< 2(20p) "2 (/B - |w — h|*dx —|—/B - |h — h(xo) — Dh(xp)(xz — x0)|2d:c>

< 2(20p) " 2(p" e 4 16¢1100, (20p) "0 %)
= 2—n—10—n—26 + 8011an92.

We now set v = 2c10+/®(z0, p, po) + 62w (p)(L + [po|?)2. Taking advantage of the
fact that w and u — (po + YDh(zo))(x — ) have the same mean value on balls
centered at zg we have

(5.14)  (20p) "2 / - |t — Usy,200 — (Po + YDh(x0))(z — 20)|*dx:
Bag,(z0

<09 [ Ju=pole — o) = (hlao) + Dh(an)(x — z0) P
B2Gp(m0)
—2(209) " [ = h(a)  Dhlao) (o~ o) ds
Bagp (o)

<4cfy (2777107 e 4 8erianb?) ((xo, pypo) + 6 2w(p) (1 + |pol*)?)
< ez (07" % + 6%) (®(w0, p, po) + 6 *w(p) (1 + Ipol?)?)
where we have used (5.13) in the second to last line; here we have set c12 = (217" +

32a,¢11)c3 + 1, which depends only on n, N, A, and L. We now fix py = (Du)y, -
With P = (Du)g,,, + 7Dh(zo) we deduce from (5.14), assuming p < py,

B(r0,6p) =} (9p) " / Dt~ (D) gy 0|2 da
ng($0)
<ay'6p) " [ |pu-PPds
Bg,(x0)
<0z @007 [ gy~ Pl o) de
Bag,(x0)

+ 2" cew(260p) (1 + | PJ?)
< 2%cocrz0,, (07" e +60%) (®(x0, p) + 62w () (1 + |[(Du)ay p[*)?)
(5.15) + 9 eq(p)(1+ P

here the second to last inequality follows from Lemma 3.2, the last from (5.14). Under
the additional smallness condition

(5.16) 2c117° < 1
we have, using (5.10) and (5.12),
(5.17) 1+ |P? <1+ 2|(Du)sy p* + 2v*| Dh(z0)?

<14 2Dy + 2002 [ DA da
Bp($0)
< 14 2|(Du)zy ol + 20117

< 2(1+ (D) ) -
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We now fix 6 sufficiently small that
(5.18) 2"l egernar 102 < 628,

and then set € := "4, which also fixes §; without loss of generality we assume that
§ is sufficiently small that we have 8c3,c116% < 1. Note that 6, ¢, and § depend on n,
N, X\, L, a, and .

We now set cg = 32¢3c11 and cg = 2"2¢(672 + 1). In view of the smallness
conditions (5.9), (5.16), and (5.18), inequalities (5.15) and (5.17) then yield the desired
result. a

For a given M > 0 we can find ®o(M) > 0 (dependent also on n, N, A, L, 3, and
v(-)) sufficiently small that

(5.19) v(2®0(M)) + 2o (M) < §2/2 and

(5.20) (M) < iMQG"(l —09)2.

Given this, we can also find po(M) € (0, p1] (dependent also onn, N, A, L, 3, v(-) and
w(+)) so small that, writing c13(M) for 5255557 (1 + 16M*) (with 13 thus depending
also on n, N, A\, L, a and (3), we have

(5.21) c13(M)w(po(M)) < min{6?, &o(M)} and

(5.22) e1s(M)Qpo(M)) < LM267(1— 6°)?.

If the quantities ®(x¢, p) and p are sufficiently small for some B,(z), the next lemma
shows that we can iterate Proposition 5.1.
LEMMA 5.2. For My > 0 and B,(z9) CC U, suppose that the conditions

(i) (Du)érmp| < Mo,

(ii) p < po(Mo), and
(iii) D(x0,p) < o(Mp)

are satisfied. Then the smallness conditions (5.1) and (5.2) are fulfilled on By ,(xo)
for all j € N. Furthermore there exists

Yoo := lm (Du)y, 05ps

J—0o0

and there exists c14 depending only onn, N, X\, L, a, 3, and My such that for all
r < p there holds

r\ 28
(5.23) ][ |Du — Y, | de < cia( (=) @(x0,p) +Q(r)).

Proof. In order to show the first part of the lemma we prove two statements by
induction. Precisely, for j € NU {0} we shall show

(D); ®(z0,67p) < 0297 0(20, p) + c13(Mo)w (67 p) and
(ID);  [(Du)gy,06,| < 2Mp.
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Note first that (II); combined with (5.21) and (iii) yields
(I/)J <I>(a:0, 93p) S 2(1)0(M()) .

We now proceed to the proof by induction. The case j = 0 follows immediately
from (5.19), (5.21), and the monotonicity of v and of w. We assume (I), and (II), for
£=0,...,5— 1. We first calculate, using (5.3), (II)p for £=10,...,7 — 1 and (w1),

(0,67 p) < 0> (w0, p) + cg y_ 0% w(O? T p) (1 + [(Du)gg pi-e-1,]*)

=0
j—1
< 0%9D (2, p) + cof 2> <Z 92<6—a>‘> w(#7p)(1 + 16 M)
{=0

09(1 + 16M6L)

< 02070 (o, p) + WW(HJP)

< 0710w, p) + c13(Mo)w(67p) ,
showing (I);. To show (II); we estimate
J
|(Du)mo,9jp| < Mo+ Z |(Du)x0,9@p - (Du)x0,95*1p| via (iii)

l=1

J 1/2
S MO + |:f |DU — (Du)z0’9e71p|2 d.’ll‘:|
/=1 Y4 (z0)

J 1/2
< M0+9_"/22 {7[ |Du — (Du)zy 60-1, da:]
(=1 Bge—1,(z0)

j—1
< Mo+ 9*”/22\/92%(%, p) + c13(Mo)w(0%p) via (I)g, £=0,...,j—1
=0

< Mo +67"/? <\/f) f”g;f) + \/f 1;3(%0) Q(p)) via (2.5)

T g5 T ga via (iii), (ii)

< 2M, via (5.20), (5.22).

< My + g—n/2 (\/(I)O(MO) i \/Clg(MQ)Q(pO(MO))>

The conclusion of the lemma then follows from (I"); and (II); after taking into account
(5.19) and (5.21).
Analogously we calculate, for k > j,

k
‘(Du)mo,eﬂ'p - (Du)woﬂ"'p‘ < Z |(Du)mo,05p - (Du)$o,6""—1p|
=j+1
w2 (VP (xo,p 6i | . 013
<6 ( S g ) /@)

this shows that {(Du),, ¢i,} is a Cauchy sequence. For
Yoo := lim (Du)y, 04
j—oo
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we thus have, with ¢i5 = \/59_"/2<1+1i71;(5w) depending only on n, N, A, L, «, 3,

and M,

. ooq1/2
D)y 3 = Yag| < 15| 0°% B0, p) + 07 )

for all j. Combining this with (I); and setting c16 = 2(c13(Mp) + ¢35) (note that ci6
has the same dependencies as ¢15) we have, using also (2.6),

]l |Du — Y |* dz < 28 (0,07 p) + 2|(Du) g 01 p — Lao |
Bejp(f”O)

< 20%3 (g, p) + 2¢13(Mo)w(67 p) + 262, (9%‘@(%, p) + Q67 p))
< 6 (92’Bj<1>(x0, p) + Q(ij)).

For 0 < r < p we can find j € NU {0} with /T1p < r < #7p. For this j we have
(5.24) ][ |Du— Yy dz < 07" ][ |Du — Y, |* do
Br(zo) By ,(z0)

< 160" (67790 w0, p) + QA6 p))

. p2(i+1)8 9it1)
:Clﬁe (ew(b($07p>+ﬂ ( 9 )

< et ((5) 70 P b(a0,p) + 072000 )

< 0169_n_25((;)2ﬁ¢($0,m + Q(T)) ;

here we have used (2.3) to obtain the second to last inequality. This shows (5.23)
with c14 = c160 28 (note that c14 has the correct dependencies). 0

We are now in a position to complete the partial-regularity proof.

Proof of Theorem 2.2. We give the proof of (i); the proof of (ii) is completely
analogous. We assume that for some g € U and My > 0 we have

|(Dtt)ay,0| < Mo and ®(zo, p) < Po(Mo)
on B,(xg), where Bs,(z9) CC U with 0 < p < po(Mp). Such a p can always be
found for each xy belonging neither to 3; nor to 5. Since the functions z — (Du). ,
and z — ®(z, p) are continuous there exists a ball B,(x¢) CC U, such that for all
z € By(x0) we have B,(z) CC U, and further there holds
(5.25) [(Du),,p| < My and ®(z,p) < ®o(My) for all z € B, (xo).

We can thus apply Lemma 5.2 on B,.(z) for any z € B,(20) and r with 0 < r < p to
deduce

(5.26) ]{3 . |Du — Y. |?dx < c14<<;)2B<I>(z,p) + Q(r))
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For z,Z € B,(zo) with r = |2 — 2] < 20 and a = (2 + 2)/2 we obtain
1

TZ—T~2=7/ T, — Y% dz
=T = e Joy ) 2

2n
< = / . =T da
AnT™ JB,(2)NB,(2)

< ontt f |Du — . |? dac—i—][ _|Du—"T-dx
Br(z) Br(2)

< ontle, {(;)w (@(z, )+ (3, p)) n 29(7")}
< 92n 20, [('Z;a)m@(;ﬂo, 20) + Q|2 — z|)} .

Here we have used (5.26) in the third to last inequality, and the fact that ®(z, p) +
®(Z,p) < 2"T1P(xg,2p) in obtaining the final inequality. Since Y, is the Lebesgue-
representative of Du(z), we can conclude the desired continuity. 0

As noted in section 2 we can weaken the hypotheses of the theorem by omitting
(H4). This entails essentially only notational changes in the proof: in (5.1), (5.9),
and (5.18) we need to replace v(-) by v(M + 1, -) for |(Du)q,,,| (respectively, |po|)
less than M and check that this is preserved in the iteration. Analogous changes also
need to be made in Lemma 4.1. We thus have the following corollary.

COROLLARY 5.3. The conclusion of Theorem 2.2 also follows if we omit the
hypothesis (H4).
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