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TRACE-FREE KORN INEQUALITIES IN ORLICZ SPACES

D. BREIT, A. CIANCHI, L. DIENING

ABSTRACT. Necessary and sufficient conditions are exhibited for a Korn-type inequality to
hold between (possibly different) Orlicz norms of the gradient of vector-valued functions
and of the deviatoric part of their symmetric gradients. As a byproduct of our approach, a
positive answer is given to the question of the necessity of the same sufficient conditions in
related Korn-type inequalities for the full symmetric gradient, for negative Orlicz-Sobolev
norms, and for the gradient of the Bogovskii operator.

1. INTRODUCTION

The Korn inequality is a key tool in the analysis of mathematical models for physical phe-
nomena whose description only involves the symmetric part £u of the distributional gradient
Vu of vector-valued functions u. The theory of (generalized) Newtonian fluids, and the clas-
sical theories of plasticity and nonlinear elasticity constitute paradigmatic examples in this
connection.

A plain form of the Korn inequality asserts that if €2 is an open bounded set in R, n > 2,
and 1 < p < oo, then there exists a constant C' such that

(1.1) / IVulP dz < 0/ EulP dx
Q Q

for every function u : £ — R" vanishing, in a suitable sense, on 9. Inequality (LI
was established by Korn in [40] for p = 2. Proofs of the general case can be found in
[28] 33], B4, [47], 49, 55]. A fundamental reference for a simple proof of the Korn’s inequality
in the modern setting is [39]. Variants of inequality (LT]) are also available. For instance, if
) is connected and regular enough, a version of (L)) still holds if the boundary condition
is dropped, and the left-hand side is replaced with the (p-th power of the) distance, in the
LP(Q,R™ ™) norm, of Vu from the space of skew-symmetric matrices, namely the space of
gradients of functions in the kernel of the operator £ [I8] [19]. Let us incidentally mention
that nonlinear versions of Korn’s inequality have been shown in [26] 27] (see also [41] for
further references). An extensive description of the historical background around Korn-type
inequalities can be found in[49].

The present paper is mainly concerned with somewhat stronger, closely related inequalities,
where the symmetric gradient £u of a function u is replaced with its trace-free part £Pu,
also called deviatoric part of the symmetric gradient. Inequalities of this kind are critical
in the analysis of mathematical models for compressible fluids [20, 22] . They also have
important applications to general relativity. Indeed, in the Cauchy formulation of the Einstein
gravitational field equations, the initial data have to satisfy the Einstein constraint equations
on a Riemannian manifold of dimension n > 2 [3]. One of these constraint equations amounts
to the so-called momentum constraint equation, whose weak solutions can be obtained via
minimization of an energy functional depending on £”u [I7]. Cosserat theory of elasticity is
a further instance where trace-free Korn-type inequalities come into play [24] [36] 50} [51].
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A standard trace-free Korn inequality reads

(1.2) / |Vul? dx < c/ |EPulP dx
Q Q

for every u : 2 — R" vanishing on 0. A first proof of inequality (2], and of its analogue for
functions with arbitrary boundary values, can be found in [55]. A comprehensive treatment of
the basic theory of the deviatoric Korn inequality (as well as of the standard Korn inequality)
is offered, via modern analysis techniques, in the monograph [56]. A simple proof in case
p = 2 was given by Dain [I7]. We also refer to [57] for a proof in the case 1 < p < oc.

A counterpart of inequality (L.2)) for functions with unprescribed boundary values, where the
left-hand side is replaced with the p-th power of the distance from the space of gradients of
functions in the kernel of €7, takes a different form depending on whether n = 2 or n > 3.
This kernel differs substantially in the two cases, and, in particular, it agrees with the whole
space of holomorphic functions when n = 2. The inequalities in question require a distinct
approach for n = 2 and for n > 3. In what follows, we shall focus on the case when n > 3.

It is well known that inequality (III), and, a fortiori, inequality (L2]) fail for the borderline
values of the exponent p, namely for p = 1 [52] (see also [§, [16]) and p = oo (with integrals
replaced with norms in L>(Q,R™*™)) [8, [42]. The question thus arises of the validity of a
version of inequalities (ILI)) and (L2]) where the role of the power ¢ is played by a more
general nonnegative convex function A(t) vanishing for ¢ = 0, briefly a Young function. This
amounts to enlarging the class of LP norms of £u and Vu in the Korn inequality to include the
norms in the Orlicz spaces L4(Q, R"*"). Korn-type inequalities in Orlicz spaces are relevant
in the analysis of mathematical models governed by strong nonlinearities of non-polynomial
type.

A Korn inequality, for the symmetric gradient, in an Orlicz space associated with a Young
function A, is known to hold if [19, 29], and only if [8], the Young function A satisfies the
so called Ay and V9 conditions near infinity. Inequalities involving special Young functions
fulfilling the Ay and V5 conditions were earlier established in [I] and [12]. Loosely speaking,
these conditions amount to requiring that A has a uniform rate of growth near infinity, which
is neither too slow, nor too rapid. On the other hand, imposing the Ay and V5 conditions rules
out certain models in continuum mechanics. For instance, the nonlinearities appearing in the
Prandt-Eyring fluids [9] B2], and in models for plastic materials with logarithmic hardening
[25] are described by a Young function A(t) that grows like tlog(1l + t) near infinity, and
hence violates the Vs condition. Young functions with fast growth, which do not fulfil the
Ao condition, are well suited to model the behavior of fluids in certain liquid body armors
135, 58, 601,

A general Orlicz version of the Korn inequality has been established in [I5]. In that paper,
it is shown that a Korn-type inequality for the symmetric gradient Eu in LA(Q, R™*™) still
holds, even if the As and Vs conditions on A are dropped, provided that the norm of Vu is
taken in a possibly different Orlicz space LZ(Q, R"*"). The Young functions A and B have
to be suitably balanced, in such a way that the norm in L?(Q, R"*™) turns out to be slightly
weaker than that in L4(Q, R™*™) when A does not fulfil either the Ay condition, or the Vs
condition near infinity.

Here, we deal instead with trace-free Korn-type inequalities. Again, a priori arbitrary
Orlicz spaces are allowed. In their basic formulation for trial functions u vanishing on 0f2,
the inequalities in question read

(1.3) /QB(]Vu\) dx < /QA(C\EDu]) dx.
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Their counterparts for functions u with unrestricted boundary values, on a sufficiently regular
connected and bounded open set €2, take the form

wexr

(1.4) inf /QB(]Vu—VW\)de/QA(C\EDu])dx,

where ¥ denotes the kernel of the operator £. Our main result amounts to necessary
and sufficient balance conditions on the Young functions A and B for inequalities (3] and
(4] — or slight variants of theirs involving norms — to hold. It provides a comprehensive
framework for genuinely new trace-free Korn-type inequalities in borderline customary and
unconventional Orlicz spaces. Examples are exhibited in Section [ below. In particular, our
characterization recovers the fact that (IL3]) and (L4) hold with B = A if [4], 6, [10], and only
if [§] the function A fulfils both the As and the Vs condition near infinity.

Let us emphasize that the necessary and sufficient conditions for A and B to support
the Orlicz-Korn inequalities (L3)) and (L4)) turn out to agree with those required in [I5] for
the Orlicz-Korn inequalities for the standard symmetric gradient. In fact, the necessity of
the conditions for the former inequalities follows via a proof of the necessity of the same
conditions for the latter inequalities, an issue which was left open in [I5]. Another interesting
consequence is that we are now also in a position to derive the necessity of parallel conditions
on the Young functions appearing in inequalities for negative Orlicz-Sobolev norms, and in
inequalities for the Bogovskii operator in Orlicz spaces. These inequalities have recently
been established in [7] in connection with the study of elliptic systems, with non-polynomial
nonlinearities, in fluid mechanics.

To give an idea of the possible use of the results of this paper, we conclude this section with
an outline of a model in fluid mechanics, for non-Newtonian fluids, where Korn inequalities,
and trace-free Korn inequalities in Orlicz spaces come into play. The stationary flow of an
isentropic compressible fluid in a bounded domain 0 C R? can be described by the system

(1.5)

—divS +div(ou®u) + Vr = of  inQ,
div(ou) =0 in Q,

which accounts for the balance of mass and momentum. Here, the velocity field u : Q — R3
and the density o : @ — R of the fluid are the unknown, whereas f : Q@ — R? is a given system
of volume forces. The deviatoric stress tensor S : ) — R™*™ and the pressure 7w :  — R
have to be related to u and p by constitutive laws. A general model for non-Newtonian fluids
takes the form

S = u(|€Pu))EPu + v(|div u|)(divu)I,

where p, v : [0,00) — [0, 00) are given functions, and [ is the identity matrix — see for instance
[44] and [2I]. If v grows more slowly than p (in fact, typically v can even vanish), and the
function sy(s) is non-decreasing, then a priori estimates only imply that £”u € L4(Q), where

t
A(t) = / su(s)ds fort > 0.
0

The natural question that arises is to what extent the degree of integrability of £Pu is
inherited by Vu. This amounts to exibiting an optimal mutual dependence between the
Young functions A and B in inequality (IL3]) or (L4]). Let us emphasize that the mathematical
literature about general non-Newtonian compressible fluids is quite limited. This is mainly
due to the fact that an analogue to the existence theory from [43] seems to be presently out
of reach.

A much richer theory is available in the incompressible case, corresponding to a constant
density o in (L), and hence to the divergence-free constraint diva = 0. This implies that,
EPu = &u. In the classical Prandtl-Eyring model, introduced in [23], the constitutive law



4 D. BREIT, A. CIANCHI, L. DIENING

reads

ar sinh(A|€ul)
A&yl

where 79 and A are positive physical parameters. Since the function arsinh(¢) behaves like

log(1+t) near zero and infinity, the natural function space for the solutions u is obtained by

requiring that € belongs to the Orlicz space L log L(£2,R3*3). Theorem B.I2] Section B tells
us that

(1.6) S=mno Eu,

Eu € Llog L(Q,R¥*®)  implies that Vu € L'(Q,R3*3),

the space L'(Q, R3*3) being optimal. This underlines the difficulties in the existence theory
developed in [9] for stationary Prandtl-Eyring fluids, namely those satisfying (LI]) with o
constant and S given by (L.G]).

The Bingham model amounts to the constitutive law
Eu
1. S = € —
(L.7) HoEW + floo T

for some positive physical constants pg and g, — see e.g. [2]. It is shown in [32] that weak
solutions to the stationary Bingham model, consisting in (IL3]) with ¢ constant and S obeying
(7)), are such that Eu € L>®(Q,R3*3), at least locally. The resulting degree of inegrability
is provided by Theorem It asserts that

Eu € L®(Q,R**?) implies that Vu € exp L(Q, R3*?),

and the space exp L(Q, R3*3) is optimal.

2. FUNCTION SPACES

This section collects some definitions and basic results from the theory of Orlicz and
Orlicz-Sobolev spaces, as well as of their versions for the symmetric, and trace-free symmetric
gradient. For a comprehensive treatment of the theory of Orlicz spaces we refer to [53), [54].

A function A : [0,00) — [0,00] is called a Young function if it is convex, left-continuous,
vanishing at 0, and neither identically equal to 0, nor to co. Thus, with any such function, it is
uniquely associated a (nontrivial) non-decreasing left-continuous function a : [0,00) — [0, 0]
such that

(2.1) At) = /Ot a(r)dr for t > 0.

The Young conjugate A of A is the Young function defined by
A(t) = sup{rt — A(r) : r >0} for t>0.
Note the representation formula

¢
A(t) = / a”(r)dr for t >0,
0

where a~! denotes the (generalized) left-continuous inverse of a. One has that
(2.2) r< AN AT ) <20 for r >0,

where A~! denotes the (generalized) right-continuous inverse of A. Moreover,

(2.3) A=A
for any Young function A. If A is any Young function and A > 1, then
(2.4) MA(t) < A(At) for t > 0.
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As a consequence, if A > 1, then
(2.5) A7) < XATY(r) for r > 0.

A Young function A is said to satisfy the As-condition if there exists a positive constant C'
such that

(2.6) A(2t) < CA(t) for t>0.
We say that A satisfies the Va-condition if there exists a constant C' > 2 such that
(2.7) A(2t) > CA(t) for t>0.

If A is finite-valued and (2.6]) just holds for ¢t > ¢ for some ¢y > 0, then A is said to satisfy
the Ag-condition near infinity. Similarly, if (7)) holds for ¢t > to for some ¢y > 0, then A is
said to satisfy the Va-condition near infinity. We shall also write A € Ay [A € V3] to denote
that A satisfies the As-condition [Va-condition).

One has that A € A, [near infinity] if and only if A € V4 [near infinity].

A Young function A is said to dominate another Young function B [near infinity| if there
exists a positive constant C

(2.8) B(t) < A(Ct) for t>0 [t >ty forsome ty > 0].

The functions A and B are called equivalent [near infinity] if they dominate each other [near
infinity]. We shall write A ~ B to denote such equivalence.

Let 2 be a measurable subset of R”, and let A be a Young function. The Luxemburg norm
associated with A is defined as

. , [u(z)|
lull 14 = inf {A >0 /QA<T) dzr <1

for any measurable function u : £ — R. The collection of all functions u for which such norm
is finite is called the Orlicz space LA4(Q2), and is a Banach function space.
A Holder type inequality in Orlicz spaces takes the form

Jo u(z)v(z) da
(2.9) ol gz < sup ==———— <2|jv ;2
LA ueLA(Q) HUHLA(Q) LA@)
for every v € L‘Z(Q).
Assume that || < oo [|2] = o0], where || - || denotes Lebesgue measure, and let A and B be
Young functions. Then
(2.10) LAQ) — LP(Q),

if and only if A dominates B near infinity [globally]. The norm of the embedding (ZI0)
depends on the constant C appearing in (28] if A dominates B globally. When |Q] < oo,
and A dominates B just near infinity, the embedding constant also depends on A, B, ty and
The decreasing rearrangement u* : [0,00) — [0, o] of a measurable function u : Q@ — R is the
(unique) non-increasing, right-continuous function which is equimeasurable with u. Thus,

u*(s) =inf{t > 0: {z € Q: |u(x)| >t} < s} fors > 0.
The equimeasurability of u and u* implies that

(2.11) ullpa) = llu*llLaq,0)

for every u € LA(Q).

The Lebesgue spaces LP(2), corresponding to the choice A(t) = tP, if p € [1,00), and
A(t) = 00X (1,00)(t), if p = 00, are a basic example of Orlicz spaces. Other customary instances
of Orlicz spaces are provided by the Zygmund spaces LPlog® L({2), where either p > 1 and
a € R, or p=1and a > 0, and by the exponential spaces exp Lﬁ(Q), where 8 > 0. Here, and
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in what follows, the notation A(L)(€2) stands for the Orlicz space associated with a Young
function equivalent to the function A near infinity. Similar notations will be employed for
other function spaces, built upon Young functions, to be defined below.

The Orlicz space L4(2, R™) of R™-valued measurable functions on Q is defined as L4 (€, R") =
(LA(Q))", and is equipped with the norm given by [ullpa@rey = lHulllpa@) for u €
LA(Q,R™). The Orlicz space L4(Q,R"*") of matrix-valued measurable functions on Q is
defined analogously.

Assume now that 2 is an open set. The Orlicz-Sobolev space W1H4(9) is the set of all
weakly differentiable functions in L4(2) whose gradient belongs to L4(Q2, R"). The alternate
notation W1LA(Q) for WHA(Q) will also be used when convenient. The space WH4(Q) is a
Banach space endowed with the norm

ullwra) = lullpa@) + [IVullpa@rny)-
We also define
Wol’A(Q) = {u € WH4(Q) : the continuation of u by 0 outside 2
is weakly differentiable in R"}.

In the case when A(t) = tP for some p > 1, and 9 is regular enough, such definition of
VVO1 ’A(Q) can be shown to reproduce the usual space VVO1 P(Q) defined as the closure in W1P(Q)
of the space C§°(§2) of smooth compactly supported functions in €. In general, the set of
smooth bounded functions is dense in L4(Q) only if A satisfies the Ag-condition (just near
infinity when Q| < o0). Thus, for arbitrary A, our definition of W, “4(Q) yields a space which
can be larger than the closure of C§°(Q2) in VVO1 () even for a set © with a smooth boundary.
On the other hand, if © is a bounded Lipschitz domain, then Wol’A(Q) =WhAQ)n Wol’l(Q),
where VVO1 ’I(Q) is defined as usual. Recall that an open set (2 is called a Lipschitz domain
if there exists a neighborhood U of each point of 92 such that Q2 N is the subgraph of a
Lipschitz continuous function of n — 1 variables. An open set §2 is said to have the cone
property if there exists a finite cone A such that each point of €2 is the vertex of a finite cone
contained in 2 and congruent to A. Moreover, an open set € is said to be starshaped with
respect to a ball B C € if it is starshaped with respect to every point in B. Clearly, any
bounded open set which is starshaped with respect to a ball is a Lipschitz domain, and any
bounded Lipschitz domain has the cone property.

The Orlicz-Sobolev space W4(Q, R™) of R™-valued functions is defined as W4(Q, R") =
(Wh4(Q))", and equipped with the norm [ullwra@rny = [ullpa@rny + [[Vallpagrnxny-
The space VVO1 ’A(Q,R") is defined accordingly.

We next denote by E4(Q,R"™), or by ELA(Q,R™), the space of those functions u €
LA(Q,R™) whose distributional symmetric gradient

Eu=i(Vu+ (Vu)T)
belongs to LA(Q,R"*™). Here, “(-)7” stands for transpose. E4(,R") is a Banach space
equipped with the norm
(2.12) [ullga@rny = [llpa@rny + 1€ L4 rnxn.-

The subspace Eg'(Q,R") is defined as the set of those functions in E4(Q, R") whose contin-
uation by 0 outside Q belongs to E4(R™, R™).

The kernel of the operator £, in any connected open set 2 in R”, is known to agree with the
space

R={v:R" = R":v(zr) = b+ Quz for some b € R” and Q € R"" such that Q = —Q”},
see e.g. [0, Lemma 1.1, Chapter 1].
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The notation EP4(Q, R™) is devoted to the space of those functions u € L4(€, R") whose
trace-free distributional symmetric gradient
EPu=¢gu— W7
n

belongs to LA(Q, R™*"). Here, I denotes the identity matrix, and tr(€u) the trace of the
matrix Eu. The space EP4(Q, R™), which will also be occasionally denoted by EPL4(Q, R™),
is also a Banach space equipped with the norm

(2.13) [ul| po.agorey = [l paorn) + 1EPUl| LA Rrxn)-

The definition of the subspace Ej’ A(Q,R) of EPA(Q,R™) parallels those of W, A, R
and E4(Q,R™).

The kernel of the operator £, in any connected open set € in R?, n > 3, is the direct sum
YX=DOR®S,
where
D={v:R" > R": v(z) = pz for some p € R},
S={v:R">R": v(z)=2
see e.g. [07, Prop. 2.5].

(a-z)x — |z|*a for some a € R"},

3. MAIN RESULTS

Our characterization of the Young functions A and B supporting trace-free Korn-type
inequalities between the Orlicz spaces L# and L? amounts to the balance conditions:

t
B
(3.1a) t/t S(;) ds < A(ct)  for t > to,
0
and
L As ~
(3.1b) t/to 5(2) ds < B(ct) for t > to,

for some constants ¢ > 0 and tg > 0.

The result for functions vanishing on the boundary of their domain reads as follows.

Theorem 3.1. [Trace-free Korn inequalities in Eé) ’A(Q, R™)] Let Q be an open bounded
set in R™, n > 3. Let A and B be Young functions. The following facts are equivalent.

(1) Inequalities [B.1a) and [B.IN) hold.
(ii) Eé)’A(Q,IR{”) C WOI’B(Q,R”), and there exists a constant C such that

(32) IVl 150 rnxn) < ClIEPU| L4 pnxn)

for every u € EOD’A(Q,R”).
(i) EOD’A(Q,R") C W&’B(Q,R”), and there exist constants C' and Cy such that

(3.3) /QB(|Vu|)dx < Oy +/QA(C|5Du|)d:c

for every u € E(?’A(Q,]R").

Remark 3.2. A close inspection of the proof of Theorem [B.1] reveals that inequality (3.3)
holds with C'; = 0 if and only if conditions (B.1al) and (3.1Dh)) are fulfilled with to = 0. When
) = R", these conditions with ¢ty = 0 turn out to be equivalent to inequalities (3.2)) and ([B.3]),
with C; = 0. In fact, if B3] holds with Q = R" for some C1, then it also holds with C; = 0.
This follows from a scaling argument, based on replacing any trial function u(z) in ([B3]) with
Ru(z/R) for R > 0, and then letting R — oo.
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Inequalities without boundary conditions are the object of the next theorem.

Theorem 3.3. [Trace-free Korn inequalities in EP4(Q,R")] Let Q be a bounded con-
nected open set with the cone property in R™, n > 3. Let A and B be Young functions. The
following facts are equivalent.

(i) Inequalities B1a) and B.IDL) hold.
(ii) EPA(Q,R™) ¢ WLB(Q,R"), and there exists a constant C' such that

(3.4) v{r%fz HVu - VWHLB(Q,Rnxn) S CHgDuHLA(mRan)

for every u € EPA(Q,R™).
(iii) EPA(Q,R™) ¢ WHE(Q,R™), and there exist constants C' and C such that

(3.5) inf /B(\Vu—Vw])dxg Cl—i—/A(C]SDu])dx
weX /o Q

for every u € EPA(Q,R™).
Remark 3.4. Similarly to [B.3), if conditions (BIa)-BIL) are fulfilled with ¢ty = 0, then
inequality (3.3]) holds with C; = 0.

Remark 3.5. If either (3a) or (B.ID) is in force, then A dominates B near infinity, or
globally, according to whether ¢y > 0 or ¢y = 0 [15, Proposition 3.5]. Moreover, inequality
(BIa) holds with B = A for some ty > 0 [resp. for to = 0], if and only if A € V; near infinity
[resp. globally], and inequality (8.1D) holds with B = A for some ¢y > 0 [for ¢y = 0] if and
only if A € Ay near infinity [globally| [38, Theorem 1.2.1].

Thus, Theorems Bl and (B.3]) recover the fact that inequalities [B2)-B3]) and B.4)—(B.35)
hold with B = A if and only if A € As N V4 near infinity.

Hereafter, we present some inequalities for functions in spaces Eé) ’A(Q,R") of logarith-
mic or exponential type, which follow from Theorem B and Remark Analogues for
EPA(Q,R™) hold owing to Theorem B3] provided that 2 fulfils the assumptions of the lat-
ter. In the following examples ) denotes a bounded open set in R™, n > 3.

Example 3.6. If p > 1 and a € R, then

(3.6) IVl £ (1og £yo (2R xn) < CIEP U Lo(10g L) (@R *)
for every u € Ef LP(log L)*(Q,R™). If a > 0, then

(3.7) IVl Lgog ye (@, rmxny < ClIEPU| Li0g 1ya+1(0,gnxm)
for every u € Ef L(log L)*+1(Q, R™).

Example 3.7. Let B be a Young functions such that
1\ P
t4 ( log ;) near 0
B(t) ~ o
tP ( log t) near oo,

where either ¢ > 1 and 5 € R,or ¢ =1 and 8 > 1, and either p > 1 and a« € R, or p =1 and

a > 0. Assume that A is another Young function fulfilling
B(t) ifg>1
At) ~ N
t<log;) ifg=1,

near 0, and
B(t) itp>1

Alt) ~ t(logt)Ha ifp=1,
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near infinity. Then
(38) 0o ey < ClE ]l e

for every compactly supported function u € EP4(R?, R™), with n > 3.

Example 3.8. Assume that p > 1 and a € R. Then

(3.9) IVl L2 tog 1og £y (@ rmxmy < CIEP | Lo (10g 10g 1) (2,-mxm)
for every u € EY LP(loglog L)*(Q, R™). If a > 0, then

(3.10) IVl Lgog log £y (@R <) < CIEP UL 10g L(0glog 1)e (@R
for every u € EY Llog L(loglog L)®(Q, R™).

Example 3.9. Assume that 5 > 0. Then

. < b nxn
(3.11) !!Vu\\expm%(ﬂwxn)_(?!!f U|exp 18 (0 Rxn)

for every u € EJ exp LA(,R").

Example 3.10. One has that
(3.12) V| exp 2. rr5m) < ClIEP U oo rrxny
for every u € EJ L>(Q,R").

Example 3.11. Assume that a > 0 and 5 > 1. Then

(3.13) IVl exp(aiog )2y rmxny < ClE U

oxp (a(log 1 k) ) (@Emem)

B
for every u € Ef exp <a<log W) >(Q,R”).

The necessity of conditions ([B.1al) and (3.1Db]) in our results about trace-free Korn inequal-
ities goes through a proof of their necessity in the Orlicz-Korn inequality for the plain sym-
metric gradient. The sufficiency of ([B.Ial) and (3.ID)) for the latter inequality was established
in [I5]. A comprehensive statement, summarizing necessary and sufficient conditions for the
Korn inequality in Orlicz spaces, reads as follows.

Theorem 3.12. [Korn inequalities in E{ (2, R") and E4(92,R")] (see also [I5, Theorems
3.1 and 3.3]) Let A and B be Young functions. The following facts are equivalent.

(i) Inequalities [B.1al) and B.ID) hold.
(ii) Given an bounded open set Q in R, n > 2, the inclusion E5(Q,R") C W(}’B(Q,R")
holds, and there exists a constant C' such that

(3.14) V0 Loy < ClEwl gy

for every u € E§(Q,R").
(iii) Given a bounded connected open set with the cone property in R™, n > 2, the inclusion
EA(Q,R™) ¢ WHE(Q,R™) holds, and there exists a constant C such that

(3.15) \}Iel% HVu - VVHLB(QJRan) S CHSuHLA(Q,R"X")

for every u € EA(Q,R™).
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Conditions ([B.Ial) and ([B.IDL) also appear in an inequality for negative Orlicz-Sobolev norms
recently established in [7]. Let A be a Young function. The negative Orlicz-Sobolev norm of
the distributional gradient of a function u € L'(£2) can be defined as

Joudivedx

310 IVulw-r@mn = o o Vel x gy
This definition, introduced in [7], is an Orlicz space version of negative norms for classical
Sobolev spaces which goes back to Necas [49]. He showed that, if Q is regular enough, and
1 < p < o0, then the LP(€2) norm of any function with zero mean-value over (2 is equivalent to
the W~1P(Q, R™) norm of its gradient, defined as in 3I8) with LA(Q, R™*™) = L (Q,R"*™),
and p' = 1%' Namely, there exist positive constants C7 and C3 such that

Crllu — UQHLP(Q) < HVUHW—LP(Q,Rn) < Col|lu — UQHLP(Q)

for every u € L'(€), where ug = ﬁ Jq wdz the mean value of u over Q.
The inequality:

(3.17) [Vully-1.4@rny < Cllu—uallpa)

holds for every Young function A, for some absolute constant C, and for every u € LY(Q) [T}
Theorem 3.1]. Although a reverse inequality fails in general, it can be restored provided that
the norm of v — ug in LA(Q) is replaced with the norm in some Orlicz space LZ (), with
B fulfilling (B.Tal) and (3IL). This is also established in [7, Theorem 3.1]. The necessity of
conditions ([B.Ial) and (3.1D]) for the relevant reverse inequality follows from their necessity in
Theorem Altogether, the following result holds.

Theorem 3.13. [Negative norm inequalities] (see also [7, Theorem 3.1]) Let A and B
be Young functions. Let  be a bounded connected open set with the cone property in R™,
n > 2. There exists a constant C' such that

(3.18) lu —uallLz @) < ClIVullw-1.4@Rrn)
for every u € LY(Q) if and only if A and B satisfy conditions [B31a) and (B.11).

The proof of inequality (B.I8]) relies upon boundedness properties of the gradient of the
Bogovskii operator. Given a bounded open set €2, which is starshaped with respect to some
ball, and any smooth, nonnegative function w, compactly supported in such ball and with
integral equal to 1, the Bogovskii operator Bg is defined, according to [5], as

(3.19) Baof(x / fly <|x ST /OO <y —i—?“é : ;)C"il dr) dy for x € Q,

lz—yl

for every function f € Cg° (2). Here, C3° (£2) denotes the subspace of C§°(€2) of those
functions with vanishing mean-value on €. This operator is customarily used to construct
a solution to the divergence equation, coupled with zero boundary conditions, inasmuch as
divBof = f.

The boundedness of the operator VBg between Orlicz spaces LA(Q) and LB (Q, R"*™), under
assumptions (BJal) and (B.1D)), is proved in [7, inequality (3.88)]. The necessity part of
Theorem B I3l allows to show that these assumptions are, in fact, also necessary. In conclusion,
the following full characterization holds.

Theorem 3.14. [Boundedness properties of VBg]| [see also [7, Theorem 3.6]] Let A
and B be Young functions. Let € be a bounded open set in R™, n > 2, which is starshaped
with respect to a ball. There exists a constant C' such that

(3.20) IVBafllLe@rmxny < CllfliLag
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for every f € C§° () if and only if A and B satisfy conditions [B.1al) and (3.IL).

4. REPRESENTATION FORMULAS AND TRACE-FREE KORN INEQUALITIES IN ORLICZ SPACES

We are concerned here with a proof of inequalities (8:2]) and (3.4]) under conditions (3.Ial)
and ([B.I0). The former inequality, which involves functions vanishing on the boundary of
their domain, is the object of the first result.

Theorem 4.1. Let € be a bounded open set in R™, n > 3. Let A and B be Young functions
fulfilling conditions BIa) and @BIL). Then EC(Q,R™) ¢ WiP(Q,R™), and inequality
B2) holds.

The relevant inequality for arbitrary functions is established in the next theorem.

Theorem 4.2. Let 2 be a bounded connected open set with the cone property in R™, n > 3.
Assume that A and B are Young functions fulfilling conditions [BJIal) and (B.ID). Then
EPAQ,R™) ¢ WHEB(Q,R™), and inequality (34) holds.

The proofs of Theorem [l and Theorem [£.2] are split into several lemmas, and are accom-
plished at the end of this section. We begin with Lemma [£3] whose objective is to show that
the full gradient can be represented as a singular integral of £, plus some weaker terms, also
depending on £P. In Lemma 5] a pointwise estimate, in rearrangement form, is established
for the relevant singular integral operator. This reduces the question of the validity of a trace-
free Korn-type inequality in Orlicz spaces to that of a considerably simpler one-dimensional
Hardy inequality in the same spaces. General criteria for the Hardy inequalities that come
into play are stated in Lemma [£.4]

Lemma 4.3. Let Q be a bounded open set in R™, n > 3, which is starshaped with respect to
a ball. Let A(t) be a Young function which dominates the function tlog(1l 4 t) near infinity.
Assume that u € EPA(Q,R™). Then u € VVI})’Cl(Q,R"), and

(4.1)

n n

Z—ZZ(.%') = Pui(z) + Z /Qfg(u)(y)f(l-jhk(x,y) dy + Z Cl-jhkgg(u)(x) for a.e. x € Q,
i,j=1 tj=1

where up, denotes the h-th component of u, Eilj)(u) the ij entry of the matriz EP (u), Py are

polynomials of degree one, Cijp are constants, and Kijpi @ 2 x R™ — R are kernels of the

form Kijpi(x,y) = N(z,y — x) for some function N : @ x (R"\ {0}) — R, depending on 2

and on 1,7, 7, k, and enjoying the following properties:

(4.2) N(z, z) = X""N(z,z) forzeQ, zeR"\ {0}, A >0;

(4.3) N(x,2)dH""Y(2) =0 forz €y
S§n—1

where H" ™1 denotes the surface measure on S ;
for every p € [1,00) there exists a constant C such that

(4.4) / IN(z,2)|P dH" 1 (2) < C  for x € Q;
Sn—l

there exists a constant C such that

4.5 N(z,y —x)| < ——— forz #y,

(4.5 Ny =)l < =

|2 — 2]

4, N(z,y —x) — N(z,y — 2)| < 22— "1
(4.6) [N(z,y —z) — N(z,y Z)’—ny—mwl

forxz #y and 2z — z| < |z —y|,
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|2 — |

(4.7) IN(y,z—y) = N(y,z—y )|<CW

forxz £y and 2z — z| < |z —y|.

Proof. The representation formula [55, Equation (2.43)] tells us that, if u € C*°(2,R"),
then

(4.8) u(z) = Pu(z) + R(EPu)(z) for z € Q.

Here, for each i =1,...,n,

(4.9) Z Z/ ug(y)Hika(y) dy  for z € €,
0<|a|<2

where uy, denotes the k-th component of u, (Pu); the i-th component of Pu, and the functions
Hipo € C§°(Q) are such that Pu € ¥ for every u € C*°(Q2,R"). The expression z“ denotes

a polynomial of the form z{"z3?--- 23", where o = («,...,ay) is a multi-index of length
o] = a1 + -+ 4+ a;. Moreover,
(4.10) R(EPu); Z/ (EP0)y;(y) Rirj(z,y) dy  for x € Q,

where R(E£Pu); is the i-th component of R(€Pu), and the kernels Rizj : @ x Q\{z =y} - R
are linear combinations, with constant coefficients, of functions of the form

(411) (JTh —yh)K(Cﬂ,y),
for some h =1,...,n, or
0

(4.12) oy (@ = o) = y) K (2,3)).
for some h,m,{=1,...,n,

82
(4.13) G (@ = 9@ =y~ 9K (2,9)).
for some h,m,t, 0,k =1,...,n,

1 & —
(4.14) K(z,y) = 7/ gp( T Ania > ldr for (z,y) €A xQ, x #y,

’x_y’ |z—y| ‘y—.%"

and ¢ is any function in C§°(£2). Note the alternative formula:

(4.15) K(z,y) = /100 o(x+ (y —x)r)yr" tdr for (z,y) € QA xQ, z #7y.

Making use of (I5) in [@I2) and ([@I3), and differentiating shows that the kernels Ry; are

linear combinations of functions of the form

1 — o0 -
(4.16) = Zh ¢<x+ yo T r)r"l dr,
lz—yl

lz —y[" ! |z —yl ly — x|
or
1 Th —Yh Tm — Ym o0 890 y—x
A e oyl Jo—yl Joy 92\ e )
|lz—y| 022 y—x
or
1 Th —Yh Tm —Ym T, — Y * 82()0 y—x +1
@18 Tyl ol ol Sy B0 )
|z—y| Z0%k y—x
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In turn, these functions can be rewritten as
1 — i —
(4.19) — Th = In ¢<x + ur> =1 g
lz —y["t e —yl Jo ly — =
1 _ lz—yl _
Th — Yh cp(ac + E 7"> L,

lz —y"=t |z —y| Jo ly — x|

1 Th — Yp Ty — <0 —x
(4.20) o1 - — Yh Tm — Y / 8—('0 (ﬂ: + 2 — 7“> r’dr
lz—y[" -yl lz—yl Jo Ou ly — x|

_ 1 xh—yhxm—ym/:”yﬁ_so<x+ y_xr>r"dr
lz =yt —yl -yl Jo  Ou ly — x| ’

2
(4.21) L RIS TR T <x y_xr>r"+1dr
lz—y[" =yl oyl lz—ylJo 020z ly — |
_ 1 __ Th —Yh Tm —Ym T, — Y, /x—y 32('0 (m + Y —_1' T‘> 'rn-‘rl d’l"a
[z —yl" =yl -yl -yl Jo 0202 ly — =
respectively. Any of these functions can thus be expressed in the form
1 Yy —x

(4.22) - g(ﬂc, ) + h(z,y),

|z —y[nt ly — x|

where g : Q x S"~! — R is a smooth function, and h is smooth for z # y, and has bounded
derivatives in Q x Q \ {x = y}. As a consequence, by [46, Theorem 1.29|, if v : Q@ — R is
Lipschitz continuous, then the function w : 2 — R given by

v(y) y—a
4.23 = h dy i Q
a2) o) = [ [ g(e ) wothen)] dr oo e,
belongs to WH1(Q), and, for h = 1,...,n, there exists a constant C' = C(R, h,n) such that
ow / 1 y—x

4.24 —(z) = x, v(y)dy + Cv(z) for a.e. x € (),
(@21) g = | e (e ey + Col)
where f:Q x S"~! — R obeys
(4.25)

! f<x y—x):[(?( ! g<z y—x))] for (z,y) € QA xQ, x#y
[z —y*" Ny — Op \ |z —y[" "\ |y —al/ )] |,_, ’ ’

Define N : 2 x (R™\ {0}) - R as

(4.26) N(z,z) = ﬁf(m, ﬁ) for (z,z) € Q x (R™\ {0}).

We claim that such a function fulfills properties ([L2)—(ZT). Properties (£2) and (ZH) hold
trivially. Condition (3] holds by the results of [46, Section 8]. Property (&) is a con-
sequence of the smoothness of f. Conditions ([@L0) and (L7T) can be shown via standard
arguments.

Altogether, we have shown that equations (@8] and ([@I]) hold if u € C*(£2,R™). We claim
that these equations continue to hold even if u € EP(Q,R"). Since the function A(t)
dominates the function ¢ log(1+t) near infinity, E?4(Q,R") — EP Llog L(Q,R™), and hence
u € EP Llog L(Q,R™). Inasmuch as the function tlog(1 + ¢) satisfies the Ao condition near
infinity, a standard convolution argument, as, for instance, in the proof of [59, Proposition
1.3, Chapter 1], tells us that C*°(Q,R") is dense in E” Llog L(2,R™). Thus, there exists a
sequence {u,,} C C*°(2,R") such that

u, —u in EPLlog L(Q,R").
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In particular,

(4.27) u, —u in Llog L(2,R"),
and
(4.28) EPu,, — EPu in Llog L(Q,R™).

We already know that formulas (£8]) and (£I]) hold with u replaced by u,,. By ([@22]), all
kernels Ry; appearing in (£I0) admit a bound of the form

(4.29) |Rij(z,y)| < ; forz#y.

lz —y["~

Now, recall that any integral operator, with kernel bounded by #,

Orlicz space LA(€2), and in particular in Llog L(2). Thus, by equations [@Z7) and @28)),
passing to the limit (possibly for a subsequence) in the representation formula ([4.8]) applied
to u,,, implies that it continues to hold also for u.
Moreover, owing to [7, Theorem 3.8], singular integral operators whose kernel N satisfies
[E2)-(@E7) are bounded from Llog L(Q) into L'(2). Thus, passing to the limit in (&I
applied to u,,, and making use of (L27) and ([A28) again, tell us that ([@I]) holds for u as
well. O
The proof of Lemma below relies upon the following characterization of Hardy type
inequalities in Orlicz spaces from [I5] (see also [13] [I4] for alternative versions).

Lemma 4.4. ([I5, Lemma 5.2]) Let A be and B be Young functions, and let L € (0, 00).
(i) There ezists a constant C' such that
< C”f”LA(o,L)

S e
$.Jo LB(0,L)

for every f € LA(0,L) if and only if either L < oo and condition BIa) holds for some
to >0, or L = oo and [BIal) holds with to = 0. In particular, in the latter case, the constant
C in ([E30) depends only on the constant ¢ appearing in ([B.1al).
(ii) There ezists a constant C' such that

< C|fllLa,r)

L dr
Gk
s " 1lLB(0,L)

for every f € LA(0,L) if and only if either L < oo and condition [B.ID) holds for some
to >0, or L =00 and BID)) holds with to = 0. In particular, in the latter case, the constant
C in [E31) depends only on the constant ¢ appearing in (B.1DI).

is bounded in any

(4.30)

(4.31) '

Lemma 4.5. Let Q be a bounded open set in R™, n > 3, which is starshaped with respect
to a ball. Let A and B be Young functions satisfying conditions [3J1al) and [B.ID). Then
EPAQ,R™) ¢ WHB(Q,R™). Moreover, on denoting by P the operator defined as in (&3,
there exists a constant C' such that

(4.32) [u = Pul[paqrm + [V(a = Pu)||s@rmm < ClIEPU|paqpmm
for every u € EPA(Q,R™).

Proof. Let us denote by T the operator defined by

T6(0) = 3 | Kooy for ae. 2 €
kg v

for ¢ € Llog L(f2), where Kjjpy, is as in Lemma 3] One can deduce from [7, Theorem 3.8]
that there exists a constant C' depending on n, the diameter of {2 and the constants appearing
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in (£4)-7) such that

1[e it d
(4.33) (TY)*(s) < C(;/ Y*(r)dr + P*(r) %) for s € (0,]9]).
0 s
Hence, owing to (4J]) and Lemma 4] there exists a constant C' such that
(4.34) IV (u = Pu)|| 5o pnxny < CIE || pa g rnxn

for every u € EP4(Q,R"), where Pu is defined as in (@3).

On the other hand, (£8) and [@29]), and the fact that any integral operator, with kernel
bounded by W, is bounded in any Orlicz space LA(Q)7 ensure that

(4.35) [u— Pul[paqrny < CHEDuHLA(Q,an)

for some constant C' and every u € EP4(Q,R"). Inequality @32) follows from [@34) and

(E35). O

Lemma 4.6. Let Q) be a bounded connected open set with the cone property in R™, n > 3,
and let A be a Young function. Let I : L*(Q,R"™) — X be a linear projection operator such
that

(4.36) M| L1 @ rny < Cllullpr@rn
for some constant C, and every u € L*(Q,R™). Then there erists a constant C' such that

. ;7 .
(4.37) Vlvféfz [u—wlpaqrn < lu—Tuf[paqre < C v{}éfz [u—wllLa@rn

for every u € LA(Q,R"), and
(138) int V(0w Lagugoen) < V0T | s gy < O it [ (aw) |z

for every u € WHA(Q,R™).

Proof. The left-wing inequalities in ([£37) and (A38) are trivial. As far as the right-wing
inequalities are concerned, given any w € X, and any u in L4(Q,R"), or in WhH4(Q,R"),
according to whether (£37)) or (£38)) is in question, set

v=w+(u—w)q.
Here, (u—w)q denotes the mean-value of a the vector-valued function u —w over the set .
Since II, restricted to X, agrees with the identity map, have that IIv = v. As a consequence,

u—Ilu=(u—-v)—-I(u—-v).

Thus,

(4.39) [u =Tl pa@rey < lu=vlpaqre + [H = V)|l g rn,

and

(4.40) [V(u—Tu)||pa@rrxny < V(@ = V)| a@rnxny + [[VII(@ = V)| La(q grxny-
By the triangle inequality,

(4.41) [u= v agrn =lu=w—(u=walaqrn < 2[u— Wl 10
Also,

(4.42) V(=) paqroxny = IV —=W)[[Laqrnxn)-

Since the range of Il is a finite dimensional space, where all norms are equivalent, there exists
a constant C” such that

(4.43) ITI(a = V)|l papny + VII( = V)| paqrnxny < C" [0 = V)11 gn)-
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Inequality (436 ensures that

(4.44) [M(u =)l qrn) < Cllu =V @rn = Clla—w — (u—w)al L1 qrn)
Now, by the triangle inequality,

(4.45) [u—w—(u—wallp1qrn) < 2/[u—wW/[L1qwn-

On the other hand, our assumptions on 2 ensure that a Poincaré type inequality holds in
WHL(Q,R"), and hence there exists a constant C' such that

(4.46) [u—w—(u—wallpqrn < CIV(a—=W)||L1qrxn-

Altogether, inequalities (£37]) and ([£38)) follow. O
Let A and B be Young functions. An open set Q in R™ n > 3, will be called admissible

with respect to the couple (A, B) if there exists a constant C' such that

(47) ok wl e + g V(- W) o < ClEPul 0 pmen
for every u € EP4(Q,R").

Lemma 4.7. Let A and B be Young functions, and let 1 and Qo be bounded connected open
sets with the cone property in R™, n > 3. Assume that each of them is admissible with respect
to (A, B), and Q1N # 0. Then the set Oy UQy is admissible with respect to (A, B) as well.

Proof. Let B C ;N3 be a ball. Fix w € C§°(B). Denote by Pa the space of polynomials of
degree not exceeding 2, and by IIsu € P5 the averaged Taylor polynomial of third-order with
respect to w of a function u € L'(Q Uy, R™) — see [I1]. The operator I3 : L' (Q2;UQy, R?) —
P5 is linear, and, by [11}, Corollary 4.1.5], there exists a constant C' such that

HH3uHL1(Q1UQQ,R") <C ||11HLl(BJR")

for every u € L1(£2; Uy, R™). Furthermore, on denoting by Iy, the L?-orthogonal projection
from P into X, one has that

HHEPHLI(QlUQQ,R”) S c HpHLl(QlLJQQJR")

for every p € Ps. Thus, the linear operator II = IIx, o IT3 maps L'(€2; UQy) into ¥, and there
exists a constant C' such that

(4.48) IMall 1 g, mey < Il L1, u0,rm) < Cllullpg) < Cllullpyg, pey J=1,2

for every u € L(2; U Q9,R™). Owing to inequality (48], Lemma ensures that there
exists a constant C' such that

(4.49) vlvféfz =Wl L4000, < lu =TIl ag,u0, kny < Z lu — Tl L4, gn
j—1.2
<C j212 vlvréfz o —wll 4, rm

for every u € LA(Q,R™). Similarly, by Lemma 6l applied with A replaced by B, there exists
a constant C' such that

(4.50)
ViIéfEHv(u_W)HLB(QlLJQQ,Ran) <1V (u = )| 2 0, u0, mnxmy < Y IV(a —TITu)|| L5 q, grxny
j=1.2
<C Z ViréfzHv(u_W)HLB(QjJR"X")‘

j=1,2
The conclusion follows from ([@49)-(E50), and (£47) applied with Q = Q;, for j =1,2. O
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Lemma 4.8. Let  be a connected, bounded open set with the cone property in R™, n > 3.
Let A and B be Young functions satisfying BIal) and B.ID). Then Q is admissible with
respect to (A, B). Moreover, if I : EP4(Q,R™) — X is a linear projection operator such that

(4.51) M1 (@ rn) < Cllul[L1orm)
for some constant C' and every u € EP4(Q,R"), then there exists a constant C' such that
(4.52) Ju - HuHLA(Q,]R") +[[V(u— Hu)HLB(Q,R"X") < C/HgDuHLA(Q,]R”X")

for every u € EPA(Q,R™). In particular, inequality @ESA) holds with TI = P, where P is
defined as in (L8])—-E9).

Proof. The statement holds if  is starshaped with respect to a ball, thanks Lemma 4.5 and
Lemma [£.6] applied with IT = P. On the other hand, any open set ) as in the statement is
the finite union of open sets ;, i = 1,..., k, starshaped with respect to a ball. Since 2 is
connected, after, possibly, relabeling, we may assume that, the sets Ui;ll }; and €; have a
non-empty intersection. The conclusion then follows from repeated use of Lemma [£.7] O

Proof of Theorem .1l Let B’ be an open ball such that Q C B’. Let 2B’ denote the ball
with same center as B’, and twice its radius. Since u € Eé) ’A(Q,R"), its extension by zero
to 2B, still denoted by u, belongs to Eé)’A(QB’, R™). Let B be a ball in 28"\ B’, and pick any
function w € C3°(B). Let II = Ily; o II3 be the projection operator defined as in the proof of
Lemma E7 In particular, IT : L'(2B8’,R") — ¥, and

Ml 1 op gy < Cllall 1 rny

for some constant C'. Hence, since u = 0 in B, we infer that IIu = 0. The conclusion is now

a consequence of Lemma O
Proof of Theorem The conclusion follows from Lemmas 4.8 and O

As a byproduct of our approach to Theorems Il and 4.2 one can derive the Poincaré type
inequalities in E(l]) ’A(Q,R") and EPA(Q,R™), of independent interest, which are stated in
the next theorem. Let us emphasize that they hold for any Young function A. The special
case when A(t) =t was considered in [30].

Theorem 4.9. Let Q) be a bounded open set in R™, n > 3, and let A be any Young function.
Then there exists a constant C such that

(4.53) lull a0 ny < ClEP ]l o pneny

for every u € Eé)’A(Q,R”).
Assume in addition that Q is connected and has the cone property. Then there exists a
constant C such that

(454) inf ||11 — WHLA(Q,R”) S CHEDUHLA(Q,Rnxn)
wed
for every u € EPA(Q,R™).

Proof, sketched. A proof of inequalities [@53]) and ([L54]) can be accomplished along the
same lines as the proof of inequalities (3:2) and (B4]). One has just to make use of the
inequalities in the statement of Lemmas[Z5HA8l and in the definition of admissible domains,
without gradient norms on their left-hand sides. Since inequality (£35]) does not require any
assumption on A, the relevant lemmas, and hence Theorem 9] hold for any Young function
A. The details are omitted for brevity. O
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5. NECESSARY CONDITIONS FOR KORN-TYPE AND RELATED INEQUALITIES

The key step in the proof of the necessity of assumptions ([B.Ia) and (3.1D]) in Theorems
B and B3], as well as in the other statements of Section Bl is the following results, dealing
with Korn-type inequalities for functions subject to vanishing boundary conditions.

Theorem 5.1. Let € be a bounded open set in R™, n > 2. Let A and B be Young functions
such that

(5.1) V|5 rnxmy < Cll€u|paqrnxn

for some constant C, and for every u € WOI’I(Q,R") N Eé’A(Q,R"). Then conditions (3.1al)

and BID) hold.

A proof of inequalities ([3.Jal) and ([B.IL) rests upon different choices of trial functions in
inequality (5.1). In particular, our derivation of ([BIal) is related to an argument from [16],
which makes use of the so called “laminates” to provide an alternative proof of the failure of
the Korn inequality (LIJ) for p = 1.

A first-order laminate is a probability measure v on R™*" of the form

v=MAa + (1—X\)dmB,

where A € (0,1), A,B € R"", and rank(A — B) = 1. Here 0x denotes the Dirac measure
on R™™ concentrated at the matrix X. The matrix AA + (1 — A\)B is called the average
of the laminate v. A second-order laminate is obtained on replacing Ja [resp. | with a
first-order laminate with average A [B]. Higher-order laminates are defined accordingly via
an iteration process. We refer to [37] and [45] for a detailed discussion on laminates. The
following approximation lemma from [I6] will be exploited in our proof of Theorem (11

Lemma 5.2. ([16, Equation (5)]) Let v be a laminate in R™*™ with average C, and let r > 0
Then there exists a sequence {u;} of uniformly Lipschitz continuous functions u; : (0,r)" —
R™, such that u;(x) = Cz for x € 9(0,r)", and

(5.2) lim B(|Vuy|) de = 7“"/ o(|X|) dv(X),

1—00 (0,r)" RnXn
for every continuous function .
Proof of Theorem 5.1l Part 1: Inequality (3.1D]) holds.
Assume, without loss of generality, that the unit ball B, centered at 0, is contained in €,

and denote by w, its Lebesgue measure. Let us preliminarily observe that inequality (5.1))
implies that

(5.3) A dominates B near infinity.

Indeed, given any nonnegative function h € LA(0,w,), consider the function v : B; — R™
given by

1
V(m):(/ h(wnrn)dr,O,...,0> for x € B;.
|

x|
Then v € LA(B;,R"), and
IEv(z)| < |Vv(z)| = h(wn|z|™) for x € By.
An application of (B.1]), with u replaced by v, thus tells us that

1A L5 0w = IVVILB @Ry < CIEV ARy < CIVV]La@rrxny = [AllL40w,)-
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Thus LA(0,w,) — L?(0,w,), and (5.3) follows.
Now, given h as above, define the function p : [0,1] — [0, 00| as

1 n
ot
p(r) = / % dt for r € [0,1],

and the function u : B; — R" as

u(z) = Qzp(|z]) for z € By,

where Q € R™™ is any skew-symmetric matrix such that |Q| = 1. One has that u is a
weakly differentiable function, and
Qm ®@Sym g,
Eu(z) = TP’(WDW’

r®x ,

V() = Qp(la]) + Q,Tgp (D]

for a.e. x € By. Here, @™ denotes the symmetric part of the tensor product of two vectors
in R™. Hence,

[Eu(@)| < o/ (|z])||z] = hlwnl2]),
p(lz)) < [Va(@)| + ¢ (Jz)]x] = [Va(z)] + h(ws|z])
for a.e. x € By. Thus, owing to (5.1 and (B.3)),

N T =

< IVl pe g, goxny + [h(wnl2*)l e 5,) < CllEulpags, grxny + [[hlwnl2]")lLas,)
< C'h(wnlz") s,y = C'lIR()] 40w
for suitable constants C' and C’. Thanks to the arbitrariness of h, inequality (5.4 implies,
via Lemma 4] that (B.ID) holds for some ¢ and t.

Part 2: Inequality (BIal) holds.

Let us preliminarily note that, if A(¢) = oo for large ¢, then ([BIal) holds trivially. We may
thus assume that A is finite-valued, and hence continuous. By (53], the function B is also
finite-valued and continuous.

For ease of notations, we hereafter focus on case when n = 2. An analogous argument carries
over to any dimension along the lines of [16, Lemma 3]. Given a,b € R, define the matrix

Ggp as
0 a
Ga,b - <b 0> 9

and set 0,5 = da, ,- Next, define the sequence {,u(m)} of laminates of order 2m by iteration
as:

(5.5) uo =
ptm = %5277%,72*% + %5—2177%,21*% + %M(mfl)

for m € N. We claim that (™ is a laminate with average Gy-my9-my for m € N. Indeed,
one has that

(56) M(m) — %6721_7”15,21_”% + %M(m_l)

Since rank(G_¢; — Gy¢¢) = 1, the right-hand side of (5.6]) is a laminate with average Gg-1,,
for m = 1. Hence, u(!) is a laminate with average Gy-149-1;. An induction argument then
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proves our claim. Now, note the representation formula

m
(5.7) plm =27+ (2P kg 52T g1k g1-ny)
k=1
for m € N. Observe that ¢;; is concentrated at a symmetric matrix, whereas the sum in (5.7))
is concentrated at skew-symmetric matrices. Define the functions @; : R2%2 — [0,00), for
7=12 as
@1 (X) == A(’XSym - G2_mt,2_mt‘)7
452(X) - B(C_1’X - G2—mt,2—mt’)7

for X € R?*2. Here, XV™ = %(X + X7, the symmetric part of X, and C' is the constant
appearing in (BI)). Fix m € N. Without loss of generality, we may assume that 0 € Q.
Choose r > 0 so small that (0,7)? C Q. Given any m € N, owing to Lemma [5.2] applied with

V= u(m), there exists a sequence {u;} of Lipschitz continuous functions u; : (0,7)% — R2,
such that u;(z) = Gg-m; 9-m;z on 9(0,7)?, and

1—00

(5.8) lim ®;(Vu;) dz = r? / @;(X)dp™(X)  for j=1,2.
(077,)2 R2x2

Define the sequence {v;} of functions v; : @ — R as v;(z) = w;(2) — Gg-my9-mx if € (0,7)?,
and v;(z) = 0 if Q\ (0,7)%. Then v; € WOI’OO(Q), and, by ([&.8),
(5.9) lim [ A(|Ev;|)dx = hm / A(|Ev;|) dz

0,7)2

11— 00

=2 [ AN = Gy A (X,
R2x2

(5.10) lim [ B(C7!Vvy|)dz = lim B(C7YVvy|) da

i—00 Jq 1—00 (0,r)2
=1 [, BOTX = Goonyyona) dp™ (X).

The following chain holds:

G [ AR Gy i (X)

1 sym m 1 m
<5 [ ACKIN G 5 [ ARG el ™ (X)
RQXZ ]R2><2

1 1
= 52 A(2\Gt7t\) + §A(2’G2*mt72*mt‘)

1 1
= 52 A(2|Gyy]) + §A(22 |Gel)

<2TMA2|Gryl),

where the first inequality holds since A is convex, the first equality holds owing to (5.7]) and
to the fact that x(™ is a probability measure, and the last inequality follows from 4.

Coupling (£.9) with (5.I1)) yields

(5.12) lim [ A(Evi])dz < 22 ™ A(2]Gyy)).

1—>00 9]

Since A is a continuous function, there exists t,, € (0, 00) such that

)
(5.13) r’27 " A(2|Gy, ) = 3
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Thanks (24]), there exists g > 0, independent of m, such that
(5.14) tm < to2™.

Therefore, by neglecting, if necessary, a finite number of terms of the sequence {v;}, we can
assume that

| Alevihas <1
for i € N. Hence, ||Ev;|| 4 <1 for i € N, and, by (@1l), ||Vvs||z < C for i € N. Thus,
/QB(CI\VVi\)dx <1
for i € N. Combining the latter inequality with equation (L.I0) tells us that
(5.15) 2 [ BOTYX = Gy g, ) dp™ (X) < 1.

R2Xx2

Next, one can make use of (5.7)) and derive the following chain:

16) 1z [ BETX - Garngyzom, )i (X)

> 27" B(CT (1= 27)|Goy ) + D 52 B(CTH 2T = 27| G )
k=1

%2k—mB (0—1(21—k o 2—m) ’Gthm ’)

+
L

m—1
> 52" B(CTH27F =27 |Gy, 1)
k=1
m—1
k— —1o—k—
>y k(2R Gy,, 0 )
k=1
m—1 1 o—k
- lig—mth( 27 5t,)
T =27k,
From (5.13)), (IBE) and (5.I6]) one infers that
m—1 1 o—k
- m, B2 "tm)
227" ARGy, 40 ]) > Y 2552 "t iQ_kt
k=1 2C¢ m
Hence, by (6.14)),
m— — im tm
ic B ic B
(5.17)  A("t) > ctm Z 12 tm) > tm/ @ ds > ¢ tm/ (28) ds.
1 —mtm 8 to S
i1 302 tm 273G 20
for suitable positive constants ¢, ¢, ¢’. Since lim,, o0 t,, = 00, one can find t > 0 such

2C
that, if t > ¢, then there exists m € N such that t¢,, <t < t,,41. Moreover, t can be chosen

so large that A is invertible on [t, c0) and
== ClA_l(CQQm)

for some positive constants ¢, co. By (23)), the latter equation ensures that t,,11 < 2t,, for
m € N. Thus, owing to inequality (.17,

t
AR > AR ) > A1) > ¢ tma / ds >t / 2Lds fort>1.
to S to S

2C 2C
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Hence, inequality (B.1al) follows for suitable constants ¢ and ty. O

The next statement is a corollary of Theorem b1

Corollary 5.3. Let A and B be Young functions. Assume that any of the following properties
holds:
(i) There ezists a constant C' such that

(518) ‘}Iél% HVu — VVHLB(Q,R"X") S CHEUHLA(Q,R"X")

for some bounded connected open set Q inR™, n > 2, and everyu € WH1(Q,R*)NEA(Q,R™).
(ii) There ezists a constant C' such that

(519) ||VuHLB(Q,R”X”) S CHgDu||LA(Q7R7L><n)

for some bounded open set Q0 in R™, n >3, and every u € Wol’l(Q,R") N EOD’A(Q,R”).
(iii) There exists a constant C such that

(520) ‘:’Iég HVu — VWHLB(Q’Ran) S CHSDuHLA(QRan)

for some connected open set Q in R™, n >3, and every u € WH1(Q,R?) N EPA(Q,R").
Then conditions [31a) and [B.ID) hold.

Proof. Assume that (ii) holds. Then the claim follows by Theorem 511 since |EPu| < 2|&u].
Next, suppose that (iii) holds. Let B’ be a ball such that B CC Q. Pick a ball B contained
in Q\ B, fix any function w € C§°(B’). Given any function u € WOI’I(B, R")ﬂEé)’A(B, R™), its
continuation by zero outside B3, still denoted by u, belongs to Wol’l(Q, ]R")ﬂEé)’A(Q, R™). Now
let II = IIy, o II3 be the projection operator associated with w as in the proof of Lemma [£.7]
In particular, IT maps L'(B’) into ¥, and there exists a constant C such that

Ml 1o rry < C llull L1 gny-

Since u = 0 in B, one has that ITu = 0. Thus, by Lemma G property (ii) holds with
replaced by B. Hence, the conclusion follows.

Finally, assume that (i) is in force. Given any function u € E§'(Q, R"), one has that (Vu)g =
0. Consequently,

HquLB(Q,R"X") = ||V11 — (VU)QHLB(Q’Rnxn) S Cseiﬂlgfxn ||V11 — SHLB(Q,]R"X")

< C\}I€17f2 HVu — VVHLB(Q,R"X") < CluguHLA(Q,R"X") s

for some constants C' and C’. Thus inequality (5.1 holds, and the conclusion follows via
Theorem (.11 O

6. PROOFS OF THE MAIN RESULTS

With the results of Sections Ml and Bl at our disposal, the proofs of Theorems B.1] and 3.3
can be promptly accomplished. The necessity of condition ([BIa) and (B.1D) in Theorems

B.12 and B.14] also easily follows.

Proof of Theorem [B.1] Condition (i) implies (ii) by Theorem [£.Jl The reverse implication
holds owing to Corollary (5.3 condition (ii).

In order to verify that property (iii) implies (ii), observe that, if u is any function such that
||(€Du||LA(Q,Rn><n) <1, then [, A(|€Pul)dz < 1. Hence, by inequality (B3,

/ B(IVul/C)dx < Oy +1.
Q

By property ([2.4)) of Young functions, this inequality implies that [|Vu|| ;5 g gnxn) < C(C1 +
1). Hence, inequality ([B.2)) follows.
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Finally, assume that (i) is in force. Suppose first that ¢y = 0 in (BIal) and (B.1L). We already
know that inequality (2] holds. An inspection of the proof of Theorem (1] and of the
statement of Lemma [4.4] tells us that the constant C' in ([3.2]) depends only on © and on the
constant ¢ appearing in conditions (B.1al) and (3.1bl). These conditions continue to hold if the
functions A and B are replaced with the functions Ay and By given by Ap(t) = A(t)/M
and By(t) = B(t)/M for some positive constant M. Given a function u € E§(Q,R"), set

M:/A(cysDu\)dx.
Q

If M = oo, then inequality ([B3)) holds trivially. We may thus assume that
D
1€ u||LAM(Q,Ran) <1

whence, by inequality ([3.2)) applied with A and B replaced by Ap; and By, we deduce that

(6.1) /QB(\Vu])dx g/ﬂA(cygDuy)dx,

namely (33, with C1 = 0.

Assume next that [B.Ja) and (3IL) just hold for some tg > 0. The functions A and B can be
replaced with new Young functions A and B, equivalent to A and B near infinity, and such
that (3Ia) and (B.1DL) hold for the new functions with ¢y = 0. The same argument as above
yields (G.I) with A and B replaced with A and B, namely

(6.2) /QE(WuDdx < /QZ(C|5Du|)dx

for some constant C. Since A and B are equivalent to A and B near infinity, there exist
constants tg > 0 and ¢ > 0 such that

(6.3) A(t) < A(et) ift >to, B(t) < B(ct) ift>to.
From (6.2]) and (6.3]) one infers that

(6.4) /B(|Vu|)dx:/ B(|Vu|)daz+/ B(|Vul) dz
Q {IVul<to} {IVul>to}

gB(t0)|Q|+/Q§(c|Vu|)dx gB(t0)|Q|+/QZ(Cc|EDu|)dx

< B(to) || + / A(Cc|&Pu)) dz
{CclEPu|<to}

+ / A(Cc|&Pu|) dx
{CelePul>to}

< (B(to) + A(cto))|Q| + /QA(CC2|5DU|) dz,

namely (3.3) O

Proof of Theorem The proof of the equivalence of (i) and (ii) is completely analogous
to that of the corresponding equivalence in Theorem [BI] save that Theorem K] has to
be replaced with Theorem [£.2, and condition (ii) in Corollary has to be replaced with
condition (iii). The fact that (iii) implies (ii), and the fact that (i) implies (iii) can be
established along the same lines as in the corresponding implications in Theorem B.Il The
details are omitted for brevity. O

Proof of Theorem The derivation of inequalities ([B.14) and (B.I5) from conditions
BIa) and (B.IL) is the object of [I5, Theorem 3.1] and [I5, Theorem 3.3], respectively.
Conversely, Theorem [5.] tells us that inequality ([B.I4) implies (31al) and (3.1D]). Moreover,
inequality (3.I5) implies inequalities (B.1al) and (8.1D) by Corollary B3] Part (i). O
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Proof of Theorem The validity of inequality ([B.I8]) under assumptions (B.1a]) and
(B.1D)) is established in [7, Theorem 3.1]. We have thus only to show that (BI8]) implies (3.1al)
and ([B.ID). To this purpose, let us introduce negative norms for single partial derivatives as
follows. Given u € L'(2), we set

O
Jou gt dx

ou
U = sup ——F— fork=1,...,n
‘ O w-LA(Q) weCT(Q) HVSDHLK(Q,Rn)
Obviously,
0 _
(6.5) ( Bl rney < IVellw-raomny fork=1,..n
On the other hand,
udivp dz i fQu—‘de
(6.6) [[Vully-1a@rny = sup Jo = sup
eCT (2,R) HVLPHLA(Q RnXn) peCH(QR™) .7 HVLP”LA Q,R7xn)
QU 92k o n Jou E;% dz

_JQ T Oy,
< sup < sup
wECDO(QR Z HVQPKHLA(Q Rn) kzzlcpec(?o(ﬂ) HV(PHLA(Q’RW,)

w-1A(Q)’

where @y, denotes the k-th component of . Next, notice the identity
(922}2‘ _ 8(5V)U + 8(5V)2k _ 8(5V)Jk
01,0 oxy, 0z ox;

for every weakly differentiable function v : Q — R™.
Thus, the following chain holds for every u € Wh1(Q, R®) N E4(Q, R™):

(6.7)

Qu; _ (2u
68 Vo (Volusazen < € 8 - (2] o
i,j=1
8u1 82ui
<C Z “VaJ;J W-LAQR") — Z ‘ Oz 0z; || r—1,4(q)
1,7=1 1,5,k
9(Eu)ij A(Eu)k O(En) 9(Eu)
= Z <H Ozk  |lw-1.4(0 H 05 lw-1.4() H Oz WLA(Q))

7]7

< 0 Y I9(E I < C Z [(Ew)i; — (Ewijallae
7] 1 ,] 1

< Clln — (Ewall g mm
where the constant C' may be different at each occurrence. Note that the second inequality
holds by (BI8]), the third by (G.6]), the fourth by (6.7), the fifth by (€X), and the sixth by
BI7). If, in particular, u € Wol’l(Q,R"), then (Vu)q = (fu)q = 0, and inequality (G.8])
implies that
(69) V4] @gnen) < Cll€ulagzmn

for some constant C'. The conclusion follows via Theorem Bl owing to the arbitrariness of
u. O

Proof of Theorem [B.14l The fact that conditions ([BJa) and (B.ID) imply inequality
(B20) is proved in [7, Theorem 3.6]. As far as the converse implication is concerned, a close
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inspection of [7, Inequality (3.88)] reveals that inequality (B:20) implies inequality BIS]).
The conclusion thus follows from Theorem [3.13] O
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