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ABSTRACT. We prove some global Morrey regularity results for almost mini-
mizers of functionals of the form

u— [ f(x,u, Vu)dx.
/

This regularity is valid up to the boundary, provided the boundary data is
sufficiently regular. The main assumption on f is that for each x and u,
the function f(x,u,-) behaves asymptotically like h(|~\)°‘<x), where h is an
N-function with th” comparable to h’. We provide a couple of applications
of this result: an application to a broad class of PDEs; and a result which,
for a large class of functionals, provides a minimizing sequence with uniform
regularity.
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1. INTRODUCTION

We will provide Morrey regularity for the gradient of almost minimizers for
functionals of the form

(1) u»—>/ﬂf(x,u(x),Vu(x))dx,

where for each x €  and u € RY, the integrand F ~ f(x,u,F) behaves asymp-
totically like the function F + h(|F|)*®), where h is an N-function such that th” is
comparable to h’ and « satisfies a continuity assumption. We recall that a function
h : Ry — Ry is said to be an N-function if h(0) = 0 and there exists a right-
continuous nondecreasing derivative h' satisfying h’'(0) = 0 and A/(t) > 0 for all
t > 0, with lim;_,o 2'(t) = co. With this in mind, we make the following defini-
tion, which characterizes more precisely the assumptions on A (cf. Definition 2.6
in [12]).

Mikil Foss was partially supported by the National Science Foundation under Grant No. CMS-
0556019.
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Definition 1. If A is an N-function satisfying h € W?21(0,T) for each T > 0 and
(p— 1K (t) < th"(t) < (¢ — 1)K (t) for a.e. t >0,
for some 1 < p < ¢ < oo, then we will say that h has (p, ¢)-structure.

Roughly speaking, a function h with (p, ¢)-structure grows between the functions
t +— tP and ¢ — t%. (See Lemma 1 for some basic consequences of Definition 1.)
Provided that there is a function h with (p, ¢)-structure such that the map F —
f(x,u,F) behaves like F +— h(|F|)*®) when |F| is large, and provided that u
is an almost minimizer for the functional defined in (1), we prove that x
h(|Vu(x)])*™) belongs to the Morrey space L'*(2). The regularity we obtain
is global and full; i.e. we have [|A(|Vu])*| 1) < oo

To give the reader a sense of the scope of the functionals considered in this
paper, we give a few examples of N-functions h that possess (p, g)-structure. For
any 1 < p < ¢ <ooand > 1, all of the following functions mapping [0, c0) into
[0, 00) have (p, §)-structure for some 1 < p < ¢ < oo:

ha(t) = 17;
a(t) = ot + )]

tP ifo<t<ty
h’3(t) T {t”;qurpzq sin log log log t if ¢ > tO .

In the last example, to must be chosen sufficiently large so that hg is strictly convex
and sinlogloglog(tg) = 1. (The function hg was first given as an example in [§],
and also in [21] and [12].) Then, for each x € Q and u € R¥, the corresponding
integrands for the functional in (1) would behave asymptotically like the functions
F — hi(|F))*™ =: fi(x,F):

(%, F) = [F[7,
fo(x,F) := |F\p(x) log(e + |F|)’”’(x)7

o) = T if0 < F| <t
N |F|p(x)#+p<x)1;‘9sinlogloglogm if |F| > to

where we have put p(x) = pa(x), v = 8/p, and Q = ¢/p. The integrand f;
is a particularly important case: integrands of this form have been utilized in
image restoration (e.g. [5]), and also arise from problems in mathematical physics,
specifically those associated with electro-rheological fluids (e.g. [3]) and thermistors
(e.g. [24]).

Our main result is given in Section 5. We present here the following simplified
version to give the reader a sense of the spirit of this result.

Theorem 1. Suppose that @ C R™ is open and bounded with C* boundary, and
that o : Q — [1,00) is Héolder continuous and h is a function with (p, q)-structure.
Let 5 : Q — (0,00) be uniformly continuous in , with % € L>(Q). Suppose that
there is A € [0,n) such that v : Q x RN x RNX" 5 R satisfies

|7(X7 u, F)| <C <€<X) + h(lul)a(x) + h(IFDa(x)—g)
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for some € € LY*(Q) and 0 < e < C < co. Let A be defined by
A= {u e WU RY) : A(|Vu())*") € LY(Q) and u — T € Wol’l(Q;RN)} ,

where @ € WL RN) and h(|Va(-)))*") € LYNQ). If u € A is a minimizer for
the functional defined by

wes [ {BOIR(Tu0)° ) 45 x,u(x). Pu) } i,

then h(|Vu(-)))*0) € LI (Q).

As was mentioned earlier, the full results in Sections 4 and 5 are actually estab-
lished for a very general class of almost minimizers, which allows their application
to a variety of problems, some examples of which are supplied in Section 6. Simi-
larly to [12] and [15], we furnish an application of our variational results that gives
Morrey regularity for the gradient of weak solutions to PDEs of the form

divA(x,u, Vu) = b(x,u, Vu),

where A and b are required to satisfy some growth conditions, and for each x €
Q and u € RY, the mapping F — A(x,u,F) behaves asymptotically like the
mapping F — a% [R(|F|)*™)]. As another application, provided that the functional
is coercive, our results can be used to show the existence of a minimizing sequence
with gradients uniformly bounded in a Morrey space, as is also carried out in [15].
The integrands of the functionals we consider are not necessarily globally convex,
and are only required to be convex “at infinity.” Therefore minimizers generally do
not exist. Nevertheless, as we show, one can generate a minimizing sequence which
is comprised of almost minimizers of the functional, and therefore our results yield
Morrey regularity for each element of that minimizing sequence.

We now discuss how our results fit into the broader framework of regularity
theory. As was previously noted, a primary special case of the functionals we
consider are those whose integrands possess p(x)-growth asymptotically. As one
might expect, the continuity of the exponent plays an important role in the type
of regularity possessed by minimizers. In this paper, we henceforth denote the
modulus of continuity for the exponent by w. Under the assumption that p(-)
satisfies a log-continuity hypothesis, namely that

lim sup w(r) log <1) = Ly < o0,
r—0t r
V. Zhikov [24] provided a proof of higher integrability for the gradient of minimiz-
ers, and also provided an example that showed that if the exponent p(-) is merely
continuous, and does not satisfy the above log-continuity assumption, then the
higher integrability need not hold. If Ly = 0, which is the assumption we make
in this paper, E. Acerbi and G. Mingione [1], working within the scalar setting,
showed that minimizers belong to C%® locally for every a < 1, and if p(-) is Holder
continuous, that the gradient also possesses some Holder continuity. Again in the
scalar setting, Holder continuity of quasiminimizers, under more stringent assump-
tions on p(-), was proved in [6]. In [2], partial Holder continuity for the gradient is
obtained in the vectorial case with quasiconvex integrands. For a more extensive
discussion of the case of p(x)-growth, we refer the interested reader to Section 7
of [22], and the references contained therein.
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Another special case enveloped by our results is that of functionals whose inte-
grands have growth specified by a function h with (p, ¢)-structure; in the notation
of the present paper, this corresponds to the case a = 1. Various types of regularity
have been studied in this setting; see [9], [10], and [12], for example.

The type of regularity we obtain, namely global Morrey regularity for the gradi-
ent of almost minimizers, is the same as that obtained in [12], [14], and [15]; indeed,
the results in the present paper generalize those previous results to allow for vari-
able exponent growth. We make a couple of comments about the method of proof.
The first step is obtaining local Lipschitz regularity for minimizers of functionals
that have integrands with (p, ¢)-structure, which was carried out by the authors
n [12]. Then, using the estimate for this Lipschitz regularity, in combination with
the techniques employed in [1], we prove that if v is a minimizer for a functional
with integrand that looks like (x,F) ~ A(|F|)*C), then h(|Vv])* € LF(Q) for
every k € [0,n). Next, under the assumption that u is an almost minimizer for
the functional, we make a comparison between u and v to obtain some Morrey
regularity for u. It is at this stage where we also incorporate the boundary values
into the functional to show that u is in fact globally Morrey regular. All of the
aforementioned work is done in the setting of functionals with convex integrands
that only depend on x and |Vu|, and constitutes Section 4. In Section 5, we ex-
tend the scope of these results to include functionals that are only asymptotically
convex and possess integrands that can depend on x, u, and Vu. The main idea
required to treat this more general case is embodied in Lemma 6, where we show
that an almost minimizer for the asymptotically convex functional with dependence
on u will also be an almost minimizer for an appropriate convex functional with no
dependence on u. Hence the regularity obtained for almost minimizers of convex
functionals is passed on to almost minimizers of asymptotically convex functionals.

2. DEFINITIONS AND NOTATION

Fix n, N € N, and let 2 C R™ be open and bounded. We denote by R, the
interval [0, 00) and by R* the set R U {4+o00}. For a measurable set E C R™, we let
|E| denote the Lebesgue measure of E, and use E to signify the closure of E in the
usual Euclidean topology. If 0 < |E| < oo and f € L'(E;R"), we define

©6 = { fo0ax = o [ sl

We will use x and y to denote points in R", and F to denote a point in RN*", The
open ball of radius p centered at the point x is represented by B(x, p). For brevity,
B denotes B(0, 1). For a measurable set E C R™ not equal to B, we use E(x, p) to
abbreviate E N B(x, p). (We refrain from using the previously mentioned notation
when E = B in order to avoid ambiguity.) We define H* := {(z1,...,2,) € R" :
%, > 0}, and given a set U C R™, we use U™ to stand for HT NU.

For a given N-function h : Ry — R, we define the Young conjugate as follows.

Definition 2. If h: Ry — R, is an N-function, then the function h* : R, — R,
defined by

h*(s) := sup {st — h(t)}

teER 4

is called the Young conjugate of h.
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It is easily seen that h* is an N-function, and that for any s, ¢ € R,, we have
st < h(s) + h*(t),

which is known as Young’s Inequality. Furthermore, if A’ is continuous and strictly
increasing, as is the case if h has (p, ¢)-structure, then the function t — st — h(t)
has a unique maximum at ¢t = (h’)~!(s), and hence

h*(s) = s(') " (s) = h((R') 7' (s))-

We now introduce notation for certain vector spaces that are well-suited for our
situation in the present paper; these spaces are special cases of Musielak-Orlicz
spaces. For a development of Musielak-Orlicz spaces, see, for example, [23]. Our
notation is similar to that used for Orlicz and Orlicz-Sobolev spaces in [4].

Definition 3. Suppose that £ C R™ is open. Let g : E x Ry — R, be such that
there is a constant ¢ < oo so that for almost every x € E, the function g(x,-) is
convex and nondecreasing with ¢g(x,0) = 0, and g(x, 2t) < cg(x,t) for every t € R.
We then define

Ly(B;RY) = {u : E — RY : u is measurable and / g(x, |u(x)])dx < oo} ,
E

and the corresponding Sobolev-type space
W'Ly(B;RY) == {u€ Ly(E;RY): Vu e Ly(E;RV*™)},
where Vu denotes the weak gradient of the mapping u.

Remark 1. If h : Ry — R, is a function with (p, g)-structure, we will use
Ly (E;RYN) and WLy, (E;RY) to denote the spaces Lj (E;RY) and W!'L; (E;RY),
respectively, where we have defined h: E x Ry — Ry by h(x,t) := h(t).

The space Ly (E;RY) can be equipped with the Luxemborg norm defined by

lall :—inf{s>0:/g<leu(x)|>dx<1}’
9 5 P

and is complete under this norm. The norm on WL, (E;RY) is then defined by
lallysp, = Il + [Vl -
We will use Wi L, (E;RY) to denote the closure of C2°(E;RY) in WL, (E;RYN).

Finally, we introduce the Morrey space L' (£2). We refer the reader to [18] for
a development of some of the properties of Morrey spaces.

Definition 4. Suppose that £ C R" is measurable and bounded, and that A\ €
[0,n]. We define the Morrey space

xo€E p>0

L' ME):={uec LYE): |ul i := sup supp_A/ luldx < o0 p.
E(xo-ﬁ)
The following defines the type of almost minimizers for which we will establish
regularity.

Definition 5. Let 2 C R™ be open and A C WH1(Q;RY) be given, and suppose
that f: Q x RY x RVX® 5 R. Define the functional K : A — R* by

K(w) ::/f(x,w,Vw)dx.
Q
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Suppose that u € A with K (u) < oo, and that there are functions {v.}.~o C L'(Q)
and nondecreasing functions {7 }e>0 C C(R4) satisfying v.(0) = 0 for each € > 0
such that for every e > 0 and 0 < p < diam(Q?), we find that

(2) K(u) < K(v)+ (1=(p) +¢) /Q( ){|f(x,u,Vu)\ + (v, V)| 4 ve(x)} dx
X0,pP
whenever v € A and v —u € Wy (Qxq, p); RY). Then we say that u is a
(K, {7}, {ve})-minimizer over A.
3. PRELIMINARIES
Throughout the paper, we will assume that « : @ — [1, 00) satisfies
(3) 1 < ax) < ay < oo for every x € (,

and with w : Ry — R, denoting the modulus of continuity for «, we also assume
that

(4) w(R) [log (R)| < M,
and moreover that

li 1 =0.
(5) Aim w(R)log (R) =0

With « as just defined, we suppose that the function g : Q x R, — R, satisfies the
following for some 1 < p < ¢ < oo, some h : Ry — Ry with (p, ¢)-structure, and a
nondecreasing ¢ € C(R4) with 6(0) = 0:

(Ay) g(x,+) has (pa(x), qa(x))-structure for each x € Q;

(A2) h(t)*™) < g(x,t) < Mh(t)*®);

lg(x,t) — g(y, )| < Mw(|x —y|) {g(x,t) + g(y,t)} log(e + h(t))
+ Mo([x =y {1 +g(x,t) + g(y, 1)}

To explain the last condition, with the model case g(x,t) = B(x)h(t)*™), the
functions w and § represent the moduli of continuity for the exponent o and the
function B, respectively. Note that we only require uniform continuity of 3, whereas
we require the stronger continuity assumption (5) for the exponent «.

In the next lemma, we collect together some basic properties of functions g :
Q x Ry — Ry satisfying (A1) and (As).

Lemma 1. Let a: Q — [1,00) and g : Q@ x Ry — Ry satisfy (3) and (A1)-(Ag).
Then for every x € £ and every s,t € Ry, the following hold:
(i) pa(x)g(x,t) <1g:(x,1) < ga(x)g(x,1);
(i) P*®g(x,t) < g(x,ct) < c1*®g(x,t) for every ¢ > 1;
(iil) e? x)g(x t) < g(x,¢et) < eP*®g(x,t) for every e € (0,1];
iv) €990 =1g,(x,t) < gi(x,et) < eP*X)=1g,(x,t) for every € (0,1];
(v) g(x, 5 +1) <20 (g(x,5) + g(x,1));
(vi) tgi(x,8) < g(x,t) + (¢ — 1)g(x, 5);
(vii) go(x,|A]) B =~ A| < C (g(x, [B]) = gu(x, |A]) A7 - (B = A)) for some C =
C(p,qay) and all A, B € RV*";

(Asz)

—
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Proof. Since g(x, -) has (pa(x), ga(x))-structure for every x € Q, parts (i), (ii), (v),
and (vi) follow from Lemma 3.1 in [12], and (iii) follows quickly from (ii) letting
¢ =e 1. To prove (iv), we note that since g(x, -) has (pa(x), ga(x))-structure, we
have

pa(x) — 1 < grt (%, 8) < ga(x) —1
s ~ ogi(x,8) T s
for almost every s > 0. Integrating the above inequality from et to t and us-
ing properties of logarithms gives (iv). The proof of (vii) is essentially that of
Lemma 5.1 in [12]. (Actually, the quantities in (vii) are the integrands of the esti-
mate provided by the lemma mentioned, but by examining the proof, we see that
the estimate actually holds pointwise, which is exactly (vii).) O

The following lemma establishes that the Euler-Lagrange equations hold in the
weak sense for minimizers of appropriate functionals. It can be proved using the
same method that Evans uses to prove Theorem 4 on page 451 in [11]. The main
modification required in the proof is to use part (vi) of Lemma 1 instead of the
standard version of Young’s inequality.

Lemma 2. Suppose that o :  — [1,00) satisfies (3)-(5) and g : @ x Ry — Ry
satisfies (A1)-(As). Let Gg € R™ ™ be an invertible matriz, and suppose that
w € WLL,(Q;RY) is the minimizer for the functional

u »—>/ X, |[VuGyl)d

among all mappings u € w + Wi L, (;RY). Then

VWGO
Gol) =——+ - Godx =0
/Qgt(x,|Vw 0|)|VWG0\ VpGodx

for every ¢ € Wi Ly (Q;RY).
The following theorem gives a type of Sobolev-Poincaré inequality for functions
in WL, (Q;RY).

Theorem 2. Suppose h : Ry — Ry is a function with (p,q)-structure and that
Q C R™ is open and bounded with no external cusps. If ro € (1,n/(n — 1)), then
there exists a constant C, which depends on n, N, p, q, ro, and 2, such that if
0 < R < diam(2), then

— 7o ro
]l h ('“ 5') dx < C ][ h(|Vul)dx
Q(x0,R) R Q(x0,R)

Jor allu € WL, (Q;RY), where € = (W)qxy,r)- If u € W3 Ly (Q(x0, R); RY), then
the above inequality also holds with & = 0.

Remark 2. The manner in which C' depends on {2 is only by the quantity

. By, 1)
p sup
x0€Q Re(0,diam(Q)] |Q(X0’ )l

Proof. We initially suppose that w € WL (Q;RY). By Lemma 7.14 in [17]
(for € = 0 and w € Wi Ly (4 RY) € W' (Q;RY)) and Lemma 1.50 in [20] (for
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€ = (W)q(xo,r)), there is a constant C' = C(n, N) so that

Vw(y)|

|W(X) - El § C n—1
Q(x0.R) [X — Y|

)

for almost every x € Q(xg, R). Following the proof of Theorem 7 in [9], we obtain

|w—e|)"’ h
h d h d .
(6) ]{l(w) (™7 x<c<]{2(w (9wi) x)

So we have obtained the desired estimate under the additional hypothesis that
u € WLy (2;RY). To remove this extra assumption, we use an approximation
scheme. First assume that § = (u)q(x,,r)- By Theorem 8.31(e) in [4], there is a se-
quence {u;}32; C C*(Q(xo, R)) with u; converging to u in W' Ly, (Q(xo, R); RY).
Without loss of generality, we can assume that (u;)o(x,,r) = & We also note here
that {u;} C WLy (2(x0, R); RY) Putting w = u; — uy, into (6) gives

][ h <|“J“’“|) dx < C ][ h(|Vu; — Vug|)dx |
Q(x0,R) R Q(x0,R)

We therefore see that the sequence {u;}22; is Cauchy in Ly (2(x0, R); RY). Using
this and that u; converges to u in L*(Q(xo, R); RY), we must have that actually
u; converges to u in Ly (Q(x0, R); RY). But by (6) with w = u;, we have that

][ h('“ﬂ 5') dx < C ][ h(|Vuy|)dx | .
Q(x0,R) R Q(x0,R)

Taking limits yields the inequality which was to be shown.

To obtain the desired inequality with & = 0 for u € Wi Ly, (Q(xo, R); RY), we
just note that in this case it is possible to take {u;}52, C C2°(Q(xq, R); RY). This
gives that {u;}32, C WLy (Qxo, R);RY), and so the same arguments can be
employed, using (6) with & = 0. O

Next we prove a version of a Sobolev-Poincaré inequality for functions belonging
to WL, (Q;RY); our method of proof follows that of Zhikov [24], with suitable
modifications.

Theorem 3. Suppose that Q@ C R™ is open and bounded and has no external cusps.
Suppose also that a : @ — [1,00) satisfies (3) and (4), and that g : @ x Ry — Ry
satisfies (A1) and (Az). Then there is some 11 > 1 and Ry > 0, both of which
depend on p, q, oy, and w, so that for any u € Wng(Q;]RN), it follows that
u € Ly (Q;RY). Purthermore, if € := (u)B(xo,R), then

][ g(x7 u_£|>dx§0 1+ ][ g(x,|Vu\)%dx
Q(x0,R) R Q(x0,R)

whenever 0 < R < Ry. The constant C' depends on n, N, ay, M, w, 1, and
Jo(14 g(x, |Vul))dx. If u € Wi Ly(B(xg, R); RY), then the same inequality holds
with & = 0.

Remark 3. By examining the proof, we see that we also have the inequality

][ g(x,'“‘ﬁ) x| <c {1+ g(x,|Vul)} dx,
Q(x0,R) R Q(x0.R)
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for some 7y > 7y and for all R € (0, Ro], where again & = (u)pg(x,,r), or & = 0 if
u € WiL,(B(xo, R); RY).

Proof. Fix xg € 2, and define

R):= inf ,
A= bl
az(R) :==  sup a(x).

xE€Q(x0,R)

For ease of notation, we will henceforth write ay and ay for a;(R) and az(R),
respectively, keeping in mind that a; and as vary as R varies. Find x; and x5 in
Q(xp, R) such that a(x1) = a; and a(x2) = ay. Let 1y € (1,n/(n — 1)) be such
that 1 > 7’0_1/2 >1—(p—1)/(2qa), so that h*/V7™ has ((p+1)/2, gay )-structure.
Then select 71 > 1 and Ry > 0 so that for 0 < R < Ry, we have

QT

1 < /ro, and MSCLU@R)SL

aq aq

(7) 1<

We use (7), Holder’s Inequality and Theorem 2 to obtain

@27]

Qo 21\ To a1To
_ — VTO
][ h(luﬁl> dx < C ][ h(luﬁl> dx
Q(x0.R) R Q(x0,R) R

@271/TQ
<C ][ h(|Vu]) Vs dx
Q(x0,R)

o
After writing 220vT0 — (@2za)nyTo 4, \/To, Holder’s inequality and (7) yield

aq [e3]

][ B (V)55 dx
Q(x0,R)

< CR-Cn(2R) / h(|Vu))™ dx ][ h(|Vul) ¥ dx
Q(XQ,RJ Q(XU,R)

By (4), we have that R~¢™~(2%) is uniformly bounded, so by setting

a9 /TQ

@l

T14/7T0

C =1+ sup CR~ (2R / (1+g(x,[Vul))dx
R>0 Q

and combining our previous inequalities, then using Holder’s inequality, we find

that
lu— &1\ **" ~ e\
][ h dx <C 1—1—][ h(|Vul|) v dx
Q(x0,R) R Q(x0,R)

&
. a(x)
<C|1 —I—][ h(|Vu|) ™ dx | .
Q(x0,R)

Because () is bounded, this implies that u € Lgn (;RY). Furthermore, the esti-
mate in the statement of the theorem follows from (8), (Az), and Holder’s inequal-
ity. (I

We also have the following Caccioppoli inequality.
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Theorem 4. Suppose that o : Q — [1,00) satisfies (3)-(5) and that g : Q x Ry —
R, satisfies (A1) and (Ag). Let Go € R™ ™ be an invertible matriz, and suppose
that w € WL, (Q;RY) is a minimizer for

Vi /Qg(x7 Vv (x)Gol)dx

among all mappings v. € W + WOILQ(Q;RN). Then there is a constant C =
C(p, qa, Gal‘) such that

/ g(x,|Vw|)dx < C g (X, [w = £> dx
B(xo, ) B(x0,R) R

for all € € RN and all balls B(xq, R) C €.

Proof. First, we show that for every p € (0, 1], it holds that

goy
(9) 9" (%, nge(x,1)) < qopp™+"Tg(x,1),
where ¢g*(x,7) denotes the Young conjugate of g(x,-) evaluated at 7. To demon-
strate (9), we first note that for every 7 > 0, we have

g (x,7) =79y H(x,7) = g(x, 97 (x,7)) < 79y (x,7),
where g; ! (x, 7) denotes the inverse of g;(x, -) evaluated at 7. Putting 7 = pg;(x, )
in the above inequality, we have that
(10) g* (Xa Hgt (Xa t)) < ﬂgt(xa t)gt_l (Xv ﬂgt(xa t))
To estimate g; ' (x, ug¢(x,t)), we apply part (iv) of Lemma 1 with ¢ = p!/(@@+=1)
and use that a(x) < o to obtain pug:(x,t) < gs(x, u'/(9*+=Dt). Applying g; *(x, )

1

to both sides of this inequality yields g; ' (x, uge(x,t)) < p®+ 't. Putting this
inequality into (10) and using part (i) of Lemma 1, we obtain (9).
With (9) available, we can now prove the result. By the Euler-Lagrange equa-
tions, we have that
VWG()

11 AVWGo|) =—=—
(1) [ o vwe

for any ¢ € WiL,(Q;RY). For a ball B(xg, R) C €, let n € C°(B(xo, R)) be
such that xg(x,,r/2) < 1 < XB(xo,r) and |Vn| < %. For a fixed £ € RV, putting
= (w—&n?+ in (11), we have

- VpGodx = 0,

[l [9wGo]) [Vl e
B(xo,R)

VWGO

= —qa+/ N+ g (x, |[VwGy))
B(xo,R)

Using Lemma 1 part (i), Young’s inequality, and the bound |Vn| < 4/R, we have

p/ N1 g(x, |VwGoq|)dx
B(Xo,R)

< 4qa+5/ {g* (x, 77+ gy (x, |[VWGo|)) + g (X, |W—5> } dx,
B(xo,R) Re
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for any € > 0. Now employing (9) with p = n9T~1 yields

p / N1+ g(x, [VwGo|)dx
B(xo,R)

< t(ga. e |

N+ g(x, |VWG0|)dX + 4qa+5/ g (X’ |w — £|> dx.
B(XmR) B(XQ,R) R6

Choosing € = (p—1)/(4¢*a2.), subtracting the first integral on the right from both
sides of the inequality, and utilizing parts (i) and (iii) of Lemma 1, we obtain the
desired result. g

Combining the results of Theorems 3 and 4, we use Proposition 5.1 in [16] to
obtain the following.

Theorem 5. Suppose that a: Q@ — [1,00) satisfies (3)-(5) and that g : @ x Ry —
R, satisfies (A1) and (Ag). Let Go € R™ ™ be an invertible matriz, and suppose
that w € WL, (Q;RY) is a minimizer for

vt—>/Qg(X, Vv (x)Go)dx

among all mappings v € w + Wong(Q;]RN). Then there is a constant C < co and
rg > 1 such that

1

][ g, [Vw])"dx sc][ {1+ g(x,|[Vw])} dx
B(xo0,£) B(xo,R)

for all balls B(xg, R) C Q. The constants C and r3 depend only onn, N, p, q, M,
ap, w, |G, and [,(1 + g(x, |[Vw]))dx.

Using the argument provided in [7], along with Theorem 4 and Lemma 1, we
have the following boundary version of the above result.

Theorem 6. Suppose that a : Q — [1,00) satisfies (3)-(5) and that g : Q X
Ry — Ry satisfies (A1)-(As). Let Gg € R™™™ be an invertible matriz, and assume
B(xg, R) C Q. Suppose that w is a minimizer for

s 9(x, |Vu(x)Go|)dx
B(xo,R/4)

satisfying w — v € Wi Ly(B(x0, R/4); RYN) for some function v.€ WL, (Q;RY)
with (-, |Vv|) € L"(B(xo, R/2), where r > 1. Then there is a constant C' < co and
ry > 1 such that

1

’7‘4
]l o(x,[Vw)dx ) <C ][ {1+ g(x, [Vv])} dx
B(xo0,R/4) B(x0,R/2)

Gal|, r, and

T

Here, the constants C and ry only depend onn, N, p, q, M, a4, w,
Jo(1+g(x, [Vu]))dx.

We also have the following theorem that gives Morrey regularity for the function
itself if the gradient possesses Morrey regularity. The proof of this theorem uses
some ideas from Lemma 2.2 and Proposition 2.3 in [18].
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Theorem 7. Suppose that 0 C R™ is open and bounded, and has no external cusps.
Suppose that o : Q@ — [1,00) satisfies (3) and (4), and that g : @ x Ry — Ry
satisfies (A1) and (Az). Suppose also that u € WL, (4 RYN) and g(-,|Vu|) €
LYA(Q) for some 0 < X\ < n. Then, if ro is as in Remark 3 and 1 < s < 19, we
have that g(-,|u|)® € LY*(Q) for every 0 < k < min{n + s(p + X\ —n),n}.

Proof. Put g := min{n + s(p + A — n),n}, fix k < p, and let v € (k, ). Since
v < pu<n+s(p+A—n), there is some s" € (s,73) such that n+ s (p+ A —n) > ~.
With Ry as in Theorem 3, find Ry € (0, Ro] so that w(2R;) < % — 1. Since Q has
no external cusps, there is some constant A < oo such that

n

12) 196001 () <1060.0) < 41000, (2

for any a, b € (0,diam(£2)) and xq € ©, and hence to show that g(-,|u|) € L1*(Q),
it suffices to show that

sup  Q(x0, p)| " F / g(x, Jul)dx < co.
X0 €S Q(x0,p)
0<p<R;

With xo € Q and p € (0, Ry) fixed for the remainder of the proof, we denote by
Q, the set Q(xo,7), by a1 and az the quantities infxcq,, a(x) and supycq, ®(x),
respectively, and by u; the average (u)q,. We observe that our choice of R; ensures
that ass < ay ', since as/a; < w(2Ry)/a +1 < §'/s. In what follows, we write C
for any constant that does not depend on either xg or p; in particular, we allow C'
to depend on u, k, and A. We have

(13)
207 | g<x7u|>8dx<0|ﬂp|ﬁ{ [t lu=u,)rax

Q, Q,

+/ g(x7|uRo _upl)sdx+/ g(xv|uRol)SdX}
Q, Q,

=C|Q,[ " {L + L+ I3},

where Iy, I», and I3 are defined naturally. We first note that for any R < Ry, by
Theorem 3 and the previously noted inequality ass < a1s’, it holds that

h(Ju — ug|)™*dx < c/ {14 h (= g™} ax
Qr

n+ps’ — OL(X)SI
<C (QR| + QR ][ {h ('““’”) }dx)
QR R
sc<QR|+QR|"*4” <][ {1+h(|Vu|)“(x)}dx> )
Qr

n+ts’ (p+A—n

n4ps’ ) s
<SO(Qrl+ Q-1 +[Qr1 = llgl [Valzx ) -

Qr

But v < n, and clearly n + ps’ > n; also, by the selection of s’, we have that
n+s (p+A—n) > v, so defining the finite constant G by G := 1+ ||g(-, |[Vu|)||7 1.
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the above string of inequalities yields
(14) QR / h(lu — ug|)***dx < CG,
Qr
for 0 < R < R;. With this work, we quickly observe
L < c/ {14 h(ju—u,|)**}dx < CG|Q,|" .
QP

To estimate I, we first let 0 < a < b < Ry be given, and define ¢ : Ry — R, to
be the inverse of h*2*. Then by Jensen’s inequality and (14), we find

IN

h<ub—ua)a25gh<9a|—1/ |u—ub|dx>

a

217 [l wesdx
Qa
< 12| 1] G-

For each i = 0,1,...,, put 7; = 27'R;. Putting a = r; and b = r;_; in the above
inequality and using that ¢ is the inverse of h*2%, we have

%G).

Now, if a nonnegative integer k is selected so that 27*~1R; < p < 27FRy, then it

(15) |u7“i—1 — Uy,

Q""q‘,—l

<o (Iﬂm

follows that & < @ log (%) , and so, using the triangle inequality and (15), we

obtain

k
ol _ ol
Upr, — uP| < ZQO (‘Qn Qri—l|n G) T (|Qp| ' |Qrk|n G)
=1
k+1

<> e (IQW " G) :
i=1

Hence, employing Lemma 1 and Jensen’s inequality, along with the two preceding
inequalities, we have

Qri—l

k41 @28
1 x
_ a25< qso ) ) n
h(ug, = u,)™* < (k+1) h(kH;_ljso(mn ., G))

k+1
< (k+ 1@ty T,

i=1

1 R, gsay—1  k+1 L .
S T 79\ IOg () + 1) G qu‘ - Q’I“i—l B N
(e = (5 2 17|

ol
n G

Qri—l

But (12) gives that

y—n

<C (g(n—w(i—k)) ,QWJ% <C (Q(H—v)(i—k)) 1,7,

pol
n

|QTi - |Qri—1 ’
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and hence
1 Ry gsat =1 yon KL ik
—u,[)** < log (=% ) +1 0, 2"
Hun, — ) < (s () +1) @l Ty )
1 Rl gsoy —1 e k—1 o
< 1 — 1 G|, ™ 2n7
(o= () +1) 91 2 @)

i=—1

1 Ry gset =1 y=n
< I — 1 GO, .
_(log(Q) Og(ﬂ)+ ) %l

Using this estimate and that v > k, we have that

1 Rl gsa—1 5
< 1 — @2 < —1 — 1 Q|
o [ e - ulyacs (e () <1) ai

<CGQ,

Turning now to I3, we have by Jensen’s inequality and the inequality ass < ays’ <
1T that

I < Q] (1 + h(Jug, [)**°) < (€2, <1+ |QR1|_1/ h(|u|)°‘23dx>
Qr,

<191 (1 19 [ foto ul) i)
By Remark 3, we have that g(-, [u|)™2 € L1(£2), and so we have
I3 <C(1+lg( ) La) (2]
Putting our estimates for Iy, I, and I3 into (13) and using that v > k, we have
90 7% [ Judx < € (14 G+ 0| e fal) )

Qp

for all 0 < p < Ry, which gives that g(-, |u|) € L»*(Q2), as desired. O

The next lemma is essentially a restatement of Lemma 1 in [13], and is proved
there.

Lemma 3. Let ¢ : (0,00) — R be nondecreasing, and suppose that there exist

2a
A>1,B>0, Ry >0, and a > 8 > 0 such that for some 0 < e < (ﬁ)“*‘;,the
inequality

o(p) < A [(%)a - E} ¢(R) + BR’

holds for each 0 < p < R < Ry. Then there is some finite constant C = C(A, «, B)
such that

p(p) <C (%)ﬂ (p(R) + B)

for all0 < p < R < Ry.
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4. RESULTS FOR CONVEX FUNCTIONALS

We recall the following local Lipschitz regularity result from [12], which is also
proved in [10].
Theorem 8. Let Q C R™ be open, and let v.€ WHL(Q; RYN) be a minimizer of the
functional

wes /h(\VuGODdx,
Q

where h is a function with (p, q)-structure and Gg is an invertible n X n constant
matriz. Then there is a constant C = C (n,p, q, {Gal‘ , \G0|) such that

C
BT e~ ) S e /h(|Vv|)dx

BXO,R

xOvP)

whenever By, r C Q2 and 0 < p < R.
The proof of the following theorem uses many of the ideas from the proof for
Proposition 3.1 in [1].

Theorem 9. Suppose that o : Q — [1,00) satisfies (3)-(5), and that g : @ x Ry —
Ry satisfies (A1)-(A3). Let Gog € R™*™ be an invertible matriz, and suppose v is
a minimazer for the functional J defined by

W / g9(x, |[VwGo|)dx,
Q

among all mappings w € v + Wong(Q;RN). Then for every 0 < k < n, there are
constants Cy, and R, which, in addition to k, also depend onn, N, p, q, at, |Gol,
’Gal , M, w, 6, k, and L := [,(1+ g(x,|[VWGol))dx, such that

/B(xo’p) (1+ g(x,|Vv]))dx < C, (%)K/ (1+ g(x,|Vv]) dx

B(X[),R)

whenever B(xo, R) CQ and 0 < p < R< R,,.

Proof. Fix k € [0,n). Throughout the proof, C will denote a constant that may
depend only on the parameters listed in the statement of the theorem, and its value
may change from line to line. We define the functions a;, as : Q x (0,00) — [1,00)
by

a1 (x,r) := min {a(y) (y € Q(x,r)} ,

as(x,7) := max {a(y) 1y € m} .

By Theorem 5 and Holder’s inequality, we have that there are constants C' > 0 and
rg > 1 such that

(16) (J[l;(x,'r‘) {1+ g(x,|VVv])*} dx> < C][B(x,zr) {1+ g(x,|Vv])}dx

whenever B(x,2r) C Q and s € [1,r3]. Fix v’ € (1, min{2,r3}), and select Ry €
(0,1/2) so that w(2Rp) < 7 —1. Now we suppose that 0 < 8p < R < R and xg €
are such that B(xg, R) C . With x¢ and R fixed, we will use for convenience a;
and az to denote aj(xg, R) and as(xg, R), respectively, and B, := B(xg,r) for
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r > 0. Note that as < ay +w(2R), and hence the choices for Ry and r’ above imply
that

(17) asr’ < a(x)r'(1+w(2R)) < a(x)rs

for all x € Bg. o
We can select xo € Bg so that a(xz) = az. Let w € W!Lpas (Brya; RY) be the
minimizer for the functional Jy, : W' Ljes (Br/4; RY) — R defined by

Jx, (1) 1= / g9(x2, |VuGyl)dx,
Br/a

satisfying w = v on 0Bg/s. (Note that by Theorem 5 and (17), we have that
v € W'Lpaz (Br/a; RY).) We clearly have

/g(xz, |VVG0|)dx:/g(xQ, |ngo)dx+/{g(xQ, [VvGo|) —g(x2, |[VWGq|)

P B, B,

VwG
- gt<x2a |VWGODW .

VWGQ
|VWGO|

(Vv = Vw)Gy }dx

+ / g1 (2, [VwGo)) (Vv — Tw)Codx

P

=1 + Iz + I,

where I, I3, and I3 are defined to be the first, second, and third integrals, respec-
tively. By part (vii) of Lemma 1, there is a constant C' depending only on n, p, and
gay such that Is < C(I; + I3), so that it remains only to estimate I; and Is.

For I, we have from Theorem 8 and the minimality of w for Jx, that

PN\" P\
< — < — .
L<cC (R) /BR/4 g(x2,|Vw|)dx < C (R) /BR/4 g(x2,|Vv|)dx

To estimate I, we note that the integrand is nonnegative because of the convexity
of g(x2,-), so we can expand the domain of integration to Br/4. Then using the
Euler-Lagrange equations for w (Lemma 2), the minimality of v for J, and (Ags),
we have

L<cC / {9(x2, [VVGo]) — g(x, [VvGiol)} dx

Br/a

e / {9(x, [VWGo|) — g(x2 [VwGo|)} dx

Brya

< C’/ {w(R) (1+h(|VV])*?)log (e+h(|VV]))+I(R) (1+h(|VVv])*?)} dx

Bra

+ C/ {w(R) (1+h(|]VW|)*?)log(e+h(|VW]))+I(R)(1+h(|]VW|)*?)} dx

Now we use the minimality of w for Jx, in the above inequality to conclude that
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I < CulR) [ (14 h(9¥]))log (e + h( V) dx
Br/a
+ Cw(R) / (1 + A(|VW])*?)log (e + h(|]VW])) dx
Br/a
+ C5(R) / (1+ h(IVv])*?) dx

Bra
=IDh1+1a2+ 123

(19)

Before we estimate I 1, 22, and I 3, we introduce some notation and ideas that
we will use in these estimates. As in [1], for each s € [1,00), we use the norm |||,

on LS(BR/4) by

We recall the following from [1], which follows from a result in [19]: for each s > 1,
there is a constant ¢(s), which does not depend on R or the mapping h, such that

h h

h

(20) ]{g 105 { e + |
R/4

Using the inequality log(e + ab) < log(e 4+ a) + log(e + b), which is valid for all
a,b > 0, we have that

i

1

B < Co) [ B(I9v])* log(h(|Vv])™*)dx + Cuo(R)R"
Br/an{h(|Vv])>e}

(vl tog (e + S ) ax

(@) < C“”(R)R"J[ TR(Vv])e=,

Brya

+ Cw(R)R" log (e + || (|Vv])*? Hl)][ h(|Vv])*?dx + Cw(R)R".

Brya

By Hoélder’s inequality and (17), we find that

][ h(|Vv])*2dx < <][ h(|Vv|)a2T’dx>
Br/a Br/a
< <][ {1+h(vV)““‘)“““’(?R”}dx)
Brya

Employing (17) and (16), we have that

.
T

(23) log (e + (T v[)*2]l,) < Clog (;) .
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Putting (22) and (23) into (21), and using (20) in the first integral of the right side
of (21) yields

1
o

Iy < Cw(R)R" (][ {1 + h(|vv|)a(x)r/(l+W(2R)} dx)
Br/a

+cutmios (1) B (. {14 n(wveor 0sem) ax
R Br/a
+ Cw(R)R™.

Using (16) in the above inequality with s = r'(1 + w(2R)), we obtain

1+w(2R)
1
I < Cw(R)log <R)R” <][ {1 + h(|vV|)a<x)} dx) + Cw(R)R"
Br/2

(24) < Cw(R)log @) R*””@R)/ {1 + h(|Vv|)“(x)} dx + Cw(R)R™
Bry2

< Cuw(R) log (;) / e VD

We note here that we used (4) to conclude that R="“(%) < (' in the last line.
Now we turn to the task of providing an estimate for I5 5. In the same way that
we obtained (21), we find that

1272 S CW(R)Rn][

h a
h(|Vw|)°2 log (e + (VWD) dx
Brya

[A(IVw])ez ]y

+ Cw(R)R log (¢ + [ h(|Vw])*] ) ][ R(IVw)*2dx + Cw(R)R".

Brya

Using the minimality of w for Jx,, we can bound log(e+||h(|Vw|)*?||,) in the same
way that we bounded the analogous term for v, so that the above inequality gives

.[2’2 S Cw(R)R"][

h(|Vw|)*2 log <e + h(WWD) dx
Brya

(25) 1 IRV V)]l

+ Cw(R) log ( =

) R"][ h(|Vw|)*2dx + Cew(R)R™
Brya

Now, by Theorem 6, we have that there is some r4 > 1 such that

1 1
7

(26) (é h(|Vw)°‘27'4dx> Mgc(]i {1+h(Vv|)“2"/}dx> -
R/4 R/2
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Utilizing (20) in the first term of (25) and Hoélder’s inequality in the second, we
find that

1

T4

Ins < Cw(R)R" (f h(|VW|)°‘2r4dx>
Brya

(27) + Cw(R) log <11%> R (é h(|Vw|)a2T4dx> L Cu(R)R
R/4

< Cw(R)log (;) R (ﬁm h(|vw)azr4dx> L CuRIR™

We use (26) and (17) in (27) to arrive at the inequality

U=

r

1

I < Cw(R)log (R> R" <][ {1 n h(|vV|)a<x>T’<1+w<2R>>} dx> +Cw(R)R™.
Br/2

Now we employ (16) and conclude as in (24) that
1+w(2R)

I3 < Cw(R)log (;) R" (ﬁR {1 + h(\vV\)W)} dx) + Cw(R)R™

(28) < Cw(R)log (;) R (2F) /B {14 n(9v )"} dx 4 Cu(R) R

< Cw(R) log (;) / (1 gl V) dx

The estimate for I 3 is easier. By (22) and (16), we have

s < C(S(R)R"][ h(|Vv))*dx + C5(R)R"
Brya

< C§(R)R" (][ {1 + h(‘v‘,')a(x)w(l—&-w@}%))} dx> + C5(R)R™
Bry/a

14w (2R)
< CO(R)R" <][ {14 h(wv))e9) dx> + CO(R)R".
Br/2

Similarly to (24), we can conclude

(29) B < CS(R) [ (1-+ glx, Vv dx.
R/2

Putting (24), (28), and (29) into (19) yields
1
(30) I, <C <w(R) log (R) + 5(R)) /BR/2 (14 g(x,|Vv])) dx.

We have already noted that I3 < C(I; + Iz), so putting our estimates for I and Iy
into (18) gives
(31)
n 1
/(1+g(x, [Vv])) deC((}%) +w(R) log (R) +5(R))/(1 +9(x,|Vv])) dx

B, Br
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for all 0 < 8p < R < Ry. But by enlarging C' if necessary, we clearly have that (31)
holds for 0 < p < R < 8p < Ry as well, so that, in fact, the inequality in (31) holds
for all 0 < p < R < Ry. By (5), for each x € [0,n), we can find R, € (0, Rp) so

that »
w(R)log (11%) +6(R) <eo:= <2lc> e

for all 0 < R < R,. Then by Lemma 3, we conclude that

/BP(1 + g(x, |Vv]))dx < C, (%)K/B (1 4 g(x, |Vv]))dx

R

for all 0 < p < R < Ry, which concludes the proof. O

Using a reflection argument and Theorem 9, we can show the following version
of the result for the half-ball.

Theorem 10. Suppose that a : BT — [1,00) satisfies (3)-(5), and that g : BT x
R, — Ry satisfies (A1)-(A3). Let Go € R™*™ be an invertible matriz, and suppose
that v is a minimizer for the functional J : WHH(BT;RN) — R* defined by

J(w) = /B+ 9(x, |VwGol)dx,

satisfying v = 0 on BNOHT in the sense of trace. Then for every 0 < k < n, there
are constants C,; and R,;, which, in addition to k, also depend onn, N, p, q, aL,
|Gol, ’Gal}, M, w, 8, K, and L := [, (1+ g(x,|VWGol|))dx, such that

[ asgeeivinaxso(8) [ g vvhax
B(xo,0)+ R/ JBxo.R)*
whenever B(xg, R)™ C Bt and 0 < p < R.

Now we can prove the following lemma.

Lemma 4. Suppose that o : BT X [1,00) satisfies (3)-(5) and that g : BT xRy — R,
satisfies (A1)-(Ag). Assume 0 < XA < n. Let

A:={ueWH (B RY):u=0on BNIH in the sense of trace},
and define the functional K : A — R* by

K(w) = /B+ 9%, |[Vw + A]G|)dx,

where g(-,|A]) € LYMBT) and G € C(BF;R™™) has continuous matriz inverse
G~! € C(BT;R"™ ™). Ifu € A and there are functions {v.}cso C LY (BY) and
{Ve}eso C C(Ry) satisfying v-(0) = 0 such that u is a (K, {7y:}, {ve})-minimizer
over A, then g(-,|Vu|) € LENBNHT).

loc

Proof. Fix xg € BT and R > 0 so that B*(xg, R) C BT. For ease of notation, let
Go = G(x¢). Also, for each r > 0, define

p(r) == sup [G(x) - G(y),

[x—y|<r

and set B := B(xo,7)". Fix R > 0 such that B C B" and R < R(,1))2,
where R, )2 is the value of R, given by Theorem 10 for x = (n + \)/2 and
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L = [5.(1+ g(x,|VuGo|)dx. Let v.€ W'Ly(B};RY) be the minimizer of the
functional J : WL, (B£;RY) — R defined by

J(w) = /B+ g9(x, [VwGo|)dx,

R

satisfying v = u on 88; in the sense of trace. Then for 0 < p < R/2, we have

[ ot 19uGahix = [ g 9vGohax+ [ {g<x, TuGo|) —g(x, [TvGol)

B B B}
(32) - g:(x, |VVG0|)|g:gZ| - [Vu-— VV]GO}dX
+ /gt(X, |[VvGol) |§:gz| - [Vu — Vv]Godx
By
=1+ I+ I,

where I, I5, and I35 are defined to be the respective integrals. By Theorem 10 and
the minimality of v, we have that

(An)/2
nec(f) [ g vu)ax

We now consider I,. By the convexity of g, the integrand in I is nonnegative, so
we can expand the domain of integration to BE and use Lemma 2 to arrive at

B < [ {gbx[VuGal) - g(x, [VvGa])) dx.
BR
Since u is a (K, {7:}, {ve })-minimizer, we have

L < /lg+{g(x, VuGol) — g(x, |[Vu + A]G|)}dx
+ [ Ao 7V + AIG) — g(x. [VVGo)

+0uR) +2) [ Lol [Vul + gl [V s+ [ ax

R

<Dy +Top+Iog+ RM|ve| o -

First we estimate [5 1 using part (vi) of Lemma 1.

1
0
Iyq :/ / a—Fg(x, VuGq + t([Vu + A]G — VuGy)) - (Vu[G — G¢] + AG)dtdx
B 0
A
< Cum) [ gt |Vl + |AD [Vuldx+ C= [ gl [9ul + POLPN
B B, €
< C(e + u(R)) / g(x, [Vul) + C: / g(x, |A])dx
B, B

< Cle+u(R) [ gl |Vul) + C. gl [AD] e

R
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Because v is a minimizer for J, a similar computation yields

B < Cle+u(R) [ gl Vul)dx +CR gt AD e

R

For I 3, we again use the fact that v is a minimizer for J to conclude that
Iy 3 < C(7(R) + 5)/ g(x,|Vu|)dx.
Bt (x0,R)
Collecting our estimates for I 1, I 2, and I3, by (33) we have
I, < Ce + p(R) +7=(R)) /B+ g9(x,[Vul)dx + (Cc [lg(-, [ADl gix + vell pia) B
R

Using (vii) from Lemma 1 as we did in the proof of Theorem 9, we see that Is <
C(I1 + I1), and so our estimates for I; and I, along with (32), give

/ g(x,|Vul)dx
Bt (x0,p)

(34) ng2
<c ((”) et u(R)+ %<R>) [ gt vulax
R B+(x0,R)
T (CellgC A pon + el pon + 1) R

2(n+A)

Let o = (2C)” »=> /2. Find 0 < R* < 1 such that u(R*) < g9/4 and 7., /2(R*) <
€0/4. Let Ry = min{R*,1 — [xo|, R(y4+1)/2}. Then for 0 < p < R < Ry, putting
€ =¢gp/2 in (34) we have

/ g(x, |Vu])dx
B+

P

(39) <o ((8)7 +) [ ot vapax

+(Coosa 9C5 1Al prn + [[vg 2] o + DR
By Lemma 3, we have that

/B+ g(x, |Vu|)dx < C (%)A

C (%)A Us+g(x,|vu|)dx+ 1}

whenever 0 < p < R < Ry. Now if Y cC BN HT, letting d = dist(U; OB) and
c(d) = C/min{ R}, d*}, we have from (36) that

[ gl V< e [/ g(x,|Vu|>dx+1]
B+t (x0,p) B+

[ st [Vupx 1
B,

(36)

IN

for all p < min{Ry,d} and xg € U, and hence g(-,|Vul) € Lllc;;\([)’“‘ NHF;RN*7),
which completes the proof. O

Using Theorem 9 instead of Theorem 10, we can demonstrate the following
lemma in the same way that we proved Lemma 4.
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Lemma 5. Suppose that o : B — [1,00) satisfies (3)-(5) and that g : BXxRy — Ry
satisfies (A1)-(Ag). Assume 0 < X\ < n. Let A := WL (B;RY), and define the
functional K : A — R* by

K(w) ::/Bg(x,|[Vw+A]G\)dx,

where g(-,|A]) € LY*(B) and G € C(B;R"™ ™) has continuous matriz inverse
G~! € C(BT;R™™). Ifu € A and there are functions {v:}eso C LY (BT) and
{Veteso C C(Ry) satisfying v-(0) = 0 such that u is a (K, {7}, {ve})-minimizer
over A, then g(-,|Vu|) € LENB).

loc

Using Lemmas 4 and 5, we prove the following result.

Theorem 11. Suppose that Q C R™ is open and bounded with C* boundary, and
that v : Q@ — [1,00) satisfies (3)-(5) and g : Q x Ry — Ry satisfies (A1)-(As). Let
u € WL, (4 RY) with g(+, |[Vu|) € LY (Q) be given, and define

A= {w ceWHH (RN :w—d ¢ Wol’l(Q;RN)} :
Define the functional J : A — R* by

er:AMwa@mm.

Letu € A be given. Then there are functions {v.}eso C L¥*(2) and nondecreasing
functions {yc}eso C C(Ry) with v-(0) = 0 such that u is a (J, {y:}, {ve })-minimizer
over A if and only if g(-, |Vul|) € LY*(Q).

Remark 4. We emphasize here that this result is a biconditional statement. That

is, the condition that u is an almost minimizer for J is not only sufficient to have
that g(-, |[Vu|) € LY*(Q), but also necessary.
Proof. First, if u € Ais a (J, {7}, {ve})-minimizer over A for some {v;}es0 C
LY*(Q) and nondecreasing functions {7.}c~o with 7.(0) = 0, we use a standard
argument to incorporate the boundary values into the functional and straighten
out the boundary, and then use a covering argument along with Lemmas 4 and 5
to obtain that g(-, |Vu|) € LY(Q).

On the other hand, if g(-,|Vu|) € LY*(Q), then J(u) < co. Let v € A with
u—v e Wy (Qxo, p); RY) be given. With v, := e g(-,|Vu|) € L*(2), we have

J(u) < J(v) +/ g9(x, |[Vu|)dx = J(v) + 5/ Ve (x)dx.

Q(x0,p) Q(x0,p)

Hence u is a (J, {0}, {ve})-minimizer over A, and the proof is complete. O

5. RESULTS FOR ASYMPTOTICALLY CONVEX FUNCTIONALS

As mentioned in the introduction, this section is devoted to extending the results
of the previous section to almost minimizers of functionals of the form

(37) KW%:Lﬂ&wVM7

where for each x and u, the function F — f(x,u,F) looks like F — g(x, |F|) when
|F| is large. Define the functional J by

(38) J(w) = /Qg(x,\Vwax.
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The following lemma establishes that almost minimizers for K will also be almost
minimizers for J. In this lemma and in the sequel, we denote by p* the Sobolev-
conjugate of p; i.e., if p < n, then we put p* = np/(n — p), and if p > n, we set
p* = 4o0.

Lemma 6. Suppose that Q@ C R™ is open and bounded with C' boundary, and
suppose also that o : Q — [1,00) satisfies (3)-(5) and g : Q& x Ry — Ry satis-
fies (A1)-(A3). Let f: QxRN x RNX" R and assume the following hypotheses
hold for some 0 < A <mn and 1 < s < min{ry, 1 + pra/n,p*/p}, where ro is as in
Remark 3.

(i) For every e > 0, there is a function o. € LY"(Q) and a constant ¥, < oo
such that

|f(x, 0, F) — g(x, [F[)| < eg(x, [F[)
for all (x,u,F) € QxRN xRNX" satisfying g(x, |F|) > 0-(x)+2.g(x, [u])®.
(ii) There is some B € L¥*(Q) such that
[f (% u, F)| < C(B(x) + g(x; [u])” + g(x, [F]))

for all (x,u,F) € Q x RN x RV*",
For a fivzedd € WL, (Q;RY) with g(-,|Val) € LY (), define the admissible class

A={ue W'L(ERY) :u—ue WjLy(%RY)}.

Let the functionals J and K, each mapping A into R, be defined by (38) and (37),
respectively. Let u € A, and suppose that there are functions {ve}eso C L1(Q)
and nondecreasing functions {Ve}eso C C(Ry) satisfying v-(0) = 0, along with
constants {T:}eso0 C Ry such that

K(u) < K(v) + (1=(p) +¢) / {re(x) +9(x, [Vul]) + g(x, [Vv])} dx
(39) Q(xnap)

LT / {9(x, Ju))® + g(x, [v])*} dx
Q(x0,p)

for allv € A withu—v € Wy (Q(x0, p); RY). Then there are functions {D.}eso C
LY Q) and nondecreasing functions {¥c}e>0 C C(R4) with :(0) = 0, as well as
constants {T:}es0 C Ry, such that w is a (J,{Fc}, {Pe + T9(-, |u|)®})-minimizer.

Proof. 1t suffices to show that

(40) () < J(v) + (Fe(p) +¢) /

{700) + Togloe, [u))* + g, [Vul) } dx
Q(x0,p)

for all v € A such that u — v € Wi L,(2(x¢,p); RY). To this end, we let w €
WL, (Q(x0, p); RY) be the minimizer of the functional Jy, , defined by

Tro p(V) = / o(x, |Vv])dx,
Q(x0,p)
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satisfying w —u € Wi L,(Q(xo, p); RY). Then for any v € A that satisfies u —v €
Wi Ly(Q(x0, p); RY), we have by the minimality of w that

J(u) = J(v)

IN

p(W) = T p(W)
){ﬂXJVUD—nﬂXﬂLVUde

JxOv

Q(x

(41) + / (fx,u, V) — f(x,w, Vw)} dx
Q(x0,p)

+ / (F (%W, Vw) — g(x, [Vw])} dx
Q(xml))

=L+ I+ 1

To estimate I, we partition 2(xq, p) into the set on which g(x,|Vu|) < o.(x) +
Yg(x,|u])® (call this set S), and the set on which the opposite inequality holds
(call this set 7). By the growth conditions on f and g, we have

/{g(x,IVUI)—f(X7u7VU)}dXS0/ {1+ 6+ 9(x,[u)* +g(x,|Vul)} dx
S S

<C [ {iepton L+ Sglx ) dx
Q(xo0,p)
To estimate the integral over T, we use the assumption in (i) to conclude that

/{QWJVN)*f@ﬂLVUHdXSE/‘ g(x,|Vul)dx.
-

Q(x0,p)

Combining the estimates for the integrals over S and T yields

L<C {1+a+o.+ 1+ )g9(x,[ul)® +eg(x, [Vul)} dx.
Q(xo0,p)

We estimate I3 in a similar fashion, keeping in mind the minimality of w for Jy, ,,
to obtain

42)  L<C / {14+ o0+ (1+S)g(x [w])* +eglx, [Vul)} dx.
Q(XO,P)
We have

/ g(x, |w|>3dxs0p"*’“][ g(x, 'U_W') o
Q(x0,p) Q(x0,p) P

(43)
+ C/ g(x,|u])’dx
Q(x0,p)
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By Remark 3, the minimality of w for Jx, ,, and (43), there is a constant C, which
does not depend on w, Xg, or p, such that

/ g(x, |w|)*dx < Cp"tPs <][ {1+g(x,|Vqu)}dx>
Q(XO’p) Q(XO)p)

+C 9(x; |uf)*dx
(44) Q(XOap)

< Cprips=ns / {149 (x,|Vul)} dx
Q(x0,p)

+C g(x, |u])*dx.
Q(x0,p)

Define A : Ry — Ry by

yeQ

s—1
A(r) = r"H 7 sup (/ {1+g(x, Vu|>}dx> |
Qy,r)

Note that the exponent on r is positive, since we have assumed that 1 < s < p*/p,
so we have that A is continuous with A(0) = 0. With this notation in place and
the estimates in (42) and (44), we now have that

I3 < C(8+Z€A(p))/ {14+ g(x,|Vu|)}dx+C {1+a+o.}dx.
Q(x0,p) Q(x0,p)

Finally, to estimate I, we use the fact that u satisfies (39) to get

I < (e +7:(0) / (b 9+ g [T e

LT / {9(x, [ul)? + g(x, |w])*} dx.
Q(x0,p)

Using (44) and the definition of A, along with the minimality of w for Jx, ,, we
have

I < C (e +7.(0) + TLA()) /

{yg(x) +1+e ' Tg(x, [u))® + g(x, |Vu|)} dx.
Q(x0,p)

Inserting our estimates for Iy, I, and I3 into (41), we see that (40) holds with 7,
e, and T, defined by

5o -1 £ £

Ve 1= C(E/O) (1+C+04+0'5+CV8/C)7
Ye = C{rejc + (Tejc + Sejo + 1A},
T.:=C(e/C) 1+ 30+ Teyc) -

Note that clearly {#.}.~0 C L**(Q), and {7:}.~0 C C(R,) satisfies 7. = 0 for each
e > 0. Furthermore, it is manifest that {T.}.~0 C R4, so the lemma is proved. O

We are now in a position to prove the main theorem.

Theorem 12. Suppose that  C R™ is open and bounded with C' boundary, and
that o : Q — [1,00) satisfies (3) and g : Q@ x Ry — Ry satisfies (A1)-(A3). Let
f: QxRN x RVX" 5 R satisfy the following hypotheses for some 0 < A\ < n and
1 < s <min{ry, 1+ pra/n,p*/p}, where ro > 1 is as in Remark 3.
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(i) For every e > 0, there is a function 0. € L»*(Q) and a constant . < oo
such that
|f(x,u, F) — g(x, [F[)| < eg(x, [F])
for all (x,u,F) € QxRN xRNX" satisfying g(x, |[F|) > 0-(x)+X.g9(x, [u])*;
(ii) There is some 3 € LY(Q) such that

[f(x, 0, F)[ < C(B(x) + g(x, [u])* + g(x, [F]))
for all (x,u,F) € Q x RN x RV*",
For a fivredd € WL, (Q;RY) with g(-,|Vul) € LM (), define the admissible class
A:={ueW'L(QRY) :u—ue WyL,(QGRY)}.
Let the functional K : A — R be as defined in (37). Ifu € A and there are functions

{v.}es0 C LY(Q) and nondecreasing functions {7:}.~0 C C(Ry) with 4.(0) = 0
such that u is a (K, {v.}, {ve})-minimizer over A, then g(-,|Vu|) € LM ().

Before we prove this theorem, we make a few remarks for later convenience.

Remark 5. If K(v) = +oo for any function v.€ WH1(Q;RY) with g(-, |[Vv|) ¢
LY (Q; RV ") then clearly we can enlarge the admissible class A to

A= {w e WH(QRY) i w -t e W&J(Q;RN)} :
and the same result holds.

Remark 6. Examining the proof of Theorem 11 and Lemma 6, we see that we do
not actually need the inequality in (2) to hold for all £ > 0, but only for € > &y,
where €y > 0 depends on n, N, p, ¢, a, 4, €2, and f.

Remark 7. By analyzing the proofs of Theorem 11 and Lemma 6, we see that
the bound on the Morrey norm ||g(-,|Vul)|[;.,» stays uniformly bounded if the
quantity L := [, g(x,|Vul) stays bounded. That is, if {u;};ea is a collection of
(K, {7}, {ve})-minimizers such that [, g(x,|Vu|)dx < L for some L < oo and all
t € A, then there is a finite constant L such that [|g(-, |[Vug|)|| ;1.0 < L for all ¢ € A.

Proof. Since u is a (K, {7:},{ve})-minimizer over A, by the growth conditions
on f and Lemma 6, we have that there are functions {#.}.~o C L**(Q) and
nondecreasing functions {:}.>0 C C(R;) with 4.(0) = 0, as well as constants
{T.}es0 € Ry, such that uis a (J, {3}, {# + Teg(-, |u|)*})-minimizer. In view of
Theorem 11, it therefore suffices to prove that u. := o, + Tog(-, [u])®* € LY ().
By hypothesis, we have that u € W'L,(Q; RY). Therefore, g(-, [u|)® € L™/%(Q) by
Remark 3, and hence we see by Holder’s inequality that g(-, [u])® € LY»="/72(Q).
Therefore, letting A; := n (1 —s/re), we have that y. € min{A;, A}, and hence
Theorem 11 implies that g(-,|Vu|) € Lb@{dAb(Q). If A\ > A, the proof is
therefore complete.

So suppose that A\; < . Since g(-, |Vu|) € L' (), we can use Theorem 7 to
conclude that g(-,|u|)® € LV*(Q) for every x < min{n + s(p + A1 — n),n}. Hence,
if n 4+ s(p+ A1 —n) > A, then g(-,|u|)® € L¥*(Q), whence pu. € LY (), and the
proof is finished. If n + s(p+ A1 —n) < A, set Ay =n + s(p+ A\ —n). Arguing as
before, we have that u. € L1*(Q) for every x < Ay. Thus Theorem 11 implies that
g(-,|[Vu|) € LY* for every 0 < k < Ay. Recursively defining

Ajr1i=n+s(p+A; —n)
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and continuing to bootstrap as above, we have that {u.}.~0 C LY*(Q) for every
k< A if Aj < A, and {peteso € LVAN(Q) if A; > A, We claim that ); increases
without bound. Indeed, inductively, one can easily show that

ps p n j
Aj=n— —— ) s
/ s—1 * (s -1 r2>
Since 1 < s < 1+ pra/n, we have that the coefficient in front of s7 is positive, and
since first two terms are constant in j, we see that indeed lim;_,, A\; = 0o. Hence,
if jo € N is selected so that Aj, > A, then we can use a bootstrap argument as

above with jg iterations to get that {u.}.~0 C LY (92). Applying Theorem 11 one
last time gives g(-,|Vu|) € L¥*(Q), and the proof is complete. O

6. APPLICATIONS

In this section, we present some applications of these results to various problems.

6.1. Partial Differential Equations. The first application we provide is to par-
tial differential equations.

Theorem 13. Suppose that Q C R™ is open and bounded with C' boundary, and
that a : Q — [1,00) satisfies (3)-(5) and g : Q@ x Ry — Ry satisfies (A1)-(Ag).
Suppose also that@ € WL, (S RYN) satisfies g(-,|Vul) € LY (Q) for some 0 < X <
n. Fiz 1 < s < min{re,1 + pra/n,p*/p}, where ro is as in Remark 3, and suppose
that the mappings A : Q x RV x RVX" 5 RNX7 gnd b : Q x RN x RV*? 5 RN
satisfy the following properties:

(i) For each e > 0, there is a function o. € Ly(Q) with g(-,0-(-)) € LY*()
and a constant X, < oo such that
F

A(X7u7F) - gt(x7 ‘F|) |F|

< egi(x, |F|)

for all (x,u,F) € Q x RN x RN*" gatisfying |F| > 0.(x) + 3¢ |ul.
(i) There is a constant M > 1 and a function 8 € Lg(Q) with g(-,B(-)) €
LY2(Q) such that

|A(x, u, F)| < Mgy (x, B(x) + |u] + [F]);
[b(x,u, F)| < Mg (x, 5(x) + |uf + [F]);

for all (x,u,F) € Q x RN x RVN*",
Suppose that u € WL, (RN is a weak solution to the system

div [A(x,u(x), Vu(x))] = b(x, u(x), Vu(x)) in Q,
u(x) = u(x) on 09

i.e. u—u € WiLy(QRY), and for each ¢ € Wi L, (Q;RY),
(45) / {A(x,u,Vu) - Ve + b(x,u,Vu) - ¢} dx = 0.
Q

Then g(-,|Vu|) € LY ().
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Proof. The proof given here is similar to the proofs given for the analogous theorems
n [12, 15]; our overall strategy is to show that u is an almost minimizer for the
functional J : A — R defined by

J(w) = /Qg(x, |Vw(x)|)dx,
where
Ai={w e W'Ly(RY) :w—1u e WyLy,(GRY)}.
We will allow the constant C' to depend on s, along with all the other usual param-

eters. Fix xg € 2, 0 < p < diam(Q), and v € A with v —u € Wh1(Q(xq, p); RY).
Then using the convexity of g(x,-) and (45), we have

K(u)<K(v)+/g( )gt(x Vu)|§ | - [Vu— Vv]

gK(v)-i—/

Q(x0,p)

(ot )

Yl — A(x,u, Vu)) - [Vu = Vv]dx

(46)
— / b(x,u,Vu) - (u — v)dx.
Q(xo0,p)

=K(V)+ L + L.

To estimate I, for 0 < ¢ < 1 we split Q(xo, p) into the set on which |[Vu(x)| <
0e(x) 4+ 2¢ Ju(x)| (call this set S), and the set on which the reverse inequality holds
(call this set 7); using the growth conditions on f and A, followed by part (iv) of
Lemma 1, gives

L < C/gt(x, oe+8+(142:) |u|) [Vu — Vv|dx + E/Qt(x7 [Vu|) [Vu — Vv|dx
T
< cg/ g0 (%7 /000D (g, 4§ 4 (14 5.)[u])) [Vu — Vv dx
Q(x0,p)

+€/ g:(x,|Vu|) [Vu — Vv|dx.
Q(x0,p)
Now utilizing (vi) in Lemma 1 yields

L<ce / {9(x,|Vu]) + g(x, |V¥])} dx
Q(xmp)

+ C- o {9(x,B) + g(x,0¢) + (1 + Ec)g(x, [u]) } dx.
X0,pP

To estimate Ip, we use the growth constraints on b and again employ (vi) in
Lemma 1 to obtain

L<e / {g(x, ) + g(x, [u]) + g(x, |Vu])} dx
Q(XO,P)

+ C. {9(x, [u]) + g(x, [v])} dx.
Q(x0,p)

Defining
ve(x) := C(e/C2) " {g(x, B(x)) + 9(x, 0¢/0. (%)) } + 9(x, B(x))
T. :=C.(1+e+ %),
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we have shown that

L+h<e / {ve + g(x, |Vu]) + g(x, |Vv])} dx
Q(xmp)

LT / {9(x, [u]) + g(x, |v])} dx.
Q(x0,p)

Note that {v.}.so C LYN(Q) and {T.}.~0 C R4, so putting this estimate into (46)
and employing Lemma 6 and Theorem 11 then bootstrapping as we did in Theo-
rem 12 gives the desired result. O

6.2. Regularity for minimizing sequences. To prove the existence of Morrey
regular minimizing sequences, we will use the following version of Ekeland’s varia-
tional principle. For the proof of this result, see, for example, [18].

Theorem 14. Let (V,d) be a complete metric space, and let J : V — R* be a lower
semicontinuous functional that is finite at some point in V. Assume that for some
v € V and some € > 0, we have

< i .
J(v)_“llrét:}J(W)-l-e

Then there exists a point u € V such that
J(u) < J(v) and J(u) < J(w) +ed(u,w) for all w e V.

We use Theorem 14 to prove the following, which supplies uniform regularity for
minimizing sequences.

Theorem 15. Suppose that  C R™ is open and bounded with C' boundary, and
that a : Q — [1,00) satisfies (3)-(5) and g : Q@ x Ry — Ry satisfies (A1)-(Ajg).
Suppose that f : Q x RN x RVX" — R satisfies the following hypotheses for some
0<A<n, r<l1<s<min{ry,1+pro/n,p*/p}, B € LY (Q), and v € L¥*(Q):

1
2790 [F) = Mg(x, [u])" = B(x) < f(x,u, F) < M(y(x) + g(x [u])” + g [F]).
Here, ro is as in Remark 3. Suppose further thatu € WL, (Q;RN) with g(-,|Vul) €
LY (Q) is given and define the admissible class by

A= {u e WM (RN ;u—w e Wol’l(Q;RN)} .

If the functional K : A — R* is defined by (37), then there is a minimizing sequence
{up}s2, € A for K such that the sequence {g(-, |Vug|)}32, is uniformly bounded
in L2 (9).

Proof. By the growth condition imposed on f, we have that K(T) < oo, so that K
is finite at some point in A. Let {vi}2,; C A be a minimizing sequence for K, and
let e be defined by

e = K(vg) — v‘llrg}K(w)

Without loss of generality, we assume that € < gg, where £¢ is as in Remark 6. By
the coercivity condition on g, we have that K is bounded from below and we have
that the sequence {g(-,|Vvg|)}32, is bounded in L*(2). Notice that A equipped
with the metric

d(u,v) = [ Vu— Vv,
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is a complete metric space, so by Theorem 14, we have that there is a sequence
{up}32, C A such that K(ug) < K(vi) and K(u) < K(w) + &5 [|[Vu, — Vw||;.
for every w € A. Since K (uy) is dominated by K (vy), it is clear that {u,};°, is a
minimizing sequence for K. Also, if ¢ € Wol’l(Q(xo, p); RY), then from the above
inequality, we have that

K(uy) gK(ukJrcp)Jrsk/ V| dx
Q(x0,p)

< K(ug+ @) + 24 / C (14 g(x,|V o)) dx.
Q(x0,p)

Recall that 5 < g, so that we have

K(ui) < K(ug + ) +5/Q( Ot gt VD)

for all € > gg. Therefore, by Theorem 12 and Remarks 5 and 6, we have that
{g(-,|Vuk)}2, € LY*(Q). In fact, since {ug}3°, is a minimizing sequence for
K, the coercivity assumption on f implies that the quantities fQ g9(x, |Vug|)dx
are uniformly bounded, so by Remark 7, the Morrey norms ||g(-, |[Vug|)||;1.» are
uniformly bounded also, as desired. ([
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