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nonlinear Maxwell’s equations
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Abstract. We prove the existence of infinitely many nontrivial solutions
for time-harmonic nonlinear Maxwell’s equations on bounded domains
and on R® using dual variational methods. In the dual setting we apply
a new version of the Symmetric Mountain Pass Theorem that does not
require the Palais-Smale condition.

Mathematics Subject Classification. Primary 35J60, 35Q61.

1. Introduction

Nonlinear boundary value problems of the form

V x (u(z)"'V x E) —w?e(z)E = f(z,E) inQ, .
Exv=0 on of. (1)

originate from Maxwell’s equations for time-harmonic electric fields E(z)e™?
propagating in an optically nonlinear medium. Here, w € R is the frequency of
the wave, pu denotes the permeability matrix, ¢ is the permittivity matrix of the
propagation medium and v denotes the outer unit normal field of the domain
) C R3. The nonlinearity f(z, E) € R3 represents the superlinear part of the
electric displacement field within the propagation medium, see [21, pp. 825-
826]. Several existence results for nontrivial solutions of nonlinear Maxwell
boundary value problems like (1) have been proved [6-8,28] under various
assumptions on the data, notably for bounded C?—domains 2 C R? and the
model nonlinearity f(x, E) = |E|P72E for 2 < p < 6 with uniformly positive
definite matrices e, such that ¢ € WhH(Q;R3%3), see Theorem 2.2 and
Proposition 3.1 in [7]. In this paper we set up an alternative approach by
implementing the dual variational method for

Vx (u(z) 'V x E) —w?e(@)E = f(z,E) inQ, px) " (VxE)xv=0 ondQ. (2)
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By analogy with classical elliptic boundary value problems we will call (1) a Dirichlet problem
and (2) a Neumann problem. We refer to Remark 32 for a justification of this nomenclature.
Given that the Dirichlet problem has already been studied to some extent, we focus on the
Neumann problem in the following.
In our first main result we show that (2) has a ground state and infinitely many bound
state solutions under the following assumptions on the data:
(A1) Qis a bounded C'-domain satisfying an exterior ball condition.
(A2) e,p € L™®(R3%3) are uniformly positive definite with ¢ € W3
(Q; ]R3X3).
(A3) f:Q x R3 — R3 is measurable with f(z, E) = fo(z, |E|)|E|"'E where, for almost
all z € Q,

s — fo(z,s) is positive, differentiable and increasing on (0, c0),
s— s~ fo(z,s) is increasing on (0, 00)

and there are c1,c2 > 0 and 2 < p < 6 such that
1 S
5f0(:r,s)s — / fo(z,t)dt > c18P > cafo(x,s)s for all s > 0.
Jo

As we explain further below, the W1:3-regularity for ¢ is needed to ensure Sobolev-
type embeddings of the function spaces we are working in. To find solutions of (2) under
the given assumptions, it is reasonable to perform a Helmholtz decomposition where a given
vector field E is splitted according to £ = FE; + E2 such that eFE; is divergence-free and
F is curl-free in a suitable sense. To make this rigourous we introduce the Hilbert space
‘H := H(curl; Q) as the completion of C>°(Q;R?) with respect to the inner product

(E,F) := / w@) NV x E) - (Vx F) +¢(@)E - Fda. (3)
Jo
The appropriate function space for (2) turns out to be V & W where
V= {E1 EH: / e(x)E1 - Vo dx =0 for all € C’l(ﬁ)}7
Q

W:={Vu:ue Wl’P(Q)},

Note that V, W are formally orthogonal to each other and that the curl operator vanishes
identically on W. The Sobolev-type embeddings of V that we shall prove later ensure that
the associated Euler functional

2

w

5 /Qs(x)Evde—/QF(x,E)dac (4)

is continuously differentiable where E = E1+ E» with By € V, E3 € W. Here, F(z, ) denotes
the primitive of f(z,-) with F(z,0) = 0. A weak solution F € V @ W of (2) is then defined
as a solution of the Euler-Lagrange equation I’(E) = 0. A nontrivial weak solution having
least energy among all nontrivial weak solutions is called a ground state. Our first result
reads as follows.

I(B) = = /Q w(@) NV x E1) - (V x Br) da
2

Theorem 1. Assume (A1),(A2),(A3) and w? > 0. Then (2) has a ground state and infinitely
many bound states in V G W.

Almost the same proof gives the corresponding result for the Dirichlet problem (1)
and we shall comment on the necessary modifications in Appendix 6. In particular, the
proof of Theorem 1 indicates an alternative method to prove [7, Theorem 2.2] under slightly
different assumptions on the data. It is noteworthy that our proof, which relies on the dual
variational method, avoids saddle-point reductions to the Nehari-Pankov manifold and the
rather involved critical point theory for strongly indefinite functionals.
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We demonstrate that the dual variational approach is applicable on R3 as well. This
problem is substantially different given that it resembles a nonlinear Helmholtz equation
rather than an elliptic boundary value problem. We have to make our assumptions on the
permittivity € and permeability p more restrictive by requiring both to be constant and
scalar: (e, ) = (€0, o) where eoug € (0, 00). This leads to the problem

VXV xE—weukb = fz,B) inR%. (5)

Our aim is to prove the existence of infinitely many LP-solutions for this problem. The main
difference compared to the case of a bounded domain is that the curl-curl operator on R3
does not come with discrete point spectrum in (0, c0) but continuous spectrum just like the
Helmholtz operator. In particular, a resolvent at the spectral parameter w?equg > 0 does
not exist, but some sort of right inverse can be constructed by means of the Limiting Ab-
sorption Principle. This linear operator R, defined in (27) below, enjoys boundedness and
compactness properties as an operator from the divergence-free functions in v’ (R3;R3) to
the divergence-free functions in LP(R3; R3) provided that 4 < p < 6. Evequoz and Weth [14]
showed how to exploit these properties in the context of dual variational methods for non-
linear Helmholtz equations. In order to adapt this to the Maxwell setting on R® we sharpen
our assumptions on the nonlinearity.

(A4) f satisfies (A3) with 4 < p < 6 where fo(, s) is Z3-periodic for all s € R and there are
¢,C > 0 with

esP72 < Os fo(z,s) < CsP~2 for almost all z € R? and all s € R.

Our main result about (5) reads as follows.

Theorem 2. Assume (A4) and w?eopo € (0,00). Then the equation (5) admits a dual ground
state and infinitely many geometrically distinct solutions in LP(R3;R3).

Here, the notion of a dual ground state is the same as in [14], i.e., P := f(z,E) is a
ground state for some associated dual functional J involving the operator R, see Section 5
and in particular (28) further below. As a new feature compared to the Nonlinear Helmholtz
Equation [13] our analysis makes use of the so-called Div-Curl-Lemma.

In view of the result on bounded domains, one may aim for an extension of Theorem 2
to more general permittivities € and permeabilites p. Here the main challenge is the construc-
tion of a bounded linear operator R with analogous properties as well as a corresponding
Helmholtz Decomposition Theorem.

We emphasize that, up to our knowledge, this is the first variational existence result
for (5) in the case w2?egpuo > 0 and it is much stronger than Theorem 3(ii) in [19] which has
been obtained by a fixed point argument. Note that much research has been devoted to the
complementary case w2eguo < 0 within the framework of cylindrically symmetric and thus
divergence-free solutions [3,5,9,12,18] where the variational analysis is somewhat parallel
to the well-studied case of stationary nonlinear Schrédinger equations on R3. This follows
from the identity V x V x E = —AFE for divergence-free vector fields E.

Our strategy is to prove the above-mentioned results using dual variational methods
based on a partially new variant of the Symmetric Mountain Pass Theorem (SMPT). Note
that the classical SMPT [1, Corollary 2.9] is not sufficient to prove Theorem 2 given that
the Palais-Smale condition does not hold. For this reason we first provide a critical point
theorem (Theorem 5) that allows to prove both our main theorems simultaneously. In this
result, the C1-functional is only required to be “PS-attracting” in the sense of Definition 4
below. Having proved this result in Section 2, we apply it in our proofs of Theorem 1 in
Section 4 and Theorem 2 in Section 5. Section 3 provides the underlying Linear Theory.

2. A Symmetric Mountain Pass Theorem without PS-condition

In this section we prove a variant of the Symmetric Mountain Pass Theorem with the
distinguishing feature that it does not require the Palais-Smale condition. The idea for this
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abstract result and its proof is due to Szulkin-Weth [26] and an earlier paper by Bartsch-
Ding [4] where the existence of infinitely many geometrically distinct solutions has been
proved for some periodic nonlinear Schrédinger equation of the form

—Au+ V(z)u = f(z,u) in R™

with an odd nonlinearity f(z,-). Several refinements and applications can be found in the
literature. Here we want to highlight the contributions by Squassina and Szulkin [24] and
Evequoz [13] given their relevance for our paper. Our first goal is to provide an abstract
critical point theorem for functionals J : Z — R on a general Banach space with some sort
of Mountain Pass Geometry. In general, the PS-condition for J may fail, but some useful but
weaker compactness property, a “PS-attracting” property, is required to hold. This property
is essentially extracted from the paper by Szulkin and Weth [26] and functionals satisfying
the PS-condition are easily seen to be PS-attracting, see Remark 6(a). As a consequence,
our variant of the SMPT generalizes the original one and yields the existence of infinitely
many solutions in various applications. In the presence of discrete translational equivariance
it provides the existence of infinitely many geometrically distinct solutions, see Remark 6(b).
For a given functional J € C1(Z) we define the sets of critical points

K={uez:J(u)=0}, Kg:={uekK:J(u)=d}.

We first introduce the notion of a K-decomposition where K is subdivided into suitable
bounded and symmetric pieces that are discrete. Here, a set A C Z is called symmetric
provided that it is even, i.e., we have z € A if and only if —z € A.

Definition 3. Let J € C'(Z) be even. We say that J admits a K-decomposition K = (J;; K*
for some set I if the following holds for all 4,5 € I:
(i) K? is bounded, symmetric and non-empty,
(i) inf{|lu —v| 1 u,v € K*UKI,u# v} >0,
(i) {J(w):u € K} is a finite set.
Such a K-decomposition is called finite if #1 < co and infinite if #1 = oco.

We stress that (ii) needs to be checked for ¢ = j as well and that the lower bound
in (ii) need not be uniform with respect to 4,5. As to (iii), note that the K? need not be
finite. In fact, we have #K* = co in relevant applications, see Remark 6(b). To formulate
our result we introduce the notion of a PS-attracting functional.

Definition 4. We say that J is PS-attracting if for any given Palais-Smale sequences (vn )n, (Wn)n
of J we have ||vn, — wn| — 0 as n — oo or

limsup ||vn — wn|| >k where k= inf {|ju — v[| : u,v € K, u # v}.
n—oo

We stress that there is no need to prove x > 0. The importance of this observation
is discussed in Remark 6(c). In fact, even in situations where the Palais-Smale condition
holds, # can be 0. For instance, consider any functional J € C*(R) satisfying J(z) = 1 for
1 < |z| < 2 as well as |J/(z)] > ¢ > 0 outside some compact set. Obviously, J satisfies
the PS-condition, but the set of critical points is not discrete and hence x must be zero.
The definition of k involves the set I that is, of course, unknown a priori. Nevertheless, we
shall see below that this compactness property can be verified in applications by proving
that PS-sequences with a positive distance converge, after applying suitable isometries, to
distinct critical points. The assumptions on the energy functional are the following:

(G1) Z is a Banach space Z with Z = Zt @ Z~ and dim(Z~) < oo,dim(Z1) = cc.
(G2) J € CY(Z) is even with J(0) = 0 and, for some p > 0,
‘ISn;rfJ>0 where S;' ={vezt:||v||=p}
(G3) For any given m € N there is a finite-dimensional subspace Z,, C Z%t such that
J(u) — —oo uniformly for v € Z~ & Zp, as [Jul]] — oo and dim(Z,,) /' +oo as
m — 00.
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(G4) J is PS-attracting.

Note that Z— = {0} is a valid choice in (G1) and the uniformity in (G3) need only
hold for a fixed m € N. Our variant of the Symmetric Mountain Pass Theorem without
Palais-Smale condition reads as follows.

Theorem 5. Assume (G1),(G2),(G3),(G4). Then every K-decomposition of J is infinite. In
particular, J has infinitely many pairs of critical points.

Remark 6.

(a) If J € CY(Z) satisfies the PS-condition, then J is PS-attracting. Indeed, for two
PS-sequences (vn), (wn) with limsup,, o [|[vn — wn|| > © > 0 we may subsequently
pass to subsequences such that (vy), (wy) strongly converge to v, w, respectively. The
continuity of J’ implies that v, w are critical points of J with ||[v — w| > u > 0. So
v # w and

lim sup ||[vn — wnl| > ||Jv — w|| > k.
n—oo

So J is PS-attracting. This implication shows that Theorem 5 contains the original
Symmetric Mountain Pass Theorem [1, Corollary 2.9] and even the more general
version [25, Theorem 6.5] as special cases.

(b) In the context Z%-equivariant stationary nonlinear Schrédinger equations this theorem
applies to K-decompositions given by sets of the form

KY = {v(-+n):neZ}U{-v(-+n):nez}

Indeed, in the papers [13,24] the authors implicitly check the properties required in
Definition 3, notably that different orbits have positive distance to each other, see
[13, Lemma 3.1]. The PS-attracting property of the energy functional is verified using
the Nonvanishing Property [14, Theorem 2.3] of R as well as the Rellich-Kondrachov
theorem. Our reasoning in the proof of Theorem 2 follows the same lines.

(¢) Theorem 4.2 in [4] is more general regarding the regularity assumptions on the func-
tional and it even allows for infinite-dimensional Z~ up to modifications of the topol-
ogy on Z~. On the other hand, in assumption (®5) the authors assume x > 0. This is
responsible for the fact that this Theorem cannot be applied directly in typical situa-
tions, but must be used in some indirect reasoning just as in the proof of Theorem 1.2
in [4]. In particular, [4, Theorem 4.2] does not generalize the SMPT. Theorem 5 re-
moves this inconvenience.

The strategy to prove Theorem 5 is as follows: We assume for contradiction that the
claim is false, i.e.,
There is a finite K — decomposition for J. (6)

With this assumption and Definition 3(ii) we know that x from Definition 4 is positive. This
enables us to perform a deformation argument involving the minmax values

= inf sup J(u).
AGE,L*(A)zkueg ()

dy :
where ¥ := {A C Z : A is symmetric and compact} and ¢* is defined as in [13,24], namely
¢*(A) := min {y(h(4) N S;") i h €M} where
H = {h:Z — h(Z) is an odd homeomorphism with J(h(u)) < J(u)

for all v € Z}

with p as in (G2) and the Krasnoselski genus 7. Exploiting (6) and hence  from Definition 4
is positive we show that the dj are critical values of J and form an increasing sequence.
In particular, infinitely many different critical values exist. This, however, contradicts the
assumption (6) given that Definition 3(iii) implies that finite KX-decomposition allow for at
most finitely many critical values. This contradiction finishes the proof.

Proposition 7. Given the assumptions of Theorem 5 we have 0 < di, < dp41 < oo for all
keN.
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Proof. The inequality d, < dj1 holds by definition. These values are not +oco given that, for
any given k € N, the combination of (G1), (G2), (G3) and the argument from [24, Lemma 2.16
(iv)] or [4, Lemma 4.5] implies the existence of a set A € ¥ with *(A) > k. Moreover, any
A € ¥ with o*(A) > 1 implies y(h(A)NS}) > 1 for some h € H, in particular h(A)NS} # 0.
So

dy, >di = sup J(u) > inf sup J(h(u)) > in_fJ > 0.
S

inf
AT, ¥ (A)>1yeA R(A)NSF #D ueA p

In the following, we write Us(KCy) := {z € Z : dist(z,Kq) < 6}, so Us(0) = 0.

Proposition 8. In addition to the assumptions of Theorem 5 suppose (6). Let k be given as
in Definition 4.
(a) For 0 < <k and d € R such that for all non-empty K C K4 we have 7 > 0 where

= inf{HJ’(v)H tv e Us(K)\Us (K)}.

(b) If d € R\ {0} then v(Kq) < 1. .
(¢) For all d € R there is eg > 0 such that K; =0 for 0 < |d —d| < eo.

Proof. To prove (a) assume for contradiction that there is a sequence (vn)n C Us(K) \
Us/2(K) such that J'(vn) — 0. Then we can find a sequence (wn) C K C Kq with

19
0<5§||’un—wn||§5<n for all n € N.

Since (vn ), (wn) are PS-sequences and J is PS-attracting, this contradicts our choice of .
So we must have 7 > 0 and (a) is proved. Since J is PS-attracting and d # 0, Kq4 is a
discrete set that does not contain 0. Hence, Kgq = ;¢ {vi, —v:i} is a disjoint union for some
set I, then h: Kg — R\ {0}, £v; — +1 defines an odd and continuous map, so v(K4) < 1.
This proves (b).

Finally, (6) and Definition 4(iii) imply that the set of critical values {J(u) : u € K} is
finite and hence discrete. This gives (c). O

To prove the theorem we consider a pseudo-gradient field on Z \ K, i.e., a locally
Lipschitz continuous map H : Z \ K — Z with

IH @) <207 @), I @)H@)] >[I w)]* (7)

We define the associated flow 7 as the unique maximal solution of the initial value problem
d

S tw) = —Hw),  nOw)=w  forwe Z\K. (8)

The maximal existence time in positive time direction is denoted by Tt (w). The flow 7 is
continuous at all points (¢, w) with w € Z\ K and 0 < t < T (w) by unique local solvability
of (8). The most important property is that t — J(n(¢,w)) is decreasing on [0, 7T (w)) due
to

d

= (It 0)) )= (it W) H (e, w))) STt w)) Por 0 < £ < T (w).
We use this in the following deformation argument involving suitable sublevel sets J¢ :=
{ue Z:J(u) <c}.
Lemma 9. In addition to the assumptions of Theorem 5 suppose (6), let d := dj. for some

ke N and 0 < § < k. Then there exists € > 0 such that

lir}ri Jn(t,w)) <d—e for allw e J\ Us(Ky). (9)
t—T+ (w)

Moreover, the entrance time map
e: JITE\ Us(Kq) — [0,00), w +— min {t>0:J(nt,w) <d-—ec}

is well-defined, even and continuous.
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Proof. In the following we verify the claim for

0<6<m1n{

,E

V322 O}

where 7, k,£0 > 0 are as in Proposition 8. Assume for contradiction that (9) does not hold
for such e. Then we find some w € J%+¢\ Us(Ky4) such that

d—e< Jnt,w)) <d+e forallte[0,TF(w)). (10)

Using (10) we first show that the flow converges to some critical point at energy level d, i.e.,
lim t,w) = w* where w* € Kgq. 11

B n(t, w) d (11)

We first prove this in the case T (w) < co. For 0 <t < t < TF(w) we have

_ t (@) t
l(t, ) — (i, w)| < / 1 (n(s,w))] ds < 2 / 1 (n(s, )| ds

) t
<9 / T (s, ) [H(n(s, w))] ds

<avi=i( (s, ) [H (s, )] as)’
© oV =i (st w)  Tn(e.w))

10) ~ 1

< 2V/t—1i(2)2.

Since TF (w) is finite, this estimate implies that n(¢,w) is Cauchy and hence converges as
t — T (w). The limit w* must be a critical point of J because otherwise the trajectory
t — n(t,w) could be continued beyond Tt (w) thanks to the local solvability of the initial
value problem (8) with initial data in Z \ K. So we have w* € K and (10) gives d — e <
J(w*) < d+e. From 0 < € < g9 and Proposition 8(c) we conclude w* € Kg4, so (11) is
proved.

Next we show (11) in the case T+ (w) = oco. Since the map t — J(n(t,w)) is decreasing and
bounded from below in view of (10), we find that J(n(¢,w)) converges as t — +o0o. We now
deduce that n(t,w) converges as well. Assume for contradiction that this is not the case.
Then there exists a sequence (tr),, C [0,00) with t, — oo and || (tn,w) — 7 (tny1,w) | =€
for every n. Choose the smallest t}, € (tn,tn+1) such that || (tn,w) —n (t7,,w) || = § and
let pin = minse[tmt%] [I7'(n(s,w))||. Then

+1

e tn D [tn
3 = In@w) —n e wl < [ e W) <2 [ 1o w)lds
ty ) t
< 2 [ s wnlPds < 2 [ s, w) (HOn(s,w))lds
1 tn Hn Jt,
® M%(J(n (tn,w)) — J (1 (t}”w))>.

Since J(n(t,w)) converges as t — oo, we have J(n(tn,w)) — J(n(t},w)) — 0 and thus
pn — 0 as n — co. So there exist sl € [tn,t}] such that J'(vy) — 0, Where Vn = n(sk, w).
Similarly, we find a largest t2 € (t.,tn41) for which ||n(tns1,w) — w)| = 5 and then
wy, := n(s2,w) satisfies J' (wn) — 0. As |Jvn, — n(tn, w)|| < 5 and ||wn n(tn_‘_l7 w)|| < 5,

(vn),, , (wn), — are Palais-Smale sequences with % < op —wn|| < 2e < k.

This, however, contradicts our choice of k, so the assumption was false. Hence n(t, w)
converges as t — oo. The limit must be a critical point of J because otherwise % (J(n(t w)))
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would be uniformly negative for large ¢, which violates (10). So (11) also holds in the case
T (w) = +o0.

From (11) we infer that the flow ¢ — n(t, w) eventually enters the region Us({w*}) at
some time t1 € (0,7 (w)) and remains outside of the region Us,o({w*}) until some time
ta € (t1, 71 (w)). Formally,

ty :=max {t € [O,T+(w)) in(t,w) ¢ Us({w*})},
to :=inf {t c (tl,T+(w)) cn(t,w) € U(;/Q({w*})}.
As in (12) we get the inequality

5 52
5 < lInttz,w) = n(tr, )| < 2V/ts — 11 (26)'/2,  and thus to — t; > 3
g

On the other hand, Proposition 8(a) gives ||J'(n(s,w)|| > 7 > 0 for all s € [t1,t2] and thus

dD dim Tmw) <T@t w)
t—T+ (w)
(10)
< dte+J(n(t2,w)) — J ((t1,w))
3)

to
=d+e— : J'(n(s,w))[H(n(s, w))] ds

D t2 2
Sd+€—/ 17 (s, w)) |1 ds

t1
T252

Sd+€—T2(t2—t1) < d4e—
32¢

<d,

which yields a contradiction. So (10) is false and (9) is proved.

Finally, thanks to (9) we know that e(w) € [0, T(w)) is a well-defined finite nonnegative
number characterized by J(n(e(w),w)) = min{J(w),d — €}. Since J and 7 are continuous
and t — J(n(t,w)) is decreasing near each w € J4\ Us(K4), we obtain that the entrance
time map is continuous. O

Proof of Theorem 5. Assume for contradiction that (6) is true. We then show
Ka, #0 and dg41 > dy for all k € N.

Indeed, by the continuity property of the genus and Proposition 8(b), there exists § > 0 such
that v(U) = y(Kg,,) < 1 where U := Us(Kgq, ) and 0 < § < x. We may then choose & > 0
as in Lemma 9. By definition of +* we can find A € ¥ with t*(A) > k and sup, J < dj, +¢.
Then we have A\ U € ¥ and, by (9),

sup J(n(e(u),u)) <dy —e. (13)
ueA\U

The map h(u) := n(e(u),u) is well-defined, odd and continuous on J% ¢\ U and can be
extended to some function h € H that is defined on J% *¢. For instance, define for v € J%+¢

h(u) == n(e(u), u) if ue dist (u,Kq,) > 6,
Bu) o= (220" De(u), u) i dist (u,Kg,) =X € (2,9),
h(u) :==u if dist (u, Kg,) < g
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From the definition of d; and (13) we get ¢*(h(A\ U)) = t*(h(A\ U)) < k — 1. So the
mapping properties of * from [24, Lemma 2.16] and Proposition 8(b) give!

k<07 (A) S UA\D) +7(0) < 0 (BA\ D) +7(Kay) < k= 1+ 5(Ka,).

So 'y(lCdk) < 1 implies kg, # 0. Moreover, dr, = dj41 is impossible. Indeed, under this
assumption we may even choose A € 3 with ¢*(A) > k4 1 with the properties given above,
SO

E+1<0(A) <k—-14~(Kq,) <K,
a contradiction. Given that the critical levels are nondecreasing, we obtain dy; > dj, for all
k € N. So there are infinitely many critical levels and every K-decomposition of J is infinite.
So the assumption (6) is false, which is all we had to prove. |

3. The linear Neumann problem on bounded domains
We are first interested in a solution theory for the linear boundary value problem
V x (u(:c)71V X E) — Xe(x)E =¢(z)g in €,
(u(z)7'V x E) x v = Oon 9Q (14)
where A € R and E € V. A weak solution E € V of (14) is characterized by
/ w(@) NV x B) - (V x ®)de — /\/ e(x)E - ®da :/ e(x)g- ®dx for all ® € V. (15)
Q Q Q
In order to identify the right function space for g we use a Helmholtz Decomposition. Define
xp' = {E IS Lp,(Q; R3) : / e(z)E-V¢dr =0 for all ¢ € I/Vl’p(Q)}7
Q
y? = {Vu:ue whtr' ()}

By the Gauss-Green formula elements of XP are not only divergence-free in €2, but also
satisfy e(z)E - v = 0 on 0% in a distributional sense. We also need

(Yp/)J‘E = {f € LP(Q;R3) : / e(z)f-gdr=0forall g € Yp/},
Q
(XPI)L‘€ = {g € LP(;R3) : / e(@)f-gde =0 forall f € Xpl}.
Jo
From [2, Theorem 1] and W13(Q) C VMO(Q) [?, Theorem 3.3(ii)] we get the following.

Proposition 10. (Auscher, Qafsaoui) Assume (A1),(A2) and 1 < p < oo. Then for any
given f € Lp,(Q; R3) the boundary value problem
V(e(@)(f+Vu) =0 inQ, e(x)(f+Vu)-v=0 ondQ (16)

has a weak solution in u € Wl’p/(Q) that is unique up to constants and satisfies | Vul|,y <

S
[1£1lp -

This preliminary result provides a Helmholtz Decomposition that allows to set up a
Fredholm theory for (14). To see this define

LE :=¢e(z)71V x (,u(x)_lv X E), (B, F)e ::/ e(x)E - Fdz.
Q

Then the problem reads (£ — A\)E = g where L is a selfadjoint operator in the Hilbert space
(L2(4R3), (+,-)e). In the following we write E 1. F if (F,F)c = 0 and analogously for
subspaces of L2(Q;R3).

!Lemma 2.16 in [24] is stated and proved only for Z~ = {0}, but the same proof yields the
result for any finite-dimensional Z~.
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Proposition 11. Assume (A1),(A2) and 1 < p < co. Then we have
PR3 = XP o v?  with (YP)Le = XP yP = (xP')Le.

Proof. First of all, X p/, Y? are closed subspaces of v (Q;R?) and the intersection of these
subspaces is {0}. Indeed, for E € XP' NYP we have E = Vu for some u € Whe' (92) with

/ e(z)Vu-Vedzr =0 for all ¢ € WHP(Q).
Q

Proposition 10 for f = 0 then implies Vu = 0, i.e., E = 0. We thus conclude that the
sum is direct and X? @ Y? C LP'(Q;RS). To prove equality we define, for any given
fe LZ",(Q;]R‘Q')7 IIf := f 4+ Vu where u is the solution from Proposition 10. Then II is a
bounded linear operator on LP’ (Q;R3) with

/z—:(m)(Hf)-Vqﬁdm: / e(@)(f +Vu) - Vodr =0 for all ¢ € WHP(Q)
JQ JQ

in view of (16). We conclude II : LPI(Q;R?’) — X?' so Vu € Y? implies f = IIf — Vu €
Xi"/ (&) Yp/. ‘We thus obtain

LP (;R3) = XP @ YP .
The equality (YP)+e = XP' holds by definition. To show YP = (XPI)J-E first note that

the inclusion C is trivial. So let us assume g € (Xp/)ls, in particular g € LP(Q;R3). Since
fi=e(@)"1(V x ®) € XP' whenever ® € C§° (% R3), we get

/ (VX ®) gde= / e(x)f - g(z)dz =0 for all ® € C§°(Q;R3). (17)
Q Q
This and Lemma 33 imply that g must be a gradient, which proves the claim. O

Remark 12. In the case of homogeneous and isotropic permittivities, i.e.,
e(xz) = eg with eg € (0,00), the above Helmholtz Decomposition Theorem was proved
by Fujiwara-Morimoto in [16] for smooth domains and Simader and Sohr [23, Theorem 1.4]
extended this result to C'-domains. We refer to [15, Theorem 11.1],[17, Theorem 1.3] for
alternative proofs and variants of this result in Lipschitz domains.

In order to use the Fredholm theory of symmetric compact operators we first show
the following.

Proposition 13. Assume (A1),(A2). Then V is a closed subspace of H'($;R?).

Proof. The space V is a subset of F/(Q,¢,v) defined in [22] given that all vector fields E € V
satisfy

EcL?(R3), VxEcL*>(OR3), V-(¢E)=0inQ, (¢E)-v=0on d.

By [22, Theorem 1.1] and (A1),(A2) the norms || - || g1 (q,r3) and || - || from (3) are equivalent
on F(Q,e,v) and in particular on V, which proves the result. O

Note that [22, Theorem 1.1] requires the exterior ball condition for €2, which is why we
included it in (A1). As a consequence of the previous proposition, V inherits all embeddings
of H'(€;R3). The Rellich-Kondrachov Theorem as well as the definitions of V, X? imply

V «— X? boundedly for 1 < p < 6 and compactly for 1 < p < 6 (18)

given that the Sobolev-critical exponent for the embeddings of H'(Q;R3) into LP(Q;R3) is
p = 6 by our assumption on the domain regularity (Al). The Riesz Representation Theorem
in V implies that £ + 1 has a bounded resolvent from V' into V, which, by (18), is compact
as an operator from X?' to XP for 1 < p < 6 and in particular from the Hilbert space X2
into itself. We write

(L) :={X€R: L(E) = AE for some E € V\ {0}}
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for the spectrum of £ and denote by Eigy C V the (possibly trivial) eigenspace of £ asso-
ciated with A € R. In view of (18) we have Eigy, — XP and, for notational convenience,
we write Eigi whenever this set is considered as a closed subspace of XP and hence of
LP(Q;R3). Fredholm theory for selfadjoint operators in Hilbert spaces gives the following.

Proposition 14. Assume (A1),(A2), 1 <p <6 and XA € R.

(i) The selfadjoint operator L in the Hilbert space (X2, (-,-)e) has countably many eigen-
values such that the corresponding eigenfunctions form an orthonormal basis of (X2, (-, -)¢)
and of (V, (-,+)). All of these eigenvalues are positive and they tend to +oo.

(it) The linear problem (14) with g € XP has a weak solution if and only if g L Eig’;.
The solution is unique up to elements of Eig, .

(i) For all A € R\ o(L) the resolvent (L — N)~1 : XP' — V is bounded for all p < 6 and
it is compact provided that p < 6. The analogous statement is true for X € o(L) if
XP',V are replaced by the subspaces {g € xP g 1. Eigh} and {E € V: E 1 Eig,}.

Proof. The claims are standard except for the positivity and the unboundedness of the eigen-
values. The eigenvalues are unbounded from above given that the corresponding Rayleigh
quotients are unbounded from above over V. To see this one may choose nontrivial divergence-
free test functions with shrinking support, e.g., E-(z) := x(7|z — y|?)(y2 — 2,21 — y1,0)
for suitable x € C§°(R),y € Q and 7 / co. Moreover, every eigenpair (E,\) € V x R of L
satisfies, in view of (A2),

ME|? = )\/Qz-:(z)E -Edx = /Q w) YV x E)-(V x E)dx 2 /Q |V x E|? da.

As a consequence, eigenvalues A satisfy A > 0 and A = 0 if and only if the associated
eigenfunction satisfies V x E = 0. Given that E € V, the latter is equivalent to E = 0
because Lemma 33 implies E = Vu for some v € H'(Q) and thus, by definition of V,
|IVul|2 = (E,Vu)e = 0. As a consequence, A must be positive. g

Now we extend the considerations to the linear problem (14) for right hand sides
g€ x7' @ Y1 for suitable ¢ € [1,00]. The right ansatz for the solution space is V @ Y?. A
weak solution £ € V @ Y7 of (14), with E = E1 + E2,E1 € V,E> € Y9, is supposed to
satisfy

/ w(@) "NV x By) - (V x &) de — /\/Qs(a:)E-
Q
@dz:/ e(x)g-Pdx forallbeVeaYi.

Q

This extends the notion of a weak solution in V given by (15). To have well-defined integrals
we assume? 1 < p < 6 as before as well as ¢ > max{2, p’'}. By orthogonality, this is equivalent
to

/ w(@) NV x E1) - (V x <I>1)d:c7)\/
Q

e(x)Er - ®1dx = / e(x)gr - 1 dx for all ®; € V,
JQ

Q

X | e(x)Ey - Padx = / e(x)ga - Po dx for all 5 € Y.
Q Q

2Defining the integral

/Qe(;v)g~<1>d:v ::/Qs(a:)gl~<I>1d$+/ﬂs(w)g2~<1>2 da

by formal orthogonality with respect to (-,-)c we can even relax the assumption g >
max{2,p’'} to ¢ > 2. Indeed, g1 € Xp’,¢1 €V C XP,1 < p < 6 justifies the first inte-
gral and g2, P2 € Y4,q > 2 justifies the second one. However, given that our applications
only concern the range 2 < p < 6, this extension is not needed in this paper.
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From Proposition 14 we get the solution theory for the first equation and the solution of the
second equation is trivial by our choice of the solution space. We obtain the following.

Theorem 15. Assume (A1),(A2) as well as g = g1 + g2 where g1 € Xpl,gz € Y? for
ezponents 1 < p < 6, max{2,p'} < g < oo and X\ € R.
(i) If X € R\ (o(L£)U{0}) then the unique weak solution E € V@Y1 of (14) is giwen by
E=(L-N""g1+X "9

(ii) If X € o(L) then (14) admits weak solutions if and only if g1 L. Eigh. In this case
all weak solutions E €V @ Y? are given by

Ee(L—-N"tg1 + 2" 1g2 +Eig, .

(iit) If X = 0 then (14) admits weak solutions if and only if g2 = 0. In this case all weak
solutions E € V @& Y are given by

EcL g +Y9.
Later, in the discussion of the nonlinear Neumann problem for A = w? € o(£), it will

turn out convenient to choose g1 as in (ii). To this end, we introduce for 1 < p < 6 and
AeR

Xfl = {fGXp/:(/Qz-:(x)f-¢>dx:0f0r all ¢ € Eigh }

This definition makes sense for 1 < p < 6 and A € R. We then have g1 € Xp/, g1 Le Eig“; if

’ ’
and only if g; € Xg\) . This is why the function space Xf and its properties will be needed
later on.

Proposition 16. Assume g <p<6and X € R. Then xr' = Xfl (%) Eigﬁl with
! ’ /
(x¥)*te =Eigfoy?,  (Big} @Y? )" = x3%.

Proof. We only prove (Xgl)J'f C Eig’/{ PYP, solet f € (Xfl)J‘E C LP(;R3) and define

(f) = f = > _(f, ¢i)edi € LP(%R?) where {¢1,...,¢n}
=1
is an ONB of (Eig?%, (-, )¢).

With this definition we find II(f) € (Xp/)J-E = YP by Proposition 11. This implies f €
Eig} @Y?. |

4. Proof of Theorem 1

The nonlinear Neumann problem (2) reads
(L—wHE=P where P :=¢e(z) " f(z,E) and E € V ® W.

Aiming for a dual formulation of this problem, we solve the linear problem and treat the
resulting equation as a problem for the vector field P. The inversion of the map E — P is
possible thanks to our assumption on the nonlinearity f. In the Appendix (Proposition 34)
we show that (A3) implies that an inverse ¥(z,-) := f(z,-) ! exists almost everywhere with
the following properties:

(A3%) 9 : Q x R® — R3 is measurable with 1 (z, P) = o (z, |P|)|P|~! P where, for almost
all z € Q,

z — o(z, ) is positive, increasing and differentiable on (0, c0),

z — 2z~ Yo (x, ) is decreasing on (0, c0).
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Moreover, there are c1,c2 > 0 and 2 < p < 6 such that for almost all z € Q and
z > 0 we have

z 1
/ Yo(z,s)ds — 5¢0($,z)z > cl\z|p/ > catpo(z, 2)2 (19)
0
We anticipate Proposition 34 for the sake of the presentation.

Proposition 17. Assume that f : Q x R? — R3 satisfies (A3). Then (x,-) := f(x,-)" ' exists
for almost all x € Q and satisfies (A3’).

As a consequence, solving the nonlinear Neumann problem amounts to solving the
quasilinear problem
(L - w2)(1/)(:v, e(z)P)) = P. (20)
The case distinction (i),(ii),(iii) in Theorem 15 leads to a separate discussion of (20) accord-
ing to the following cases:

(1) w?€(0,00)\ (L) or (1) w? €o(L) or (1) w?=0.

Case (I) will be treated in full detail whereas our presentation of the cases (II),(III) focusses
on the modifications with respect to (I).

4.1. Case (I)

Here we assume w? € (0,00) \ o(£).
The first step is to prove that the original problem is equivalent to finding ground and
bound states of the functional

J(P) := /Q V(z,e(x)P)dx + 2&)% /Q Py -e(x)Prdx

— %/Q(ﬁ—wQ)_lPl ce(z)Pr dx (21)

for P € Z := XP' @ Y?2. It is straightforward to check J € C1 (Z) with Fréchet derivative
J(P)[h] = / b(z,e(@)P) - () da +w_2/ Py - e(2)hs da
Q Q

— / (L —w?)7LP - e(x)hy de
Q

for all h € Z. Here one uses that (£ —w?)~! is symmetric with respect to (-, ). Exploiting
the formulas for (XP/)J-E and (Y2)+< from Proposition 11 we find that the Euler-Lagrange
equation of J reads

Yz, e(x)P) = (L —w?) " P —w 2P,  for P € XP, Py € Y2 (22)

Lemma 18. Assume (A1),(A2),(A8) and w? € (0,00)\ o(L). Then I'(E) =0,E € VO W if
and only if J'(P) =0, P € Z, where P, E are related to each other via P = e(x)~ 1 f(x, E),
E = ¢(z,e(x)P) with ¢ as in Proposition 17.

Proof. Assume I'(E) = 0 where E = E1+F> for By € V, E2 € W, define P := g(z) ! f(z, E).
From E € V@ W C LP(;R3) and the growth properties of f from (A3) we infer P €
Lp/(Q;R3), We write P = P; + P> according to the Helmholtz Decomposition from Propo-
sition 11. According to the formula of I from (4) we get for &1 € V,$5 =0

0=/ w(x) YV x B1) - (V x &1)dz — w? /Qs(x)E - d:z:f/ f(z,E) - &, de
:/Q,u,(w)il(v X F1) - (VX ®1)dw — w2/98($)E1 - Py da:—/ge(m)Pl - ®y dx.
Choosing instead &1 = 0 and ®3 € W we get

0= 7w2/ e(x)Ey - o dx f/ e(x) Py - Do dx
Q Q
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for all &5 € W. This implies
Fi = ([: — 0.22)71P1, Fy = 70.)72P2.
In particular, Py = —w?Es € W=YP C Y2, so
P=P+PecX’ @Y?>=Z and
Pz, e(x)P)=E=FE1+ Ea = (L—w?)"'P —w 2P,

So (22) holds and we conclude J'(P) = 0. To prove the reverse implication assume J'(P) =
0 for P € XP' @ Y2 so that (22) holds. This implies P € LP (Q;R3) and hence E :=
Y(z,e(x)P) € LP(Q;R3) in view of (A3’). Recall that (A3’) is equivalent to (A3) thanks to

Proposition 17. From (22) we even get £1 = (£ — w?)"!P; € V by Proposition 14(iii), so
E €V ®W. So (22) and Theorem 15(i) imply I’(E) = 0. d

Knowing that the dual problem (22) and the original one are equivalent, we may now
focus on proving the existence of critical points of J with the aid of Theorem 5.

Proposition 19. Assume  (A1),(A2),(A3’). Then J  from  (21)  satisfies
Palais-Smale condition.

Proof. Let (Py) be a Palais-Smale sequence for J, so J(P,) — ¢ € R and J'(Pp) — 0. From
(A3) we get

1
c+o(1)||Pnlly = J(Pn) — §J/(Pn)[Pn]
1 ,
= [ W(z,Pu) — ~9(2,Po) - Pade 2 [ |Pul? dz = || Pall?,
Ja 2 Ja P

so (Py) is bounded in LPI(Q;R3). This and J(P,) — c imply that (P?) is bounded in
L2(Q;R3) as well, so we may assume P} — P! in X7 and P2 —~ P2 in Y2 From J/'(P,) —
0, P, — P and the compactness of (£ — w?)~ 1 : xr - XP see Proposition 14(iii), we get
as n — oo.

o(l) = J'(Pn)[Pn — P]— J’(P)[Pn — P]
- /Q (@, e(2)Po) — $(a, (@) P)) - () (P — P)
+w™2(P2 - P?).¢(x)(P2 - P da

- =t e = P @) - PY da
Q

- /Q (¥, e(2)Po) — (2, (@) P)) - () (P — P)
+ w_Q(PS — PQ) . 6(([)(}35 — P2) dz + o(1).

The integrand is nonnegative and hence converges to zero in L!(§2). By a Corollary of the
Riesz-Fischer Theorem, a subsequence, still denoted by (P, ), is pointwise almost everywhere
bounded by some function H € L'(€) and converges to zero pointwise almost everywhere.
Since ¥ (z, -) is strictly monotone for almost all € Q and e(z) is uniformly positive definite,
we deduce P, — P and P2 — P? pointwise almost everywhere. Furthermore, combining

(W(z,e(x)Pn) — ¢(z,e(x)P)) - () (Pn — P) + w™2(P2 — P?) - g(z)(P? = P?) < H onQ

with the estimates 1(z, e(2)Pn) - e(z)Pn 2 [Pl and [¢(z,e(x) Py)| < [PalP’ =1 from (A3")
gives

Po|? +|P2P<H onQ
where H € L'(Q) is defined in terms of H, P, (z,e(x)P). So the Dominated Convergence
Theorem implies P, — P in LP’ (Q) and P2 — P2 in L%(Q), hence ||P, — P|| — 0. In
particular, J'(P) = 0 and the claim is proved. O
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We finally prove the existence of critical points. As usual, a ground state is a nontrivial
critical point with least energy among all nontrivial critical points. We will see that ground
states for J give rise to ground states for I and hence minimal energy solutions for the
original problem.

Theorem 20. Assume (A1),(A2),(A3’) and w? € (0,00) \ o(L£). Then J admits a ground
state and infinitely many bound states.

Proof. The Banach space Z = X? @ Y2 satisfies (G1) with Zt = Z,Z~ = {0}. We check
that the functional J € C'1(Z) has the Mountain Pass Geometry (G2), (G3). Indeed, (G2)
is straightforward. To prove (G3) let m € N be arbitrary. Then define Z,, as the span of m
linearly independent eigenfunctions associated with eigenvalues A1, ..., Am € (w2, 00)No(L).
With this choice, we get for a linear combination of eigenfunctions P := >, ¢i¢; € Zm

/Q(E—w2)71P-E($)de: Z cic]-/ﬂ(ﬁ—wQ)*ldyi.s(ij dx

i,j=1

|
>
| o
[V
5
&
o
B
<
.
U
8

ij=1
m 2
Ci 2
ll:ll
. 2 €
i=1 )\l
> min{(\; —w?) ' i=1,...,m} - ||P|?
> cm||P|?

for some ¢, > 0. Hence, P = P; and P = 0 gives for some C' > 0

1 ,
J(P) = /Q ¥(z,5(x)P)dz — /Q(L —wh)TIP (@) Pdu < C| PP, — %’”HPH?,

which implies J(P) — —oc as P € Z,, || P|| — oo. Finally, Proposition 19 shows that J satis-
fies the Palais-Smale condition, SO (G4) holds by
Remark 6(a). Theorem 5 then implies the existence of infinitely many finite energy solu-
tions. Finally, a critical point exists at the mountain pass level [27, Theorem 1.15] and this
solution is in fact a ground state by [27, Theorem 4.2]. d

Proof of Theorem 1 for w? € (0,00) \ o(L£): Since f satisfies (A3), the function
w(x,-) = f(x,)"! satisfies (A3’) by Proposition 17. So Theorem 20 implies that the func-
tional J has a ground state P* € Z \ {0}. By Lemma 18, E*(x) := ¢(z, P*(x)) satisfies
E* € V@ W\ {0} as well as I'(E*) = 0. In fact, E* is even a ground state, which is proved?
as in [20]. Moreover, Theorem 20 provides infinitely many other nontrivial critical points of
J and hence of I, which finishes the proof of Theorem 1. O

3 One may argue as in the proof of [20, Theorem 15]. In the notation of that paper,

X=VveWw, Y=z=XxPaov? G=J o) :=/ hda
Q

Q1(E, B) = / w(@) NV X E) - (V x B) — we(2)E - E dx,
Q
Q2(E,E) := / (L - E - Eda.
Q
The theorem requires the equivalence of the original and the dual problem, see eq. (10) in

[20], which we checked in Lemma 18. Even though F,G are in general not twice continuous
differentiable, the same argument as in [20] gives the claim.
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4.2. Case (II)

We proceed as in the previous section and start by defining the energy functional

J(P) := /Q U (z,e(x)P)dx + %% /Q Py -e(x)Prdx
1

- E/Q(ﬁwa)*lPl -e(z) Py dx, (23)

on the Banach space 72 := Xﬁ; @Y2. Note that by our choice of Z,,> the resolvent is well-
defined as a linear operator acting on P, € Xﬁ;, see Theorem 15(i). We have J € C1(Z,2)
with

e = |

U(z,e(x)P) - e(x)hde +w™? / Py - e(z)ha dz
Q Q

— / (L —w)7LP - e(2)h da
JQ
for all h € Z,2 and the Euler-Lagrange equation J'(P) = 0 actually reads, in view of
Proposition 16,
2\—1 —2 .
Y(z,e(x)P) € (L —w?) T P —w 2P + Eigh, . (24)
Lemma 21. Assume (A1),(A2),(A3) and w? € o(L). Then I'(E) = 0,E € V&W if and only

if J)(P)=0,P € XSQ ® Y2, where P, E are related to each other via P = e(x)~ ! f(z, E),
E = ¢(x,e(x)P) with 1 as in Proposition 17.

Proof. From P € Z > C Lp/(Q;R‘"’) and from the fact that 1) satisfies (A3’) we get F :=
P(z,e(x)P) € LP(Q;R3), in particular B2 € YP = W. Now if J/(P) = 0, then (24) implies
E = E; + Es, Er€(L—-w?)'PL+Eigh,, Ez=-w’P

From P, € X?' we infer (L — w2)E1 = P in the weak sense, in particular £1 € V. Then
I'(E) = 0 follows and the claim is proved. O

The verification of the Palais-Smale condition and the existence proof for critical

’
points is the same as above as it suffices to replace x7' by X?, in the proof.
w

Theorem 22. Assume (A1),(A2),(A3°) and w?> € o(L). Then J from (23) satisfies the
Palais-Smale condition and admits ground states as well as infinitely many bound states.

Proof of Theorem 1 for w? € o(L): Same reasoning as in the case w? € (0,00)\ o (L)
up to replacing Theorem 20 by Theorem 22.
4.3. Case (III)

We finally deal with the static case w? = 0 where the boundary value problem does not
involve the permittivity matrix € any more, so may without loss of generality assume e(z) :=
I3x3 and ignore (A2). The energy functional is given by J : XP" = R with

: 1
J(P) := / U(z, P)de — 7/ L7IP. Pdz.
Q 2 Ja
Once more, this functional belongs to C'1 (X p/) and the Euler-Lagrange equation reads
Wz, P) € LTIP 4+ YP

For the definition of £~1 : XP' — V < XP and the Euler-Lagrange equation see Theo-
rem 15(iii). Proceeding as above we get the following.

Lemma 23. Assume (A1),(A3) and w? = 0. Then I'(E) = 0,E € V® W if and only if
J'(P)=0,P ¢ XP where P, E are related to each other via P = f(z,E), E = (x, P) and
1 is given by Proposition 17.
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Theorem 24. Assume (A1),(A3’) and w? = 0. Then J € C! (Xp/) satisfies the Palais-Smale
condition and admits ground states as well as infinitely many bound states.

Proof of Theorem 1 for w? = 0: Same reasoning as in the case w? € (0,00) \ o(£)
up to replacing Theorem 20 by Theorem 24. O

5. Proof of Theorem 2

We now use the dual variational method to prove the existence of infinitely many LP-
solutions to the Nonlinear time-harmonic Maxwell’s equation (5) under the assumption

e(z)=eo € (0,00), u()=po € (0,00), w?>0, f(-, E) satisfies (Ad). (25)
So the equation to solve is
VXVxE—-AE=f(z,E) inR> where X 1= w?eqpo.

To this end we adapt the strategy that Evequoz and Weth [14] used to prove the existence
of dual ground states for the Nonlinear Helmholtz Equation. In order to implement the dual
variational method in the Maxwell setting, we use the Helmholtz Decomposition on R3. We
recall that WP (R3;R3) is a homogeneous Sobolev space, i.e., the closure of test functions
with respect to u — ||Vu||,. We define

x? = {E € L¥ (R3;R3) : / E-Vddzr=0forall ¢ Wl’p(RS;RS)},
Q
vP = {Vu € WLP’(R?’;R?’)}.

Proposition 25. Assume 1 < p < oo. Then LT’/(R?’;R:‘) = x* @ Y? with (XI[’/)L =
YP, (Y’“/)L = XP. We have, in the distributional sense,

VxVxE =—AE, forEi€X?, VxVxE=0 forBecyY?. (26)

Proof. For any given E € )i (R3;R?3) we define

Ei1(€) = E(E) — |€]72(6- E(€))e,  Ea(6) = €| 72(¢- E(€))¢

Mikhlin’s Multiplier Theorem implies that E7, E2 indeed belong to v (R3; R3). It is straight-
forward to check (Xpl)L =YP, (Ypl)L = XP. Then (26) follows from the identity V x V x
¢ = —ADP+V(V-®) for & € C§°(R3; R3) and from the fact that the curl operator annihilates
gradients. O

As a consequence, it suffices to find solutions for
(A = N)E1 — \E2 = f(z,E1 + E2) in R3.

To prove the existence of nontrivial solutions to this problem we study a dual problem
that, in contrast to the situation on bounded domains studied earlier, is not equivalent to
the original problem. This is due to the fact that —A — X is not invertible on Xp/, but
admits some sort of a right inverse R defined via the Limiting Absorption Principle for the
Helmholtz equation. We define R := R[(—A — X —i0)71], ie.,

/ . - g
R:XP — XP| — lim R(F 1| ————). 27
g 2o ( <|-|2—)\—is>> (27)
It is known [14, Theorem 2.1] that this is a well-defined bounded linear operator for 4 <
p < 6. Note that % = 4 corresponds to the Stein-Tomas exponent and % = 6 to

the Sobolev-critical exponent for n = 3. Introducting P := f(z, E1 + F2) we find that it is
sufficient to find a solution to

Ey = R(PY), Ey = -2"1p2
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This leads to the study of the energy functional
1 1
J(P):/ \Il(:c,P)dx—&——/ P22 dy — 7/ Pl R(PY) da (28)
R3 2\ R3 2 R3
that is well-defined on the Banach space
Z:=X?" ®(Y>nY?) with norm ||P| := ||P|l, + || P?|2.

Note that the assumption P> € Y2 is not sufficient. The functional J is continuously differ-
entiable and the Euler-Lagrange equation reads

P(z, P) = R(P1) = A2 Pa. (29)

It turns out that solutions P of this dual problem lead to solutions of the function space
V & W where

Vi=R(X?), W:=Y?PnY?,  soVa&WC LP(R*R?).
Moreover, local elliptic regularity theory implies V C Wli’cpl(Rg’;R?’). A function E = Ej +
E; € V@ W is called a weak solution of (5) if
/ (VX Ep) - (Vx <I>1)—)\E-<I>dx:/ f(z,E) - &dx
R3 R3
for all ® € (V@ W) N C§°(Q;R?)
and all integrals are well-defined by the choice of our space of test functions.

Lemma 26. Assume (25). Then J'(P) = 0,P € Z implies I'(E) = 0,E € V& W C
LP(R3;R3) where E = v(x, P) and 1 is given by Proposition 17.

Proof. Let P € Z satisfy J'(P) = 0, so (29) holds. From Z C ' (R3;R3) and the growth
conditions of ¥ from (A3’) we deduce F := (z, P) € LP(R?;R3). The Euler-Lagrange
equation gives
E = FE| + Es, E) =R(P1), Eo=-\"'P,
and thus E1 € V, E2 € W and I’(E) = 0 in the sense of (30). O
Now we construct infinitely many nontrivial critical points for J with the aid of

Theorem 5. We shall need the following local compactness property that generalizes [13,
Lemma 2.2]. As a new feature, it uses Div-Curl-Lemma.

Proposition 27. Assume (25). Then for any PS-sequence (Pp) of J there is a subsequence
(Pn;) and a critical point P of J such that

Pu, = PinZ, Py —PinlLh

loc

(R%R?), P2 — P%in L3, (R%R%).

Proof. As in the case of a bounded domain, one finds that (P,) is bounded and w.l.o.g.
weakly convergent to some P € Z. From J’(Pn) — 0 and P,, — P we infer for all bounded
balls B C R?

o(1) = (J'(Pn) = J'(P))[(Pn — P)1g]
= /B ((x, Pn) — (2, P)) - (Pn — P) + A~Y(P2 — P%). (P, — P)dz
—/ (P, — P)-R(P! — PY)da
B
=/ (¢(x, Pn) — (2, P)) - (Pn — P) + A7 P2 — P2 dz
—/ (Pn— P)-R(PL — PY)da
B

+)\’1/ (P2 - P%). (P} — PYYdzs asn — co.
B
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We emphasize that for a fixed n € N the last term does not necessarily vanish given that the
integral is over B and not R3. The compactness of 15R established in [14, Lemma 4.1 (i)]
implies

n—0o0

lim / (P, — P)-R(P} — PYYdz =0.
B
The Div-Curl-Lemma [11, Theorem 4.5.16] and V - (Pl — P!) =0, V x (P2 — P?) = 0 give

lim [ (P2 —P?). (P} - PYYde=0.
B

n—oo

So we conclude

lim (¥(z, Pn) —(z, P)) - (Pn — P) + A" P2 — P22 dz = 0.

n—oo B
As in the proof of Proposition 19 we obtain, up to the choice of a suitable subsequence,
P, — Pin LP (B) and P2 — P2 in L2(B) as well as J'(P) = 0. O
Proposition 28. Assume P,Q € LPI(R3;R3) and (A4). Then

1
2—p

1P=Qly < ([, e P) (0. @) - (P = Q) - (1Pl + Q1)

’

Proof. We content ourselves with proving

(¥(z, P) — (2, Q) - (P — Q) 2 (1P| + Q) 2P - QI?

given that the remaining argument based on Holder’s inequality is straightforward. Define

f(r) =9, Q+7(P—-Q)) (P—Q). Then
((z, P) = ¥(2,Q)) - (P = Q) = f(1) = £(0) = f'(r) for some 7 € (0,1).

So it remains to estimate f’(7) from below. To do this we recall ¥ (z,&) = g (z, [£])§ where
Pi(x, z) == 27 14po(x, ) for almost all z € R3, 2 > 0. Since s +— s~ 1 fo(z, s) is increasing, we
have 9:1§(x,z) < 0 for all z > 0. Hence, for & := Q + 7(P — Q),

f'(7) = Dy(a,&)[P - Q] - (P — Q)
= 5 (@, [&-)IP = QP + |610: 85 (x, |- ) (167 7 2&r - (P — Q)
> (5 (2, 7)) + [6-10:45 (z, 1€ 1)) [P — QI

= 0:90(2,2)| sz je, |1 P — Q
(A4) ,
2 &P 2P - QP

’
Z (1Pl +1QNY 2P - Q.
Here we used p’, ¢’ < 2. O

Theorem 29. Assume (25). Then J has a ground state and infinitely many geometrically
distinct critical points.

Proof. We apply Theorem 5 to the infinite-dimensional Banach space Z = x?' @ (v? ﬂYp/).
The assumptions (G1), (G2) of that theorem are straightforward to check for Z~ := {0}. As
to (G3), for any given m € N choose Z,, := span{¢1,...,¢m} C Z where

A —&
65 (&) =x;(€1*) | &
0

where x; € C§°(R) and @ C supp (x;) C (w2eopo + 4, w?eopo + j + 1).
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Then {¢1,...,dm} is alinearly independent set of divergence-free Schwartz functions. More-
over, all elements of Z,, are divergence-free, so Z,, C X v Exploiting that all norms are
equivalent on finite-dimensional spaces, one finds a ¢, > 0 such that

Jos R(PY) - Pldz = [o3 R(P) - Pda = fp5 =t2EL  de > | P||2 for all P € Zpn.

3 12 —w2eopo
Furthermore,

1
— P22dz=0  forall P € Zn,.
2\

R3

These facts imply J(P) — —oo uniformly as P € Z,,, || P|| — co and (G3) is proved. Finally,
we verify (G4) following [13, Lemma 3.2]. Assume we have two PS-sequences (P), (Qn) for
J. In the case

[, = Qb R - Qlyde —0
R3
we get

o(1) = (J'(Pn) = J'(Qn))[Pn — Qu]
B /]RS (’(/)(CC, PTL) - 1/1(51776271)) . (Pn - Qn) + )\71|P,,% - EL|2 dzx

- [P Qb R(PE - Qlydo

R
= /}RS (¥(@, Pn) = ¥(x,Qn)) - (Pn — Qn)
+ AP - Q1P dz + o(1) as n — oo,

which implies ||P, — Q| — 0 in view of Proposition 28. In the complementary case the
nonvanishing property of R from [14, Theorem 2.3] gives, for a suitable ball B C R3, a
positive number ¢ and z, € Z3, that P, = P,(- — mn),Qn = Qn(- — zn) are still PS-
sequences of J with

/|157{*Q%L|p/dx2(:>0 for all n € N.
B

Here, the Z3-periodicity of f is used. By Proposition 27 we can select a subsequence, still
denoted by P, Qn with weak limits P, Q € K satisfying

/ IPL— QP do > ¢ > 0.
B
Hence, P,Q € K, P # @ and thus, by weak convergence,
limsup [|[Pr — Qnll 2 [|P = Q| = &.
n—o0
So J is PS-attracting and (G4) is proved. So all assumptions of Theorem 5 hold, hence any

K-decomposition of J must be infinite. In particular, by Remark 6(b), there are infinitely
many periodic orbits in K, which proves the claim. O

Proof of Theorem 2. It suffices to combine the existence of infinitely many periodic orbits
in IC from Theorem 29 with the fact that critical points of J yields critical points of I by
Lemma 26. O

6. Comments on the Dirichlet problem

Only few adjustments are necessary to treat the Dirichlet problem in the same way as the
Neumann problem. Essentially it suffices to modify the function spaces. The linear Dirichlet
boundary value problem reads

V x (;L(:c)flv X E) — Xe(z)E =¢e(z)g in Q, Exv=0 ondQ. (30)
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In contrast to the Neumann problem, the right function spaces for E now is

Vo = {El € Ho : / e(x)Ey - Vdda =0 for all ® € cg(n)}

Q

where Ho is defined as the closure of test functions with respect to the inner product (-, -)
defined in (3). In particular, Vo C V is a closed subspace, but it is also a closed subspace of
H}(Q;R3). This follows just as in the Neumann case with the aid of [22, Theorem 1.1]. A
weak solution of (30) satisfies

/ wax) YV x B) - (V x ®)dz — /\/ e(x)E - ®dx :/Qa(x)g - ® dxfor all € Vo.
Q Q

We introduce

Xx? = {E € LV (R3) : / e()E - Vedz =0 for all ¢ € Wol’p(Q)},
Q
YOP/ ={Vu:ue Wol’p,(Q)}.

Notice that Xg/ 2 X7 and Yop, - y? given that elements of Xg/ do not carry any
information about the boundary behaviour in contrast to elements of X ?' For instance, in
the case of a ball Q = {z € R? : |z| < 1} we have E(z) := e(z) " (x2,21,0) € Xg/ \ X7,
Indeed, the vector field e(z)E is divergence-free in Q with e(x)E(x) - v(z) = e(z)E(z) -« =
2z1x2 Z 0 on 0S). As before we define

(Y )te = {f € LP(Q;R3) : /ﬂe(z)f~gdw =0forallge YOP'},

(X(I;I)J‘E = {g € LP(;R3) : / e(@)f-gde=0forall f € Xgl}.

Q

The Helmholtz Decomposition for the Dirichlet problem relies on the following result [2,
Theorem 1].

Proposition 30. [Auscher, Qafsaoui] Assume (A1),(A2) and 1 < p < oo. Then, for any
given f € Lp,(Q; R3) the boundary value problem

V- (e(@)(f+Vu) =0 inQ
has a unique weak solution in u € Wg‘p/(ﬂ), It satisfies [|[Vull,r S fllp -
Proposition 31. Assume (A1),(A2) and 1 < p < co. Then we have
P (R = X2 @v?  with (YP)te = X2 vP = (XF)te.

Proof. The proof of )2 (QR3) = Xg/ &) Yop/ is the same as the one of Proposition 11 up to
replacing Proposition 10 by Proposition 30. We only show (X(’;/)J-5 CY¥ For fe (Xgl)J-E
we have f € (XPI)J'E thanks to Xg/ > X7’ So Proposition 11 gives f = VF for some
F € WLP(Q). We want to show that we even have F' € Wg‘p(ﬂ) after substracting a suitable
constant. To see this let ¢ € C1(99Q) be arbitrary with zero average and let u € Wl*pl(ﬂ)
denote the unique weak solution of

—Au=0 1in Q, Vu-v=¢ on 0.

This is possible by [15, Theorem 9.2]. Then u is harmonic with e(z)~!Vu € Xgl. Hence,
0= / s(x)VF-s(x)_IVudx:/ VF - -Vudr = F¢do.
Jo Q a0

As a consequence,

0= F¢do whenever ¢do = 0.
o0 o0
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So F' is constant on 02 and after substracting the constant, we find f = VF for some
F e Wg’p(ﬂ), so f € Y. Here we used that F € Wol’p(ﬂ) holds if and only if FF € WP (Q)
has zero trace [10, p.315]. This finishes the proof. O

As in the Neumann setting V) inherits the embeddings from H{ (€2; R3), which allows
to set up Fredholm theory for the linear Dirichlet problem (30) using

Vo — X§  boundedly for 1 < p < 6 and compactly for 1 < p < 6.

In this way one finds that Theorem 15 admits a counterpart for the Dirichlet problem with
V, W, XP/,Y‘? replaced by V(),VV(),X(I;I,YO‘I7 respectively. Replacing the function spaces in
the discussion of the nonlinear problems the leads to existence results for infinitely many
solutions of the nonlinear Dirichlet problem under the same assumptions (A1),(A2),(A3).
We close this section by a remark on the interpretation of the boundary condition £ xv =0
on 0N.

Remark 32. In the context of (1) the metallic boundary condition E X v = 0 on 99 holds
in the sense

/ ((V><<I>)-E7<I>~(V><E))dx:0 for all ® € C (O, R3).
Q

In fact, this identity holds for all E € CSO(Q;R3) and hence, by density with respect to
| -|I, for all E € Ho. It encodes the boundary condition given that, under suitable regularity
assumptions, the integral equals, by the Divergence Theorem,

/QV-(<I>><E)dm:/Em(<I>xE)-uda:/@Q(Exu)-@da

for the outer unit normal field v : 9Q — R3. This is analogous to the classical Dirichlet
problem for the Laplacian where the zero trace boundary condition comes with the space
H}(Q). This motivates the name “Dirichlet problem” for (1). In the context of (2) the
boundary condition (u(z) "1V x E) xv = 0 on 99 is encoded in the Euler-Lagrange equation
for the functional I over H. So it shows up as a free boundary condition, which is analogous
to the Neumann problem for the Laplacian.
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Appendix A. Some technical results

Lemma 33. Assume (A1),(A2) and 1 < p < oco. If f € LP(Q;R3) satisfies V x f = 0 in the
distributional sense, then f = Vu for some u € WHP(Q).

Proof. By assumption we have
/ - (Vx®)de=0 forall® e C(RY).
Q

Take mollifiers (n7)r>0 that form a smooth approximation of the identity with supp(n-) C
B (0) and define

Fo(@) = (10 5 )(@) = /Q ne (@ — 1) f () dy.

For any given ® € C§°(Q;R3) we have & € C§°(Q) for all positive 7 < dist(supp(®), 09).
This implies, using integration by parts, (V x ®); =V x &, as well as

/Q(vxfT).<1>dgg=/QfT.(VX<1>)dx=/('zf.(vxcp)fdgc:/s'2

7

£V x 0y de Do,

Given that the test function ® is arbitrary as long as 7 < dist(supp(®), 0Q2), we conclude
that for any given strictly contained ball B CC Q we have V X fr = 0 in B provided that
0 < 7 < dist(B, 09). Since fr is smooth and any such ball is simply connected, we have

fr|lB = Vup, for a unique ug , € C°°(B) with
/ up,rdr =0 where 0 < 7 < dist(B, 99).
B

By Poincaré’s Inequality there is a constant C' = C(B) depending on B such that
lup,» —ussllwiegy < CllVupr—VupsliLes)y=I1fr — fsllp =0 as 7,6 —0%.
We conclude up ; — up for some u € W1P(B) and it is standard to verify
f=Vup on B.

If (x:)ien is a partition of unity subordinate to some open cover Q = (J;cy Bi with balls
B; C €, it is straightforward to check

f=Vu onQ where u := ZXiFBi~
1€EN

Since f € LP(Q), we have u € W1P(Q), which is all we had to show. |

Proposition 34. Assume that f : Q x R3 — R3 satisfies (A3). Then ¥(x,-) := f(x,-)" ' exists
for almost all x € Q and satisfies (A3’).

Proof. By assumption (A3), for almost all x € Q the function z — fo(z,z2) is positive,
differentiable and increasing on (0, co) with fo(z,z) — 0 as z — 0 and fo(z,2) — +oo as z —
oo. In particular, fo(z,-) : [0,00) — [0,00) admits a positive, differentiable and increasing
inverse vo(x,-) := fo(z,)~! for such & € Q. Moreover, z — 2z~ 14)g(x, z) is decreasing on
(0,00) because s — s~1fo(x,s) is increasing on (0,00). This implies f(z,-)~ ' = ¥(z,-)
where 9 (z, P) := 1o(z,|P|)|P|~' P and the claimed properties of ¢ except (19).

To prove (19) note that (A3) implies z := fo(z,s) ~ sP~! and thus ¥o(z,2) = s ~
2P’ =1 This implies the second inequality in (19).

Furthermore, by differentiation we find the identity

fo(z,s) s
/ wo(z,t)dt—i-/ fo(z,t)dt = sfo(x,s) foralls>0
0 0
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and conclude with the aid of assumption (A3)

/OZ Yo (z,t) dt — %wo(a},z)z = %fo(x, s)s — /OS fo(z, t)dt 2 sP ~ P

This provides the first inequality in (19) and the claim is proved. |
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