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Abstract

We prove higher summability for the gradient of minimizers of strongly convex integral functionals
of the Calculus of Variations

f fx,Du(x)) dx, u: QcR"— sV,
Q

with growth conditions of (p, g)-type:

€17 < f(x, &) < C(1"+ 1), p<gq,

in low dimension. Our procedure is set in the framework of Fractional Sobolev Spaces and renders the
desired regularity as the result of an approximation technique relying on estimates obtained through a
careful use of difference quotients.
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Introduction

We deal with the regularity properties of constrained minimizers of non-autonomous integral functionals of
the Calculus of Variations

F(u,Q) = f f(x,Du(x)) dx, u:QcR"— SN, (0.1)
Q

where Q) is a bounded open subset in R” and the integrand f satisfies the (p, g) growth condition

17 < f(x, &) < C(L+1819), 0.2)

xeQ EeRV" 2<p<gand2<n<N.

A wide literature is devoted to the study of the regularity properties of unconstrained minimizers of (0.1):
both the cases p = g and p < ¢q are covered with a remarkable level of generality: see, among others,
[1, 15, 16, 24, 25, 26] and [2, 9, 10, 12, 17, 18, 35, 36, 38, 39] respectively.

In the framework of (p, g)-growth, the question of regularity is particularly delicate already in the uncon-
strained case, since one has to take into account not only of the vectorial nature of the problem, [14, 27, 29,
41, 44, 45, 49, 50], but also the ratio g/p, which can not be too large [22, 23, 33, 36, 38, 40, 42]. When a
geometric constraint comes into play, the situation becomes correspondingly much more involved and, even
in the simplest cases, minimizers may be singular, [31, 32].

The case of constrained minimizers is very well understood for functionals with natural growth, thatis p = q.
If the target manifold exihibits a relatively simple topology, it is possible to recover the majority of the tech-
niques available for the unconstrained case and suitably modify them in order to deal with the complications
mostly due to the curvature of the constraint. In this perspective, it is worth recalling the classical [46],
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where is partial regularity proved for minimizers of functionals of the type “energy plus lower order terms”
defined on maps between Riemannian manifolds. Their procedure heavily relies on the substantial energy
structure of the integrand, which turns out to be fundamental for deriving a scaling inequality needed for the
construction of smooth maps approximating a minimizer and satisfying the constraint condition. The regu-
larity theory is then obtained by showing that the energy has the right decay to obtain, by Morrey’s Lemma,
that solutions are locally Holder continuous. We also mention [37], which treats a general class of function-
als with nice blow-ups. The novelty in his approach mainly consists in the introduction of a construction
of comparison maps involving retractions in Euclidean space. This, in the case of the Dirichlet integral,
simplifies the proof in [46]. A more general situation is considered in [29, 30], where partial regularity for
minimizers of functionals with p-growth is proved provided the target manifold is simply [p] — 1 connected.
Gehring-Giaquinta-Modica Lemma is then exploited to show higher integrability for the gradient and, as a
consequence, Holder continuity of minimizers outside a relatively closed set of zero (n — p)-dimensional
Hausdorft measure.

Recently, analogous results have been obtained in [34] for holonomic minimizers of quasiconvex function-
als with p-growth: here the question of partial regularity is handled by showing approximate harmonicity
for local minimizers. This permits to compare them to solutions of bounded, linear elliptic systems with
constant (frozen) coefficients to derive estimates which show that the Excess Function has the right decay.
As a result, solutions have Holder continuous gradient away from a relatively closed set of zero Lebesgue
measure.

To the best of our knowledge, there are no such results for constrained minimizers of functionals with (p, g)-
growth, which are interesting nevertheless, since they are related to several models used in particle physics,
[19, 48].

As a first step towards the developing of a complete regularity theory for solutions of this class of problems,
we consider the simplified case of certain non-autonomous, strongly convex functionals with (p, g)-growth
in low dimension, i.e. n < p < g < N. We do not use this assumption to exploit the continuity given by
Morrey’s Theorem for “removing” the constraint by introducing local coordinates. This hypotheses will
only have a role when dealing with the critical term due to the curvature of the sphere appearing in the
Euler-Lagrange equation. This combined with the fact that minimizers are, a priori, only Wllo’f -functions,
constitutes the major obstacle to overcome.

Our main result in this setting can be summarized by the following claim.

Claim1 Ifue Wllo’f (Q, SN 1y is any local minimizer of (0.1), then Du € LfOC(Q, RNxmy,

For notation and assumptions, we refer the reader to Section 1.

Let us spend a few words on our procedure. It can be framed into two steps.

Step 1. We focus on some classes of functionals with (p, g)-growth, not affected by the Lavrentiev Phe-
nomenon in the unconstrained case, [7, 8, 18], and show how to manipulate this condition in such a way
that it takes into account also the presence of the constraint. In other words, we show how to transform any
sequence (u;) jen € W9(Q, RV) such that

loc

Uj =), oo UiN Wllo’f(Q, RY) and F(uj,w) = 0 F(u,w) for any w cc Q,

into a sequence (V;) jen C Wllo’g(Q, SN-1y satisfying:

D)= e uin WoPQ SV and  F (7, 0) = e F(u, w) for any w cc Q.

Step 2. We employ the approximating sequence obtained in Step 1 to construct a family of perturbed,
constrained problems as to produce a sequence of maps (v;) jen With values in the unit sphere together with
uniform estimates which will permit to transfer the g-regularity from (v;) en to u. In this perspective, we
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would like to point out an important detail: since the competitors take values in the sphere, in general we
can not expect uniqueness, so we need a way to address the approximating sequence, which a priori can
converge to any local minimizer of the original problem, to the initial” one.

Once defined suitable, more regular, perturbed functionals, we derive the associated Euler-Lagrange equa-
tion and exploit Morrey’s embedding Theorem to get uniform estimates on (v;) jen by reading Holder conti-
nuity as fractional differentiability in Fractional Sobolev spaces. Finally, we pass to the limit in j to transfer
the regularity of the v;’s to u.

Our technique mainly relies on the one developed in [18], to prove the equivalence between the absence
of Lavrentiev Phenomenon and the extra regularity of the minimizers for unconstrained, non-autonomous
variational problems.

1 Notations, Main Assumptions and Functional Setting

Let Q C R” be an open, bounded subset, n > 2, N > 4, f: Q x RV — R, Carathéodory function.
We study the regularity properties of constrained minimizers of integral functionals

T(u,Q)=ff(x,Du(x))dx, u: Qe SN (1.1
Q

We assume that the integrand f satisfies

(HI) ¢+ f(x,0) € CLRN™) for every x € Q,
(H2) [P <f(x,)<CUT+1), 1=<C <o,

MH3) C P+ +1GD TG -Gl < (F b)) - Fni)n b -&) 0<pu<l,
H4) |f(x1,0) = (2, Ol < Claxg — x4 +12197Y, 0<o <1,

for any x, x1,xp € Q, (, (1,0 € RN*" The exponents p, g are such that

n<p<gq<N~, (1.2)
4. .1nre (13)
p n

where @ = min(o, «), and « = (1 - %) is the Holder exponent provided by Morrey’s Theorem. Moreover, by

f’(x,{) we mean the first derivative of f in the { variable, i.e.: f'(x,{) = D;f(x,{).
We shall focus on three classes of integral functionals, which clearly can be traced back to the general form

(1.1):

(A) Fu,Q) = f gDu(x) dx, (B) F(u,Q) = f a(x)g(Du(x)) dx, (C) F(u, Q) = f g(x, Du(x)) dx.
Q Q Q

The integrand in (A) covers the general autonomous case, for class (8) we shall assume that

aeC*(Q), oe,1], 1<ax)<C, [P <g)<Cy+1),

and the integrand in (C) is such that

4

4
DT - g < ) alfin O+ 1D, 156 <eo, (1.4)

i=1 i=1
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and the f;’s are the densities of the model energies

(E») fg J1(x, Du(x)) dx = fg Zak(x)|Dk“|pk dx,

k=1
@G €C™(Q), 1<aq(x)<C, 2<p=p1<pr<--<p.=gq,

(E2) f fo(x, Du(x)) dx = f IDul” + a(x)[Dul? dx, a € C*"(Q,[0,C]),
Q Q

€) [ AeDuw)dr= [Durtdx pec U@, 1<pspmsq-s 50,
Q Q

(E4) f fa(x,Du) dx = f IDul”h(IDul) dx
Q Q

l<p<px)<qg-qi—-& peC™@Q), &>0,
1 <h() < C(+1217), heCR*Y, [1,00)), forany constant p, |/[Ph(|{]) is convex,

with o € (0, 1].
For technical reasons, we shall also assume:

(HS5) There exists K > 0 such that f S, DwY da < K(f(x,Dv) + 1) fora.e. x € Q,
B}),(0)
whenever w(x, a) = [v(x) — a|~ ((x) — @), with v € Wllo’é’(Q) and a € BY,(0) c R".

K depends only on N, p, g and on the structure of f, but not on x, v, or a.

Remark 1 Some comments on assumptions (H1)-(HS) are in order. First, notice that (H3) implies that { —
f(x, Q) is convex. This observation, combined with (H2) gives the existence of a positive ¢ = c(n, N, g, C)
such that, for any x € Q and ¢ € RN

I/ e, Ol < (297! + 1. (1.5)

Moreover, we do not need to assume f to be twice differentiable with respect to {. As a result, the strict (or
degenerate) convexity of f is not formulated as

CHP 2 < f'(uOnen < ClL 2P, (1.6)

for any £,;7 € RV, x € Q. If f is C? in the { variable, then (H4) implies the left-hand side of (1.6) with a
slightly different ellipticity constant, see [18, 38].

Hypotheses (HS) pays for the generality of f. In fact, as we will see in Section 3, provided some restrictions
on & in (E4), we do not need to assume it for functionals of class (C).

Following [34], we briefly discuss the definitions and main properties of the function spaces in which we set
our problem.

Definition 1 The Sobolev space of mappings into SN~! c RV, is
W@, sV = {u e WHP(QRY): u(x) e sV fora.e.xeQ}, (1.7)

fors>1,1<p<co.
The set (1.7) inherits strong and weak topologies from WSP(Q, RN).
The local space Wls(;f (Q, SN1) consists of maps belonging to WSP(w, SN for all the sets w cc Q.



Owing to the (p, g)-growth behavior of F, we shall adopt the following notion of local minimizer.

Definition 2 A map u € Wllo’c1 (Q, SN is a constrained local minimizer of F if and only if
x b f(x,Du(x)) € LIIOC(Q) and ff(x, Du) dx < ff(x, Dv) dx, (1.8)
w w

forallv e W;’l(a), SN and all open w cC Q, where

) e WJ’I(U), SN—I) — (M + Wé,l(w’ RN)) ﬂ WL](CL), SN_I).

We stress that (H2) and (1.8); imply that Du € L{; [(Q, RN 5o, if w ¢ R" is any set with Lipschitz
boundary compactly contained in €,

inf F(u,w) = inf F (u, w).

veW ! (w,sN-1) veW P (w,SN-1)

However, in view of the (p, g)-growth behavior of the integrand we note that  is coercive on WP (w,RN)
while it is continuous on W!4(w, RY). As a consequence we are forced to consider also

inf Fv,w) > inf F (v, w). (1.9)

veW ! (w,SN-1) VEW, P (w,SN1)

When strict inequality holds in (1.9), the Lavrentiev’s phenomenon occurs, see [7, 8, 18].
We are going to prove that

inf 7:'j(v, w) = 0 F (U, w),

VEW;}q(w,SN’l)

where (V;) je is a certain sequence converging to u with respect to the W!P-norm and the ?Lj’s are suitably
perturbations of 7. This will render the local higher integrability for Du.

Remark 2 The left-hand side in inequality (1.9) raises an additional question on whether or not any mini-
mizer u, which a priori is just a W!'”-function, could be trace for a W'9-map. The answer is affirmative, since
u(x) € S¥=! almost everywhere, and a simple approximation argument together with embedding theorems
for trace spaces prove that

WP (0w, SV < W43, SV,
provided g < p + 1 and dw is sufficiently regular. According to (1.3), this last condition is matched.

Remark 3 When referring to balls, or, more generally, other subsets of R we will stress it with the apex
“N” and the constant wy will denote the (N — 1)-dimensional Hausdorff measure of SV~!. Moreover, if
A c R" or A ¢ RV is any measurable set, we shall equally denote with |A| its n-dimensional Lebesgue
measure or its N-dimensional Lebesgue measure, the context will dissipate any confusion.

Unless differently specified, ¢ will denote a positive constant, not necessarily the same in any two occur-
rences, the relevant dependencies being emphasized.



2 Known Results

We list some well known results related to the embedding properties of functions belonging to fractional
Sobolev spaces. Our main references for this section are [17, 18, 20, 26, 38].

Let h be any real number and e, the unit vector in the s direction, s € {1,--- ,n}. For vector-valued maps
G: R" — R" we define the finite difference operators

ThsG(x) = G(x + heg) — G(x), T_p;G(x) = G(x) — G(x — hey),
and the left and right shift,
T;SG(X) =G(x + hey), 7_,,G(x) = G(x — hey).
The first lemmas explain how to control translations.

Lemma 1 For every t with 1 <t < oo there exists a positive constant C such that

fB ( )(1+|G(x)|+|rhs(G(x))|)’ dx<C f (1 +|Gx)|) dx

Bar(x0)

for every G € L'(Byr(xp)), for every h with |h| < R, for every s € {1,--- ,n}.

Lemma 2 For every p > 1 and G: Bgr(xo) — RY we have

s + IGOPYP2EG)P < (N, p) (1 + IGER + IrasGPR) 7 IrasGoR

for every x € By(xo), with |h| < R—p, and every s € {1,--- ,n}, where 0 < u < 1 and the constant ¢ = c(N, p)
is independent of p.

Then, we recall the fractional Sobolev embedding theorem localized on balls. It can be obtained from
the original version, set in the whole R", by an appropriate use of a cut-off function between the balls B, (xo)
and Bg(xp). The explicit dependence of the constants on the radii p and R is also stressed.

Lemma3 IfG: R" —» RN, G € L*(Br(xp)), 0 < R < 1 and for some p € (O,R), d € (0,1, M > 0,
n: R" - Rwithn: R" - Rwithn € CZ(Bp+ry2(x0), 0 <n <1inR" Dyl <4/(R-p)inR", n=1o0n

n
Y[ mGeotipe ax <
s=1 Bgr(xo)
for every h with |h| < 1%, then G € Wb’z(Bp(xo)) N Ln%(Bp(xo))for every b € (0,d) and

C
n [ —
WG 285 5,0 = R )h+2de2 (M + 1G5y

where ¢ = ¢(n, N, b, d).
The next is an iteration type result.

Lemmad4 Let h: [p,Ry] — R be a non-negative, bounded function and 0 < 6 < 1, 0 < A, 0 < B. Assume
that

h(r) < + 0h(d),

A
d-rp
forp <r<d< Ry Then

cA
h(p) S T a2
(Ro — p)f

where ¢ = c(6,) > 0.



3 Higher Regularity for Solutions

3.1 Extension Results

We start with a Lemma stating the non occurrence of the Lavrentiev Phenomenon, at least when considering
R¥-valued approximating sequences.

Lemma 5 [18] Letu € WllO’f(Q, SN=1 be a local minimizer of (1.1), where F belongs either to class (A),
(B) or (C).
There exists a sequence () jen C WIIO’Z(Q, RN such that

Uj = ;oo U strongly in W]IO’S(Q, RM),

FCDui()) = poo £, Du)) in L ().

Since the regularity we aim to prove is of local nature, from now on we shall work on a fixed ball
Br(xp) cc Q. Clearly all the forthcoming results will be valid on any ball compactly contained in Q.
In the next Lemma, we are going to show how to convert the sequence (u;);en obtained in Lemma 5
into a sequence (V) jen € W4(Bgr(xg), SN~1) such that Vi = 0 u strongly in WP (Br(xg), SV1) and
SGDV;() = £, Du()) in L' (Br(x0))-
Our construction is inspired by [29, 43].

Lemma 6 Let Br(xo) CC Q and u € WP (Bg(xo), SN=1). For any () jenr C WH4(Bgr(x0), RY) such that
I. Uj =, 0 UStrongly in WLP(Br(x0), RM),
ii. fC.Duj()) =700 f.Du() in L'(Br(xo)),
there exists a sequence (V) jen C W4(Bgr(x0), SN™1) such that
® V; >~ u strongly in WP(Bg(xg), SN1),
o f(DV;() = 00 [, Du(-)) in L'(Br(x0))-

Proof. For the sake of clarity, we split this proof into two steps.
Step 1. - (7)) jenn € W' 9(Bg(x0), S¥™1), D¥; = oo Du strongly in LP(Bg(xo), R¥") and (-, D¥V;(+)) = oo
fC,Du()) in L' (Br(xo))-

For a € BY),(0) ¢ RY, define

@ uj(x)—a
Wi = o=l

By construction, w‘l?(x) e SN for a. e. x € Br(xg). Moreover,
DwA(x) = u(x) = al ™ Dutj(x) = Juj(x) — al ™ ((ae(x) — @) ® (u(x) = @)) Duj(x),
SO
IDwS ()] < 2Ju(x) — al™" |Du;(x)|,

for a. e. x € Br(xp), forall a € BIIV/Z(O) and

f |Dw?|p da < C(N, p)|Dul”, f IDW?I‘Z da < C(N, q)Dujl’. 3.1
BY ,(0) BY,,(0)
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Fubini-Tonelli’s Theorem and (3.1) yield that

f f |Dw§‘.|‘? dadx < f f |Dw;?|‘1 dadx < C(N, q) IDuj|? dx < oo,
BY,(0) JBg(xo) Br(xo) < BY),(0) Br(x0)

so the map a — fBR(xO)lDwi?lq dx is in Ll(Bllv/z(O)), thus

f IDwi|? dx < co  fora. e. a € B, (0). (3.2)
Br(xo0)
Now consider the sets
3
K; = {x € Bg(xo): luj(x)| < il

Since by (i.), u; = s u strongly in LP(Bg(xo), RY), then

IKj| = 00 0. (3.3)
By Fubini-Tonelli’s Theorem and (i.),
f f |ijf|1’ dxda = f f |Dw3f|” dadx < C(N, p)f Dujl” dx —j 7o 0, (3.4
B’,V/2(0) K; K; B11V/2(0) K;
thus
fK IDW4P dx — 0 O fora.e.a € By, (0). (3.5)
j

Now we need to show that for any j € N there existsana; € BJIV/Z(O) such that f(x, ijj ) < C(N, p, ¢)(f(x,Duj)+

1) a. e. in Br(xp), where C = Nwy!2V*'K and K is the constant given by (H5), and this is straightforward
to obtain. In fact, using Markov’s Inequality, (HS) and the definition of C, we get that
|{a € BZIV/Z(O): f(x, Dw;f) < C(f(x,Duj) + 1) fora.e. x € BR(xO)}| > 0.

Summarizing, we can conclude that for any j € N, there exists an a; € Bllv/z(O) such that

f IDV,IP dx — j reo O, f DV, dx < 0, f(x,D¥;) < C(f(x.Du;) + 1) a. e. in Br(xo),  (3.6)
K; Bgr(xo)

withC = C(N, p,q) >0and v; = W?'i, so, in particular, (V;) jen C Wh4(Bgr(xg), SNH).
Now, remembering the definition of the K;’s, from (3.6); and the Dominated Convergence Theorem we
obtain

f IDV; — Du|” dx = f IDV; — Du|” dx + f IDV; — Du|” dx
Bgr(xp) BR(XO)\K]' KJ'

<2r! [f |D17j|p dx + f |Du|? dx] + f |D17j — Dul? dx = Soo 0 @7
K; K; Br(xo)\K;

and, as a direct consequence of (3.6)3, (3.7) and (ii.), by the Dominated Convergence Theorem we obtain

f |f(x,Dv;) — f(x,Du)l dx —; 7o 0.
Br(xo)
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Step 2. - (¥,) jen = 0 U strongly in W'P(Bg(xg), SN71).

From (3.7) we obtain that DV; —; »o, Du strongly in LP(Bg(xo), RN*m) 5o we can conclude that v i = 00
it = u+ ain LP(Bg(xg), S¥1), where @ € RY is a constant vector.

Using the identity u - Du = 0, it is easy to see that either & = u or # = —u, and the last one is excluded by the
strong convergence of (D)) jex to Du.

For later uses, we stress that the Trace Inequality renders

Vj = ullzr@Bgxo).sv-1) < C, N, PV = ullyip(gpixg)sh-1y =) 00 0. (3.8)

Corollary 1 Let Br(xp) cC Q and u € Wllo’f (Q, SN be a local minimizer of (1.1). Then there exists a

sequence (V) jen C WY4(Bg(x), SN~1) such that
I. Vj = 00 ustrongly in WLP(Br(xg), SV,

ii. f(:,DV;(-) = e £, Du(-)) in L'(Br(x0)).

Proof. The thesis follows directly by applying Lemmas 5 and 6 to u. O

Remark 4 From the construction developed in Lemma 6, we can deduce that we do not need to assume
(H5) for functionals of type (C), if in addition we assume that

h: concave, non decreasing and there exists M > 0: h(ct) < Mch(t) for any ¢ > 1,

where & is as in (Ey).
In fact, suppose for the moment that the densities f;, i € {1, 2, 3,4}, satisfy (HS). If g is any member of class
(C), then

4
f g(x, DwA(x)) da < Z ¢ ( f Fi(x, DwA(x)) da + 1
B _(0) pary N

12 B /2(0)

4

< " G(K(f(x, Dw(x) + 1) + 1)
i=1

< 2(K + D(g(x, Dw(x) + 1),

where the w®’s are as in (HS), we used (1.4) and ¢ = maxi€{1,2,3,4}(cl.3) + 1.

Hence, we only need to show (H5) for the f;’s. Given their structure, it is immediate to verify (HS) for fi,
Jf> and f3, so we shall focus only on fj.

Define the following quantities:

du =lw—al"Vda, L(x) = pu(B}),(0) = f w— al "™ da,
B),(0)

and notice that

<L <= “rn forall x € Q.



Exploiting the properties of & and the bounds on L, by Jensen’s Inequality we obtain

f IDw|P®h(IDw|) da < 29Dw|P™ f w — a| PP h2w — a|”!|IDw)) da
BY,(0) BY,(0)

= 2L(x)DwP® f h2lw — al ™ |Dwi) des
BIIV/Z(O)

22q—N
<= ONDp@h| Dwl f 2w —al™! d,
(N -q) BY,,(0)

< C(N, p, 9y MIDw|"““ h(|Dw]).

Remark 5 Itis worth noticing that we never used assumption (1.2) for this part. We are aware of the fact that
when (1.2) is in force, then it is possible to obtain a sequence (V;) jen C Wllo’g(Q, SN¥=1y strongly converging
to u in the W!P-norm by directly projecting on SV~! the mollified sequence (u Djen = (@j * u) jen, wWhich
is well defined by means of the uniform convergence given by Morrey’s Theorem. However, because of
the generality of the integrand and of its (p, g)-growth, it is not very clear how to show in this case the

convergence of f(-,Dv;(-)) to f(-, Du(-)) in the L'-norm.

3.2 Higher Integrability for the Gradient

Here we use our Extension results in order to develop the announced approximation scheme.
For Bg(xp) cc Q and for any j € N we define the numbers

3q

-1
&j = (1 tJ ”D‘_’J'”Lq(BR(xo),RNX")) —j/e 0,

where (V) jen C W4(Bgr(xo), SN is the sequence provided by Corollary 1, and the functions
. 1 1
Hxa ) = file )+ Jle—ul = fon )+ Sl —ul +ei(1+ P2,

with z € S¥=!, £ € RV, The functions H/ satisfy the following properties:

eI+ 1P + })m P < Hi(x,2,0) < CL+ 11, (3.9)
ID HY(x,2,0) < C(1 +1197h, (3.10)
C? 10l +1aP) T 16 - af < ((Dng(z, 0) - DeH (2, 8)) - (&1 - 43)), 3.11)
ID¢HY(x1,2,) — DeHY (x2,2, Ol < Clxp — xal7(12177" + 1), (3.12)

which allow us to find solutions v; € W;ij(BR(xo), SN=1) to the Dirichlet problems

1
min f(x,Dv) + I—)|v —ul? dx + g, f (1 +[Dv[*)?'% dx. (3.13)

vew;;.‘%BR(xo),sN*l) Br(xo) Br(xo)

Remark 6 W'4(Bg(xg), SV is not a linear space, so, apart from some special cases, [31, 32], it is not
possible to exploit the convexity of the integrand to guarantee uniqueness of solutions. This is not a problem,
since for completing our regularity proof we only need the existence of at least a solution to (3.13), which
results from Direct Methods, [26].
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As a first step towards the proof of the higher integrability of Du, we derive the Euler-Lagrange equation
for the family of constrained problems (3.13).

Lemma 7 (Euler-Lagrange Equation) Let v; € W‘_}ij(BR(xo), SNy pe any solution to the constrained
variational problem (3.13). Then, there holds

O=f fJf(x,va)-(Id—vj®vj)D<p—fJf(x,va)-((vj-go)Id+(g0®vj+vj-®g0))vadx

Br(x0)

+f Ivj—ulp_z(vj—u)(Id—vJ-@vj)godx, (3.14)
Br(x0)

for any ¢ € CZ(Bgr(xo), RV).

Proof. Take ¢ € C(Br(x0), RY), s € (0, 6) and define v} = 5

T vjtsel
Since |v;| = 1, choosing 6 small enough, vj. is a well defined variation on the target for s € (-, 9).
We compute

_VS-

ds /

=(Id-v;®v)e, (3.15)
s=0

d
—Ov) = (Id - v; ®v,) Dp - [(v, Q)+ (p® V) +v; ®¢)] Dv;. (3.16)

s=0

Using the fact that v; is a minimizer, together with (3.15) and (3.16) we obtain

1
0= (f filx, Dv‘;) + —|v‘; —ulP dx)
Bg(xo) p

d d
= / s D Sy, — D o + S _ p—2 s _ LG4 s d
(LR(XO) Fx vj) ds( VJ) |v! ul (VJ u) ds Vi x]

s=0

s=0

=f fJf(x,va)-(Id—vj®vj)Dcp—f'(x,va)-[(vj-¢)Id+(g0®vj+vj®g0)]vadx
Br(x0)
+f v —ulP(v;—u)- (Id - v; ®v))¢ dx,

Br(xo)

which is (3.14). O

Remark 7 In spite of the severe complications induced by the constraint, formulation (3.14) permits to
reflect the constraint condition on the structure of the integrand, so the test function ¢ is totally free.
Furthermore, by density, (3.14) holds for any ¢ € Wé’q(BR(xo), RM).

Now we can state our main theorem, which exploits the procedure developed in [18, 21].

Theorem 2 Let & belong to classes (A), (B) or (C), with f verifying assumptions (HO)-(HS), and p, q be
such that (1.2)-(1.3) hold.
Ifue Wl’p(Q, SN=1Y is any local minimizer of (0.1), then

loc

Q. S¥ Y forall 1 € (1, ﬂ).

n—a

ue Wll’t
ocC
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Moreover, for any 0 < p < R there exist three constants

c=cn,N,p,q,t,a,C) < co, B:[B(n,p,q,t,a) >0, a=amnp,q,ta) >0,

B
f Dul" dx < ¢ - (1 +f f(x,Du) dx] .
B, (x0) (R - p)* Br(x)

P

such that

Proof. Notice that, taking j € N sufficiently large, by (3.9) and minimality we have that

1
f IDv,|” dx < f FOu,Dv)) + —v; —ul” dx +&; f (1 + Dv; ) dx
By(x0) Bg(xo) p Br(xo)

1
< f(x,Dv)) + =[5, — ul’ dx+sjf (1 +|Dv;[*)? dx
Bgr(xo) p Br(xo)

< f f(x,Du) dx + 1,
Br(xo)

where (V) jen C W4(Bgr(xo), SN is the sequence given by Corollary 1.
So, by virtue of Morrey’s Theorem, we can uniformly bound the oscillation of the v;’s as

vi(x) = vl < c(n, N, p)lx = I 1IDV jllwrr By 1Y)

1/p
< c(n, N, p)lx —y|* [f f(x,Du) + 1 dx] = C(n,N, pym"'?|x — y|*,
Bgr(xo0)

where m = fBR(xo) f(x,Du) dx+1.
Wetake 0 < p <r<d<R<1andn: Bp(xg) — [0, c0) such that

. 4
supp(n) CC B%(XO), 0<n<1, m=1linB(x), [Dpl< m

Moreover, in the following, s € {1,--- ,n} and / € R satisfies

d-r

0<l|hl < .
<= —;

Testing (3.14) against ¢ = T_ns (P Ths(v 7)), which is admissible by Remark 7 and because
vj € WH(Bg(xo), "7,
and taking into account of the fact that 75,5 and D commute, we obtain
0= f £/(x.Dv)) - (1d = v; ® v))T_s (DO (thsv)))) dix
Br(xo)
- £, D)) - (v - T (Tasv))) Dy dx
Bgr(xo)

1[ £ D)) - (v} ® T (Thsv)) + Tons (P (Thsv)) ® v;) Dy dx
Br(x0)

+ f [v;— ulp_z(vj —u)-(Id-v;® Vj)T—hs(nzThst) dx = (I) + D) + (IID) + (IV).
Br(x0)

12

3.17)

(3.18)
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We use integration by parts formula and multiplicative rule for finite difference operators, [15], as to
obtain a suitable expression of terms (I)-(IV), and then estimate them.

Term (I).

O == [ n Dy = vy © ) DOP (T d
Br(xo)
- f T (fj (e, Dy tps(ld = v; ® v)D*(ty5v))) dx
Br(xo)
—= [ oDy = vy v D) d
Br(xo)
- 2f Ths(f;(x, Dvj))(Id — v; ® vj)nDn(tpv;) dx
Br(xo)

) fg o) Tl DY (Id = v; @ VDO (xhev)) dx
R(X0

= (D1 + (D2 + (Ds.

Since v; takes values into S¥~!, Dv; = (Id — v; ® v;)Dv}, so
Dy =- f o (f]f(x + hes, Dvj(x + hey)) — fjf(x, va(x))) Id-v;® vj)qzq-hs(va) dx
Bgr(xo
= — f (f}f(x, Dv;(x + hey)) - f;(x, va(x))) (Id-v;® vj)nzrhs(va) dx
Br(x0)
- fB o (f7(x + hes, Dvj(x + hey)) = f1(x, Dv;(x + hey))) (Id = v; ® v )i T4s(Dv)) dx
R{X0
=- f (fjf(x, Dv;(x + hey)) — f7(x, va(x))) Ths(Dv )1 dx
Bg(xo)
+ fB . (7(x. Dvj(x + heg)) = f1(x, Dvj(x))) Tas(Id = v; ® v)Ty (Dv))* dx
R{X0
- fB o (7Gx + ey, Dvj(x + hey)) = £1(x, Dv;(x + hey))) (Id = v; ® v )i’ Tas(Dv,) dx
R(X0
= D} + D7 + D).
Using (3.11) and Lemma 2, we estimate (I)i as
p=2
-y < - f 7 (1 + IDv,? + |7, (D)) * [ras(Dv)* dx
Br(xo)
<—c f I+ D) T DvP (321
Br(xo

Moreover, by Holder’s inequality, (3.18), (3.19) and Lemma 1,

(D] < cm! /P |p| [ f (1 + |75 DvHIT + Dy |4 Hie) (Dv)y* dx
Bgr(x0)
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< cm!/P|p| (f 1 +[Dv;4 dx],
Ba(xo)

and, from (3.18), (3.19), Lemma 1 and the boundedness of the quantities involved,

(D3] < clhl” f (1 + |7} (D) Dris(Dv)ln* dx < clhl® f 1+ [Dv,| dx.
Bgr(xo B

4(x0)

Moreover, by (3.18), (3.19), Lemma 1 and (3.12),

cm!/P|h|®

|(D),| < W [jl;R(xo)lﬁ(x + hes, Dvj(x + hey)) — fjf(x, Dv;(x + hey))ln dx

f |}, Dvj(x + hey)) = f7(x, Dy (x)lp dx }
Br(xo)
le/p|h|(x
(d-r)
cm'/P|h|”

< — 1+|Dvi|?dx |,
(d - r) (de(xo) ! ]

and, in a similar way,

{f ((1 + |‘1'Zl'S(va)|)q_1 +(1+ |va|)q_1)77 dxl
Br(x0)

cm!/P|h|e

0l < fB @y ds

+ em Pl f (1 + 7. (Dv)T Y eps Dy dx
Br(xo)

1/pp 1@
Lo A (f 1+ [Dyjl? dx].
d=r) \Ipyxo

Collecting estimates (3.21)-(3.25) we can conclude that

- Cm!/P|h|®
I < —c f [ths(® + [Dv; )5 Dy dx + %" f 1 + Dy, dx],
Br(x0) (d—-r) Ba(x0)

with ¢ = ¢(n, N, p,q,C) > 0.
Term (II).
We use the multiplicative rule for finite differences operators, the fact that

T_s(Tns(V)) = Ths(v)(x = heg) = T_ps(v),

Tons(Tns(V))) = Tps(vj) — Tps(v),

and (3.18) to obtain
D] < Cf (1 + D14 s (7 T-ns(v)) + 07 (Tns(v}) = Tops(v))IDV;| dx
Br(xo)

l/pha
< o P f 1+ Dvjl dx |,
(d—r) Ba(xo)

¢=cmN,p,q,C) > 0.
Term (III).
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Term (III) contains the same terms of term (II), so, exploiting again identities (3.26)-(3.27) and (3.18) we
obtain

1/p hl|®

) < <2 f 1+ Dv;{? dx |, (3.30)
(d—r) Ba(xo)

for c = c¢(n, N, p,q,C) > 0.

Term (IV).

Finally proceding as before and taking into account that the v;’s and u are bounded, we can conclude that

[AV)] < clrl” f 1+Dvi?d 3.31)

< viltdx|, .
(d-r) B(xo) !

c= C(n,NJ”q,C) > O

From estimates (3.26), (3.29), (3.30), (3.31), identity (3.14), and (3.19)5, summing on s € {1,--- ,n} we can

conclude that

n 5 5222 ) le/plhla
f Z'T’”((ﬂ +Dvj|?) F Dv)I"dx £ ——— f 1+ |va|q dx |, (3.32)
B,(x0) 5 (d=71) \IBixo)

with ¢ = ¢(n, N, p, ¢, C) > 0 and m'/? is as in (3.18) and both are independent of j.
From Lemma 3 we deduce that
o

(u? + Dy, Dv; € L% (B,(xy)) forany 7 e (o, E)' (3.33)

Furthermore, remembering (3.20), there exists ¢ = ¢(n, N, p, q, @, T, C) < oo such that

1 + Dy 5DV 2,
/ IRL=5 (B, (x0))

1

¢ cm!/p 2
<—F——— 1+ Dv;|?) dx+ 1+ Dv;|?7dx
(d- r)27+a+2 {Ljd(m)( J ) (d—-r) By(xo) J
1 1
%+ 1 :
< cmrr D) f 1+ Dy, dx| . (3.34)
(d _ ,.)27+a+3 By(xo)
Setting
p n - L _2n_
a=Q2t+a+3) , == >1, m=m%» + 1)t29, (3.35)
n—2rt gn-2t
it follows that
f Dy dx < —< f (1+ D) dx T : (3.36)
B, (x0) (d = 1)* \JBy(xo)

where ¢ = c¢(n, N, p, q, @, T, C). From the arbitrariety of r < d < R, it follows that
DV € Lig.(Br(x0)- (3.37)
Now we consider y > § to be chosen later. By Holder inequality we get that

5q
q0

. ci . q(l_é) N »
fB r(xo)lejlq‘s dxs T ( fB d(xo)(1+leJI) (1 +Dvyl)? dx]
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el ([ eyt
: d=r) (de(Xr)) (1 " |DVJ|q ) dx] ( Ba(xo) (1 - |va|) Tdx : (3.38)

Define
6 —
=24 p=222 a=y-,
Yp y-1
so (3.38) becomes
&
f Iva|f15 dx < [f (1 + |va|q5) dx]
B, (x0) Ba(xo)
- b Ae
ci q
X 1+|Dvi|) dx| . (3.39)
o 10" )

We would like to pick y in such a way that the inequalities

e<l, gb<p, b<o (3.40)
are satisfied. Since
_p_n_p
g(n-21) ¢

the third inequality in (3.40) is implied by the second one. So we only need to check the other two inequali-
ties in (3.40), which are respectively equivalent to

dg —
6L <y 4P (3.41)
p q9—-p
All in all, we can find y with the aforementioned features if and only if
og —
PRAPL ,
P q9-p
which is equivalent to
qg n+a
pn
This last condition is matched, by (1.3).
We turn back to (3.39) and we apply Young inequality to obtain
- 5 F
‘f |DWdes—@L<rLf (1+DWWd4 -+—j‘ (1 + [Dv;)® dx, (3.42)
B, (x0) (d =T \IBxo) 2 JB(x0)

where ¢ = c(n, N, p,q,a,7,C) > 0.
Notice that the right-hand side of (3.42) is finite because of (3.36). Now we apply Lemma 4 with the
choice

Ro=R-v, O0<v<R-p,
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Ae

e
A=t (f 1 + [Dv,l? dx] , h() = f 1+ |va|q‘5 dx,
Br(xo) B(x0)

therefore we use (3.42) for the values p < r < d < R — v. This choice is possible because of (3.37), so h(r)
is bounded over [p, R — v]. It follows that

s

1
np 7 (- 1=e
f IDv,|#% dx < L(f (1 + [Dv;})? dx] , (3.43)
By (x0) (R—v—p)T= \IBgx0)

with ¢ = ¢(n, N, p,q,a,7,C) and /1 is as in (3.44). Since both ¢ and 7 do not depend on v, we let v — 0, so
(3.43) is still true for o = 0. Now define

2n
n=-20)(l-¢)

a Ae

=g p=b+

(3.44)

G =
1-¢&

Fixing 7 in such a way that < -2~ from (3.43) and (3.9) we get

n-21°

1
cmd-e b

1
IDv,|" dx < - f f(x,Dv-)+—|v-—u|p+1dx+8-f (1 + Dv;»?* dx| ,
f;p(xm ! (R = p)* \ IBx(xo) Top g !

where c has the aforementioned dependencies.
As already pointed out in (3.17), the sequence (v;) ey is uniformly bounded in W!”(Bg(xo), S¥™1), so,

there exists w € W,l’p (Br(x0), SN=1) such that (up to extract a subsequence) Dv; —; »o Dw weakly in
LP(Bg(x0), RM*™). By weak lower semicontinuity, we get

f [Dw|" dx < lim inff IDv,|" dx
By (x0) i7e JBy(x0)

e B
cim -9 1 q
<timinf | [ (fuDvp 1) ey —ul dee [ Dy ds
j7e (R=p)* ( BR(X())( ’ ) p ! / Br(x0) ’

1 B
cim-o 1 q
< liminf - f f,Dv)+ 1)+ —|p; —ul’ dx + s-f (1 + |Dv;»)2 dx]
Jj/eo (R—P)“[ BR(xo)( ’ ) p’ ! Br(x0) !

B
c
= m (fBR(XO) f(x,Du) dx + 1} , (3.45)

where ¢ = c(n, N, p,q, T, @), &, 8 and [3 are as in (3.44) and we used the explicit expression of 771. Moreover

1
f f(x,Dw) dx < f f(x,Dw) + —|w — ul? dx
Br(x0) p

Br(x0)
1
< lim inf Fx,Dvj) + —v; — ul” dx + s,-f (1 +Dv;P)? dx
77 JBr(xo) p Bg(xo)
1
Sliminff f(x,D¥)) + =v; — ulf dx+8jf (1 +|D17j|2)% dx
J/OO BR()C()) p BR(XO)
< lim inff f(x,Dvj) dx + o(j) = f f(x,Du) dx. (3.46)
J7% JBr(x) Bg(x0)
We stress that, in particular, w € W, (Bg(x), SN~1), thus the minimality of u gives
f f(x,Dw) dx > f f(x,Du) dx. 3.47)
Br(x0) Br(x0)
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From (3.46) and (3.47) we get

1
f f(x,Du) dx < f f(x,Dw)dx < f f(x,Dw) + —|lw —ulf dx < f f(x,Du) dx,
Br(xo) Bg(xo) Bg(xo) p

Br(x0)
SO
f(x,Du) dx = f(x,Dw)dx and f lw—ulP dx =0,
Br(x0) Br(xo) Br(xo)

and the higher integrability of Du is proved. O

Remark 8 The hypotheses considered in the previous Theorem can be sometimes restrictive, and, in partic-
ular, do not cover the model energies (E1), (E3) and (E4). However we can fix this issue by replacing (H3)
by any of the following

p)-2

H3.1) '@ +1aP+1eP 7 G - o < (F ) - F(60), 4 = &),

H32) € D@ + 0P + 12D T 16— 2l < (F ) = f(82). Gy = o),
i=1

where {1, & € RN, x € Q, i, p; € [0, 1] and 15 = (& ket v)» £ = (&3 ke, vy € RY.
Since (H3.1) and (H3.2) score only the coercivity condition, we just need to modify (3.21) as done in [18],
Theorem 35, to conclude that the result in Theorem 2 remains true also for (E;), (E3) and (E4).

Corollary 3 Letu € Wllo’f (Q, SN=1) be a local minimizer of F, with F belonging to classes (A), (B) or (C).
Then u € W, /(Q, SN"),

Proof. Theorem 2 yields that Du € L (Q,RM*") for any ¢ € ( ﬂ). By assumption, we know that

’ n—a

4 < nta@ A direct computation shows that —2- > p™*% g0, in particular Du € L (Q,RN*™), o
p n n—a n loc

Remark 9 For S!-valued maps, the whole analysis can be considerably simplified in presence of a radial
structure.
Precisely, let Q c R" be simply connected and

F: QxR - RU{oo},  F(x,0) = f(x,IZ%)
is a normal, convex integrand satisfying, for some exponent p € [2, ), the coercivity condition

F(x,0) 2 1gP

forall / € R>" and a. e. x € Q.
We consider the corresponding variational integral

F(u,Q) = f f(x, DW?) dx, (3.48)
o)
with w € WhP(Q, S1). Fix g € WP(Q, S!) so that F(-, Dg(-)) € L'(Q). Using the direct method it is easy to
prove the existence of a minimizer of (3.48), i € Wg’p (Q, sh.

Notice that, as well known from the Lifting Theorem, [5, 6, 43], we can find ¢ € WLr(Q) so that i = €%
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Now, if

(with the obvious identification C = R?) and from the trace theorem it follows that g| 9q = e‘¢| 5q°

@Ee Wé’p (Q), then clearly ¢ € W, 7(Q, S"), and since
ID(¢*)] = IDyl,

we deduce that f(x, |D@|*) = F(x,Dit) € L'(Q) and
fg f(x, D@ dx < fg f(x, IDgl*) dx

for all ¢ € W;’p (€2). Thus the variational problem for (3.48) reduces to a variational problem for real-valued
functions, and we can therefore use the much stronger results available in the scalar, radial case.

Such an approach is very interesting, since it allows tracing a vectorial variational problem back to a scalar
one, and, by common sense, scalar minimizers have more hopes for higher regularity than their vectorial
“counterpart”.

For instance, we may apply these ideas on the model energy for Double Phase Variational Integral

E) Fu,Q)= fIDulp + a(x)|Dul? dx.
o)

Let us recall that their regularity theory is now very well-understood in the unconstrained case, see [3, 11,
12]. In particular, by Theorem 1.4 in [12] we obtain that u € C 1 (Q, sh.

loc

We conclude by stressing that, if #: Q X R>” — R is a Carathéodory integrand such that

¢GNP < h(x, Q) < cf(xI0P), > 1,

and u = €', is any minimizer of the functional
Hw,Q) = f h(x,Dw(x)) dx, w:Q— S,
Q

then @ is an unconstrained quasi-minimizer of ¥ (w, Q) = fQ f(x, [IDw|?) dx. In fact, as above,

f f(x,ID@P) dx = f fCx,IDaf) dx
Q Q
Scfh(x,Dﬁ) dx
Q
Scfh(x,Dw) dx£c2ff(x, |D(,0|2) dx,
Q Q

for all ¢ € W, ().
A detailed analysis on this matter will be the object of a forthcoming paper, [13].
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