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ABsTrRACT. We consider possibly degenerate and singular elliptic equations in a possibly
anisotropic medium.

We obtain monotonicity results for the energy density, rigidity results for the solutions
and classification results for the singularity/degeneracy/anisotropy allowed.

As far as we know, these results are new even in the case of non-singular and non-
degenerate anisotropic equations.

1. INTRODUCTION AND MAIN RESULTS

1.1. Description of the model and mathematical setting. The goal of this paper is
to consider partial differential equations in a possibly anisotropic medium.

The interest in the study of anisotropic media is twofold. First, at a purely mathematical
level, the lack of isotropy reflects into a rich geometric structure in which the basic objects
of investigation do not possess the usual Euclidean properties. Then, from the point of
view of concrete applications, anisotropic media naturally arise in the study of crystals, see
e.g. [C84] and the references therein. The interplay between the concrete physical problems
and the geometric structures is clearly discussed, for instance, in [T78, TCH92]. We also
refer to Appendix C in [CFV14] for a simple physical application.

The equations that we consider in the present paper have a variational structure and they
are of elliptic type, though the ellipticity is allowed to be possibly singular or degenerate.

The forcing term only depends on the values of the solution, i.e., in jargon, the equation
is quasilinear, and the elliptic operator is constant along the level sets of the solution. This
feature imposes strong geometric restrictions on the solution, and the purpose of this paper
is to better understand some of these properties.

In this setting we present a variety of results from different perspectives, such as:

e a monotonicity formula for the energy functional (i.e., the energy of an anisotropic
ball, suitably rescaled, will be shown to be non-decreasing with respect to the size
of such ball);

e a rigidity result of Liouville type (namely, if the potential is integrable, then the
solution needs to be constant);

e a precise classification of some of the assumptions given in the literature, with con-
crete examples and some simplifications.

The formal mathematical notation introduces the solution u of an anisotropic equation
driven by a possibly nonlinear operator. The anisotropic term is encoded into a homogeneous
function H. that will be often referred to as “the anisotropy”. The nonlinearity feature of
the operator is given by a function B (e.g., the function B can be a power and produce an
equation of p-Laplace type). Also, the nonlinear source term arises from a potential F'.

More precisely, given measurable set 0 C R"™, with n > 2, we consider the Wulff type
energy functional

Wo(u) = /Q B(H(Vu(z))) — F(u(x)) dz, (1.1)
and the associated Euler-Lagrange equation
81 (B'(H(Vu)) H(Vw)) + F/(u) = 0. (1.2)
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Here, the function B belongs to Cf’gf((o, +00))NC([0, +00)), with 3 € (0, 1), and is such
that B(0) = B’(0) = 0 and

B(t), B'(t), B"(t) > 0 for any t > 0. (1.3)

Moreover, H is a positive homogeneous function of degree 1, of class C’f;? (R™\ {0}) and for
which

H(&) > 0 for any £ € R\ {0}. (1.4)

Using its homogeneity properties, we infer that H can be naturally extended to a continuous
function on the whole of R™ by setting H(0) = 0. Moreover, the forcing term F' is required

to be Cz’ﬁ(]R).

loc
In addition to these hypotheses we also assume one of the following conditions to hold:

(A) There exist p > 1, k € [0,1) and positive v, T such that, for any £ € R™\ {0}, ¢ € R™,
[Hess (B o H)(€)];; Gi¢j = (k + €N *I¢I7,

and
> [imHess (B o H)(©)],;] < T(s + ¢l
ij=1
(B) The composition B o H is of class Cﬁ)? (R™) and for any K > 0 there exist a positive
constant «y such that, for any £, ( € R", with || < K, we have
[Hess (B o H)(€)];; Gi¢; > vI¢I*
In [CFV14, Appendix A| we showed that hypothesis (A) is fulfilled for instance by tak-
ing B(t) = tP/p together with an H whose anisotropic unit ball
Bl = {¢ eR": H() < 1}, (1.5)

is uniformly convex, i.e. such that the principal curvatures of its boundary are bounded away
from zero. Every anisotropy H having uniformly convex unit ball will be called uniformly
elliptic. We remark that, since the second fundamental form of OB at a point & € 9B is
given by

H&(Ca ’U) _ Hz] (g)CZ’Uj

IVH(S)]

as can bee seen for instance in [CFV14, Appendix A], and being B{ compact, the uniform
ellipticity of H is equivalent to ask

H;j(€)¢i¢ = N[¢|? for any € € 9B, ¢ € VH(&)*, (1.6)

for some A > 0. Any positive A for which (1.6) is satisfied will be said to be an ellipticity
constant for H. Notice that, by homogeneity, (1.6) actually extends to

Hij(€)G¢ = MEITHC|? for any € € R™\ {0}, ¢ € VH(E)™. (1.7)

We associate to our solution w € L*(R™) the finite quantities

for any ¢,v € VH(€)*,

u" :=supu and uy :=infu,

R™ R™
and the gauge
cy :=sup{F(t) : t € [us,u]}. (1.8)
Finally, for t € R we set
G(t) :=cy — F(t). (1.9)

Notice that such G is a non-negative function on the range of u and that putting it in place
of —F in (1.1) does not change at all the setting, once u is fixed.

In the forthcoming Subsections 1.2-1.5, we give precise statements of our main results.
We point out that, to the best of our knowledge, these results are new even in the case in



3

which B(t) = t2/2 (i.e. even in the case in which the elliptic operator is non-singular and
non-degenerate).

1.2. A monotonicity formula. Monotonicity formulae are a classical topic in geometric
variational analysis. Roughly speaking, the idea of monotonicity formulae is that a suitably
rescaled energy functional in a ball possesses some monotonicity properties with respect to
the radius of the ball (in our case, the situation is geometrically more complicated, since the
ball is non-Euclidean).

Of course, monotonicity formulae are important, since they provide a quantitative infor-
mation on the energy of the problem; moreover, they often provide additional information on
the asymptotic behaviour of the solutions, also in connection with blow-up and blow-down
limits, and they play a special role in rigidity and classification results.

One of the main results of the present paper consists in a monotonicity formula for a
suitable rescaled version of the functional (1.1), over the family of sets indexed by R > 0,

WH =Wpg:={zcR": H*(z) < R}, (1.10)
where, for z € R”,
H*(x):= sup <:c,§>7 (1.11)
gesn—t (€)

is the dual function of H. Notice that H* is a positive homogeneous function of degree 1
and that it is at least of class C2(R™ \ {0}), as showed in Lemma 2.3 below. The set W is
the so-called Wulff shape of radius R associated to H. We refer to [CS09, WX11] for some
basic properties of this set and to [T78| for a nice geometrical construction. The precise
statement is given by

Theorem 1.1. Assume that one of the following conditions to be valid:

(i) Assumption (A) holds and u € L*(R™) N T/Vl})f(]R”) is a weak solution of (1.2) in R™;
(ii) Assumption (B) holds and u € W1°(R") weakly solves (1.2) in R™.

If (i) is in force, assume in addition that H satisfies, for any £, x € R™,
sgu(H(§)VH(E), H* (x)VH"(x)) = sgn(§, z). (1.12)
Then, the rescaled energy defined by

£(u; R) = E(R) = Rj_l /W B(H(Vu(x))) + G(u(x)) dz, (1.13)

for any R > 0, is monotone non-decreasing.

Observe that when B(t) = t?/2 and H(z) = |z| (i.e. when the operator is simply the
Laplacian and the equation is isotropic), then the result of Theorem 1.1 reduces to the
classical monotonicity formula proved in [M89|. Then, if H(z) = |z|, the results of [M&9]
were extended to the non-linear case in [CGS94|. Differently from the existing literature,
here we introduce the presence of a general non-Euclidean anisotropy H (also, we remove
an unnecessary assumption on the sign of F).

We remark that the anisotropic term in the monotonicity formula provides a number of
geometric complications. Indeed, in our case, the unit ball B{I is not Euclidean and it does
not coincide with its dual ball WlH , and a point on the unit sphere does not coincide in
general with the normal to the sphere.

Also, we mention that Theorem 1.1 relies on the pointwise gradient estimate proved
in [CFV14, Theorem 1.1].
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1.3. Geometric conditions on the anisotropy and classification results. In the state-
ment of the monotonicity formula the new condition (1.12) is assumed on H. Here, we plan
to shed some light on its origin and to better understand its implications.

First, we point out that this assumption comes as a weaker form of the more restrictive

(H(E)VH(E), H (z) VH (2)) = (&, x), (1.14)

for any &,z € R™. To the authors’ knowledge, this latter condition has been first introduced
in [FK09] to recover the validity of the mean value property for @-harmonic functions, that
are the solutions of the equation

Qu = ai (H(Vu)H,(Tu)) = 0. (1.15)
7
Notice that such solutions are the counterparts of harmonic functions in the anisotropic
framework and that equation (1.15) is a particular case of our setting by taking B(t) = t2/2
and ' = 0.

Examples of homogeneous functions H for which (1.14) is valid are the norms displayed
in (1.16), as showed by Lemma 6.2. Note that we do not assume (1.12) in case (ii) of
Theorem 1.1. Indeed, hypothesis (B) forces H to be of the form (1.16), as shown in [CFV14,
Appendix B] (this can also be deduced from the forthcoming Theorem 1.5). In the next
result we emphasize that anisotropies as the one in (1.16) are actually the only ones which
satisfy (1.14).

Theorem 1.2. Let H € C*(R™\ {0}) be a positive homogeneous function of degree 1 sat-
isfying (1.4). Assume that its unit ball BY, as defined by (1.5), is strictly conver. Then,
condition (1.14) is equivalent to asking H to be of the form

Hu(§) = (M, §), (1.16)

for some symmetric and positive definite matrix M € Mat, (R).

From Theorem 1.2, it follows that assumption (1.14) imposes some severe restrictions on
the geometric structure of its unit ball, which is always an Euclidean ellipsoid. A natural
question is therefore to understand in which sense our condition (1.12) is more general.
For this scope, we will discuss condition (1.12) in detail, by making concrete examples
and obtaining a complete characterization in the plane. Roughly speaking, the unit ball
in the plane under condition (1.12) can be constructed by considering a curve in the first
quadrant that satisfies a suitable, explicit differential inequality, and then reflecting this
curve in the other quadrants (of course, if higher regularity on the ball is required, this gives
further conditions on the derivatives of the curve at the reflection points). The detailed
characterization of condition (1.12) in the plane is given by the following technical but
operational result.

Proposition 1.3. Let r: [0,7/2] — (0,+00) be a given C? function satisfying

r(0)r" () < 207 (0)? +7(0)? for a.a. 6 € [O, g} , (1.17)
and
r(0) =1, r(m/2) =r", r(0) =7'(7/2) = 0, (1.18)
for some r* = 1. Consider the m-periodic function 7 : R — (0,400) defined on [0, 7] by
r(0) FO<O< T,
r(0) == (02 & +/(7-1(0))2
VG ) Gl ) A S
)2 2
where T : [0, 7/2] — [7/2, 7] is the bijective map given by

_r — arctan ')
7'(7])—2—1-?7 t )



Then, 7 is of class C1(R), the set

{(pcosb, psinb) : p € [0,7(0)), § € [0,27]}, (1.19)
1s strictly convexr and its supporting function
ﬁ(pcos&,psin@) = ?pe),,

defined for p > 0 and 0 € (0,27, satisfies (1.12).

Furthermore, up to a rotation and a homothety of the plane R?, any even positive 1-
homogeneous function H € C%(R%\{0}) satisfying (1.4), having strictly conver unit ball Bff
and for which condition (1.12) holds true is such that B! is of the form (1.19), for some
positive r € C?([0,7/2]) satisfying (1.17) and (1.18).

In addition, if H € f;?(R2 \ {0}), for some a € (0,1], we have that H is uniformly
elliptic and satisfies condition (1.12) if and only if r € C3([0,7/2]), inequality (1.17) is
satisfied at any 6 € [0,7/2] and

m(T™\ _ rer” 0) m (TN _ r*r’(0)
" (2)_ 1oy (2)_ (1 —(0))3’
hold along with (1.18).

With this characterization, it is easy to construct examples satisfying condition (1.12)
whose corresponding ball is not an Euclidean ellipsoid, see Remark 7.5.

1.4. A rigidity result. As an application of Theorem 1.1 we have the following Liouville-
type result.

Theorem 1.4. Let H and u be as in Theorem 1.1. If

G(u(z))dr = o(R"™) as R — +oo, (1.20)
Wr
then u is constant.
In particular, if G(u) € LY(R™), then u is constant.

We remark that Theorem 1.4 is a sort of rigidity result. The condition that G(u) has
finite mass - or, more generally, that the mass has controlled growth - may be seen as a
prescription of the values of the solution at infinity (at least, in a suitably averaged sense):
the result of Theorem 1.4 gives that the only solution that can satisfy such prescription is
the trivial one. In this spirit, Theorem 1.4 may be seen as a variant of the classical Liouville
Theorem for harmonic functions (set here in a nonlinear, anisotropic, singular or degenerate
framework).

1.5. Equivalent conditions. We remark that the assumptions in (A) and (B) that we made
on the anisotropic and nonlinear part of the operator are somehow classical in the literature,
see e.g. [CGS94, CFV 14| and the references therein (roughly speaking, these conditions are
the necessary ones to obtain some regularity of the solutions using, or adapting, the elliptic
regularity theory).

In spite of their classical flavour, we think that in some cases these conditions can be
made more explicit or more concrete. For this, in this paper we provide some equivalent
characterizations. In particular, we will observe that condition (B) puts some important
restrictions on the structure of the ambient medium, due to the regularity requirement on
the composition B o H. More precisely, the following result holds true:

Theorem 1.5. Assumption (A) is equivalent to
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(A) There exist p > 1, & € [0,1) and positive 5, T, \ such that
H is uniformly elliptic with constant A,

and

for any t > 0.

Assumption (B) is equivalent to
(B) The function B is of class Cf’gf([o, +00)), with B"(0) =0,
B"(0) > 0, (1.21)
and H is of the type (1.16), for some M € Mat,(R) symmetric and positive definite.

1.6. Organization of the paper. The rest of the paper is organized as follows.

In Section 2 we gather several auxiliary lemmata, most of which are related to basic
properties of the anisotropy H. At the end of the section we also briefly comment on the
regularity of the solutions of (1.2).

In Section 3 we establish the equivalence of the two sets of conditions (A)-(B) and (A)’-
(B)’, thus proving Theorem 1.5.

The proof of the main result of the paper, Theorem 1.1, is the content of Section 4. In
the subsequent Section 5 we then deduce Theorem 1.4 as a corollary of the monotonicity
formula.

The last two sections deal with the characterizations of conditions (1.14) and (1.12). In
Section 6 we address Theorem 1.2, while the following Section 7 is devoted to the proof of
Proposition 1.3.

2. SOME AUXILIARY RESULTS

We collect here some preliminary results which will be abundantly used in the forthcoming
sections. Most of them are very well known results, so that we will not comment much on
their proofs. Nevertheless, precise references will be given.

Every result in this section is clearly meant to be applied to the functions H and B above
introduced. However, when possible we state them under slightly lighter hypotheses.

The first lemma provides three useful identities for the derivatives of positive homogeneous
functions. We recall that, given d € R, a function H : R" \ {0} — R is said to be positive
homogeneous of degree d if

H(te) = [t|H(€) for any t > 0, £ € R™\ {0}.
Lemma 2.1. If H € C3(R™\ {0}) is positive homogeneous of degree 1, we have that

H;(&)& = H(E), (2.1)
H;j(€)& =0, (2.2)
Hij(§)& = —Hji(€). (2.3)

We refer to the Appendix of [FV14] for a proof. The second result of this section deals
with the regularity up to the origin of both the anisotropy H and the composition B o H.

Lemma 2.2. Let H € C1(R"\{0}) be a positive homogeneous function of degree d admitting
non-negative values and B € C*([0, +00)), with B(0) = 0. Assume that eitherd > 1 ord =1
and B'(0) = 0. Then H can be extended by setting H(0) := 0 to a continuous function, such
that Bo H € C1(R™) and

0;(Bo H)(0) =0 = lim B'(H(z))H;(x).

z—0



7

A proof of Lemma 2.2 can be found in [CFV14, Section 2|. Next is a lemma which gathers
some results on H and its dual H*.

Lemma 2.3. Let B € C%((0,+00)) and H € C*(R™\ {0}). Assume B to satisfy (1.3), the
function H to be positive homogeneous of degree 1 satisfying (1.4) and Hess(B o H) to be
positive definite in R™\ {0}. Then, the ball BH defined by (1.5) is strictly convex.

Furthermore, the dual function H* defined by (1.11) is of class C*(R™\ {0}), the formulae

HY(VH(E)) = H(VH(§)) = 1, (2.4)
hold true for any & € R™\ {0} and the map Vi : R™ — R", defined by setting
Vg (§) == H(VH(S),

for any € € R™, is a global homeomorphism of R™, with inverse W pr».

Proof. Notice that B o H € C?(R™\ {0}) N C°(R") and its Hessian is positive definite
in R™\ {0}. Hence Bo H is strictly convex in the whole of R™. Moreover, being B’ positive
by (1.3), the ball Bf is also a sublevel set of B o H and thus strictly convex.

The other claims are valid by virtue of |[CS09, Lemma 3.1|. Note that H is assumed to
be even in [CS09], but this assumption is not used in the proof of Lemma 3.1 there. Hence
this result is valid also in our setting.

Moreover, H* is of class C? outside of the origin, since so is the diffeomorphism ¥z. O

Next we see that if B is of the type of the regularized p-Laplacian, i.e. when (A)" holds
with £ > 0, then it is close to being quadratic. In particular, we show that B can modified
far from the origin to make it satisfy (A)" with p = 2. We will need such a trick in Section 4
in order to overcome a technical difficulty along the proof of Proposition 4.3.

Lemma 2.4. Let B € C?((0,+00)) N C([0,4+00)) be a function satisfying both (1.3)
and B(0) = B'(0) = 0. Assume in addition that B satisfies the inequalities displayed in (A)
for somep>1 and K > 0. Let M > 0 be fixed and define

s ) B(1), if t €10, M),
B():= {a(t—M)2+b(t—M)+c, ift > M, (2:5)

where a = B"(M)/2, b= B'(M) and ¢ = B(M). Then, B € C%((0,+c0)) N C1(]0, +0))
and it satisfies the inequalities in (A) with p = 2.

Proof. The function B is of class C2((0, +00))NC ([0, +00)) by construction. Moreover, the
estimates concerning B’ in (A)’ result from the analogous for B” by integration, since B’'(0) =
0. Thus, we only need to check that there exist I' > 4 > 0 for which

4 < B"(t) <T for any t > 0.

Notice that when ¢ > M this fact is obviously true. On the other hand, if ¢t € (0, M) we
compute
B"(t) = B"(t) = (R + t)P~2 > Ymin {FF2, (7 + M)P72} =: 4,
and
B"(t)=B"(t) <T(&+t)P? < Tmax {#P 72, (& + M)P~2} = T.
This finishes the proof. O

To conclude the section, we comment on the regularity of bounded weak solutions to (1.2).
The result is an application of the standard interior degenerate (or non-degenerate) elliptic
regularity theory of [LU68|, [DiB83] and [T84|. See [CFV14, Section 3| for more details.

Proposition 2.5. Let u be as in Theorem 1.1. Then, u € Cllo’g(R”) N C3 ({Vu # 0}), for
some o € (0,1), and Vu € L>®(R").
Moreover, if (ii) of Theorem 1.1 is in force, then w is of class CS)’?(R”)



3. ON THE EQUIVALENCE BETWEEN ASSUMPTIONS (A)-(B) axD (A)’-(B)’

In this second preliminary section we prove the equivalence of the two couples of structural
conditions stated in the introduction. We show that both (A) and (B) respectively boil down
to the simpler and more operational (A)" and (B)’. First, we have

Proposition 3.1. Let B € C?((0,+0c0)) be a function satisfying (1.3) and H € C%*(R™\{0})
be positive homogeneous of degree 1, such that (1.4) is true. Then, assumptions (A) and (A)
are equivalent. Moreover, we may take

k=K, (3.1)
and the constants ¥,T, X and v,T to be independent of k.
Proof. First of all, denote with C' > 1 a constant for which
CHEl < H() < Clel, [VH(€)| < C and [Hess(H)| < Cl¢| ™,

hold for any £ € R™\ {0}. Then, observe that the ellipticity and growth conditions displayed
in (A) are respectively equivalent to

[B"(H (&) Hi(§)H;(€) + B'(H(€))Hi; (€)] Gi¢; = v (k + [€)P 2 (¢, (3.2)
> B (H(€)Hi(€)Hj (&) + B'(H(&)Hyy (§)] < T (s + &))" 2, (3.3)
ij=1

for any £ € R™\ {0} and ¢ € R™.
We start by showing that (A)" implies (A), in its above mentioned equivalent form. First,
we check that (3.3) is true. We have

> [B"(H(€)Hi(€) H;(€) + B'(H(€))Hyj(€)| < T(&+ H(E)P 2 [C* + CH(€)|E| ]

ij=1
< 20C2 (R + c.fg]) 2
=20 C? (e 'R+ J€)P 2,
with
C if p > 2,
L= op (3.4)
1/C iftl<p<2.
The proof of (3.2) is a bit more involved. We write
¢=al+mn, (3.5)

for some o € R and n € VH(£). We stress that & and VH(€)* span the whole R" in
view of (2.1). Thus, decomposition (3.5) is admissible. We distinguish between the two
cases: 2|af| < |¢| and 2|ag| > [¢|. In the first situation, we have

2
7 = IC — a€f? = [CI? — 20(C.€) + a2l > (C] - |ag])? >

Therefore, by applying (2.1), (2.2) and (1.7), we get
[B"(H(&))Hi(€)H,;(€) + B'(H(€))Hi;(€)] Gi¢;
= B"(H(&))(Hi(€)G:)? + B'(H(&)) Hij(€)nim; = 0+ 7(R + H ()P 2HENE nl®
> 47IACTH (R 4 EDPTIC = ATIAACT P (e + €GP
> 47N T (e TR A+ EDPHCP,
where in last line we recognized that, for every p > 1,

(cafi 4+ 8)P72 > (c; 'R + s)P~2 for any s > 0, (3.6)
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being C' > 1. On the other hand, if the opposite inequality occurs we deduce that, by (2.1),

lallel kI

(VH©), 0l = (TH(©), a8 +m)| = alH(€) > 5 > 2,

so that, we compute
[B"(H(&))Hi(§) H; (&) + B'(H(&)) Hij (€)] Gi¢;
= B"(H(€))(Hi(€)G:)? + B'(H (&) Hij()nimy > (R + H(€)P~*(2C)*|¢]* + 0
> 4750 (R + e eI = 470 P (e + €] RICH
> 4715072 (e R+ EDPEICP,
and thus the proof of (3.2) is complete.

Now, we focus on the opposite implication, i.e. that (A) implies (A)’. Let ¢ > 0 and
take £ € R™\ {0} such that ¢t = H({). Plugging ¢ = ¢ in (3.2), by (2.1) and (2.2) we obtain
v (k4 EDP2 1617 < [B" () Hi(§)Hy () + B (1) Hij (€)] &&5 = B" () H(€),
and hence that
B"(t) = yC7%(k + ¢ 't)P72 = yC 22 P (cur + t)P2

On the other hand, the choice ¢ € VH(£)* in (3.2) leads to

VUG < [ OO O + PO 66 = FOB©6G
< CB'()e]M¢)? < C*B ()t ¢ '

As before we deduce

B'(t) = vO 22 P(cok + t)P 21,
The remaining inequalities involving B’ and B” in (A)’ can be similarly deduced from (3.3).
Indeed, notice that (2.1) and (2.2) respectively yield

Hi(e1) = (VH(e1),e1) = H(er),
Hii(e1) = (V?H(er)er, e1) = 0.
Hence, if we take p > 0 such that ¢ = H(uey), setting & = pey in (3.3) we get

n

D (s+[E)P2 = > |B"(t) Hi(per) Hj(ner) + B'(t)Hij(per) |
ij=1

> B"(t)Hy(e1)Hi(e1) + B' ()  Hyi(er)
= B"(t)H?(ey).
Consequently, recalling (3.6) we obtain
B"(t) KTC*(k + c,t)P2 = TC? P2 (e k + t)P72 <K TC2P % (e + )P 2
As a byproduct, the previous inequality implies in particular that

1 2 p—2
B'(1) :/ B"(t)dt < %
0 p—1

Hence, by taking t = 1 in the first line of (3.7) we see that H is uniformly elliptic, with
constant

(cor +1)P7L.

V=D (38)

2C2%(c, +1)I ‘
Note that we took advantage of the fact that x < 1, along with definition (3.4), to deduce
this bound. Finally, the growth condition on B’ can be obtained as follows. Select & €

R™\ {0} in a way that e; € VH(&)* and H(€) = t. This can be easily done for instance
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by taking £ = tVH*(eq). Indeed, by Lemma 2.3, together with the homogeneity properties
of H and VH, we have

0= <€2, €1> = H(H*(GQ)VH*(62))<VH(H*(62)VH*(62)), €1>
= H*(e2)H(VH(e2))(VH(VH"(e2)),e1) = H*(e2)(VH(VH"(e2)), €1).
Such a choice implies that
(VH(E),e1) = (VH(VH"(e2)),e1) = 0.

Moreover, it is easy to see that H(§) = t. From (3.3) we may then compute

D(k+[E)P72 = Y B () Hi( &) H,(€) + B'(t) Hij (€)]
ij=1
> B/ () Hy(€)H1(§) + B/ () Hu(€)
= B'(t)Hui(§) = B'(H)AlE] ™,
from which we get, as before,
B'(t) <TALOE2(cor + )P,

with A as in (3.8). This concludes the proof of the second part of our claim. B
The fact that we may assume (3.1) to hold - up to relabeling the constants v,I" or 7,T" in
dependence of C' - is a consequence of the inequalities

(k+ P2 < (o + P2 < 2R+ 1)P72

and
PR+ )P < (TR EDPTE < (R +E)P 2 O

On the other hand, the characterization of (B) in terms of (B) is the content of the
following

Proposition 3.2. Let B € C3((0,+00)) N CL([0,+00)) be a function satisfying (1.3) along
with B(0) = B'(0) = 0 and H € C3(R™\ {0}) be positive homogeneous of degree 1, such
that (1.4) is true. Then, hypotheses (B) and (B) are equivalent.

Proof. We begin by showing that (B)" implies (B). First, we deal with the regularity of the
composition B o H. By the general assumptions on B and H, it is clear that Bo H €
01305 (R™\ {0}) N CY(R™). Thus, we only need to check the second and third derivatives

of B o H at the origin. For any e € S"~! and ¢ > 0, by the homogeneity of H we have
(B o H)ij (te) = B"(H(te))Hi(te)Hj (te) + B'(H(te))Hij (te)

= B//(tH(e))Hi(e)Hj(e) + B/gllfe()e))H(e)Hm(e)
Hence, taking the limit as ¢t — 07
lim (B o H);;(te) = B"(0) [H;(e)H;(e) + H(e)H;j(e)] . (3.9)

t—0+
Now, observe that, being H of the special form (1.16), we may explicitly compute

2
My =0, (B © = meo ) + o€ (3.10)

for any £ € R™. As a consequence of (3.10), the right hand side of (3.9) does not depend
on e € S" ! and so
(Bo H);j(0) = B"(0)M,;.

Now we focus on the third derivative. First, by differentiating (3.10) we deduce the identity
Hi(§)H;(§) + H;(§)Hir(§) + Hi(§) Hij(§) = —H(§) Hyji(€)-
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With this in hand we compute
(B o H)iji(te) = B" (H(te))

S

i(te)Hj(te)Hy(te)
(HL(te) Hy (te) + H (te) H te) + Hy(te) Hy (1)

+ B"(H(te))
+ B'(H (te))H;ji(te) (3.11)
= B"(tH (e))H;(e)H;(e)Hy(e)
1 "(tH (e)) i 2 e
e [ e P (tH(e))] H*(e)Hijk(€)-
Now, we claim that
_L[B(s) o]
lim [S - B (s)] =0. (3.12)

Indeed, since B’(0) = B"”(0) = 0, the Taylor expansions of B’ and B” are
B'(s) = B"(0)s +o(s*) and B"(s) = B"(0) + o(s),
as s — 0. Therefore
B'(s)
s
and (3.12) follows. Thus, letting t — 071 in (3.11), we get

lim (B o H)yu(te) = B"(0)Hile) H(e) He(e) + 0 - HX(e) Hijule) = 0,

- B"(s) =

B”i())s — B"(0) + o(s) = o(s),

for any e € S"~!. We may thence conclude that B o H € Cl?(’)f (R™). Finally, we prove
that Hess (B o H) is uniformly elliptic on compact subsets, as required in (B). Let

C .= H(&). 3.13
(ax, (€) (3.13)

By (1.3) and (1.21), for any K > 0, there exists 4 > 0 such that
B"(t) =7, (3.14)

for any ¢ € [0, CK]. Since B’(0) = 0, we also infer that

B(t) = /0 "Br(s)ds > At (3.15)

for any t € [0, CK]. Let &,n € R™, with |{| < K. Observe that, by (3.13), it holds
§
H(e <l () < o,

iy
Then, by (3.14), (3.15) and (3.10),

(B o H)ij(&)nim; = [B"(H(€)Hi(§)H;(€) + B'(H(€))Hij ()] niny
=7 [Hi(§)H;(§) + H (&) Hij (§)] min;
= yM;jning,
and the result follows from the positive definiteness of M.
Now, we turn to the converse implication, i.e. that (B) implies (B)’. First, we observe

that H needs to be of the type (1.16), in view of [CFV14, Appendix B|. Then, we address
the regularity of B. Being H even and using (2.1), we have

B'(t) B'(H(se1)) Y (Bo H)i(ser)

B"(0) = i — i — lim ~— 2 hlsen)
0) oot £ 520 H(seq) 520 H(se1)H1(seq)
~ lim s (BoH)y(se1) — (BoH)(0)
s—0 sH(e1)Hy(e1) s

= H ?(e1)(B o H)11(0),
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so that B € C?([0, +00)). Moreover, B”(0) > 0, as can be seen by testing with £ = 0,( = e;
the ellipticity condition of (B). On the other hand, by (2.1) and (2.2) we compute
(B o H)H(tel) — (B [¢] H)H(O)
t
B”(H(tel))Hl (tel)Hl(tel) + B’(H(tel))Hn(tel) — B”(O)H2(€1)
t—0 t
B H(er) - B'(0)

=+H3 1

(e1) lim, ([ H (e1)

Bl/ _ Bl/

= +H3(ep) lim M

s—0t S

(B o H)Hl(O) = %IH(I)

Since the left hand side exists finite, the same should be true for the right one, too. Thus,
we obtain that B € C3([0,+00)) with B”(0) = 0. This concludes the proof, as the local
Holderianity of B up to 0 may be easily deduced from that of B o H. O

We remark that Theorem 1.5 now follows easily from Propositions 3.1 and 3.2.

4. THE MONOTONICITY FORMULA

In this section we prove Theorem 1.1. Our argument is similar to that presented in [M89]
and [CGS94, Theorem 1.4]. Yet, we develop several technical adjustments in order to cope
with the difficulties arising in the anisotropic setting. In particular, in the classical, isotropic
setting, the monotonicity formulae implicitly rely on some Euclidean geometric features, such
as that a point on the unit sphere coincides with the normal of the sphere at that point, as
well as the one of the dual sphere (that in the isotropic setting coincides with the original
one). These Euclidean geometric properties are lost in our case, therefore we need some
more refined geometrical and analytical studies.

The strategy we adopt to show the monotonicity of & basically relies on taking its de-
rivative and then checking that it is non-negative. To complete this task, however, we
make some integral manipulation involving the Hessian of u. Hence, we need u to be twice
differentiable, at least in the weak sense.

If (1) is assumed to hold, this is not an issue, since u is C* (see Proposition 2.5). Therefore,
we only focus on case (7). In this framework the solution u is, in general, no more than C’ﬁ)’s‘.
To circumvent this lack of regularity, we introduce a sequence of approximating problems
and perform the computation on their solutions. Passing to the limit, we then recover the
result for u. If one is interested in the proof under hypothesis (ii), he should simply ignore
the perturbation argument and directly work with w.

Prior to the proper proof of Theorem 1.1, we present some preparatory results about the
above mentioned approximation technique. In every statement the functions B, H and u
are assumed to be satisfy assumption ().

Let € € (0,1) and consider the function B, defined by

&@y:B<M¥+ﬂ>—B@L (4.1)

for any t > 0.
First, we present a result which addresses the regularity and growth properties of B..

Lemma 4.1. The function B. is of class C%([0,+00)) and it satisfies B-(0) = B.(0) = 0
and (1.3). Moreover

Y (F+e+ )Pt <BL(1)
7 (R +e+t)P~2 <B(t)

C,T (R + ¢ + )P 2,

_ 4.2
C,T (R4e+1)P 2, 4.2)

<
<

for any t > 0, where 7,T are as in (A) and
2—p 2—p
Cp = min{l,QT} , Cp = max{l,ZT} .
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In addition, the composition B. o H is of class Cllo’i(R”) and it holds, for any & € R",

(B:o H)(€) > mmp — ¢, (4.3)

where v is as in (A) and ¢, is a non-negative constant independent of €.

Proof. Tt is immediate to check from definition (4.1) that B. € C2([0, +00)). For any ¢ > 0,
we compute

t2 2

B!(t)=B" <\/52 + t2> 5 + B’ <\/52 + t2> S —

e’ + (2 + t2)3/2
Thus, inequalities (1.3) are valid and B.(0) = B.(0) = 0. Furthermore, formulae (4.2) can
be recovered from the ellipticity and growth conditions of (A)" which B satisfies.

Then, we address the composition B.oH. Notice that we already know that it is of class C!
on the whole R”, by virtue of Lemma 2.2, and C? outside of the origin, by definition. Thus
we only need to check that its gradient is Lipschitz in a neighbourhood of the origin. By
using (4.2), for any 0 < |£] < 1 we get

|0:(B 0 H)(§)| _ |BE(H (£) Hi(8)]
iy iy

for some positive c.

Finally, we establish (4.3). As a preliminary observation, we stress that the Hessian
of B. o H satisfies (A) with kK = & + €. This can be seen as a consequence of (4.2), the
uniform ellipticity of H and Proposition 3.1 (recall in particular relation (3.1)). We consider
separately the two possibilities p > 2 and 1 < p < 2. In the first case, we simply compute

1 t 1 t
(B. o H)(€) = / / (B. o H)ij(s6)6:6; dsdt > / /0 (s + s|El)P21¢[? ddt

P p—2 P
>wr§r//s dsit = el

If, on the other hand, 1 < p < 2, we have

H(¢)

< COT(R 4 e+ H(E))P2H (6)—>2 g

<ec,

(B.o H)(¢ //B o H);j(s6)&&; dsdt > //m+s[§\p2]§|2dsdt

(4.4)
— H+‘§|) kP~ 1‘€| Y |§’ kP~ 1‘§|
— 1 D -1 4
Notice that, by Young’s inequality, we estimate
We| < \5’ P=1o1/-1),p
p p
Plugging this into (4.4) finally leads to the desired
i i 1/(p=1)\ P
B. o H)(€) > p_ <1+p—12 D)
i i Y-1Y (7 P
> ¢ — <1+ p—1)2 )n;+1 .
2(p - 1)p| | (p—1)p ®-1 (F+1)
Hence, (4.3) holds in both cases and the proof of the lemma is complete. O

In the following lemma we compare B. to B. We study their modulus of continuity and
discuss some uniform convergence properties.
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Lemma 4.2. Introduce, for t > 0, the functions 5(t) := B'(t)t, B:(t) := BL(t)t.
Then, the Lipschitz norms of both B. and B on compact sets of [0,+00) are bounded by
a constant independent of €. More explicitly, for any M > 1 we estimate

1Bell oo o,y < 1Bllcoo,2am). (4.5)

18:llcojo,nm)) < 2Bl coqpo,2nn) + 1181l corjo,2nm)-

Moreover, B. — B and 3 — (3 uniformly on compact sets of [0,+00). Quantitatively, we
have
1Be — Bllcoo,m) < 2[1Bllcoo,2n)€

<
18- = Bllcogon < (1B llcoqo.2an) + 18llcoro.2nm)) €

Proof. First of all, we stress that, while 3. € C'([0,+00)) in view of Lemma 4.1, the same
is true also for /3, as one can easily deduce from hypothesis (A)’.

We begin to establish (4.5). Tt is easy to see that the C” norms of B. and 3. are bounded
by those of B and ( respectively. Thus, we may concentrate on the estimates of their
Lipschitz seminorms. Let M > 1 and 0 < s,t < M. We have

B(t) - Bo(s)| = | B (VE+ 22) - B (Ve + )|

< IBllgor oy [V +8 = Va2 452
< || Bllcoao,2amlt — sl,

(4.6)

so that the first relation in (4.5) is proved. The second inequality needs a little more care.
Assuming without loss of generality s < ¢, we compute

1 t2 ! ’
|B:(t) = B:(s)| = | B <m>m_3 <V52+32> N

t2 52
B (Ve2+2) Ve 412 -
\/ vE)V 242 21 g2

o (V) s (v )

t? — 5|
< HB/HCO([O,zM})W + (18]l co.1 (0,201 ‘\/52 F12—\/e2 4 82’

< (21Blleoo.201)) + 18l co.xo.207)) [t — -

Estimates (4.6) are proved in a similar fashion. Indeed, for any 0 < t < M,
IB-(t) — B(t)| = }B (\/52 n t2) ~B(e) - B(t)‘
HB||CO’1([O,2M]) () V 52 + 12 — t‘ + €>

<
< 2HB||COJ([O,2M])5’

€2+32

and
8.(0) ~ B < B (Ve + 2) ’ —— - Ve 2|+ [ (V) - B
< (II1B'llcoqo,2nn) + ||ﬁ”0071([0,2M])) €.
Thus, the proof is complete. O

Next is the key proposition of the approximation argument. Basically, we consider some
perturbed problems driven by B.. We prove that their solutions are H? regular and that
they converge to u.
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Proposition 4.3. Let Q be a bounded open set of R™ with C%* boundary. The problem

div(BL(H(Vu®))VH(Vuf)) + F'(u) = 0, in €,
(4.7)
u® = u, on 051,
admits a strong solution us € C*' @n H%(Q), for some o/ € (0,1] independent of .
Furthermore, u® converges to u in C1(2), as e — 0F.

Proof. By using standard methods - see, for instance, [D07, Theorem 3.30] - we know that
the functional

Folv) = /Q B.(H(Vo(2)) — F'(u(2))o(z) dz,

admits the existence of a minimizer u* € WHP(Q), with u® — u € Wol’p(Q). Note that F.
is coercive, thanks to (4.3), the continuity of F’ and the boundedness of u. Clearly, u®
satisfies (4.7) in the weak sense.

In view of (4.3), we see that the minimizer u® is bounded in €2 (use e.g. [S63, Theorems 6.1-
6.2] or [LU68, Theorem 3.2, p. 328|). Moreover, the L> norm of u° is uniform in e.

With this in hand, we can now verify that u € €. For this, we notice that Lemma 4.1
and Proposition 3.1 ensure that hypothesis (A) is verified by B. o H. Hence, by the uni-
form L™ estimates, we may appeal to [L88, Theorem 1] to deduce that u® € CH(Q), for
some o € (0,1]. Notice that o' is independent of € and [[u®[| 1,0/ (@) is uniformly bounded
in €.

Consequently, by Arzela-Ascoli Theorem, the sequence {u®} converges in C1(Q) to a
function v, as ¢ — 07. With the aid of Lemma 4.2, we see that v is the unique solution of

div (B'(H(Vv))VH(Vv)) + F'(u) =0, in Q,
v =u, on Jf2.
Therefore, v = u in the whole Q.
Now we prove the H? regularity of u°. To this aim we employ [T84, Proposition 1]. Notice
that we need to check the validity of condition (2.4) there, in order to apply such result.

If p > 2 it is an immediate consequence of the fact that B. o H satisfies (A). Indeed, for
any n € R"\ {0}, ¢ € R", we deduce that

[Hess (B: o H)()];; Gi¢j = (R + & + [EDP*[¢* = A¢P,
for some 7 > 0. In case 1 < p < 2, we set M := ||[Vu®|| ;) and modify B. accordingly to

Lemma 2.4. The new function B, obtained this way satisfies assumption (A)’, and thus (A),
with p = 2. Moreover, ¢ is still a weak solution to (4.7) with B, replaced by B.. This is
enough to conclude that u® € H?(Q) also when 1 < p < 2.

From the additional Sobolev regularity we deduce that u® is actually a strong solution
of (4.7). Indeed, it is sufficient to observe that, for any i = 1,...,n,

BL(H(Vu®)) Hy(Vuf) = (B. o H), (Vo) € H'(Q),
being (B; o H); locally uniformly Lipschitz, by Lemma 4.1. O
After all these preliminary results, we may finally head to the

Proof of Theorem 1.1. First, using the coarea formula we compute

1-— 1
&(R) = =" e(R) + —— / (B(H(Vu)) + G(u)] [VH |~ dHm.
R R Jow,
Then, notice that the exterior unit normal vector to OWpx at x € OWg is given by

B VH*(x)
v(z) = N ()] (4.8)
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Thus, by the homogeneity of H and the second identity in (2.4) we have
H(v(z)) = |VH ()| H(VH"(2)) = [VH*(x)| .
As a consequence, the derivative of & at R becomes

1—n 1

/ (B(H(VW) + G(u)] Hw)dH™ . (4.9)
oWgr

For any ¢ € (0,1), let now uf € C*(Wg) N H2(Wg) be the strong solutions of (4.7),
with © = Wpg. Notice that OWx is of class C? in view of Lemma 2.3. Hence, we are
allowed to apply Proposition 4.3 to obtain such a u®. By the results of Proposition 4.3 and
Lemma, 4.2, along with the C? regularity of G, it is immediate to check that

Be(H(Vu?)) — B(H(Vu)),
BL(H(Vu®))H(Vu®) — B'(H(Vu))H(Vu), (4.10)
G(u®) — G(u) and F'(u®) — F'(u),

uniformly on Wh.

In view of Lemma 2.3 the function HV H is bijective and its inverse is given by H*V H*.
Hence, exploiting the homogeneity properties of H and VH together with (2.4), it follows
that the identity

x=H(H*(x)VH"(z))VH(H"(x)VH*(x)) = H* (z)H(VH"(2))VH(VH"(z))
= H*(x)VH(VH*(x)),

is true for any x € R™ \ {0}. Consequently, using (2.1), (4.8), the homogeneity of VH, the
definition of 9Wpx and the divergence theorem, we compute

1
B.(H(VuE)H(v)dH" ' = =
OWr R Jawy

_ 1 div(B:(H(Vu®))H*VH(VH")) dz = L div(B:(H(Vu©))z) d

R Wg R Wgr

1
— — [ BUH(Vw)Hj(Vu ) de + = | Bo(H(Vuf)) da.
R Jw, R Jw,

B.(H(Vu®))H*(VH(v),v) dH"

With a completely analogous argument we also deduce that

1
GUAHW)dH"™ = —= | Fd)lzide+ 2 | Gf) da.
OWg R Jw, R Jw,
Putting these last two identities together we obtain

n/ BE(H(VUE))—FG(uE)dx—i-%, (4.11)
Wr

/ [B.(H(Vu®)) + G(u®)] H(v)dH" ™ = 0
OWr

where
I .= / [BL(H(Vu®))Hj(Vu)us; — F'(uf)uf | z; da.
Wr
Recalling that u® is a strong solution of (4.7), we compute

I = / [(BQ(H(VUE))HAW‘E)uf)j— (BL(H (Vu))Hj (V) . uf — F’(uf)uf} 2 da
Wgr

J

= / (Bé(H(VuE))Hj(Vue)uf)ja:i dx +/ [F'(u) — F'(u®)] ufa; da.
Wg Wr
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By the divergence theorem, formulae (2.1), (4.8) and condition (1.12) we find

I = / (BL(H (V) Hj (Vu)ufw;) ; dx — / BL(H(Vu®))H;(Vu®)ujd;j da
Wr Wr

+ /WR [F'(u) — F'(u°)] ufz; da

_ w ut * ut. n—1
= . oA (VH(VuE), VH*) (VU z) dH (4.12)

—/ BL(H(Vu®))(VH(Vu®), Vu®) dx —i—/ [F'(u) — F'(u*)] (Vu®, ) do
Wgr Wr

Z - /WR BL(H(Vu®))H(Vu®) dx + /WR [F'(u) — F'(u*)] (Vu©, z) da.
Taking the limit as ¢ — 0" in (4.11) and (4.12), by (4.10) we obtain
/ (B(H(Vu)) + G H)aH'™ > 7 [ BIH(V) + G(u) dr
OWr Wr

1 /
& . B'(H(Vu))H(Vu)dz.

By plugging this last identity in (4.9) and recalling (1.13) we finally get

1
&'(R) = Tn B(H(Vu)) + G(u) — B'(H(Vu))H(Vu) d.
Wr
The result now follows since the integral on the right hand side is non-negative by virtue
of [CFV14, Theorem 1.1]. O

5. THE LIOUVILLE-TYPE THEOREM

Here we prove Theorem 1.4. In order to obtain that u is constant, our first goal is to show
that, thanks to the gradient estimate contained in [CEFV14, Theorem 1.1], the gradient term
in (1.13) is bounded by the potential. Then, the monotonicity formula of Theorem 1.1 and
the growth assumption on G(u) conclude the argument.

The following general result allows us to accomplish the first step.

Lemma 5.1. Let B € C*(0,+00) N C*([0,+00)) be a function satisfying (1.3) and B(0) =
B'(0) = 0. Assume in addition that B satisfies either (A) or (B). Then, for any K > 0
there exists a constant 6 > 0 such that

B'(t)t — B(t) = 6B(t), (5.1)
for any t € [0, K]. In particular, under assumption (A), inequality (5.1) holds for any t > 0.
Proof. We begin by proving (5.1) when (A)’ is in force. Since B(0) = B’(0) = 0, we have

t t
B'(t)t — B(t) = / B"(s)sds > ’y/ (R + s)P 2 sds.
0 0
On the other hand,
t t
B(t):/ B’(S)dséf/ (R + s)P 2 sds.
0 0

By comparing these two expressions, we see that (5.1) holds for any ¢ > 0, with § = 4/T.
Then, we deal with case (B)'. Fix K > 0. Being B”(0) > 0 and B(0) = B(0) = 0, it
clearly exist I' > ¥ > 0 such that B”(t) € [¥,T], for any ¢t € [0, K]. Hence, as before we

compute
t —

t
B'(t)t — B(t) = / B'(s)sds > ,_y/ s — %tg,

0 0
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for any t € [0, K]. Also,
t s f
B(t) = / / B"(0)dods < —t2,
0 JO 2

for any t € [0, K], and again (5.1) is proved. O
Proof of Theorem 1.4. Combining Lemma 5.1 and [CFV14, Theorem 1.1]|, we deduce that
B(H(Vu(x))) < CG(u(zx)) for any x € R", (5.2)

for some constant C' > 0. We stress that, under hypothesis (i7) of Theorem 1.1, it is
crucial that Vu is globally L® in order to profitably apply Lemma 5.1. Recalling the
definition (1.13) of the rescaled energy functional &, in view of (5.2) and (1.20) we may
conclude that

lim &(R)<(C+1) lim

— G dx = 0.
R—+o00 R—-+o00 Rn_l Wr (U(x)) v

But then, Theorem 1.1 tells that & is non-decreasing in R € (0,+o00) and, hence, for
any r > (0, we have
0<&(r) <Rlil}r1 E(R) =0,

which yields & = 0. Consequently, Vu = 0, i.e. u is constant. O

6. ON CONDITIONS (1.16) AND (1.14)

In the present section we prove Theorem 1.2, thus establishing a characterization of the
anisotropies H which satisfy

(H(E)VH(E), H (z)VH (2)) = (&, x), (1.14)

for any &,z € R™. Indeed, we show that such requirement is necessary and sufficient for H
to assume the form

Hu(§) = (M, §), (1.16)

for some symmetric and positive definite matrix M € Mat,,(R).
We begin by showing the necessity of (1.14). As a first step towards this aim, we compute
the dual function Hj,.

Lemma 6.1. Let M € Mat,(R) be symmetric and positive definite. Then, Hy, = Hpy;-1.

Proof. Being M positive definite and symmetric, the assignment

<§777>M = <M€777>7

defines an inner product in R”. We denote the induced norm by || - [[as. Also notice that M
is invertible, so that H,;-1 is well defined.

Recalling definition (1.11) of dual function and applying the Cauchy-Schwarz inequality
to the inner product (-, )57, we obtain

M(M—1 M1
Hi(z) = sup (z,€) _ supw — sup { z,&) M
20 V/(ME,§) 70 (Mg, €) e#0  |I€llar
M—l
o I3 €]
£#£0 1€1] a1
=V (M~ lz, x).
On the other hand, the choice £ := M~z yields
(x, M~ 12)
Hi(z) > =/ (M~ 1z, z).
) > s = VT e
Hence, recalling definition (1.16), the thesis follows. O

= M~ x|

With this in hand, we are now able to prove the following
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Lemma 6.2. Let M € Mat,(R) be a symmetric and positive definite matriz. Then, the
norm Hyy satisfies (1.14).

Proof. The proof is a simple computation. Notice that for any symmetric A € Mat,,(R) we
have

0; (HA(€)) = 0i (Ajr&i&k) = Ajndjilk + Ajuéioni = 2445&;,
for any £ € R", ¢ =1,...,n. Thus, we get

. 2
a0t = O e

Applying then Lemma 6.1 together with the identity yet obtained with both choices A = M
and A = M~!, we obtain

(Hum(E)VHM(E), Hy(m)VHy (n) = (Hu(§)VHM(E), Hy—1 (1) VH -1 (n))
= Mij&; My
= 0k Mk
= (&),
which is (1.14). O
Now, we prove that the converse implication is also true. Hence, Theorem 1.2 will follow.
Before addressing the actual proof, we need just another abstract lemma. We believe that

the content of the following result will appear somewhat evident to the reader. However, we
include both the formal statement and the proof.

Lemma 6.3. Let 7 : R" — R™ be symmetric with respect to the standard inner product
i R™, that is
(T(v),w) = (v, T (w)), (6.1)
for any v,w € R™. Then, T is a linear transformation, i.e.
T (v) =Tv for any v € R",
for some symmetric T € Mat,,(R)

Proof. The conclusion follows by simply plugging w = e; in (6.1), where {e;};=1 ., is the
canonical basis in R™. Indeed, we have

[T (v)]; = (T (v), &) = (v, T (ei))

for any v € R", i = 1,...,n. Thus we may conclude that 7 (v) = Tw, where T' = [T}j]; j—1,..n
is the matrix with entries

Tij = [T (ei)l;-
The symmetry of T clearly follows by employing (6.1) again. U

Proof of Theorem 1.2. In view of Lemma 6.2, it is only left to prove that, under condi-
tion (1.14), H is forced to be of the form (1.16).
By Lemma 2.3, we know that the map ¥y : R™ — R", defined for £ € R™ by

Vn(§) = H(EVH(),

is invertible with inverse Wy«. Under this notation identity (1.14) may be read as

for any &, € R"™. Applying (6.2) with n = ¥y () we get

(W (€),¢) = (W (6), Vi () = (Y (€), Ta-(n)) = (£,m) = (£, ¥ (),
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for any &, ¢ € R™. That is, ¥ is symmetric with respect to the standard inner product in R”
and hence linear, by virtue of Lemma 6.3. Therefore, there exists a symmetric M € Mat,,(R)
such that

H?(¢
v (%5 = v - are
This in turn implies that H = Hj; and the proof of the proposition is complete. O

7. ON THE WEAKER ASSUMPTION (1.12)

In this last section we study the condition
sgu(H(§)VH(E), H* (x)VH"(x)) = sgn(¢, ), (1.12)

for any &,z € R™, which has been introduced in the statement of Theorem 1.1. First, we have
the following general result that provides a simpler equivalent form for assumption (1.12).

Proposition 7.1. Let H be a C*(R™ \ {0}) be a positive homogeneous function of de-
gree 1 satisfying (1.4). Assume the unit ball Bff, as defined by (1.5), to be strictly conver.
Then, (1.12) is equivalent to the condition

(H()VH(E),n) =0 if and only if (£, H(n)VH(n)) =0, (7.1)
for any &, n € R™.

Proof. First, we remark that, by arguing as in the proof of Theorem 1.2, it is immediate to
check that (1.12) can be put in the equivalent form

sgn(H(§)VH(E),n) = sgn(§, H(n)VH(n)), (7.2)

for any &, n € R™. Thus, we need to show that (7.1) is equivalent to (7.2).

Notice that (7.1) is trivially implied by (7.2). Thus, we only need to prove that the
converse is also true. To see this, assume (7.1) to hold and fix £ € R™. If £ = 0, then
both sides of (7.2) vanish, in view of Lemma 2.2. Suppose therefore £ # 0 and consider the
hyperplane

II:={neR": (H()VH(),n) =0},
together with the two half-spaces
Iy :={n e R": £(H(§)VH(E),n) > 0}.
By virtue of (7.1), the function h : R” — R, defined by setting

h(n) :== (H(n)VH(n),§),

vanishes precisely on II. Furthermore, by Lemma 2.2 (with B(t) = t2/2), h is continuous
on the whole of R" and it satisfies

h(E) = (H(EVH(E),&) = H*(€) > 0.

But £ € 1, and so h is positive on I1;, being it connected. Analogously, it holds A(—¢) < 0
from which we deduce that h is negative on II_. Thence, (7.2) follows. g

With the aid of Proposition 7.1, we now restrict to the planar case n = 2 and show
that, in this case, all the even anisotropies satisfying (1.12) can be obtained by means of an
explicit and operative formula. As a result, it will then become clear that (1.12) is a weaker
assumption than (1.14).

Proposition 7.2. Let r: [0,7/2] — (0,+00) be a given C? function satisfying
r(0)r"(0) < 2¢'(0)* + (0)? for a.a. 0 € [O, g} , (7.3)
and

r(0) =1, r(m/2) =r", r(0) =7'(7/2) = 0, (7.4)



21

for some r* > 1. Consider the m-periodic function 7 : R — (0,+00) defined on [0, 7] by

r(6) ifO<O< T,
7(0) =< - T (7.5)
G e
where T : [0,7/2] — [1/2, 7] is the bijective map given by
T(n) = g + n — arctan :',((1;])) . (7.6)

Then, 7 is of class C*(R), the set
{(pcosb, psinb) : p € [0,7(0)), 6 € [0,27]}, (7.7)

18 strictly convexr and its supporting function

- _ p
H(pcosf,psinf) := )’
defined for p > 0 and 6 € [0, 27|, satisfies (7.1).

Furthermore, up to a rotation and a homothety of the plane R?, any even positive 1-
homogeneous function H € C2(R2\{0}) satisfying (1.4), having strictly convex unit ball Bf
and for which (7.1) holds true is such that Bi! is of the form (7.7), for some positive r €
C2([0,7/2]) satisfying (7.3) and (7.4).

Before heading to the proof of this proposition, we state the following auxiliary result.

Lemma 7.3. Let r : [0,7/2] — (0,+00) be a C? function that satisfies condition (7.3)
and r'(0) = r'(r/2) = 0. Then,

—cotn < :((:77)) < tanmn, (7.8)
for any n € (0,7/2).
Proof. For any n € (0,7/2), we set
q(n) = :,((Z))

Being the tangent function increasing, we see that the right inequality in (7.8) is satisfied if
and only if

f(n) := arctanq(n) < n. (7.9)

Since

we see that, for a.e. n € (0,7/2),

Py = L)) - r'm)? _rm)*+1r'(n)’
L+qm)?  rm)?+r'm)? rm)?*+r'(n)?

by virtue of (7.3). Observing that f(0) = 0, we then conclude that

=1,

Fn) = /0 " pwyat <,

which is (7.9). A similar argument shows that also the left inequality in (7.8) holds true. O
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Proof of Proposition 7.2. Let H € C*(R?\ {0}) be a given norm. Notice that the boundary
of its unit ball Bff may be written in polar coordinates as
OB{" = {~(0) : 6 € [0,27]},
where
~v(0) = (r(0) cos,r(0) sinb), (7.10)
for some 7-periodic r € C2(R). Recall that the curvature of such a curve v is given by
k(0) = 2r'(0)2 — r(0)r"(0) + r(6)?
[r(0)2 +7(6)2)*2
for any 6 € [0,27]. Hence, hypothesis (7.3) tells us that « has positive curvature, outside at

most a set of zero measure, and, thus, that Bfl is strictly convex.
We also remark that condition (7.1) is equivalent to saying that, for any 6,7 € [0, 27],

Y (0) || v(n) if and only if  ~(0) || 7' (n). (7.12)

This can be seen by noticing that VH (y(6)) is orthogonal to dB{! while 7/(6) is tangent.
At a point 6* € [0, 27] such that

r(0%) = max r(0) =:r*,

: (7.11)

we clearly have /(0*) = 0. Assuming, up to a rotation and a homothety of R?, that 6* = /2
and r(0) = 1, it is immediate to check, by computing

7'(8) = (r'(0) cos§ — r(0) sin b, r'(0) sin @ + r(0) cos b) , (7.13)

that condition (7.1), in its form (7.12), forces r to satisfy (7.4).

Now, take r € C2([0,7/2]) as in the statement of the proposition. We shall show that the
function 7 defined by (7.5) is the only extension of r which determines a curve ~ satisfying
condition (7.12). Notice that, by the periodicity of 7, it is enough to prove it for 6,7 € [0, 7].
Moreover, if 8,7 € {0,7/2, 7}, then (7.12) is implied by (7.4). Consider now n € (0,7/2).
We address the problem of finding the unique 6 =: 7(n) € (0,7) such that v(68) || 7/ (n).
First observe that this condition is equivalent to requiring

(1)

cotp = mcosn —r(mysing _ ) ZRD_ (arCtan T _ 77) (7.14)
r'(n)sinn +r(n)cosn T tanp 4 1 r(n) ’

in view of (7.10) and (7.13). Then, we see that, by (7.13) and Lemma 7.3, +/(n) and,
therefore, (0) lie in the second quadrant. Thus, we conclude that § € (7/2, 7). Moreover,
with this in hand and using again Lemma 7.3, it is easy to deduce from (7.14) that

r'(n)
r(n)’
for any n € [0,7/2]. Condition (7.12) then implies that 7/(6) || v(n), which yields (7.14)
with 7 and @ interchanged. Comparing the two formulae, we deduce that 7 should satisfy

=~ /
r(rm) _ _r (77), (7.16)
r(7(n)) r(n)
for any n € [0,7/2]. From this relation it is possible to recover the explicit form of 7. In
order to do this, we multiply by 7/(n) both sides of (7.16) and integrate. The left hand side

becomes )~ _ _
t
/ C(T( ))T’(t) dt = log 2(7'(77)) = log T(T(*n)). (7.17)
o r(7(t)) r(7(0)) r
The expansion of the right hand side requires a little bit more care. For simplicity of
exposition, we will omit to evaluate r and its derivatives at . We deduce from (7.15) that

0=1(n) = g + n — arctan (7.15)

L R i v
SRS T S s e (7.18)
re+r re+r
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Then, since

132 3 g 2l
2 2 _
[log (T (47 )>] N r(r2 +r?) 7
we compute

r r2r! 4 2r"3 — !y
—_—T = —

r r(r? +1'?)
1 15 i g3
11 ( 2 /2 )} Qe
2[og (r* +r'"%) TP
1 /
5[10g< (7"2—1—7“'2)> —5logr}
1 o " +r’2
=5 |log .

Integrating this last expression we get

TP = g (TP O\ 1+
<) = g (M o ) = e g 0

By comparing (7.17) and (7.19), we immediately obtain that 7 satisfies (7.5).
Now we show that 7 has the desired regularity properties. From its definition and (7.16)

is immediate to see that 7 is continuous on the whole [0, 7] and differentiable on (0, 7/2) U
(w/2, 7). Thus, we only need to check ¥ at 0, 7/2 and 7. Using (7.16) and (7.4), we compute

~ (T _ 7“/(0)77(1) -
“(3)=-"0 =0="(3 ) 720
and RN
Pr) = ——2 2 %gﬂ“ﬂ —0=7(0"). (7.21)
2

Being it m-periodic, it follows that 7 € C1(RR).

Finally, we prove that the set (7.7) is strictly convex. To see this, it is enough to show
that 7 satisfies (7.3) for almost any 6 € [r/2,7]|. First, we check that 7 possesses almost
everywhere second derivative. Indeed, by differentiating (7.16) we get

F(r0) TN g r"(6) (0

(e ~ o) "0 =% + o )
Thus, if 7/(0) # 0, which is true at almost any 6 € [0,7/2] in view of (7.18) and (7.3), we
may solve (7.22) for 7 and obtain

o F(r(0))? T (0) (r"(0) _1'(0)°

R e Ol o)

F(r(9))* (7)) (r(0)* +1'(0)*) (r(O)r"(0) — 1 (6)*)
r(7(9)) r(0)? (r(0)? +2r(0)? — r(0)r"(0))
where in last line we made use of (7.18). With this in hand and recalling (7.16), we are able
to compute that

(7.23)

<

FP2(r2 1 2 (g — 2
R (7) = 27 ()2 — F(r)? = 7 (r)2 = 1 iZETQ - 2r,)2(_ - )

() (7“'22 N (7“22 +72)(rr" — 1'?) N 1>
r r2(r2 4 2r"2 — rp')
7(1)%(r? + r'?)?
_T2(T2 + 2112 — )
<0,

— 27“’(7')2 — 77(7)2
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almost everywhere in [0, 7/2]. Thus, the proof is complete. O

In view of Proposition 7.2, every even anisotropy H satisfying (1.12) is uniquely deter-
mined by its values on the first quadrant. Conversely, any positive r € C?([0,7/2]) for
which (7.3) and (7.4) are true can be extended to [0,7] (in a unique way) to obtain a C*
norm satisfying (1.12).

An example of such an anisotropy, which is not of the trivial type (1.16), is given by

! €ly &g <0,
where | - |, is the standard p-norm in R? and ¢ = p/(p — 1) is the conjugate exponent of p,

for p € (2,400) (see Figure 1 below). It can be easily checked that H, satisfies (1.12) from
formulation (7.1).

FIGURE 1. The unit circles of pr for the values p = 5/2, 3 and 4.

Unfortunately, H, is no more than C’llo’cl/(p_l)(IR2 \ {0}). If one is interested in norms
having higher regularity properties, additional hypotheses on the behaviour of the defining
function r of its unit ball inside the first quadrant need to be imposed. In particular,
assumption (7.3) should be strengthened by requiring it to hold at any 6 € [0,7/2]. As a
consequence, the class of norms under analysis is restricted to those being uniformly elliptic.

In order to deal with, say, C>® anisotropies, we have the following result.

Proposition 7.4. Let o € (0,1] and H € C’f’o’?(Rz \ {0}) be an even positive homogeneous
function of degree 1 for which (1.4) holds true. Then, H is uniformly elliptic and satis-
fies (7.1) if and only if, up to a rotation and a homothety of R?, its unit ball is of the
form (7.7), where 7 is given by (7.5) and r € C3*([0,7/2]) is a positive function satisfying

r(0)r"(0) < 217 (0)% + r(0)* for any 6 € [O, g} , (7.24)

* .0 * .01

e e I O R e (729

and (7.4).

Notice that the quantities appearing in both right hand sides of condition (7.25) are finite,
as one can see by plugging # = 0 in (7.24) and recalling (7.4).

Proof of Proposition 7.4. In addition to the regularity properties of the extension 7, by
Proposition 7.2 we only need to investigate the relation between (7.24) and the uniformly
convexity of the unit ball of H. Notice that in 2 dimensions this last requirement is just
asking the curvature k(0), as defined by (7.11), to be positive at any angle 6 € [0, 27]. Hence,
we see that it implies (7.24).

To check that also the converse implication is valid, it is enough to prove that if (7.24)
is in force, then 7 satisfies the same inequality at any 6 € [7/2,7]. A careful inspection of
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the proof of Proposition 7.2 - see, in particular, the argument starting below formula (7.22)
- shows that this is true at any point @ for which 7/(771(6)) # 0. But then, comparing
formula (7.18) with (7.24) we have that 7" > 0 on the whole interval [0, 7/2] and so we are
done.

The only thing we still have to verify is that, given r € C*%([0,27]), then its extension 7
belongs to C**(R). Arguing as in the proof of Proposition 7.2, by (7.5), (7.23) and (7.24)
we deduce that 7 is of class C' on the whole of R and C*“ outside of the points k7 /2,
with k € Z. Moreover, by the periodicity properties of 7, we can reduce our analysis to the
points 0, 7/2 and 7. Using (7.18) and (7.4), we compute

PO =1-1"0), 7 (3)= o) — (), (7.26)
and so, by (7.23), (7.15), (7.4), (7.20), (7.21) and (7.25), we have
(T _T(3)_T(E) (o) rop
(2)=% o ( )

) _
) 70 \r(0) r(0)

and

Hence, 7 € C%(R). Now we study the third derivative of 7. By differentiating (7.23) we get

_ 70 RO -7 (1)?)

P (r) =
=2
() (7.27)
(’7”(7’)7”2 — ?(T)T”) (rr” — 7”2) (1) (7”27"” — 3rr'r’" 4+ 2r’3)
- r2713 o r3772 )

where every function is meant to be evaluated at 6. Moreover, from (7.18) we deduce that

. (T’T” 4+ — QTIT//) (7“2 + T’2) —9 (TT” . 7“/2) (T?“' + ,r,l,r,//)
T = —
(r2 4 r12)?
B 37“27‘/7“” _ T‘/?’T‘” o 7437‘/// o 7‘1"/27‘/” + 21”7“/7‘//2 _ 21”7"/3
B (r2 + 12)? ’

so that, recalling (7.4), we have

o=, (D) =)

2 r*

Thus, by plugging these identities into (7.27), using (7.15), (7.4), (7.26), (7.20), (7.21)
and (7.25) we finally conclude that

o <7r+> _ F(g) 77(0)r"(0) - F(%) " (0) _7’*7“”(0)7“”/(0) - " (0)
¥ O OF P02 T A=)t (- r(0)?
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and
ey 2 T @) (E) F(5) o (5)(E) e (3)
mi(rT) = 3 7=~ 3~ 2
r(3)7(3) r(3)7(3) (re=r(3))" (=" (3))
*2 M (T
__E) gy — o,
(=" (3))
As a result, 7 € C3%(R) and the proof of the proposition is complete. O

We observe that Proposition 1.3 is a consequence of Propositions 7.2. and 7.4.

Remark 7.5. We point out that it is easy to construct norms which are smooth and
satisfy (1.12) as small perturbations of those of the form (1.16). For instance, fix any ¢ €
C*°([0,7/2]) having support compactly contained in (0,7/2). Then, for £ > 0 define

ry(0) := 1+ e(0),
for any 6 € [0,7/2]. Observe that conditions (7.4) and (7.25) are satisfied with »* = 1.
Moreover, we compute

ryrth =207 — 2 = (1 4+ ep)i — 26292 — (1 + egh)?
=—-1+4¢ (—2¢ +e ((1 + gw)w// . 2¢/2 B 1/)2))

< =1+ cye,

with ¢, dependent on the C? norm of . Therefore, if we take £ small enough, then 7y,
satisfies (7.24) and, by virtue of Proposition 7.4 the associated norm Hy is as desired.
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