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Abstract. In this article we prove regularity results for locally bounded minimizers u: R™ D
Q — RY of functionals of the type

[l 9Py + 1 (92?5
Q

where p and ¢ are Lipschitz-functions and Vu = (Viu, Vau) is an arbitrary decompositon of the
gradient of u. Related functionals are the topic of the paper [Br3], but the situation here is not
covered.

1. Introduction

The study of regularity properties for minimizers u: Q — R” of energies
(1.1) nmguﬁi/zmvuym,
Q

where € denotes an open set in R™ and where F: R™ — [0,00) satisfies an
anisotropic growth condition, i.e.,

CllZPP —ci S F(Z) < CylZ|T + ¢y, ZcR™

with constants C,Cy > 0, ¢1,c > 0 and exponents 1 < p < ¢ < oo, was introduced
by Marcellini (see [Mal| and [Ma2]) and was widely investigated by many authors in
the last years, see the references at the end of the paper. Starting from the research
of Esposito, Leonetti and Mingione [ELMI1] it is known that in general minimizers
of (1.1) stay not regular if one allows an additional z-dependence and considers
minimizers of functionals

(1.2) Ju, Q] ::/QF(-,Vu)d:L'

for F: Qx R™ — [0, 00). Already in the autonomous situation it is well-known that
we have no hope for regularity for minimizers of (1.1) if p and g are too far apart
(compare the counterexamples of [Gi2| and [Ho|). The best known bound is

q<p+2

proven in [BF1| and [ELM2]. To get better results additional assumptions are neces-
sary. Thus Fuchs and Bildhauer consider decomposable integrands which means we
have

F(2) = [(2) + 9(Zn)
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for Z = (Zy,...,Z,) with Z; € RN and Z = (Zy,...,Z,_1) (note that this condition
is only an example, we could consider every other decomposition of Vu into two
parts). Bildhauer, Fuchs and Zhong assume power growth conditions for the C?-
functions f and g with exponents p < ¢ and get a very general regularity theory in
case p > 2 (see |BF3|, |[BF4] and |BFZ|). In [Br2| we generalize these statements
under the assumption

f(Z2) = a(|2]) and  g(Z,) = b(|Zn])
where a and b are N-functions. Here the main assumptions are (h stands for a or b)

@ ~ h'(t)

and superquadratic growth of h. In [Br3| we extend the results for an z-dependence
without severe restrictions. In this paper we focus our attention on the regularity
properties for minimizers of functionals of the following type

(1.3) Zu] ::/ [0+ 9Py + (14 19,P) "] d
Q
Now the functions
p(x) a(x)
a(z,t):=(1+¢) > =1 and bz, t):=(1+¢) 2> —1

satisfy all conditions assumed in [Br3] (if p, ¢ > 2) except
(1.4) 0,1 (x,1)| < ch'(z,t) for all (z,t) € Q@ x RS

and all v € {1,...,n} for a constant ¢ > 0. Note that (1.4) is the main hypothesis
to handle the terms involving derivatives with respect to  in [Br3|. The functions a
and b in the functional above do not fulfill (1.4), here the best estimation is

(1.5) 0,1 (2, )] < c(e)(1+ 122 (2,t) for all (x,t) € Q x Ry

for every € > 0 with a constant c(e) > 0.
Let us state our new result.

Theorem 1.1. Let u € L2.(Q,RY) be a local minimizer of (1.3) in the class

loc
WE2(Q,RN) and p,q € W,2(Q,[2,00)). Then we have
(a) partial C**-regularity if p < ¢ < p+2 on Q (for n > 5 we additionally need
p>llg—pll (n —2)/2);
b) full CY®-regularity for n = 2;
g Y
(¢) full Ct*-regularity for N =1 if ||[p — ¢||, < 2.

Remark 1.1. Results due to minimizers of functionals like in (1.3) are not found
in literature. A similar problem is minimizing

/(1 + V)™ da.
Q

Regularity results are stated in [CM].
Our result is not restricted to the special integrand in (1.3). We can also consider
functions a,b: © x [0,00) — [0, 00) which satisfy all assumptions from [Br3| except
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(A5) together with (1.5). This means the theorem above covers functionals of the
type

Zlu] ::/ (o, ul) + b, ||
Q
provided we have for h € {a,b} and all z € Q:

(A1) h( x,-) is a N-function (in the sense of [Ad|);

(A2) =D~ (2, t) for all t > 0;
(A3) (:1:' t) < cb(z,t) for large ¢ (can be weakened if n =2 or N = 1);

(A4) 2D > py > 0 for all ¢ > 0;
(A5)* for every € > 0 we can find c( ) > 0 such that

0,1 (2,1)] < cle)(1+t3)2R (2,1

for large t;

(A6) b(z,t) < ct¥a(x,t) for large ¢ for an w > 0 (w arbitrary if n = 2 and w < 2 if
n > 3);

(A7) h(“) < h'(z,t) for t >0, if w < 1;

(A8) a( t) > 19tw+2 "=2) for large t and ¥ > 0;

(A9) argmin, p a(y,t) is independent of ¢ for all B € €;

(A10) a(x,t) < 0, t217vla(y, t) for large ¢t and all 2,y € B (0y,05 > 0).

Note that the assumptions (A7)—(A10) disappear if n = 2 or N = 1 and (A7) and
(A8) are only important for n > 5. Further functionals which are covered by the
theory in this paper but not by |Br3| are given if we define

t 9 t
a(x,t) ::/0(1%—52)?(952) sds or a(z,t) ::/0(1+s)p(“:)_2@(s)ds

and b(x, t) replacing p by ¢. Here © € C'([0, 00), [0, 00)) has to perform ©'(t)t =~ O(t),
©(0) =0 and ©'(t) > 6 > 0.

Remark 1.2. Let us compare the statements of Theorem 1.1 with the power
growth situation: Fuchs and Bildhauer [BF3| proved full regularity for n = 2 in the
superquadratic situation which we can exactly reproduce. In [BF4| they analyse the
general vector case and get partial regularity under the assumptions p < g < p+ 2
and ¢ < pn/(n —2). The first one is nearly the same as in Theorem 1.1, we can
not allow an equality. If we have a look at the second one this corresponds to
p > |lg — pll, (n —2)/2 in case of constants p and ¢ but without equality, too. Only
the scalar case is a real restriction: In [BFZ| no condition between p and ¢ is needed,
but we have to suppose ||p —¢||, <2

The bound ¢ < p+ 2 for functionals with (p, ¢)-growth firstly appears in [ELM2|
(in the autonomous situation).

Remark 1.3. If n = 2 then we do not have to assume local boundedness of the
minimizer. The idea to remove this is outlined in [Bi] (section 4). In 2D it is possible
to consider subquadratic problems with restriction between p and ¢. In this case one
can follow the approach of [BF6] and Br4].

From our proof follows that we do not need superquadratic growth if N = 1.
We only have to suppose p > 1 on . Then the regularized problem (compare
Lemma 2.2) has a Lipschitz-solution by [BF2| (Thm. 1.2).
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If n < 4, then we can deduce from p > 2 and p < ¢ < p + 2 the inequality
p>llg—plo(n—2)/2.

2. Proof of Theorem 1.1

Let
)

p(x) a(z)
p)

a(z,t):=(1+¢) * =1 and b(z,t) = (1+¢°)

It is easy to prove that these functions satisfy the assumptions (A1)—(A4) from [Br3|
as well as (A9) and (A10) (compare the list in the introduction). Hence we define
the regularization as there (originally it was introduced in [BF6|): for h € {a,b} let

t
har(z,t) ::/ sgu(x,s)ds
0

— 1.

where M > 1 and

i(e.t)i= alw0)+ [ 0l (es)ds, gfant) =

b (z,t)

P
Here n € C'(]0, 00)) denotes a cut-off function with the properties 0 <n <1, <0,
| < ¢/M,n=1onl[0,3M/2] and n = 0 on [2M,c0). From [Br3] we quote the
following properties of hyy.

Lemma 2.1. For the sequence (hy;) we have:

(i) har € C?(2 x [0,00)) is a N-function, thix’t) >ho>0forallzeQ, alt>0
and uniformly in M;
(ii) har < h and by, < ¢(M) on Q x Ry;
(iii) we have for positive constants €, h

’

EhM(.T,t) < "

uniformly in M;
(iv) if we have p < q, then

ay(x,t) < cby(x,t) for all x € Q and all t > 0;
(v) (1.5) extends to hy uniformly in M:
10, By (2, 1) < c(e)(1 4 t2)2 Ry (x,t) for all (z,t) € Q@ x R

and all v € {1,...,n};
(vi) from ¢ — p < w for a positive number w follows

by (z,t) < ct“ap(x,t) uniformly in M;

(vii) har and hy/} satisfy uniform Ay-conditions, which follows from (iii);
(viii) we get from (iii) and monotonicity of h',
Ay (2, 6t < hyy(x,t) < By (2, 6)t uniformly in M.

Only (v) is not the same as in [Br3| and need a slight comment: the estimation

follows from ) , " /
t t 0 s

and (1.5) using 7'(s) <0
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Letting Fias (2, Z) == ap(2, | Z|) + by (x| Z,|) we define for B € Q
Furlw] = / Far(, V) da
B

and uy; as the unique minimizer of .%,; in u + Wol’Z(B, R”). We obtain for u,, the
following regularity properties.

Lemma 2.2. (i) ups belongs to the space W22 (B, RN);
(i) an (-, |V |)|Vunr|? and by (-, |0Onunr|)|Onuns|?® are elements of L (B);
(iti) if n =2 or N = 1 then we have uy; € W,2>°(B,RN);

(iv) for v € {1,...,n} Oyup solves "
/ D% Fy (-, Vuy ) (Vw, V) do +/ 0DpFy (-, Vuy) : Vodr =0
B B

for all ¢ € Wy*(B,RN) with spt(y) € B;
(v) upy is in WH2(B, RY) uniformly bounded and we have

sup/ Fr (-, Vuyy) de < oo;
M JB

(vi) if we have u € L2 (Q, RY), then sup,, |lun]|,, < co.

loc

Proof. By construction of Fy; we obtain the following growth conditions (compare
Lemma 2.2)

AX[? < DhFu(z, 2)(X, X) < A (1+ |23 X P,

0, DpFu(, 2)] < Au(1+ |2]) %
for all X,Z € R™ all v € {1,...,n} and all z € B for positive constants A, Ay;.
If we follow the approach of [BF2| (Lemma 2.8 with @ = 0) for p = 2 and ¢ =
2+ ¢, we see Vuy, € Li (B,R"™). Note that in case @ = 0 modulus dependence
is not necessary. From the same proof we deduce uy; € VV@?(B ,RY) and so the
first two statements of the Lemma. If we quote |[BF2| (Thm. 1.1), then follows
uy € WoX(B,RY) for n = 2 or N = 1 (we can choose ¢ small enough to reach
q < p(n+1)/n). By approximation we get (iv), which is of course valid for ¢ €
Cs°(B,RY). We can adopt the last two statements from [Br3]. O

Partial regularity. Now we have to prove the higher integrability stated in
[Br3] (Theorem 1.1). This means we have to show

(2.1) ant (-, |V )| Vuar|2, bar (-, |0ntins )| Ontins|* € Ll (B) uniformly.

If we follow the lines of [Br3| (Section 2), we get by Young’s inequality and Lemma, 2.2
(v) for a suitable cut-off function n € Cg°(B) and k € N large enough

/nZkbM<'7’anuM‘)|anuM‘2dx < 0(77)+C(77)/ P an (- V) [V * da
B

(2.2) B

< el 1)+ 7 [ PanC T Fun d
B
This is a consequence of an integration-by-parts argument, a Caccioppoli-type in-

equality, following by standard calculations from Lemma 2.2 (iv), and finally (1.5)
resp. Lemma 2.1 (v) (of course we also need the uniform bounds from Lemma 2.2 (v)).
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We remark that (2.2) is the analogy of inequality (2.5) in [Br3]. Whereas (2.7) of
[Br3] now reads as

(2.3) / P ang (-, [T ) [ S P dee < (i) + () / b -, [Buuns])|Outeas 2 d.
B B

If we combine (2.2) and (2.3) and choose 7 small enough we get (2.1) and can pass
to the limit (details can be found in [Br3]).
As usual the key to the partial regularity is the following lemma.

Lemma 2.3. Assume the assumptions of Theorem 1.1 and fix L > 0. Then
there is a C*(L) such that for every T € (0,1/4) exists an k = k(7, L) > 0 with the
following property: If

(2.4) (V). <L and E(x,7)+717 <k
for a ball B,(x) € €, this implies
(2.5) E(xz,mr) < C*r*[E(x,r) + 1],

where v* € (0, 2) is arbitrary and (f),, denotes the mean value of a function f over

the ball B,(z).

Here we have

E(z,r):= ][ |Vu—(Vu)w|2dy+ ][ a(-, |Vu— (Vu)z.|) dy

B (Cﬂ) B, (LB)

for a small radius r, where a(z,t) = a(z,t)t“" and w = ||p—q||,, < 2. The
e-term in the definition of @ is the modification of the excess function in [Br3| and
compensates the additional power € in (1.5). Since € > 0 is arbitrary and w < 2, we
can reach w 4 2¢ < 2 and the well-definedness of the excess function follows from
(2.1) by the lines of [Br3| (section 3).

Proof of Lemma 2.3. Thanks to the modification of @ in the excess function we
can prove Lemma 2.3 as in [Br3]. In the proof of the strong convergence of the scaled

functions we need the convergence (letting A (r) := By N [An|Vun| > K], K > 3L,
B, Bl)

m

Agc(r)

Here u,, as a scaling of u on the unit ball and \,, converge to zero, details, also for
(2.6), can be found in [Br2| and [Br3|. Since (compare [Fu], after (3.25))

~ _ e 2/n
)\;12/ a(Am|Vun|) dy < c(r) (/ | A Vit | 5 ”dz) ’

Ak (r) Ag(r)

we conclude (2.6) by

(2.6) )\2/ a(An|Vun|)dy — 0, m — oc.

a(z,t) > 0t"F 72,

which follows from p > ||p — ¢||, (n—2)/2 for a suitable choice of € and the definition
of w. Now we have

. _ . 2/n
)\m2/ a(Am|Vun|) dy < c(r) (/ a(, [ A Vug,|)—2 dz>
Ag(r) Ak (r)
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and the r.h.s. vanishes for m — oo, for details we refer again to [Br2] and [Br3]. For
)\;?/ b(| A Onttn | ) [ Am On e | dy
Ag(r)

the same arguments are applicable. This finally leads to (2.6), the last missing step
in the contradiction of the proof of Lemma 2.3 from which the claim of Theorem 1.1
follows by standard arguments. 0

Full regularity for n = 2. In [BF6], (2.5), the authors prove an inequality of
the form (sum over v € {1,2})

D3 Ey (-, Vuar) (0, Vuyr, 0, Vuy) do
B.(z)

< c(r)(R—r)‘MT/B ()(aM(-,|81uM|)2+bM(-,|82uM|)2) dz.

Here is B,(z) @ Bgr(z) € B, 7 > 0 arbitrary and 5 > 0 a suitable exponent. On
account of the z-dependence we have additionally to the terms in [BF6] the integral

—/ nQGWDPFM(-,VuM) : 0y Vuyy du,
Br(2)

(2.7)

where n € C3°(Bg(z)) is a suitable cut-off function. Using (1.5) and the splitting-
structure we estimate this by

C/ n?dy (-, [Ovunr|) (1 + |01unr|?) 20, 0runr | da
BR(Z)

+c/ 020 (-, 100unt] ) (1 + |Oouns|?) 210, 0auns | da.
Brg(z)

As a consequence of Young’s inequality we can bound the first term by (compare
Lemma 2.1 (viii))

ah (-, |Ohu .
T// 772%@&%4? dz + c(7') / P an (-, |Ohun]) (1 + |Orun[?) de.
Br(2) 1UM| Br(z)

For 7/ < 1 one can absorb the first integral in the Lh.s. of (2.7). Here we used the
inequality

, -
1z ~
—GM(‘ZL: )\BP < D3y, 2)(P. P)
for Z, P € R™ (compare Lemma 2.1, part (iii)). For the second one we obtain

(') / (-, Brunt ) (1 + |0yune P)° do
Br(z)

< 7'”/ an (-, |01up|)? do + c(r”)/ (14 |Ovups|*)* da.
Br(z)

Br(2)
We can handle the r.h.s. conveniently, since we may assume ¢ < 1/2 and receive
(compare Lemma 2.2, part (v))

/ (1 + [Qrup|*)* do < c+/ ay (-, |Orup]) dx < c.
Br(2)

BR(Z)Q[|81UN[|>1}
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Analogously we can incorporate the term
/ U (-, [Oauar ) (1 + |Bpunt ) 210, | da,
Br(2)
hence (2.7) follows. In [BF6] we can find the inequality

/ (oo )
(2.8) btz

<c(R—p)?+c D3 Fy (-, Vun ) (0, Vupy, 0, Vuyy) do
B, (2)

for p € (0,R), and r = (p + R)/2. In order to show this the authors of [BF6| use
an additional cut-off function and Sobolev’s embedding W' < L2 valid for n = 2,
as well as the uniform growth conditions for ay; and by (compare Lemma 2.1). In
our approach we obtain on the r.h.s. of this inequality additionally the term (if we
estimate V ays and Vb, using (1.5))

2

2
V an (-, |Orunr)(1 + raluM\2>5d4 N U bar (- 10aune|) (1 + |Baune )% der
By (2) By (2)

We can handle both terms in a similar way and show the proceeding for the first one.
By Holder’s inequality we receive the upper bound

Yy = [/ anr (- [Oruns ) dm}
By (2)

: {/ CLM(',|31UM|)XX%X
B, (2)

Here we have s € (0,1) and x € (1,2) such that sy > 1. For the second integral Y,
follows by Lemma 2.2 (v)

Y]@:/ —I—/ ...§c+/ ay (-, [O1up]) de < c.
Br(2)N[|01up |<1] r(2)N[|01unr]|>1] Br(z)

Note that we have for ¢t > 1

2x=1
X

(1+ |Qrup]?) 25 dw]

an (2, 1) 50 (14 13557 < cap(a,t)

for € small enough, since sy > 1 (remember Lemma 2.1 (i)). Now we get, using
Jensen’s and Young’s inequality

2
YMSC[/ aM<.,|aluM|>S><dx}XSc [t ol do
Br(z) BT(Z)

< T”’/ an (-, [O1un])? d + (7).
Br(2)
So we have to add

(29) TW/ (CLM(', |81UM|)2 + bM(, |82UM|)2) dl’
B (2)
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on the r.h.s. of (2.8). Combining (2.7)-(2.9) we have shown (for a suitable choice of
7 and 7")

/ (ans (- [Oruarl)? + bar (-, |Baune])?) d
BP(Z)

1
<co(R—r)"+ 5/3 . (ane(-, 101uar])® + bas (-, |Oauina])?) d.

From [Gil] (Lemma 5.1, p. 81) we obtain uniform bounds on ap (-, |Oup|) and
(s |Oauns|) in L2 (B). Now we get the uniform boundedness of u; in I/Vlif(B RY)

(compare Lemma 2.1 (i) and (2.7)) and we can reproduce the proof of [BF6] for the
rest, whereby the terms which appear additionally on account of (1.5) are uncritical.

Full regularity for N = 1. In case N = 1 it is possible to modify the N-
function in [Br3], (4.4). Therefore we need the inequalities

(2.10) bu(z,t) < ct* *ap(w,t) and  ap(w,t) < ct® * by, t).

By Lemma 2.1 (vi) this follows from ||p —¢||, < 2 for e < 1. So we can separate
the mixed integrands of the terms

~ a+2€

~ a+2e atze
[ Fun DI de and [ P o D da,
B B
which occur additionally to the integrals in |[Br3|. Finally we get instead of |Br3|,

2k ar2
/ 7Pr (- Btana ) Ty i
B

~ a+2e

at2e
<t |-t [ aPtualoandIE dot [ ot FuE da

~ ~a+t2
as well as an analogous inequality for ap(-, ]VUMDFM% instead of [Br3|, (4.7). The
key for this is an integrating-by-parts argument as in the vector-valued situation
(compare the step: partial regularity), the growth conditions of ay; and by, and a
Caccioppoli-type inequality only valid if N = 1. Since we may assume ¢ < 1/2, the
first integral on the r.h.s. is bounded by (using Young’s inequality)

T/??ZkbM( 0, uM\)\ dw+c( )/77%171\4( |Onun|)| T2 5y dae
B B

for an arbitrary 7 > 0. For the second one we can argue similarly and we obtain by
absorbing the 7-terms

2% o2 2% = ~otd
/ Pbar (- |Bntun )T e + / P an (- |Fun )Tt de
B B

<t | [t oIy de+ [ ot Fun)F da
spt(n) spt(n)
Now we can iterate as in [Br3| and obtain arbitrary high integrability of Vu,, uniform
in M (the starting point is o = 0, see Lemma 2.2, part (v)). This is enough to end
up the proof as mentioned there (full regularity follows by DeGiorgi-type arguments
using Stampacchia’s Lemma [St], Lemma 5.1, p. 219).
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