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Breather solutions to nonlinear Maxwell
equations with retarded material laws

Sebastian Ohrem

Abstract. We consider Maxwell’s equations for Kerr-type optical mate-
rials, which are magnetically inactive and have a nonlinear response to
electric fields. This response consists of a linear plus a cubic term, which
are both inhomogeneous with bounded coefficients. The cubic term is
temporally retarded while the linear term has instantaneous and retarded
contributions. For slab waveguides we show existence of breathers, which
are time-periodic, real-valued solutions that are localized in the direction
perpendicular to the waveguide, and moreover they are traveling along
one direction of the waveguide. We find these breathers using a varia-
tional method which relies on the assumption that an effective operator
related to the linear part of Maxwell’s equations has a spectral gap about
0. We also give examples of material coefficients, including nonperiodic
materials, where such a spectral gap is present.
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1. Introduction and main results
We consider Maxwell’s equations
V-D =0, V x E = —-By,
(1.1)
V-B=0, V xH =D,
in R3 without charges and currents. For the underlying material, we assume
the constitutive relations
B= /J,()H, D= 60E + €0P(E) (12)

where 19, €9 > 0 denote vacuum permeability and permittivity. So the material
is magnetically inactive and electrically active, with an electric displacement
field D that depends nonlinearly on the electric field E through the polarization

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00030-026-01197-0&domain=pdf

58 Page 2 of 34 S. Ohrem NoDEA

P(E). We consider Kerr optical materials modelled by P(E) consisting of a
linear plus a cubic term of E: the quadratic term is zero for materials with
centrosymmetric molecular structure, and higher-order terms are omitted (cf.
[1]). More precisely, we assume that the polarization is given either by

P(E) (2, y, 2, 1) = / @) Be g, 2t — ) dr

. (1.3.1)
+ h(z) / v(T)E(z,y, z,t — 7)%dr
0
where we abbreviate E3 := |E|* E, or by
o0
PB)w.2t) = [ gle Bzt - ) dr
0 5 (1.3.2)

+ h(z) (/Ooo v(r)E(z,y, 2, t — T) dT>

Note that the material coefficients g, h, v are independent of the two spatial
directions y and z, which we call a slab material. Taking the curl of Faraday’s
law V x E = —By, one obtains from (1.1), (1.2) the second order Maxwell’s
equation

V x V x E + eouod? (E+P(E)) = 0. (1.4)

There are many results on breathers for nonlinear wave-type equations
like (1.4) in the literature. Monochromatic breathers, which are given by
E(z,y, z,t) = Re[€(x,y, 2)el“!] with frequency w > 0 and profile £: R® — C3,
reduce (1.4) to the elliptic problem

V XV xE+ (xa(z,y,2) + x3(z,y,2) |E))E =0 (1.5)

with appropriate functions x1, xs derived from (1.4) by neglecting higher order
harmonics, i.e., terms proportional to e*3“! in P(E). Alternatively, higher
order harmonics vanish if the nonlinear part of the polarization is given by the
time-average

T
PrL(E)(z,y,2,t) = h(ac,y7z)/ |E(x7y,z,7')|2 drE(z,y, 2, 1),

0

where T := %’T Saturated nonlinearities

V XV x &+ x(x,y,2[E)E =0,

which are asymptotically linear as || — oo, are also of interest. These were
considered in a series of papers [28-34] by Stuart and Zhou. The authors con-
sidered transverse electric (TE) or transverse magnetic (TM) polarized waves
in cylindrically symmetric waveguides, which reduce (1.5) to a one-dimensional
scalar equation that can, e.g., be treated variationally. More general nonlinear-
ities x, including also power nonlinearities were investigated in [2,4,5,15] for
cylindrically or spherically symmetric solutions. The restriction to symmetric
solutions can be overcome using a Helmholtz decomposition to deal with the
kernel of the curl-curl-operator. This was investigated by Mederski et al. in a
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series of papers [20-23]. Mandel combined the dual variational method with
Helmholtz decomposition in [18], and considered spatially nonlocal nonlinear-
ities in [19]. In [9,10] Dohnal and Romani obtained breathers by bifurcation
from a simple eigenvalue of the linear problem. We refer to the survey paper
[3] for further results on monochromatic Maxwell equations.

We move to the topic of polychromatic breathers, which have multiple
(usually infinitely many) supported frequencies and are given by

E(z,y,2,t) = Y _ E(x,y,2)e™*",
keZ

We first discuss the instantaneous nonlinearity Pyp(E) = h(z,y, z)E3.
Here, the authors of [11] considered breathers at an interface between two di-
electrics and showed that these can be approximated on large but finite time
scales by solutions of an amplitude equation, the nonlinear Schrédinger equa-
tion. Existence of true time-periodic solutions was shown in [8,16] by Reichel
et al. for materials where the linear or nonlinear part of the polarization con-
sists of Dirac measures in space and using variational methods or bifurcation
theory, respectively. In [24] we considered bounded material coefficients with
spatially localized nonlinear interaction, and obtained breathers variationally
for instantaneous as well as some time-averaged polarizations.

Regarding the retarded polarizations (1.3.1) and (1.3.2), breathers were
found in our recent paper [25] using variational methods. The main difference
between [25] and this paper is a central property of the effective linear operator
(see (2.3)). We consider hyperbolic operators with a spectral gap about 0 while
[25] dealt with the elliptic case.

We solve the second-order Maxwell problem (1.4) using the ansatz

0
1
E(z,y,z,t) = w(x,t — EZ) |1 (1.6)
0

of a TE-polarized wave traveling with speed c¢ in z-direction. The ansatz is
divergence-free, so the curl-curl operator simplifies to V x V x E = —AE. We
use the symbol ¢ also for the second variable of the profile w, normalize the
speed of light in vacuum to ¢ := (eopo)~2 = 1, and insert the ansatz (1.6)
into (1.4) to obtain

1
—0%w — 0—26't2w +02(w + P(w)) =0 (1.7)

where the scalar polarization P(w) is given by

P(w)(z,t) = /000 glx, Nw(x,t —7)dr
(1.8.1)

+ h(z) /OOO v(r)w(z,t —7)3dr
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or

Pw)(e,1) :/0 g, Tyw(z,t —7)dr .
3 0.

+ i) (/Ooo (F)w(z,t —7) dT) ,

corresponding to (1.3.1) and (1.3.2), respectively. To include instantaneous
linear material responses, we assume a decomposition

g(z,7) = go(x)do(7) + g1(z,T) (1.9)
with g being the Dirac measure at 0 and gg, g3 bounded. On the other hand, we
assume that the nonlinear material response has no instantaneous contribution
and the separated form h(x)v(7). Both assumptions are necessary for our
variational method and discussed in more detail in Remark 1.6.

We show existence of breather solutions which solve Maxwell’s equations
pointwise and are infinitely differentiable in time. The precise definition is
given next.

Definition 1.1. We call E,D,B,H: R? x R — R? breather solutions to Max-

well’s equations with polarization (1.3.1) [or (1.3.2)] with time-period T > 0
traveling with speed ¢ in z-direction if each field F € {E, D, B, H} satisfies

F(z,y,2,t+T) =F(z,y,2,t) =F(z,y,z + e, t + 1)

and if for all domains of the form Q =R x [y1, ya] X [21, 22] X [t1,t2] it has the
regularity

OPOMF € L*(Q;R?) N L™ (Q; R?)
for all n € Ny and m € {0,...,m(F)} where m(E) = 2,m(D) = 0,m(B) =
m(H) = 1. Moreover, we require (1.1), (1.2), and (1.3.1) [or (1.3.2)] to hold
pointwise almost everywhere.

Next we give two examples of material parameters gg, g1, h, v for which
we can show existence of breather solutions. In the first example, we consider
a spatially periodic linear material response, i.e., gy and g; are periodic in x.
Theorem 1.2. Let ¢ € (0,00),0 € (0,1)\ {£},T, X > 0. Further let g7, hP°",
hlec € L°°(R;R) such that gi°", hP" are X -periodic, hP°" is positive almost
everywhere, h'°° > 0 and h'°°(z) — 0 as |z| — oo. We set w := 2% and define
potentials gg, g1, h, v by

1 G z€(0,0X)+ XZ,
go(x) = go(2;0, X) = — — 1+ {1692;(3 ox X> Xz
c oa—eexr € (0X,X)+ X7,
g1(z,t) = g7 () cos(wt) |cos(wt)| Lo 71 (),
h(x) = WP (x) + h'°(2),
I/(t) = dlSt(t, TZ)]]-[O,T] (t)
for z,t € R. Then for polarization (1.3.1) as well as polarization (1.3.2), there

exist infinitely many distinct breather solutions with period T and speed c¢ in
the sense of Definition 1.1.
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In the second example, we consider a linear material response that is
spatially periodic on each halfspace, and a localized nonlinear response.

Theorem 1.3. Let ¢ € (0,00),07,0% € (0,3) and T,X~, X" > 0. Further
let gY" hl°¢ € L>®(R;R) such that ¢t is X~ -periodic on (—o0,0) and X+-
periodic on (0,00), h'°¢ is almost everywhere positive and h'°°(z) — 0 as

|x] — oo. Set w = 2—” and define go, g1, h,v by
go(z;07,X7), x <0,
9o(@) = { o(a; 0%, X1), >0,
91(x,t) = g7 (x) cos(wt) |cos(wit)| Lo, 7 (),
h(z) = h°* (),

v(t) = dist(t, TZ)1, 1 (t)

for z,t € R, where go(x;0,X) is given by Theorem 1.2. Then for (1.3.1) as
well as (1.3.2) there exist infinitely many distinct breather solutions with period
T and speed c in the sense of Definition 1.1.

Let us prepare the main theorem. Recall (1.7), which using (1.8.1),
(1.8.2), and (1.9) we rewrite as

(=07 + (1= & + 90(2)) 0} ] w+0F (g1 (2, -) ¥ w+ Pyr(w)) =0 (1.10)

where * denotes convolution in time and Pyr, is the nonlinear part of the scalar
polarization. We consider velocities ¢ which are so large that the potential

Viz)=1— C% + go(a) (1.11)

is positive. Hence the linear operator —92 + V(z)9? is hyperbolic, which we
view as the main linear part of (1.10) with perturbation 92g;(z, -) * . It is
convenient to divide this operator by V() and instead consider L + 9? with
weighted Sturm-Liouville operator

— I o

L= V(x)am' (1.12)
In this form, the spectrum of L + 87 restricted to time-periodic functions
is easier to compute since L acts only on z, and therefore we simply have

o(L+ 0?) = o(L) + o(0?).
Let us fix the period T' > 0 of the breather and consider as time-domain
the set T := R/7z. On it, 97 has discrete spectrum o(07) = {-w?k?: k € Z}
with w = 2; denoting the base frequency. Our analysis strongly uses the as-
sumption that L has a spectral gap about w?k? for each k € Zoqq. The restric-
tion to odd frequencies means we consider functions that are %—antiperiodic
in time. It is helpful since for & = 0 we always have 0 € o (L), %—antisymmetry
is compatible with (1.10), it still yields a variational problem, and it allows us
to invert the operator L + 0} after restricting to Z-antiperiodic functions in
time. The operator L having countably many specific spectral gaps requires
a careful choice of the potential gg. In Theorems 1.2 and 1.3 this is satisfied,

and moreover the size of the spectral gaps grows linearly in |k|.
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Remark 1.4. In [14, Appendix C] you can find further examples of potentials
go for which the results of Theorems 1.2 and 1.3 remain valid. As an example,
in Theorem 1.2 one can consider

’fn,2 2
( Ly TorTxT z € (0,0X)+ XZ,
gox)_cz Ty w12 0X. X)+ X7,
wa—erxe: * € (0X,X)+ XZ,

for m,n € Nygq and 6 € (0,1), where instead of 6 # % we require gg # const.
Similar results hold for a periodic arrangement of three or more step potentials.

Lastly, let us fix some notation for the torus T. It is equipped with the
Haar measure d¢ normalized such that fT 1dt = 1. We denote the standard
orthonormal basis on L?(T) by ex(t) := e**. Accordingly, the Fourier coef-
ficients of a function ¢: T — C are given by ¢, = Fily] = [; gerdt, and
the inverse is @(t) = F @] (t) = Y ez Prer(t). If ¢ depends on space and
time, ¢ will always denote its temporal Fourier transform. Moreover, given a
function f on R, we define its periodization by Per[f](t) = T'> ., f(t + kT)
for t € T. Note that f g ¢ = Per[f] *1 ¢ holds for T-periodic functions .

For given positive functions ¢, ¢ we write ¢ < ¢ if there exists a constant
C > 0 with ¢(z) < Cp(z) for all z, and also ¢ = ¢ <= ¢ S pAp < ¢. If the
constant depends on some parameter, say k, we write ¢ g @ or p < ¢. With
this, we present our main existence result on breather solutions to Maxwell’s
equations (1.1) and (1.2) with polarization (1.3.1) or (1.3.2).

Theorem 1.5. Let T' > 0 be the period of the breather, w == 27” be its frequency
and ¢ € (0,00) be its speed. Assume that for constants o > 1, % <pg<2v<1,
0 < d < 6§ we have:
(A1) h € L (R;(0,00)).
(A2) v € L'(R;R) and its periodization N = Per[v] is even. Writing
R = {k € Zoaa: Ny # 0} for its Fourier support restricted to odd fre-
quencies, we require R # ) and |A7k| S |k|TY for all k € R.

(A3) go € L®(R;R) satisfies ess inf go > & — 1 and is locally of bounded
variation.
(A4) For the spectrum of the operator L: H?(R) — L?(R) defined in (1.12)
we have:
o (WK% -0 |k|",w?k? + 6 k|") C p(L) holds for all k € R.
o The point spectrum o,(L) satisfies 3 yc, (1) A8 < oo for all
e>0.
(A5) a+v—2>p.
(A6) g1 € L (R; L} (R;R)) and its periodization G(x) = Per[gy(x; - )] is even
in t and satisfies ’Qk(x)’ < WV(QJ) forallz e R, k € R.

(A7) For polarization (1.3.2), assume additionally that |Nk‘ > |k|™® holds
for all k € R and some s € R, and that there exist constants y < 1,
0 <d<§ with

(W2k* =8 |k ,w?k? + 5 |k|7) C p(L),

()] < V(z)

w? k"7
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for all k € Zoaa \ R. Note that o+ — 2 > 3 is not required.

Further let one of the two following assumptions on the spatial geometry of
9o, 91, h hold.

(ASa) h(z) — 0 as |z| — oo. In addition there exist R* € R, X* > 0
such that go is periodic on [R,00) with period X+ > 0, and also on
(—o0, R™] with period X .
(A8b) h = h'°¢ + hP where h'°¢(x) > 0 satisfies h'°(x) — 0 as |z| — oo, and
hP°" go, g1 are periodic in x with common period.
Then there exists a nonzero breather solution E,B,D,H to Maxwell’s equa-
tions with period T and speed c in the sense of Definition 1.1.
If moreover the set R is infinite, there exists infinitely many distinct
breather solutions.

Remark 1.6. Let us comment on Theorem 1.5 and its assumptions.

1. The constitutive relations (1.3.1) and (1.3.2) are translation invariant in
time. That is, if E,D,B,H solve the Maxwell system (1.1) and (1.2),
then for 7 € R the shifted functions E(-, - —7),D(-, - —7),B(-, - —
7),H(-, - —7) also are solutions. In Theorem 1.5, for #R = oo we state
existence of infinitely many distinct solutions. By this, we mean infinitely
many solutions that are not shifts of one another.

2. Solutions obtained by Theorem 1.5 are polychromatic in general: As-
suming 3R C R, any nontrivial solution given by the ansatz (1.6) has
infinitely many supported frequencies.

3. For (Al), it is also possible to treat a negative potential h in front of
the nonlinearity. More precisely, Theorem 1.5 remains valid when h is
replaced by —h, and we discuss changes to the proof in Remark 4.1.
However, with our method it is not possible to treat nonlinear potentials
h that change sign, or those that vanish on a set of nonzero measure.

4. The evenness assumption in (A2) and (A6) is needed for the variational
structure, since the linear part of the variational problem, cf. (2.5), is non-
symmetric without this assumption. Evenness is equivalent to time rever-
sal symmetry of the time-periodic Maxwell equations, i.e., if E,; D, B/ H
is a solution to Maxwell’s equations which is time-periodic with period
T of Theorem 1.5, then so is

E(xaya 2 _t)7D(aj?y7 Z, _t)7 _B(xvya 2 _t)a —H(LIZ‘, Y, =z, _t)

The separated form h(x)v(7) of the nonlinear potential is also required
for the variational structure, where we use that the convolution operator
v commutes with the linear operator of (1.10). This is not true for a
more general nonlinearity h(x,7)x, and it is not clear whether one can
recover a variational structure in this setting.

5. The decay assumption on the Fourier coefficients Ny, of v in (A2) together
with (A4) and (A5) ensure that the variational problem can be treated
using semilinear methods. For example, we show that the nonlinear terms
are well-defined and finite on the form domain of the linear operator.
This assumption requires v to be somewhat smooth, e.g., N € H%_E(T)
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must hold for € > 0, which is why we cannot include an instantaneous
contribution v = dq.

6. The assumption on large spectral gaps (A4) requires a careful choice of
the operator L, and hence of the potential gg. This is of course more
restrictive as the set R of “regular” frequencies grows larger. For exam-
ple, if R is infinite then the potential gy cannot be analytic, because in
this case spectral gaps would be exponentially small. For a proof in the
periodic setting, see [7, Theorem 3.6.1].

7. Assumption (A7) lets us control the linear operator also along frequencies
k € Zoaa \ R. It is not needed for (1.8.1) since there the nonlinearity
contains a convolution with v, which projects onto the frequencies *R.
The lower bound |k|™° on the Fourier coefficients N gives us control
over the inverse of this convolution operator.

8. The geometry assumptions (A8a) and (A8b) are used to overcome non-
compactness issues for the variational functional: The decay of h in (A8a)
ensures complete continuity of the nonlinearity, whereas the periodic
structure in (A8b) allows us to use concentration-compactness arguments.

9. Under (A8b) the assumption on the point spectrum in (A4) is trivially
satisfied since the differential operator L is periodic, and therefore by
Floquet-Bloch theory (cf. [13]) the spectrum o (L) consists of pure essen-
tial spectrum.

Outline of the paper

In Section 2 we formally convert the Maxwell problem into an Euler-Lagrange
equation and investigate the appearing symmetric linear operator £. Section 3
deals with embeddings of the form domain H of the operator L, i.e., the natural
domain of the bilinear form associated to £. We show boundedness as well as
local compactness of H < L*(R x T). This allows us choose H as domain of
the Lagrangian functional. In Section 4 we consider the dual problem to the
Euler-Lagrange equation, and solve it using the mountain pass method. We
also discuss multiplicity of solutions claimed in Theorem 1.5. Next, in Section
5 we discuss regularity of solutions of the Euler-Lagrange equation as well as
the Maxwell system, proving Theorem 1.5. Lastly, Appendix A contains the
proofs of Theorems 1.2 and 1.3 as well as some auxiliary results. Throughout
these sections, we always assume that (A1)—(A7) and one of (A8a) or (A8b)
are fulfilled.

2. Variational formulation

We begin by transforming the scalar Maxwell problem (1.10) into a variational
problem for an auxiliary variable u. We follow our earlier paper [25] for the
formal derivation.

First we consider the polarization (1.8.1). We denote by * the convolution
on the time-domain T and use

Viz)=1- c% + go(z), G(x) = Per[gy(z, )], N = Per[V]
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to rephrase (1.10) as
(=02 + V(2)07) w+ 087G (x) * w + h(z)OfN * w® = 0. (2.1)

Observe that V' is bounded, strictly positive, and locally of bounded varia-
tion due to (A3). The nonlinearity 02 * w? is supported only on frequen-
cies k € R, so it is reasonable to assume that w is also supported only on
such frequencies. We denote the projection onto frequencies k € R by P,
i.e., Prlp] = F lrenFr[p]]. On these frequencies, the operators —92, N'x
are invertible as Fourier multipliers with nonzero symbol, which allows us to
rewrite (2.1) as

(—PN%) " (=02 + V()02 + 02G(2)%) w — h(z) P [w?] = 0. (2.2)
We abbreviate (2.2) to Lw — hPx[w3] = 0 by introducing the linear operator
L= (—02N#) " (=02 + V(2)0? + 02G(x)) . (2.3)

Note that 02, N'x, and —02 + V(z)0? + 07G(x)* mutually commute since

they act on time as Fourier multipliers. Since A/, G(z) are even in time, the

convolution operators N'*,G(x)* are symmetric and hence £ is symmetric.
Let us now consider polarization (1.8.2), where (1.10) reads

(=02 + V(2)97) w+ 07G(x) * w + h(2) 9 (N * w)* = 0. (2.4)
We substitute v := A x w in (2.4) and apply Py to see that u solves
(=07) 7 (=07 + V(@)9} + 97 G(x)x) N*) ' — h(w) Prlu’] = 0,
whereas by projecting with Id — Py onto (2.4) we obtain
(=02 + V(2)07 + 07G(x)*) (1d — Pr)w = —h(z)d} (1d — Py)[u’].
The first of the two equations is again
Lu — h(x)Px[u®] = 0, (2.5)
and the second together with Px[w] = (N*)~!u allows us to reconstruct the
wave profile w via
w = Pfw] + (1d — Po)[u]
= (W) lu+ (~02 + V(2)0? + 02G(x)%) " [~h(x)d2(1d — Px)[u?]).
(2.6)
In particular, for both choices of the polarization we have to solve the
problem (2.5). Then, we have w = u for polarization (1.8.1) whereas w is given
by (2.6) for polarization (1.8.2).

We now study the form domain H of L. For this, we use a functional cal-

culus for the Sturm-Liouville operator L = —ﬁ@g from (1.12) on a weighted

L?-space. We introduce both before defining H in Definition 2.4.

Definition 2.1. We define the V-weighted space L} (R;C) = L?(R;C; Vdx).
Uniform boundedness and positivity of V show L} (R;C) = L*(R;C) with

equivalent norms.
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Theorem 2.2. (cf. [14, Theorem 3.6]) Let U(z;\) = (Vy(z;A), Ua(x; )"
be the fundamental system of solutions of Ly = Ap on R with initial data
(V,0,%)|,_o = Id. Then there exists a measure i, called spectral measure,
defined on the bounded Borel subsets of R that maps to positive semidefinite
R2*2 matrices such that

T: L} (R;C) — L*(n), /f (z;\) Vdz
18 an tsometric isomorphism with inverse

T g)(0) = [ OV 30 s (),

Here we use the Einstein summation convention. A definition of the Hilbert
space L2(u) consisting of equivalence classes of C%-valued measurable func-
tions can be found in [12, Definition XIII.5.8]. Its norm is given by ||gH2Lz(H) =
f]R 9:g; dpij(A). We note that the integral defining T exists for compactly sup-
ported f, and T is defined by approximation for general f. The same holds for
T

The map T is a spectral transform for the operator L, i.e., it diagonalizes
L. This is made more precise by the following lemma, whose proof is given in
Appendix A.

Lemma 2.3. Let f € L?(R;C). Then the following hold:
(a) f € H*(R;C) if and only if NT[f](\) € L*(u), and we have
Lf =T7'ATIf](N)]
(b) f € HY(R;C) if and only if VAT[f](\) € L*(), and we have

[ e = [ AT AIOT TG dies ()

(¢) Moreover, the support of p satisfies
2

supp(p) = | supp(ni;) = o(L)
ij=1

Now we rigorously define the bilinear form b, associated to the operator
L of (2.3) and its domain H. In the following, we identify the bilinear form
be: H x H — R with the weak formulation of the operator £ via L[u]p] =
belu, @] for u,p € H, i.e., we consider L: H — H’' where H' is the dual space.

Definition 2.4. We define the form domain H by
H:={ue L*(RxT;R): 4 =0 for k € Z\ R, (u,u),, < o}

where

Ti[ax](N)T; [0k) (A) dpri (A)-

MH_Z/

keER

kaQNk
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Next, we define the operators E Eo, L1:H—H by L:=Ly+ L1 and

=3 | A TV TR0 s (),

kER ZkQNk
U = gk(m)ﬁ z)pr(x) de
Ly [u][¢] ~7k§‘ LN k()P (r) d

for u,p € H. We call a function u weak solution to (2.5) if v € H and

Clulle] - /  hlaptod(at) =0

holds for all ¢ € H. We show below in Lemma 2.7 and Proposition 3.2 that the
above integrals and sums are finite and that the embedding H — L*(R x T)
and the maps Ly, L1: H — H’ are bounded.

We continue by investigating the operator £, its domain H, and their
properties. The following estimate on the symbol |)\ — w2k2‘ will be useful.

Remark 2.5. For k € %R and A € o(L) we have

8 |k[”
w2k2 + 0 |k|"
The first estimate follows directly from (A4). For the second estimate, we fix k
and consider w on\ € o(L) C[0,w?k?—§|k|"|U[w?k2+6 |k|]",00) = T.

We estimate the quotient from below by its minimum value on I, which is
attained at A = w?k? + 6§ |k|”.

A=K =6k and A - WP > A

Lemma 2.6. The set
D={uecHNCFR xT;R): a4 =0 for almost all k € R}
is dense in H.

Proof. Note for u € 'H that

> dk(x)er(t) »u inH
keR
[k|I<K

as K — oo. Moreover, for fixed k € R, using Remark 2.5 we have
A — w?k?
w2k2 N,
which combined with Lemma 2.3 shows that 4 € H'(R;C) and that the
norms [|tig| 2 and ||y (z)ex(t)|,, are equivalent. As C2°(R;C) € H'(R;C) is
dense, the result follows by approximating ay for all |k| < K. O

Ek)\—f—l

Lastly, we show that L is invertible and indefinite. Both properties are
essential for the dual variational method which we use to solve (2.5).

Lemma 2.7. £, Ly, L1 are symmetric, Ly is an isometric isomorphism and
II£1]] < 1. By the Neumann series, L is an isomorphism.
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Proof. From the definitions of H and Ly it follows that Ly is an isometric
isomorphism, and it is clearly symmetric. By (A6) the potential G(z) is even
in time, so its Fourier coeflicients are real-valued and hence £ is symmetric.
It remains to show the bound on £;. For this, recall that by Lemma 2.3 the
spectral measure p is supported on o(L). Using Remark 2.5 we have

fulle = 3 [ ol Tl T T sy O

keER 2k2

) A—
= 5~ ~ 1 IUkl L2 -

kER w? [k N v

Next, using assumption (A6), the Cauchy-Schwarz inequality and the above
we find

[Caulle]] < D e A

kER

d N R
< Z IRl A k!, 19x] 22,

‘gk

kL2, ) 19l 2,

fem w? K|
3 3
d 2 d 2
< 5 ||| 2) ( ——— = 1kl 2)
5= L . L
(5 ot 1 ) (5 oy o
d
< Sl el
showing [|£1]] < ¢ < 1. O

Lemma 2.8. £ is an indefinite bilinear form.

Proof. Clearly, the spectrum o (L) of the Sturm-Liouville operator L contains
0 and is not bounded from above. Fix k € . By (A4) and Lemma 2.3 we find
a function g € L?(u) \ {0} with support contained in [w?k? + §|k|", N] for
some N > 0. The function

u(e,t) =T~ [g)(x)ex(t) + T~ [g](x)e—x(t)

satisfies
A — w?k? —
Lol =2 | 222 0Ny (N s ),

which is nonzero with sign(Lo[u][u]) = sign(N3). Since ||u||31 = |Lo[u][u]l,
Lemma 2.7 shows that L[u][u] is nonzero with sign(L[u][u]) = sign(Lolu][u]) =
sign(N}). If above we instead choose g with support contained in [0, w?k? —
§|k|"], then by the same argument we find u satisfying sign(L[u][u]) =
—Sign(Nk). O
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3. Embeddings

We investigate the embeddings H — LP(R x T), and discuss their boundedness
in Proposition 3.2 as well as a concentration-compactness result in Proposition
3.5. We use some ideas and results from [14].

Let us fix some notation. Recall that the potential gy (and therefore also
V) is X T-periodic on [R*,00) as well as X ~-periodic on (—oco, R™]: In case
(A8a) this is part of the assumption, and in (A8b) g is periodic so we may
choose R* arbitrarily and X+ = X~. We denote by V1 the X*-periodic
extension of V|[r+ o) to R and similarly by V= the X ~-periodic extension of
V|(~o0,r-1 to R. To improve readability, in the following we use the £ symbol.
Statements involving such double symbols should be read always using the top,
or always using the bottom symbol. We define the periodic Sturm-Liouville
operators

1
L= -————02
VE(w)
According to Floquet-Bloch theory (cf. [26]), for the spectra of L*: H?(R) —
L?(R) we have

o(L*) = J I

neN

where It are compact intervals with min IF 27, %0, called spectral bands.
We assume that they are enumerated in the standard way for Floquet-Block
theory: Ini are increasing, i.e., min Iff_H > max If, and the boundary points
{min I’f,;max I'* : n € N} consist precisely of those A\ € R where L*f = \f
admits nonzero X *-periodic or X *-antiperiodic solutions.

The operators L* are useful in the study of L together with infor-
mation on its point spectrum. For example, o(L) = 0,(L) U gess(L) =
op(L) Uo(LT) Uo(L™) holds (cf. [14, Lemma B.1]). Information on L al-
lows us to better understand H and characterize its embeddings. We begin
with the following sufficient condition for boundedness of the LP-embeddings.

Lemma 3.1. Let p € (2,00], s := ﬁ such that

BTN (D SNSRI SN

keR A€oy, (L) +e{+,—-} neN

is finite. Then the embedding H — LP(R x T) is continuous.

Proof. We consider the isometry

1
2

A Tlagd )] (e (1

E:H— L3[R x T:R), ur— T—l[iA
v ) > e

keR

@ Springer



58 Page 14 of 34 S. Ohrem NoDEA

and the family of operators

o: L3 (R x T;R) — LT7 (R x T;R),

~1
volul(z, 1) k%T |5 o
where 6 varies over [0,1]. Then ¢y = Id: L*(R x T;R) — L*(R x T;R) is
bounded, and boundedness of ¢1 follows from C' < oo as in [14, Lemma 3.26].
For this, we note that the enumeration of the spectral bands I’ used in [14]
coincides with ours.
By interpolation, each ¢y is bounded. Setting 6 = %, it follows that

WwE =1d: H — LT7 (R x T;R) = LP(R x T;R)
is bounded. [l

_8s
2

— W22
A Tl 0] (@es(t)

We are now ready to state our central embedding result, where we use
information on the spectrum of L given in assumption (A4), in particular the
existence and size of the spectral gaps about w?k? for all k € R as well as
estimates on the point spectrum, to verify the condition in Lemma 3.1.

B—122B—a—y+2
embedding H — LP(RxT) is continuous and locally compact , i.e., the identity
map H — LP(Q) is compact for all compact sets @ CR x T.
In the above quotients we set § = oo for b < 0. Note that p* > 4 holds
by assumption (A5).

Proposition 3.2. Let p € [2,p*) with p* = min{ 28 L}. Then the

Proof. We only consider p > 2 and begin by showing continuity of the embed-
ding. First we show that the sum corresponding to the point spectrum

SN >0 Wik = A (3.1)

keR A€oy, (L)

with s := S5 is finite. Recall that ’Nk| < k| due to assumption (A2). We
use the estimate

n n r4+1 r41
n —-m
E L Kr=————— <, n 't opmrtl
m r+1

k=m
on integer sums with € R\ {—1} and m,n € N with m < n. To keep notation
simple, below we assume that we are in the generic case » # —1. For r = —1
we can use y_,_ k! <. n instead, which leads to the same results provided
€ is chosen sufficiently small.
We use separate estimates for (3.1) in the three cases w?k? < \, w?k? ~
A, and w?k? > \. First, we calculate

S WETE TS S W

A€o, (L) _kER A€op(L) _kER
HRRCI S R P BN
14+(2—a)s s
< 3 (1+>\72 )A .
A€o, (L)

@ Springer



NoDEA Breather solutions to nonlinear Maxwell equations with. .. Page 15 of 34 58

Second, we have

O S P D Dl e e

Xeop(L) 2k§9§ Xeop(L) 2k§if§
w k“>2\ w k“>2\
l—as
< Y
Xeop(L)

For the third and last sum we use [w?k? — A| = (w |k + V) ‘w |k| — \A‘ >

Vwn where n = U|k:\ - %\f)\” Observe that each n € Ny is attained as a

value for at most four k. By (A4) we also have |w?k* — A| > 6|k|”, which we
use instead when n = 0. Therefore

S X e

Aeop(L)  keM
P 1 2.2
La<w?k?<2A
(2=a)s _s
~ 3 A% S WPk oA
A€o, (L) kENR
La<w?k?<2)
o0
(2=a)s P 7 s g
< E A2 0 AT 2 JrE AT2n
A€o, (L) n=1

By (A4) all the above sums are finite provided

—1 —2 —1
min{s, a52 ’(a+72 )s’(a 5 )s}>ﬁ. (3.2)
Using 251 > (a—21)s > (O"MQ_?)S, a direct calculation shows that (3.2) holds
for p < p*.

For the remaining sums appearing in the constant C' of Lemma 3.1, we
first estimate

Z dist(w?k?, IF)7% < Z |w?k? = A|° (3.3)
neN AeS*
with §* = {0 : n € N}\{0}. By the proof of [14, Theorem 3.27] the spectral
bands I grow quadratically, so that Y orest A"27¢ < oo for all € > 0. We can
therefore estimate the right-hand side of (3.3) as we did for the point spectrum,
except [ is replaced by % in (3.2). As we required 3 > % in Theorem 1.5, this
generates no additional requirements.
Finally, local compactness of the embedding follows by a frequency cutoff
approximation argument as in the proof of [14, Theorem 3.27]. 0

For considerations of regularity, we use an improved embedding result
introduced next, showing that low order temporal derivatives of a function
u € H still lie in L4(R x T).

Definition 3.3. We define the fractional temporal derivative |9;|° f of a func-
tion f: T — C for s € R (with fo =0 if s < 0) as the Fourier multiplier with
symbol |wk|®, i.e., by [0:|" f = F|wk|® fi].
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Remark 3.4. As in the proof of Proposition 3.2 we see that
|0:]° : H — LP(R x T;R)

is bounded and locally compact for 2 < p < p} := min{;—i, M}

Assumption (A5) implies pf > 4 for sufficiently small € > 0.

We now prove a variant of the concentration-compactness principle of
Lions.

Proposition 3.5. Let p € [2,p*) where p* is given by Proposition 3.2, r > 0,
w: R — [0,00) be a bounded and measurable weight function, and (u,) be a
bounded sequence in H with

sup/ [t [P w(x)d(x, t) 2= 0. (3.4)
z€R J[z—r,x+7r]XT

Then u, ~—250 in LI (R x T) = LI(R x T;w(x)d(z,t)) for all ¢ € (2,p*).

Proof. Part 1: By Holder’s inequality it suffices to give the proof for p = 2
and one ¢ € (2,p*), which we choose later.

Inspired by [17, Appendix A], we consider an auxiliary Hilbert space H
defined by

H={ueL>(RxT;R): 4 =0 for k € Z\ R, |lull,; < oo},
Jully = 32 7 [ Jihl? 4+ V)k
EER R

The intermediate space H will allow us to get additional information on the
desired embedding by considering H «— H — L% (R x T).

Using assumption (A2), Lemma 2.3 and the estimate |A — w?k?| > |k|” +
Mk|"™? (see Remark 2.5) we find

lalZ 2 S K / I\ — w2k Tk (VT[] OV dssy (M)

ke R
2 ST [ (8 4 3) Tl (VT 00 dss )
kER R

aty—4 [ 12 S 2 2
=D [k /R|“k| +V(@)k? |ag]” do = [fully, ,
keR

so that H — H is bounded.
Part 2: We now consider the embedding H — L(R x T). For this, let
I C R be an interval of length 2r. On I, let ¢, () = —=-e'"** and define the

spatial Fourier transform F[¢] of ¢: I — C by

9

F,[¢] = /Iqb(x)cpn(x) dz for neZ.
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Fix some s > 8 and define ¢ > 2 > ¢’ by % zlf%:%wL%.We calculate
-3 (atvy—4)s .
2 =D T Yt k)

H (|k|a+7—4 (n? + k;2)>

05(ZXR)  pem nez
+~v—4)s _ _ Bs
SO TR RS Y T <0
keR kER

where we used a +v7—2 > (0 > % From this, for u € H we obtain

2
||u||LZ,(I><11‘)

2 ~ 2
S ||UHL61(I><11‘) S ||Fn[ukH|e<1’(Z><%)

1 2 12
T e S I (IR
£2(ZxR) 05 (ZxR)
SRS D (0 + ) | Folin]]” da
keR nez
DN 4/| (2)k? |ag]? dz.
keR

We now choose intervals I; = [(2j — 1)r, (2j + 1)r], and define the norm

oz = | (lllism),| -
o (2)

Then, using the above for I = I; and summing over j we obtain
[ullzpg S llullg S llully
By Holder interpolation we have
l[tnllgro 20 < ||“n||e2Lq ||“n||eooL2

Withp =f410 L —9—1—1 52 for all 6 € [0,1]. Now fix 6 € (0,1) to be the

00 ’ qo
unique solution to py = qg, and let (u,) be a bounded sequence in H satisfying
(3.4) with p =2, i.e., |unlpoc 2 — 0 as n — oo. This shows

el 30 ey = Ninlgra 230 S Nl lutm 172 — O

as n — 0o, completing the proof. O

4. The dual problem

We solve (2.5) variationally with the dual variational method. Using that A is
positive and bounded by (A1), we formally substitute v := h3u3 in (2.5) and
multiply with 27 £~ to obtain the dual problem

Lu — hPy[u®] =0
& Lh™Tv5 — hiPylv] =0
05 —hiL 'hiPx] =0
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where v3 denotes the real cube root of the real-valued function v. We abbre-
viate the weighted inverse operator by E;l = hi[flh%Pm, and thus consider
the problem

vs — Ll =0. (4.1)
Having solved (4.1), we can formally recover a solution u of (2.5) by setting

w=h"Tv5 = L7 hiPy[v].
Remark 4.1. As stated in Remark 1.6, we can also consider (2.5) for negative
h, for which the dual problem is given by
Lu — hPy[u®] =0

= (—L)u — (=h)Px[u*] =0

e 03 — (=h)i(=L) " (—=h)T Px[v] =0
with v = (fh)%ug. The properties of £ that we use below (symmetry, in-
vertibility, indefiniteness) are also satisfied by —L. Therefore our results on

(2.5) and (4.1) can be transferred to the negative case by the substitution
(h,L) ~ (=h,—L).

Next we properly define the operator E;l.

Definition 4.2. Let t: H — L*(R x T;R) be the bounded embedding of Propo-
sition 3.2 and / be its adjoint. Then, using that £: H — H’ is invertible
according to Lemma 2.7, we define the h-weighted inverse by

Lyl = hiLYW R L5 (R x T;R) — L*(R x T; R)
Next, we call a function v a solution to (4.1) if v € L3 (R x T;R) is a critical
point of the energy functional
3

¥ = ot - vd(a, )
v|3 — = v-vd(z,t),
w1 4 27h

J: L3(Rx T;R) > R, J(v) ::/
R

or equivalently if v3 — L;'v=0in L*(R x T;R).
Remark 4.3. In Definition 4.2, note that Pyt = ¢ holds by definition of H,
hence we can omit Py in the definition of ﬁ;l. By Proposition 3.2 the map
E;l is locally compact.

In Theorem 4.9 we show that there exists a nonzero solution to the dual

problem (4.1). More precisely, we show that there exists a ground state as
defined below.

Definition 4.4. We call the energy level
Cgs = inf J(v)
v€L3 (RXT;R)\{0}
J' (v)=0
the ground state energy level, and any nonzero critical point v of J with J(v) =
¢gs is called a ground state.
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Remark 4.5. The substitution v = h%u?’, which gives a one-to-one correspon-
dence between solutions u of (2.5) and solutions v to (4.1), also links the
ground states of the two problems. Indeed, if w is a solution of (2.5), which is
the Euler-Lagrange equation of

J(u) = / 1Lu-u— thutd(z, ),
RxT

we have

J(u) = J(u) = L7 ()] = i/R 't da)
=1 0¥ d(z,t) = J(0) — LT (0)[o] = J(v).
=4[ ol a0 = ) - 4 @) = )

To show existence of ground states, we first use the mountain pass method
to obtain a Palais-Smale sequence for J.

Definition 4.6. We call a sequence (v,) in L3 (R x T;R) a Palais-Smale se-
quence for J at level ¢ € R if J(v,) — ¢ in R and J'(v,) — 0 in L*(R x T; R)’

as n — OoQ.

Proposition 4.7. There ezists v € L3 (R x T;R) \ {0} with J(v) < 0. For such
v we define the mountain pass energy level by

Cmp = Cmp (V) = inf sup J(7(t)).
¥eC([0,1];L3 (RXT;R)) t€[0,1]
7(0)=0,v(1)=v

Then ¢ymp > 0 and there exists a Palais-Smale sequence for J at level ¢pp.

Proof. We first show that there exists v € L3 (R x T;R) with foTﬁglv :
vd(z,t) > 0. Assume for a contradiction that

/ L, v-vd(z,t) :/ LﬁflL'h%v'hivd(x,t) <0
RxT RxT

for all v € L3(R x T;R). As h vanishes almost nowhere, hi L3 (R x T) C
L3 (R x T) is dense. By approximation it follows that

/ L7 v vd(z,t) <0
RxT

holds for all v € L3 (R x T;R). Next, let ¢ lie in the dense subset D C H of
Lemma 2.6. Then v := Ly € L=(R x T) is compactly supported, and we have

/R . L7 v - vd(x,t) = L][p] < 0.

Using density of D C H we conclude that £ is negative semidefinite, contra-
dicting Lemma 2.8.

So our assumption was false, and therefore we find v € L3 (RxT;R) with
Jeser L;'v-vd(x,t) > 0. This implies J(sv) < 0 for sufficiently large s.
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3
Now let 0 < r < ( i )2 and & € L3 (R x T) with ||| 4 = 7. Then
21| L3
-~ 34 1y 1y 9
J(U)zird—iHﬁh Hr >0

and therefore also ¢y, > %r% —% H,C;l H r2 > 0. By the mountain pass theorem
(cf. Theorem 6.1, Theorem 3.4, and Remark 3.5 in [27, Chapter II]) there exists
a Palais-Smale sequence (vy,) for J at level ¢pyp. O

Remark 4.8. Any Palais-Smale sequence for J is bounded. Indeed, if (v,,) is a
Palais-Smale sequence at level ¢, then
1 4
_ R _ 3
2¢+o(1) +o(flvnll ) = 2J (vn) = J'(vn)[vn] = 5 llvnll 7 4,
shows that (v,) is bounded and moreover that an”L% — (4c)% as n — 00.

Next we show an existence result for the dual problem.

Theorem 4.9. Assume (A1)-(A6) and one of (A8a) or (A8b). There exists a
ground state of (4.1).

The proof of Theorem 4.9 differs depending on the choice of assumption:
(A8a) or (A8b). The case (A8a) is simpler since J satisfies the Palais-Smale
condition, and the proof is carried out in Proposition 4.10. Case (A8b) is
investigated in Lemma 4.11 for purely periodic coefficients gg, g1, h using the
concentration-compactness principle Proposition 3.5, and in Proposition 4.12
for the general case using energy comparison arguments.

Proposition 4.10. Assume (A1)-(A6) and (A8a). Then there exists a ground
state of (4.1).

Proof. Let (v,) be the Palais-Smale sequence from Proposition 4.7. By Remark
4.8, up to a subsequence which we again label by v,,, there exists v € L3 (R x
T; R) with v, — v in L3 (R x T).

By Proposition 3.2 the embedding ¢: H < L*(R x T;R) is locally com-
pact. Then hi. is compact since h decays to 0 at 0o by assumption (A8a),
and in particular Egl is compact and thus E;lvn — E;lv in L*. Using

/ _ %7 —1 : 4
J'(vn) =vi — L), v, = 0in L

we see that vé converges to £, 'v in L*, which implies v,, — (£, 'v)? in Ls.
Since also v, — v, we have v = (£, 'v) and v,, — v in L3, s0 v%—ﬁglv =
0 in L*. By continuity of J we have J(v,) — J(v), i.e., J(v) = tmp.
Thus far, we have shown existence of a nonzero critical point of J, and
thus ¢z # 00. Now let (v,,) be a sequence of critical points of J with J(v,) —
¢gs- Then the above arguments shows v,, — v in Ls up to a subsequence, and

hence v is a ground state. O

Lemma 4.11. Assume (A1)-(A6) and (A8b) with h'°¢ = 0. Then there exists
a ground state of (4.1).
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Proof. Part 1: Denote the common period of h = hP*, gg, g1 by X, so V is also
X-periodic by its definition (1.11). Let us investigate the shift 7 in z by X, i.e.,
7[f(z) = f(xz — X). With the spectral transform T and fundamental solution
U given in Theorem 2.2, we calculate for compactly supported f € L?(R;C)

Tl = [ 1= X)W de = [ a0+ Xi0) de = MOTII)

where the matrix M ()\) € R?*? is given by
MA\)T(x;\) = T(z+ X;N).

for all x € R, and it exists since ¥(-;\) solves an X-periodic differential
equation. As 7 is an isometric isomorphism on L% (R;C), multiplication with
M () is an isometric isomorphism of L?(u). For u € H we have

2

1
)\ o w2k2 2
lrull?, = ]A Tlrad)
lgq w2k Ny, L2
A— w222 ’
—w 2 .
kER w?k2 Ny L2(u)
A— w222 ’
—w -
SO I [ IEaTRICS! I I
pem ||| W2RENG, L2(p)

i.e., T is an isometric isomorphism of H. A similar calculation shows Lo[ru][Tu]
= Lo[u][u], and L4[ru][tu] = L1[u][u] follows directly from periodicity of G.
!
Thus we have L]ru][tu] = L[u][u]. Let us define 7 on H' by 7| = ((T|H)_1) ,
which is an isometric isomorphism of H’. Then by the above, 7£ = L7, 7L7! =
L7'r and 7£;," = £;,'7 hold.
Part 2: Let (v,) be the Palais-Smale sequence given by Proposition
4.7. We apply Proposition 3.5 with » = X, p = ¢ = 4, w = h and
Uy = E‘%'hivn = h_iﬂglvn to obtain a sequence of points z,, € R with

. . -1
lim sup HunHLi([znfx’anerxT) = lim sup Hﬁh ’U”HL‘*([man,szrX]xT) > 0.
n—oo n—oo

since

9
4

lunllzs 2y = H‘C;LU"HL‘L(RX’JI‘) = ||U§LHL4(]R><’]I‘) +0(1) = (4emp) T >0

by Remark 4.8.
W.l.o.g. we may assume xz,, = k, X for some k,, € Z. Then, v, =7
satisfies

k”’Un

(L

H’C;LU"HL4([xn—X,xn+X]><'I[‘) = Tk"”nHL4([xn—x,xn+X]xqr)

= H‘C;I{)"HL%[—X,X]XT)'
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Now choose a subsequence, again denoted by v,, such that v,, — v in L3 (RxT)
and

—1~
res v"||L4([—X,X]><']I‘) —s5>0
By boundedness and local compactness of E;l (see Proposition 3.2) we have

L; o, — L£;'vin L (R x T) and thus v # 0. In addition,

/RXT (17?1 - E;lﬁn> pd(z,t) = /RXT (vn Ly vn> T Fpd(x,t)
= J' (o)l ] = o(llell, 1)

asn—»ooforg:eL%(RxT) ThlSShOWSUn — L;'vin L

L (R x T;R) and

thus @, — (£, 'v)? in LfOC(R x T;R). Therefore v = (£, 'v)? holds, that is, v
is a critical point of J. In particular, we have ¢y 7# 00.

Part 3: Now let (vy,) be a sequence of critical points of J with J(v,) — ¢gs.

Arguing as in part 2, up to a subsequence and shifts z,, = k, X € R we have

Oy, = TF"v,, — v, where v is a nonzero critical point of .J. For the energy level

of v we calculate

4
3

e

4 hm 1nf ||vn||
3

N s

T(w) = J) — 5T W) = 1 ]

1
= liminf J (@) = 5.7 (80) 0] = s

n—oo

Since also J(v) > ¢gs by definition of the ground state energy, we see that v is
a ground state. O

Proposition 4.12. Assume (A1)-(A6) and (A8b). Then there exists a ground
state of (4.1).

Proof. Part 1: We consider the periodic functional
)= [ 3l — Lok vd(e,t
’U) - 1 |’U| 2 pperU - U (l’, )
RxT

on L3 (R x T) which has a ground state vP* due to Lemma 4.11. We denote
its energy by B¢ == JP"(vPe"). Recall that 0 < hPT < APCT 4 hl°¢ = h holds

er l
by assumption (A8b). Setting v :== (%) 4 P’ we estimate

(A8D).
J(sv) = /RTZS% v —iszﬁglvmd(x,t)
X
3

(4.2)

ery L a1
- / s3I T P — S s2LoPT  oP d ()
RxT 4 2

per (Svpcr)

A
<

a3
for any s > 0. For the particular value sy = (é) > we calculate

2
2T ey P Pr] = 0.

TP () = 22
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Note that the map (0,00) 3 s +— JP(svP°") € R has a critical point at
s =1 with JP"(vP°") > 0. As this map is a difference of two monomials, it has
no other critical points and attains its strict maximum at s = 1. In particular,
we can estimate the mountain pass energy via

Cmp = Cmp(s0v) < max J(sv) < max JP(svP) = JPU(vPY) = £
s€1[0,s0] s€[0,s0]
Part 2: Let us first consider the case ¢y, = ¢b5'. From the above

(in)equality we conclude that J(v) = JP (vP") holds, which shows vP®* = 0
almost everywhere on {h # hP®'} by (4.2) . In particular, we have v = VP,
and from

(,Uper)% _ £;p1ervper =0
we see that £} ..vP°" also vanishes on {h # hP®'}. Therefore
3 -1 per % -1
(v)? = L), v = (") = Ly =0,

and v = vP*" is a ground state of both J and JP°".

Part 3: Let us now consider the case ¢yp < cg:?r. Let v,, be a Palais-
Smale sequence for J with J(v,) — ¢mp. Then up to a subsequence v, —
v € L3 (R x T) by Remark 4.8. In order to show v # 0, let us assume for a
contradiction that v = 0 so that £ 'v, — 0 in L{ = by Remark 4.3. As in the
proof of Lemma 4.11 there exists a subsequence, again denoted by v,, such
that suitable shifts ,, = 7%v,, weakly converge to some 0 # 7 € L3 (RxT;R).
From v3 = £, 'v, +0(1) — 0 in L} we conclude |k,| — oc. For compactly

supported ¢ € L3 (R x T;R), using the definition of L;' (see Definition 4.2)
we calculate

| (TP (vn) [T 0] = T (vn) [T ]|

[ =iy ed, t)\
RxT

/ (hi - (hpcr)%)bﬁ_lblh%vn SR d(x,t)

RxT

+ / (hper)% Lll_lL’(hi — (hper)i)vn R d(e, t)‘
RxT

<l e

-0

1
hzv,

Y (GG Rt

(hper)% T—kn(pH
L3

< lloall, 4

(hloc)iT—kn(pHL% + H(hloc)%vn

gl g =0

as n — oo since h!°¢ is localized by (A8b). Thus we have

/RXT B — Ly - 9 (1) = (77 (B) ] = (JP) (0a) 7" 0] — 0.
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4

Using nglerﬁn — Ly in L, the above shows @, — (L} u®)® in L, so

that 03 — E;plerf) = 0. As ¥ is a nonzero solution to the periodic problem, we
have

- - N [

G < JP(D) = JP(D) = 2(SP)(D)[e] = 7 |19l

4

3
4

L3

< liminf1 ||f)n||%é = liminf J(v,) — 2J" (v,)[vn] = cmp,
n— oo 4 L3 n—oo
a contradiction.

So we have shown v,, — v # 0. By testing with compactly supported ¢ as
above, we see that v solves v3 —£L;'v =0and J(v) < liminf, o J(vn) = cmp
holds. So we have found a critical point v with J(v) < ¢ < BS™. Part 4:
By parts 2 or 3 we have ¢gg < cbs. We then choose v,, to be a Palais-Smale
sequence with J(v,) — ¢gs. Repeating the arguments of parts 2 or 3 we obtain
a nonzero critical point v of J satisfying J(v) < ¢gs. By definition of the ground

state energy, v is a ground state. O
Lastly, we discuss a multiplicity result for solutions.

Proposition 4.13. Assume (A1)-(A6), one of (A8a) or (A8b), and that the set
R is infinite. Then there exist infinitely many solutions of (4.1) that are not
spatiotemporal shifts of each other.

Proof. For fixed m € Nyqq, we seek %-an‘ciperiodic in time solutions to (4.1),

or equivalently functions with frequency support on SRNmZ,qq. These solutions
are precisely critical points of J restricted to the space of %—antiperiodic
functions.

For infinitely many m we have R N\ mZyqq # 0, and for these m as in
Theorem 4.9 we obtain existence of a nonzero %-periodic solution vy, to (4.1).
Each v,,, has a minimal temporal period T}, > 0 which is a divisor of % From
0< Ty < % we see that there exist infinitely many distinct minimal periods,

and the corresponding solutions v,, clearly are not shifts of one another. [

5. Regularity

In this section, we discuss differentiability and integrability properties of a
solution v to (4.1) as well as for corresponding solutions u to (2.5), w to (1.10)
and E, D, B, H to Maxwell’s equations.

Lemma 5.1. Let v € L3 (R x T;R) be a solution to (4.1). Then u := h™iv3
lies in H and is a weak solution to (2.5) with 0':0™u € L?> N L>¥(R x T;R) for
alll € Ny and m € {0,1, 2}.

Proof. Part 1: As v solves (4.1), the function u satisfies
u= h*%[,;lv =LY hiv = oLV R,

so that u = £71/hiv € H. Then for ¢ € H we have
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0= Llu— LYW hu?)[p] = Llu][e] — /R i hulpd(z,t),

i.e., u is a weak solution to (2.5).

Part 2: According to Remark 3.4, we fix ¢ > 0 such that [0;]" : H —
LR x T;R) is bounded, therefore |0;|°u € L*(R x T;R) holds. From the
fractional Leibniz rule (cf. [6]) we obtain |0,|° [u3] € L# (R x T;R) with norm

[10:1° [w]]] 4 S Clull s + 111847 ull 4)*. Thus

107w = |07 L7 hu® = L7 R0 [u’] € H

holds, and from the embedding |8t\26 u € L* follows. Iterating the above ar-
gument, we get |0;|"° € H for all n € Ny. Recall that H is supported on
frequencies k € R and that 0 € R. Therefore |0;|” : H — H is bounded for all
5 <0, and the above shows |0;|° v € H for all s € R.

Part 3: From boundedness of the embedding H — L? (see Proposition
3.2) it follows that |9;|° u € L? for all s € R. We next calculate

2
s 2 ERTON
0" ull e < (E |wk| ||Uk||Loo>

keiR
2542 2542
<Z N 2 (174 - N 74 o
rem kER kER

Using Lemma 2.3 and Remark 2.5 and assumption (A2) we further estimate

ST kP el S S kP / 1+ N T T o] dpis ()

kER keR

<D kP 7/ I\ — k2| Tl T[] dpes (N)
keRr
S 3 ke [ AR T Tl ey (V)
et R | w2k2N,
2s+6-y-a 2
- o <o
H

for any s € R. In particular, we have 0lu € L2 N L* for all | € Nj.
Part 4: For regularity of spatial derivatives, from (2.2) we obtain the
identity

02u =V (2)0?u + 07G * u + hO?N x Px[u®]. (5.1)
Observe that the right-hand side of (5.1) is infinitely differentiable in time
with values in L? N L™ since u,« are and the convolution operators G, Nk,
Py, are regularity preserving (see Lemma 5.2 below), so the same holds for
D2u. O
Lemma 5.2. Let M be a Fourier multiplier with symbol M, of at most poly-
’ < |k|" for some r > 0 and all k € Z. Further let

nomial growth, i.e.,
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p € [L,00] and f: T — C be a function with O f € LP(T;C) for all n € Ny
and fo = 0. Then Op M f € LP(T;C) for all n € Ny.

Proof. The symbol (iwk)’“*ﬂ M, is square-summable and therefore

m(t) == Z (iwk) =" Myer(t)
keZ\{0}

converges in L?(T;C). The claim follows from this and

n n+[r+1
107 M Fl ey = 08T im v 1]

athr [r+1] f‘

L) < mllprer ‘

atn+ [r4+1] f‘

L (T)

< Hm”LZ(’]I‘)‘ O

Lp(T)

After having shown regularity of the solution u to (2.5), we now consider
the profile w of the electric field. For polarization (1.8.1) there is nothing to do
since w = w. So let us discuss polarization (1.8.2) where w is defined by (2.6).

Lemma 5.3. Letv € L3 (RxT;R) be a solution to (4.1). We define u := h™iv3
as in Lemma 5.1, and w by (2.6). Then 0:0™w € L* N L=(R x T;R) for all
l € Ng and m € {0,1,2}.

Proof. Part 1: By Lemmas 5.1 and 5.2 we already know that the functions
OlPrw = (N*)"'0lu  and  9[72(Id — Py)[u?]
lie in L? N L™ for any | € Ny. Hence it remains to show
OL(Id — Py)w
— (=2 + V(2)0? + 02G(x)*) " [~h(2)0T*(1d — Pw)[u?]] € L> N L™,

and in particular that —92 + V (2)97 4+ 02G(z)x is invertible on suitable spaces
of functions f satisfying Prf = 0.

Part 2: Taking the Fourier series in time decomposes the linear operator
—02 + V(2)0} 4+ 87G(x)* into the sequence of operators (Li)gez, .\ With

Ly = —0% — W KV () — W*K*Gy ()
which we split into main part Lj o and perturbation Ly ; via
Lo = —02 — w’k*V (), Ly = —w*k*Gy(x).
First, for p € H?(R;C) using Lemma 2.3 and Remark 2.5 we calculate

[ Vel e = [ (= PPT T diy ()

INITARAY: 2 _
24“@>Q+(A>nmnwwwu>

odd

w2k? + 6 |k[7)2
zmﬁ440+vmwmwm%u>

2y—4 1 2
=7 [ (|

+ o) Va()
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<

~

and it follows that Lyo: H2(R;C) — L%(R;C) is invertible with HL,;},H

|k|>~7. For Ly 1, using (A7) and Remark 2.5 we estimate

~ 2
1 d
Ligpl” —do < (Wk?)? | ———= / *vd
J e gt < @ | s ) [ 1ol Ve

_ (dlkﬁf/RTi[@}Wduu(A)
- \2 A — w?k? ?
< (dlk\”) /R<|M|7|) Ti[p]T;[ 0] dpuij (A)

d? 5 1
= = L *d.
% [ 1rael® s

Since d < S, the Neumann series shows that Ly = Ly o+ L 1: HQ(R;(C) —

L?(R; C; $-dx) is invertible with
) I
12 < 7 ST
-1
1- HLk,lLk,OH 1-

Part 3: We define the inverse of the linear operator by

Yo=Y L g (@en(®)

(—82 + V()07 + 3t2g(x)*)7 =
k€Zoaa\R

for ¢ such that the series on the right-hand side converges in L?. Let us ab-

breviate
f=—h(x)0;*(1d — Pr)[u?],

which lies in L? N L* by Lemma 5.2 and boundedness of h, and recall

= > L fd@exr(t).

(1d — Pryw = (—82 + V(2)37 + 07G(x)%) " f
k€Zoaa\R

We show that this term lies in L2 N L. First we estimate

5 2 2
lotad = Pyl = 3 2], s 3 |EAd,
k€Zoaa\ k€Zoaa\R
2r2-41 || 7 || 2-57 ,[|?
© 5 - o <o
k€Zoaa\
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Next for L we have

2
) L a2
lofa-poyulse < (3 [EtA], ) s X R[],
k€Zoaa\R k€Zoaa\R
17 117 213-51 || 7 |12
s X Btk s X kT4
k€Zoaa\R k€Zoaa\R

o

2
< 0.
L2

Combined, we have shown that 0\w = 0! Prw + 0} (1 — Py)w lies in L2 N L™,
Part 4: Using (2.4) we see

02w = V(2)0}w + 07G % w + hofu®.

where the right-hand side (and therefore 92w) is infinitely time-differentiable
by the above and Lemma 5.2. O

We are now ready to prove the main theorem.

Proof of Theorem 1.5. Let v € L3 (R x T;R) be a nonzero solution to (4.1),
which exists by Theorem 4.9. Then u = h=iv3 is the corresponding solution of
(2.5). Define w := u for polarization (1.3.1), or define w by (2.6) for polarization
(1.3.2). Then 9}0™w € L2 N L=(R x T;R) for all | € Ny and m € {0, 1,2} by
Lemma 5.1 or Lemma 5.3, and w solves (1.10).

We define 0, L on T as the Fourier multiplier with symbol ﬁ Then, re-
calling the ansatz (1.6) and Maxwell’s equations (1.1),(1.2) we obtain the fol-
lowing formula for the corresponding solutions E, D, B, H of Maxwell’s equa-
tions:

1 0
E(z,y,2,t) =w(x,t ——2)- | 1],
c
0
Lw(z,t - 12)
B(z,y,2,t) = —0; 'V x E = — 0 ,
Wm(xatf %Z)

1
H(J?, Y, %, t) = 7B($, Y,z t))
Ho
D(:I?, Y, 2, t) = 60(:E + P(E))
where we have set W = 0, Lw. From the regularity of w it follows that
OB € H> N W% (Q; R?),
O'B,0'H € H n WH>°(Q; R?),
OlD € L> N L (4 R?)
for all [ € Ny and domains of the form Q = R x [y1, ya] X [21, 22] X [t1,t2]. Note

that D may not be differentiable in space because the material coefficients
9o, g1, h of P were not assumed to be smooth. (]
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Appendix A

Here we give a proof of Lemma 2.3 on fundamental properties of the transform
T given by Theorem 2.2. We also prove Theorems 1.2 and 1.3.

Proof of Lemma 2.5. (a): First let f € H?*(R;C) be compactly supported.
Then

T[Lf}()\):/RLf(x)\IJ(:Jc;A) de:/Rf(x)L\IJ(:c;)\) Vdz
_ /Rf(gc))\\ll(ac;A) Vdz = ATV,

Reversely, let T[f] be compactly supported. Then

) = [

[ {110, :3) sy ) = / T (f1L;(x: N) dpisj (A) = Lf

R

lies in L% (R; C). By approximation, we obtain the result for general f.
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(b): If f € H*(R;C), using (a) and that T is an isometry we have
r2 — . f — -1 L
[ o= [ LpFvae= [ 700 Fras
= [ XTLATITO iy,

For general f, one can argue by approximation.
(c): First let Ay € C \ supp(p). Then A_IAO is a bounded symbol on

supp(u), thus

1
A—Xo

(L= ) =T =TI )]

is bounded, i.e., A\g € p(L) holds.
Now let Ao € supp(p), i.e., Ao € supp(p;;) for some 4,5 € {1,2}. By
definition we have

13| (Be(Ao)) >0

for all € > 0, with |p;;| denoting the total variation of p;;. Split B.(Ao) =
ETUE~ with EY N E~ = () into positive and negative part according to the
measure [i;;. Then we have

0 < |pis| (Be(Mo)) = pi(E™) — pij (E™)
< i (B s (B) + 4 s (B g5 (B
since u(E7) are positive semidefinite matrices. This implies
11ii(B=(Mo)) = pii(E*) + pii(E™) > 0,
155 (Be (X)) = pji (E™) + p1j3(E7) > 0
since p;i, (t5; are a nonnegative measures, that is, Ao € supp(ps;) N supp(;;)-

We denote by §; the i-th unit vector, and consider the function f :=
T~ 15, (x)d:]- Then since

L= fle O=20) 5.0,

)HL2(;L“) <e
|L2(#n‘) -

for arbitrary € > 0, L — A\¢ has no bounded inverse, i.e., \g € o(L) holds. O

122 a 115 (0

Proof of Theorems 1.2 and 1.3. For both theorems, we check that the assump-
tions of Theorem 1.5 are satisfied. First (A1), (A3) hold by definition, and the
same is true for (A8b) in Theorem 1.2, and for (A8a) in Theorem 1.3. Next
we calculate the Fourier coefficients

Ni = /Tdist(t,TZ)e’i“’kt dt
T

T szv k=0,
= / dist(t, TZ)e™“*t dt = { 0, k # 0 even,
0 — sk, kodd,
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and see that (A2) holds with a@ = 2. The spectrum of the operator L is investi-

gated in [14, Appendix C]. There, it is shown that L has a spectral gap about

w?k? for each k € Zoyqq, that the size of the gap grows linearly in |k|, and

moreover that the point spectrum grows quadratically, i.e., (A4) holds with

v=1, =1 and some § > 0. Next (A5) holds since a +7y—2=1> 1 = 3.
We calculate

T
Gr(z) = g§er(x)/ cos(wt) |cos(wt)| ekt dt
0

B 0, k even,
= g{)er(x)%7 k =2n + 1 Odd,

shows (A6) for sufficiently large k. Similarly, (A7) holds with s = 2 but only
for sufficiently large k.

This restriction to large frequencies is not an issue: Because R = Zyqq is
infinite, by Proposition 4.13 and its proof there exist infinitely many distinct
breathers that are supported only on large frequencies. O

and find ‘Qk(x)’ < k%w%lkl‘/(x) Since in (A6) we require d < d, this only
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