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1 Introduction
The aim of this paper is to consider the following quasilinear elliptic systems with VMO
discontinuous coefficients under natural growth:

n N
- Z ZDQ(Agﬂ(x, u)Dgi) = Bi(x,u,Du), ae.xeQi=1,...,N, 1.1
ap=1 j=1

with © a bounded domain of R” for # > 2. Here, we assume that B(x, u, Du) = (B;(x, u, Du))
takes a value in RN with N > 1 and A(x,u) = (Af;ﬁ (x,u)) takes a value in RN*. In the
context, we adopt Einstein’s convention by summing over repeated indices with «, 8 =
1,2,...,mand i,j=1,2,...,N, then one can briefly rewrite (1.1) by

—diV(A(x, u)Du) =B(x,u,Du), a.e.x€ Q. (1.2)

Consequently, we rewrite a vectorial-valued function u € VV;;?(Q,RN ) to be a weak solu-

tion of the systems (1.1) in the sense of distribution as follows.
/A(x, w)Duy - Do dx = / B(x,u,Du)pdx, Y e Cy(QRY). (1.3)
Q Q

As we know, it is very necessary that some structural and regular assumptions are im-
posed on the tensorial-valued operator A(x, #) and the inhomogeneity B(x, i, Du). Here,
we suppose that the uniformly elliptic operator A(x, u) satisfies a VMO-condition in a.e.
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x € Q uniformly with respect to # € RY and is continuous in z uniformly with respect to
x € Q, and B(x, u, Du) satisfies the natural growth. More precisely, let us first recall some
related notations.

Definition 1.1 A locally integrable function u is said to belong to BMO(R2) (bounded mean

1
loc

oscillation in Q), ifu € L; (2) and for any 0 < s < 0o, we have

Mi(u,Q) = sup |sz(x,p)|-1/ﬂ( )|u(y)_ux,p|dy<+oo,
X0

x€Q,0<p<s

where Q(x, p) = Q N B(x, p) with any open ball B(x, p) in R" centered at x of radius p, and
Hap = Fapu WOV DY =ty Jogs,p) #0) -

Definition 1.2 A function u € L}OC(Q) is said to be in VMO(Q) (vanishing mean oscillation
in Q), if

Mo(u) = lir%Ms(u, Q)=0.

Definition 1.3 Let p > 1 and A > 0. The Morrey space is defined by

p
IP(Q) = {u el’(Q): sup <p_)‘/ lul? dy> < +oo}
xeQ Q(x,0)
0<p=Ro

with its norm
1
Yy V4 r
lullpiy = sup | p lulPdy ) ,
xeQ Q(x,0)
0<p=Ro

where Ry = diam(2).

We are now in a position to state the assumptions which are imposed on A(x, #) and
B(x, u, Du) as follows:
+ HI (Uniform ellipticity) There exist two constants 0 < A < A such that

MEP <AL (wwElel < AlEP, VxeQueRN,E eR™, (1.4)
« H2 (Minimal regularity on A(x, #)) Suppose that A(-, %) is VMO in x with uniformly
respect to # € RN and is continuous in # with uniformly respect to x € Q2. That is,
limg_, o M(A(-, up)) = 0, and there exist a constant C and a continuous concave
function® w : R* — R* with w(0) =0, 0 < w <1, such that

A (6, 1) - A (6,9)| < Co(lu-vP?), VuveRM,xeQ. (1.5)

« H3 (Natural growth) The lower order term B(x, u, Du) satisfies the following natural
growth: for u € W2 N L>(Q,RN) with M = ||u| 1 (q), we have

|Bi(%, u, Du)| < w(M)(IDul® + f(x)), i=1,2,...,N, (1.6)
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with
MM <, and fleLl(Q) withq> g

Before stating the main conclusion, let us first briefly review some recent studies involv-
ing related problems. Note that the discontinuous coefficient is not so crucial for Holder
continuity of the weak solutions to the scalar partial differential equations, which is due
to the famous De Giorgi-Moser-Nash iterative technique; see [1]. However, in the case of
N >1 one cannot in general expect that the weak solutions will be classical C* solutions
with some 0 < o <1, which was first shown by a counterexample from De Giorgi’s work
[2], also see Giaquinta’s monograph [3]. For the systems (1.1), Giaquinta and Modica [3,
4] first studied partial regularity of their weak solutions in the Morrey space and in the
Campanato space [3, 5] when each entry of the leading coefficients A(x, u) is assumed to
be continuous.

However, it is an important observation that many stochastic processes with discon-
tinuous coefficients reappeared in connected with the diffusion approximation [6], which
reminds us of the significance to treat particular cases of discontinuity. Sarason [7] in 1975
introduced the function spaces of the vanishing mean oscillations (briefly called VMO),
which not only contains discontinuous functions but also owns a good property similar
to the class of continuous functions that is not shared by general bounded measurable
functions. In recent years, Calderén-Zygmund’s theory of linear and nonlinear PDEs with
VMO coefficients was immensely developed, which naturally originated from the singu-
lar integral operators and the estimates of commutators with a VMO function [8, 9]. In
the meantime, Morrey’s regularity of the weak solutions of elliptic and parabolic PDEs
with the discontinuous leading coefficients was also investigated in a similar approach by
Di Fazio and Ragusa [10] and Fan et al. [11]. Among them there are some main different
arguments to deal with elliptic and parabolic PDEs with VMO leading coefficients, for ex-
ample a few celebrated approaches of Chiarenza et 4l. [8], Syun and Wang [12] and Krylov
etal. [13,14].

For the elliptic systems (1.1), Zheng [15] and Zheng and Feng [16] derived an optimal
partial regularity in Morrey spaces by using a reverse Holder inequality and perturba-
tion argument when A(x, «) is VMO in x € © and continuous in # € RN with controllable
growth and natural growth, respectively. On the other hand, Chen and Tan [17] got an
interior partial regularity for the nonlinear elliptic systems with controllable growth by
the A-harmonic approximation, but their principal coefficients A(x, u, Du) are essentially
Holder continuous in (x,u). Inspired by those achievements, in this paper we will pro-
vide an alternative approach to get Holder continuity with an optimal Hoélder exponent
for the quasilinear elliptic systems (1.1) with VMO coefficients under the natural growth
(cf [15]). Here, we simply employ a modification of the A-harmonic approximation argu-
ment based on Duzaar and Grotowski’s technique, which can avoid the use of the reverse
Holder inequality and perturbation approach. As pointed out by Duzaar and Grotowski
[18], the reformulation of the A-harmonic approximation could simplify the proofs of the
regularity for PDEs, we here apply the A-harmonic approximation approach to prove the
regularity of our previous problem from [15]. More precisely, we have

Theorem 1.4 Suppose that u € WZIOCZ N L>®(Q,RY) is a locally weak solution of the systems
(1.1), and A(x, u), B(x, u, Du) satisfy the basic assumptions (H1)-(H3). Then there exists an
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loc

open subset Qo C Q with dimy (2 \ Qo) < n—2such that u € Co%(Qo, RN) with o =1 — 2”—q,

where

Qo = {xer:Iimsup<][ |u—ux0,p|2dx> =O},
p—0 B (x0)

and dimy is the Hausdor(f dimension. Moreover, we have Du € L> (2o, R™) with y =
n

n-=o.

We close the introduction with briefly describing the strategy of the proof. At first, we
establish the so-called second Caccippoli’s inequality, then we give an estimate to a certain
energy functional which measures the oscillations of the solution u except a small excess
quantity by the modified A-harmonic approximation. On the basis of the iteration lemma
we get the boundedness of the functional, which leads to the desired regularity in points
while the excess quantity is small. We believe that this new approach should also be par-
ticularly helpful to understand some elliptic and parabolic systems including degenerate
settings.

This paper is organized as follows. In Section 2, we recall some notations and basic facts,
and we give the so-called Caccioppoli’s inequality. In Section 3 we are devoted to a proof

of the main conclusion.

2 Preliminaries

Throughout the paper we adopt the usual convention of denoting by C a general constant,
which may vary from expression to expression in the same chain of inequalities. Let us
first establish the so-called second Caccioppoli’s inequality. As we know, Caccioppoli’s
inequality is always a standard preliminary tool to obtain the partial regularity to elliptic
and parabolic PDEs; see [3].

Lemma 2.1 Letu € \/Vltcz N L>®(2,RN) be any weak solution of the systems (1.1) under the
assumption (H1)-(H3) satisfying ||u|| Lo = M < 00. If 2u(M)M < A, then for any B,(x) C

Q, we have

C] _2n
/ |Dul|* dx < o / |t = thry > dc + Cop" 0 |f 112, (2.1)
Bp (x0)
2

Bp(xo)
where Uy, := pr(xo) u(y) dy is an integral average over B, (xo).
Proof For any xo € Q and 0 < p < dist(xp, dQ2), denoting B, := B,(xo), we take n €
C§° (B, (x0)) as a cut-off function with 0 < <1, |Dp| < % and n=1on Bg (x0). As usual,

we choose the test function ¢ = n*(u — 1y, ,). Note that D = 2nDn(u — uy, ,) + n*Du, and
we substitute it in (1.3) finding

/ A(x,u)Du - [ZnDn(u —Uyyp) + nzDu] dx
By

:/ B(x, u,Du)nZ(u—uxolp)dx,
By
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which implies
/ n?A(x, u)Du - Dudx
By

= —2/ A(x,u)Du - (n(u — uxo,p)Dn) + / B(x, u, Du)n*(u — Uy, p) AX.
B B

p o

By the ellipticity (H1) and the natural growth (H3) we get

| |nDu|*dx
Bp

< 2A/ [nDu| - |(u - uxo,p)Dn| dx + ,u(M)/ 772(|D1,t|2 + V(x)|)|u — Uy p| dx
By By

<uM) [ |u—tiypl - InDuldx+ w(M) | 4= thxy, - [f(%)] dax
By By

1 1
2 2
+2A< |77Du|2dx) (/ |Dn|2|u—uxo,p|2dx> , (2:2)
B, B,

where the last term of the right-hand side is obtained by the Holder inequality. Thanks to
the Holder inequality, the Young inequality with ¢ > 0, and the boundedness of u it follows
that

A [nDu|? dx < 2u(M)M |nDu|? dx
B, B,

+M(M)</B 2dx>;(/3p|pf<x)|2dx);

1
+2Ae |nDu|* dx + C(e) - —2/ |u - uxo,p|2dx,
B, p* JB,

U—Uxy,p

0

that is,

C
A | InDu*dx < (2M(M)M+2As)/ InDuldx + — | = gy | dx
B, By p* JB,

+Cp? V(x)‘2 dx.
By

If we choose ¢ small enough such that 2u(M)M + 2Ae < 1, it follows from the Holder
inequality that

J

which yields the desired result. O

Cl 9_2n
|Du|2dx§?/ [t = thyy p|* dxc + Cop™ " |If1I74,

p Bp(x0)
g o

We will make use of a modification of the so-called A-harmonic approximation lemma
[19, 20]. Let us first recall the so-called locally A-harmonic.
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Definition 2.2 (A-harmonic) Let A € Bil(Br(xy) x RN, R™”*N?Y be 4 bilinear form
with constant coefficients, which satisfies the assumptions of (1.4). We call a map h €
W2(Bg(xo), RN) A-harmonic in Br(x,) if it satisfies

/ A(Dh,Dg)dx =0, ¥g € Cy(Br(xo),RY).
Br(xo)

We should emphasize that A € Bil(Br(xo) x RY, RN 2) is a bilinear form with constant
tensorial coefficients, therefore it is well known that for any A-harmonic # we have the
following inequality, which is similar to harmonic functions (cf (1, 3]).

Lemma 2.3 Let h(x) € WY2(Br(xo), RN) be a weak solution of the following system:
Du(A{’Dghy) =0, i=1,...,N,

where Agﬂ is a constant tensor. Then there exists a constant C = C(n, A, A) such that, for
any 0 < p < R < dist(xg, dS2) with xo € 2, we have

n+2
/ |Dh — (Dh)s | dx < c<£> / |Dh — (D) z|” dix. (2.3)
Bp(xo) R Bpr(xo)

Next, we recall the notation of the A-harmonic approximation introduced by Duzaar
and Grotowski [18, 21]. In the sequel, suppose that there exist two constants 0 < A < A < 00
such that the bilinear form A € Bil(Bg(xo) x RN, R"™*N?) satisfies

AL (wwEle, > AE?,  forallg e R™Y, (2.4)

A (e, u)ELE) < AJE||E|, forall £,E e R"™Y. (2.5)

In the main proof, as a main approach we will employ the following modification of the
A-harmonic approximation [19, 20].

Lemma 2.4 Let 0 < A < A <00 and n > 2. Then, for any given ¢ > 0 there exists a posi-
tive constant k = k(n, N, A, A, €) > 0 with the following property: for any A € Bil(Br(xg) X
]RN,R”ZXNZ) satisfying (2.4), (2.5) and any u € WY(Bg(xo), RN), there exists an A-
harmonic function h € W2(Bg(xo), RN) such that

/ |Dh|? dx < / |Du|? dx; (2.6)
Br(xo) Br(xo)

moreover, there exists ¢ € C3°(Br(xo), RN) with

1D@l oo (B xg),RNY <

x|~

such that

2
/ |u—h|2dx§sR2/ |Du|2dx+k(g)[R4-"(/ ADu-Dgodx) ] (2.8)
Br(xo) Br(xo) Bpr(xo)
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To give a Holder estimate to the solution by using Morrey’s lemma we employ the fol-
lowing iterating lemma; see [3].

Lemma 2.5 Let ®(p) be a non-negative and non-decreasing function on (0,R). Suppose
that

®(p) 5A[<§> + e]cb(R) +BRP, VO < p <R <Ry = dist(xo, dS2),

with non-negative constants A, B, @ and B, and o > B. Then there exist two constants €y =
€o(A,a,B) and C = C(A, «, B) such that for any 0 < € < €y we have

B
D(p) < C[<§) @(R)+Bpﬂ],

forany 0 < p <R < Ry = dist(xg, 92).

In the process of proving our main results, we need to describe the decay of integral on
the ball with respect to the radius o. Let us recall the concept of Campanato space; see
[22].

Definition 2.6 Let p > 1 and ) > 0. The Campanato space is defined as

eQ
0<p=Ro

LPMQ) = {u € IP(Q), [”]i,x;sz = sup p‘*/ |t — 1ty |V dy < +oo}
X Q(x,0)

with its norm

lull cor) = lullr@) + [U]pi0
where u, , is the average of u(x) over B,(x).
Lemma 2.7 (Theorem 3.1in [22]) Forn< A <n+ 2, we have

L) = Q)

loc loc
with a = ’\%”

Finally, we need the following estimate lemma of the Hausdorff dimensional measure
while estimating the singular set to the weak solution.

Lemma 2.8 Let Q be an open subset of R" and u € L}

loc

(Q,RN). Then for 0 < s < n and
setting

E, := {er:lim inf ,073/ |u|dy>0}, (2.9)
p—0 B, (%)

we have the following estimate:

o (%

HS(ES) = 01
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see page 77 in Chapter 2 of [23].

3 Proof of main result
In the section, we prove our main result on the basis of the modification of the A-harmonic

approximation argument.

Proof of Theorem 1.4 Given x¢ € Q and R := dist(xg, 92), for fixed p: 0 < p <R let A=
(A(> thx0,p))x, 5 be defined by

A= (A he), 4 = 7[ A, 1y, ) dix.
B

p (x0)
2

For simplicity, we denote B, (xo) = By, tx),o = 4, in the following. Forany ¢ € C3°(By, RYN),

we may write

/ADngoa’x:/ (A—A(~,up))Du~D<pdx+/ (A(u,) — A(x, u))Du - Do dx
Bp Bp

Bp
2

+/ A(x,u)Du - Dy dx. (3.1)
Bp

Note that u is a weak solution of the systems (1.1) with test function ¢ € C5°(B o5 RN),

/ ADu - Dy dx

Bp
2

< / A~ A( )] - 1Dul - |Dg] dx
Bp

+/ |A(~,up)—A(x,u)| - |Du| - |D(p|dx+/ ‘B(x, u,Du)| - || dx.
Bp B

L
2

Now we take the test function ¢ with supg 5 |Dg| < = and supg 8 lg| < 2.Based on natural

growth (H3) and Hoélder inequality, then we obtam

/ ADu - Do dx
e

5%/ |A - A(,u,)| - |Dul dx
1Y Bp

2
+—/ |A(.,up)—A(x,u)|.|Du|dx+2M(M)/ |Du|? + |f|dx
14 Bg Bg

2([ A aGupfas) AL
Sp(/g,JA A(,up)| dx) </B/2) |Du| dx)
2 o , \? , )%
+p</Bp|A(,up) A(x,u)‘ dx) (/Bg |Du|” dx

2
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1
+2uM) [ |Duf?dx + 2u(M)p" " |If| 4

Bp
2

=T+ 11 +III. (3.2)

In the following, we estimate the items I, II, and /I, respectively. For the estimate of I,
thanks to the VMO regular assumption (H2) on A(x, #) and the Caccioppoli inequality of
Lemma 2.1, if we take m = u,,, then one finds

. L\ )
1= —(/ |A —A(~,up)| dx) (/ |Du|? dx)
1Y Bg Bg

C
E_
0

1/ C %
5 221
(p”Mp(A(',up))V(p—; o —u, P dx+ Crp"* 4 ILfIqu> : (3.3)

Bp

To estimate I/, by using the continuity hypothesis (H2) in # and the Caccioppoli inequal-
ity in Lemma 2.1,

2 2 % 2 %
1= —(/ |A(sup) - Ax, )| dx) (/ |Du| d")
o By By

1

C 2/ C, _2n

;(p”yi w(lu—uuz)dx) (p—i i |t~y |? dx + Crp"** qllfll%q)
J By 0

1 1
C 2/C . 2
—(p”w( Iu—uplzdx>) (—; |t — u,|*dx + Cop"? ql[flliq) , (3.4)
P B, P JB,

where we use the concavity of the function (-) in the last inequality.

1
2

IA

IA

For the estimate of III, by the Caccioppoli inequality as above we deduce

1
o1 = 2u(M) | |Dul dzx + 2 (M)|f |4 (") 1

Bp
2

C o 1
< / i =1y * dx + Cop™ T f I + Cop™ 0 s (35)
Bp

Now we are in a position to substitute (3.3), (3.4), and (3.5) into (3.2), then it follows that

/ ADu - Do dx
e

1
3 a2 2t 2
< C(p" M, (A(,u,)))? (p“ ][ =, dx + p"? ufniq)
B

0

1
2 2n
+ C(ﬁ”zw( |t — u,|? dx)) (p“ - up > dx+ p"* 7 Ilflliq)
B, B,

_2n _1
+ c(p"-2 |t — > dx+ p" 4 |vn%q) +Co" 2| f|l1a
Bp

1
2

1
§C,o”_2(MZ (A(-,u,,))+a)%( |u—up|2dx))
By
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1

2 a2t 0 )2

X( lu—up|”dx+p 4 |lf||Lq)
Bp

_2n _n
. Cp"-z( =y Pt p U1 + 0 qwnm). (3.6)
By

n

Note that 2 — 2 X

q
,oz_? IIfllze <1, and we rewrite (3.6):

> 0 due to the assumptions ¢ > %, then we can take p > 0 such that

/ ADu - Dy dx

Bp
2

1

< Cp"? (M,? (A1) + @

ol

(fe-nta)

1

n 2
X ( Iu—uplzdx+p2”’|[f||Lq>
Bp
+ Cp”( u—u, P dx+ p*i |[f||Lﬂz>
By
1 1
< Co" 2T (M2 (A, g ) + 02 (D) + V), (3.7)
where J := pr(xo) lu—u,2dx+ p> 1 |f || a.
According to Lemma 2.4 on the modification of the A-harmonic approximation, Cac-

cioppoli’s inequality (2.1) and the estimate (3.7) above, for a given ¢ > 0 there exists an
A-harmonic # € W'2(B 2 ,RN) such that

/|u—h|2dx
Bp
)
B 2
58,02/ |Du|2dx+k(8)[p4”</ ADu~D(pdx>]
Bg Bg

C _2n
58/02(—;/ |t —u,|*dx+ Cp"* 0 Ilfllfq>
r* JB,

+ Ck(E)p* [ "2V (ME (AC, 1)) + 03 () + YD)

20
<eCp"+ |u—uyl*dx+eCp™* 7 |f|2,
Bp

+ Cp" (M, (A1) + () +])
<eCp"J +Cp"J(M,(A(,u,)) + () +]). (3.8)

In order to estimate the integral |, By (xg) | U~ Uxo.0 |* dx for any 0 < o < £, by the A-harmonic
property in Lemma 2.3 we have

lu— ug|>dx < |u—h<,|2dx§2/ lu—h|*dx+2 |h—hy |2 dx
o BO’

B, By
=
B

Bs

n+2
|u—h|2dx+c(3) / V= ho|? dx. (3.9)
P Bg 2

(1S
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To estimate the last item in the right-hand side above, in terms of the Poincaré inequality,
the inequality (2.6), and Caccioppoli’s inequality it follows that

/|h—hg|2dx§Cp2/ |Dh|? dx
Bg 2 Bg

SC,OZ/ |Du|? dx
Bp

1 _2n
< sz<—2 | —up > dx+ p" 1 Ilfllfq)

r” JB,

2n

<Cp"f lu—u,Pdx+Cp"™" 7 |fII3,

By
< Cp"f lu—-u,lPdx+Cp"* 1||f e = Cp", (3.10)

By

where we use the inequality pz—g Ifllze <land] = fB,,(xo) lu—u,|?dx + ,02_g fllza in the
last step.
Now let us put the estimates (3.8) and (3.10) into the inequality (3.9),

/ |u—ux0,a|2dx
By (x0)

n+2
§C<<%) +8+Mp(A(-,up))+a)(])+]>

o_n
X (/ lu—u,)* + ™ "|lf||Lq>.
Bp(xO)

Note that if we assume pr(xo) |u—u,|* dx — 0 onany x € Qo with some Q¢ C Qas p — 0,
we have ¢ + M,(A(-,u,)) + w(J) + ] < € with €y as the same in Lemma 2.5 with a small
p >0, which is due to M,(A(-,u,)) — 0 by the VMO property of A(x, u) in x € Q and the
continuous modulus of w(/). Therefore, by the iteration Lemma 2.5 we have

/ |t = thyy o |* dix < Co™?* i, (3.11)
B (x0)
which implies
ue L2771 (Q0,RY).
In virtue of Lemma 2.7 on the equivalence between Campanato’s spaces and Holder con-

tinuous spaces, u € C?(;f(QO,RN) witho =1- ﬁ dueton<nm+2-— g <n+2.
Further, by the Caccippoli inequality from Lemma 2.1, we conclude that

sup 057"/ |Du|? dx
0,%) B

x€Q0,0€( 4 (x0)

n_ C} _2n
< sup ‘”n[ / |t = thyy o | dx+ Cro ™77 |f |
BU(xO)

= )
x€Q0,0€(0,5) o
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n_ C _n _2n
< sup o4 ”|: oM 4 G 1f1I74

2
x€Q0,0€(0,5) o

< C(1+p2_$) < 400,

which implies that Du € L?>¥ with y = n — 2
Finally, we are in a position to estimate the Hausdorft dimension of the singular set 2\
Qp. Recall that the singular set is written by

Q\ Q= {xe Q:liminf][ |u—up|2dx>0}.
P=0 JB,(xo)

Notice that by the Poincaré’s inequality one deduces

][ |u—up|2dx§ sz_”/ |Du|? dx := E(p),
Bp(xo)

By (x0)

that is,

Q\ Qo CQ\ T = [x € Q:liminfE(p) > o}. (312)
On the basis of Lemma 2.8, it yields

H'2(Q\ Z0) =0,

which implies H"~2(22 \ Q) = 0. This completes the proof of Theorem 1.4. d
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Endnote
@ The modulus of continuity may take a continuous concave function by
w(t) =inf{A(0) : A(t) concave and continuous with A(t) > «(t) for any modulus of continuity c(t)}.
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