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CHAPTER 1

INTRODUCTION

1.1. BREATHERS

Overview. We are interested in real-valued, spatially localized and time-periodic solutions
to Maxwell’s equations, called breathers. We consider Maxwell’s equations

V.D=0, VxE=_B,

for (x,t) € R* xR (1.1)
V.B=0, VxH=D,

without charges and currents, and for Kerr-type optical materials. These materials are
magnetically inactive and respond in a nonlinear and noninstantaneous way to the presence
of electric fields. The material interaction is described by

B = poH, D =¢(E+P(x,E)) (1.2)

where pg,e9 € (0,00) denote vacuum permeability and permittivity, and the nonlinear
polarization P(x, E) is given by

P(x,E) / YV (x,7)[E(x,t —7)]dr
(1.3)
—|—/ / / (x, 71,72, 73)[E(x,t — 7), B(x,t — 72), E(x,t — 73)] dT dTo d7T3.

with linear susceptibility tensor X(l)(x, 7): R® — R3 and cubic susceptibility tensor
X3 (x, 71,70, 73): R? x R3 x R — R%. We omit a quadratic polarization term since it
vanishes for silica glasses due to molecular symmetries (cf. [3]), and higher- order polarization
terms are also neglected. Taking the curl of Faraday’s law V x E = —By, from and ( -
we obtain the second-order problem

V xVxE+eud(E+PxE)=0  V-D=0. (1.4)

Given a function E solving (1.4), we can recover a solution of (1.1)) and (1.2)) by setting
t
B(x,t) = B(x,0) —/ V x E(x,s)ds
0

and defining D, H via the constitutive relations . Then V-D =0, V x E = —B;, trivially
hold and B is divergence-free if it is divergence-free at time ¢ = 0. For the last equation of
, we only obtain 9;(V x H — Dy) = 0, where we can recover Ampere’s law V x H = Dy if
the appearing functions have temporal mean 0.

Choice of polarization. We want to use variational methods to find breather solutions to
(1.4). For general nonlinearities P(x,E) it is not clear whether is variational, so we
restrict ourselves to three choices in which a variational structure is present. These are given
by with linear polarization tensor

X (x,7)[u] = g(x,m)u (1.5)
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and one of the nonlinear tensors

Y3 (x, 71, 72, 73) [0, v, w] = h(x)v(11)80 (T2 — 71)80(T3 — 71) (0, V)W, (1.5.1)
O (x, 71,72, 73) [0, v, W] = h(x)v(m)v(m)v(s)(u, v)w, (1.5.ii)
X (x, 71,72, 73) [0, v, w] = h(x)v(11)d0 (T2 — 71)d0(73) (0, v)W. (1.5.iii)

Here g, h, v are given real-valued functions and dy denotes the Dirac measure at 0. If we choose
9(x,7) = go(x)do(7) and v(7) = dp(7) above, then for each of the three examples we recover
the instantaneous polarization P(x, E) = go(x)E + h(x)|E[*E. In the following, we refer to
the polarization with linear kernel and nonlinear kernel (1.5.x) as “polarization
(1.5.x)"

To further simplify the setting, we consider breather solutions traveling inside a material of
either slab or cylindrical geometry.

Slab materials. We consider materials where the nonlinear polarization field P(x, E) depends
only on one direction of x = (z,y, 2), say, the x-direction, and we call these slab materials.
For w: R x R — R we make the ansatz

E(z,y,z,t) = w(x,t — %z) (1.6)

O = O

of a wave traveling with speed ¢ in z-direction that is constant along the y-direction. As the
electric field E points perpendicular to the direction of travel, such a wave is called transverse
electric (TE) polarized. In contrast, we call a breather transverse magnetic (TM) polarized if
the magnetic field B is perpendicular to the direction of travel. We insert the ansatz (|1.6)
into , where normalizing the speed of light in vacuum to ¢y := (Gouo)_% =1 and using ¢
instead of t — %z as the “time” variable in the traveling coordinate frame yield

02w+ (1 — %)0fw+ 0fP(w) =0  for (z,t) e RxR, (1.7)

where P(w) is the nonlinear scalar polarization. It is given by

P(w) = /Ooow(:n,t—T)g(x,T) dr + Pnp(w) (1.8)
with one of
Py, (w) OOO w(z,t —7)3v(r)dr, (1.8.1)
0o 3
Par(w)(@, ) = h(z)( [ we,t = rw(r) dr)’, (1.8.i)

Pa(w) () = ()w(m,t)/ w(z,t —7)20(r) dr, (1.8.iii)

corresponding to the three choices of polarization (1.5.i), (1.5.if) and (1.5.iii}). Since h(x) =
h(z,y, z) is independent of y and z for slab materials, we write h(z) := h(x,y, z) instead, and

similarly we use g(x,7) = g(z,y,2,7).
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Cylindrical materials. In addition to slab materials, which reduce Maxwell’s equations to
(1.7), we also consider material where the parameters g, h depend in space only on the cylinder
radius r := /22 + 32, but not on the z-direction or angular direction. We make the ansatz

—y/r

E(x,t) =w(rt—12)| =/ |, r=\/z2+y? (1.9)
0

of a TE-polarized wave traveling in z-direction. Inserting ([1.9)) into (1.4)), we obtain
(-0 - Lo, + Hw+(1- C%)@fw +92P(w) =0 for (r,t) € (0,00) xR (1.10)

where the scalar polarization P(w) is the same as in (1.8)), (1.8.])—(1.8.iii)), except that x is

replaced by r.

Compared with the slab ansatz (1.6)), solutions given by the cylindrical ansatz (1.9 are more
localized, since we require them to decay in both directions perpendicular to the direction of
travel while solutions of the form decay in one direction. For both and the
breathers are traveling and time-periodic, so they are also periodic (and hence not localized) in
the direction of travel. However, is more difficult to treat because of the two additional
terms in the spatial operator —9? — %(")T + %2 compared with —9? of . We discuss this in
more detail in the overview of Chapter [4]

In our existence results on breathers, we consider the following combinations of material
geometry and polarization:

larizati
_— PORAHZANON | 5 and (T54) | (L5
slab with ansatz (1.6 Chapter (3| and Chapter [5
cylindrical with ansatz (1.9 Chapter Chapter [5

One distinguishes between monochromatic and polychromatic breather solutions, where
monochromatic breathers have only one temporal frequency whereas polychromatic breathers
have multiple supported frequencies. Throughout this thesis, we consider polychromatic
breather solutions for materials with bounded material coefficients. However, as well shall see,
in some settings we observed numerically that breathers, which are allowed to be polychromatic,
seem to be monochromatic instead.

Monochromatic breathers. Monochromatic solutions have only one supported frequency.
That is, for ((1.7) they are given by

w(x,t) = u(x)e®! + u(x)e hwt (1.11)
with u: R — C, or more generally by
E(x,t) = £(x)e™! 4 &(x)e 1wt (1.12)

with £: R? — C? for (1.4). Here w > 0 is the frequency of the breather, and the second term
in (1.11]) and (1.12) ensures that the breather is real-valued. The ansatz ([1.12)) is valid if one
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considers the polarization ((1.5.iii) with v = %]l[oﬂ where T := 2Z s the (temporal) period
of the breather, and leads to the nonlinear curl-curl problem

V x V x &€ —w?g(x)€ — w?h(x)|E]’E = 0. (1.13)

with g(x) = [7° xM(x,7) e“7 dr. Note that - has a variational structure provided g(x)
and h(x ) are real valued. Alternatively to (|1.5.iii]), if one neglects third harmonics (i.e., terms

proportional to ei3i“t) coming from the nonlinear part of the polarization (cf. [82]) then
one again obtains ([1.13)) for all three choices of the polarization P(x, E) -, m or

[5)).
In place of the cubic nonlinearity h(x)|£]%E of (L.13), saturated nonlinearities h(x,|E?|)E, i.e.,

those that grow linearly as |E] — oo, were studled early on in a series of papers [62, (87 93]
by Stuart et al. They considered divergence-free, TE- or TM-polarized ansatz functions in
cylindrically symmetric media to reduce the Maxwell problem to a one-dimensional elliptic
problem, which they solved, e.g., using variational methods. More general nonlinearities
h(x,|&?|), including also power nonlinearities, were considered in [5, 8, [10] for standing
monochromatic breathers given by cylindrically or spherically symmetric ansatz functions.
The restriction to divergence-free ansatz functions is convenient since it reduces the noninjective
curl-curl-operator to —A, which is injective on localized functions. Ansatz functions that
are not divergence-free were considered by Mederski et al. in |7, |63-67], where the authors
used the Helmholtz decomposition of a function into divergence-free and curl-free parts to
deal with the kernel of the curl-curl-operator. Mandel et al. considered different approaches
using limiting absorption principles [59] or dual variational methods [57, |58, 60]. Dohnal et
al. obtained breathers for photonic crystals using bifurcation for frequency parameters near
an edge of a spectral band [33], and in [30-32] they considered time-periodic solutions at
an interface of metals and dielectrics, as well as time-periodic solutions for P7T-symmetric
materials. For further information, we refer to the survey paper [7].

Polychromatic breathers We turn to polychromatic breather solutions, i.e., solutions with
multiple (usually infinitely many) supported frequencies. These are the subjects that naturally
arise when studying higher harmonics or the polarization , or the general case
of (L5.i). As a model problem, let us consider with (instantaneous) coefficients
g(z,7) = go(x)do(7), v(7) = dp(7) and ¢ = 1, which yields

—02w + go(x)02w + h(x)0F (w?) = 0. (1.14)

In settings where gg or h contain Dirac measures, existence results on breathers for
were obtained in [49] using variational methods, and in [19] using bifurcation arguments. In
[75] the authors considered a periodic Dirac measure for the linear potential gy and embed
as well as a system of uncoupled nonlinear Schrédinger (NLS) equations into a family
of equations. They then sought solutions by local bifurcation from the NLS system, with
numerical evidence that some branches of solutions indeed reach . The authors of [34]
obtained approximate breathers on large but finite time scales using amplitude equations for
a material consisting of two different Kerr-dielectrics each occupying a halfspace.

Inhomogeneous materials. We consider (1.7) and (1.10]) exclusively for inhomogeneous
materials, i.e., material parameters X(l), X(3) that depend nontrivially on space.

Intuitively, waves are partially reflected/deflected when interacting with inhomogeneous
materials. So, when set up well, these materials may reflect the wave back towards the
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waveguide and thereby prevent the electromagnetic energy from radiating to infinity, which
keeps the breather localized.

To illustrate the effect of homogeneous vs inhomogeneous materials, consider the (constant
coefficient) Sine-Gordon equation

—Ugy + Uy + sin(u) = 0,
which is knownlﬂ to admit the family of breather solutions

i t
u(x,t) = 4arctan(msm(w)> where m,w >0, m?> 4+ w? = 1.
w cosh(mx)
The existence of breathers is strongly related to the sin(u)-nonlinearity: Among analytic
perturbations f ~ sin with f”(0) = 0, the perturbed Klein-Gordon equation

only admits a family of breather solutions u ~ u* when f(s) = asin(fs), and these solutions
are given by a rescaling of the Sine-Gordon breathers (cf. [29]). The authors of [14] conjectured
on (|1.15) that “breathing [...] takes place only for isolated nonlinearities”.

Using inhomogeneous materials allows us to overcome this difficulty and obtain breather
solutions to Klein-Gordon equations with nonlinearities f # sin: For the inhomogeneous
problem

— Uy + V(x)ug + f(z,u) =0, (1.16)

positive results on existence of breathers are known for different nonlinearities f including
also sums of power nonlinearities, see [15, |43 for two such results. Both papers strongly use
the x-dependency of the potential V.

1.2. MAIN RESULTS

We give a short overview of the topic of each chapter in Figure [I.I] Let us point out:

o In all chapters except Chapter [6] we show existence of breather solutions.

o Among Chapters [3]to[5] where we consider breathers for Maxwell’s equations, in Chapter [3]
we find breathers only for slab materials. This is because the method used in Chapter
(and Chapter [2) depends delicately on the spectral structure of the underlying linear
operator, and we currently have a good enough understanding of this structure only for
the slab setting.

e Polarizations and have a regularizing effect provided the convolution kernels
are sufficiently smooth. This allows us to treat the Maxwell problem with semilinear
methods, and also to show that breather solutions are very smooth. For example, they
are infinitely differentiable in time.

On the other hand, the polarization has no such regularizing effect and requires dif-
ferent methods. We show that breathers are locally integrable, and numerical simulations
suggest that some breathers do not have first-order derivatives.

'The Sine-Gordon breathers were originally found by [1].
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slab and cylinder materials slab materials h

Chapter {4} breathers for Chapter [3} breathers for

\ / similar method
low velocity (elliptic) high velocity (hyperbolic) Chapter ;)reathers for

(hyperbolic) semilinear
wave equations

polarization (1.5.i) or (1.5.ii) (regularizing)

[ Maxwell’s equations (1.1]), (1.2) }
|

S . 49]: breathers for nonlin.
olarization (|1.5.iii) (not regularizin [
P ? ( & zing) / supported at x =0
extends T
Chapter [5l breathers for
slab and cylinder materials, Chapter [6f well-posedness of
compactly supported nonlin. initial value problem to [49]

Figure 1.1.: An overview of our results and how they are connected.

Before discussing the individual chapters in detail, we sketch the general setup of the variational
methods used to find breather solutions in Chapters The process consists of the following
four steps.

1. Identify variational structure: We verify that our problem of interest, e.g., or a
variant thereof, formally is the Euler-Lagrange equation of some energy functional J.

. Find domain and variational method: We find a Banach space X on which J is well-
defined, C'-smooth and has a geometry suitable for variational methods. It is important
to choose the right domain, which is usually uniquely determined by J, since choosing X
too small or large will destroy the geometry or make J ill-defined. Also, the assumptions
on breathers will be built into the domain, i.e., each u € X is real-valued, spatially
localized and time-periodic.

We use three different variational methods throughout the thesis. For functionals J
having suitable geometries, each method guarantees the existence of a Palais-Smale
sequence (see Definition below), an approximating sequence for a critical point of
J at a particular energy level c.

e Global minimization: Assuming that the functional J is bounded from below, we
search for a minimizer, which necessarily is a critical point at level ¢ := inf,c x J(u).
The corresponding variational method is called Ekeland’s variational principle (cf.
[86]).-

o Mountain pass: As the name suggests, we search for the highest point along the
lowest curve connecting two given points ug,u; € X, which should be a saddle
point of J. So we set

= inf J
T eciihyn 25T 06)

7(0)=uo,y(1)=u1

and we require a “mountain range” between ug and up, i.e., we assume J(u) >
max {J(ug), J(u1)}+e for v in a hypersurface separating ug from ;. In the typical
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case where ug = 0 and the hypersurface is given by 0B, (ug) with r < ||uy||, this is
known as the mountain pass method, see Theorem below.

o Generalized Nehari manifold: We consider a semilinear problem of the form J'(u) =
Lu — I'(u) with a selfadjoint linear operator £ and a superlinear nonlinearity I'.
Here semilinear means that I (and J) are well-defined on the natural domain X
of the bilinear form associated to L, called form domain of L. Furthermore we
require I to be positive and L to be indefinite with 0 ¢ a(ﬁ)ﬂ Denoting by X~
the subspace of X corresponding to the negative part of the spectrum of £, we
utilize the generalized Nehari manifold

M= {u e X\ {0}: J'(w)lgysx— = 0 (1.17)

and seek critical points as minimizers of J|, i.e., ¢ := infy e J(u). This method
is known as the method of generalized Nehari manifold, see [94] or Appendix [A| for
details.

3. Take limit of Palais-Smale sequence: We show that, up to a subsequence and symmetries
of the equation, the Palais-Smale sequence (u,) from step 2 converges in a suitable
topology. In the limit u = lim,,_,o u,, We recover a critical point of J with J(u) = c.
The arguments involved depend strongly on the variational method and require some
“compactness” properties of the functional J in addition to the geometry assumptions of
step 2.

4. Regularity and justification of formal calculations: As the calculations of step 1 were
done on a formal level, we need to justify them. We do this using the regularity u € X
or, should that be insufficient, we first show further integrability or differentiability
properties of u. To obtain these properties, we can exploit J'(u) = 0 and/or information
coming from the variational method.

The definition of a Palais-Smale sequence and the mountain pass theorem are given next.

Definition 1.2.1 (Palais-Smale sequence). Let X be a real Banach space and J € C1(X;R).
A sequence (uy) in X is called Palais-Smale sequence for J at level ¢ € R if

J(up) —c¢ imR and J(up)—0 in X'

Theorem 1.2.2 (mountain pass). Let X be a real Banach space and J € C*(X;R) be a
functional that has mountain pass geometry, i.e.,

(a) J(0) =0,
(b) there exist r,a > 0 such that J(u) > « for all u € X with ||u|| =7, and
(c) there exists ugp € X with ||ug|| > r and J(up) < a.

Then there exists a Palais-Smale sequence for J at level

= inf > a.
‘ 760(1[%;1];)() Slél[%ﬁ] J(0s) z a
7(0)=0,7(1)=ug

Proof. See Theorem 6.1, Theorem 3.4, and Remark 3.5 in |86, Chapter II]. O

Since we are interested in time-periodic functions, we fix T' > 0 as the period of the breather
and denote by T := R/pz the torus of length T, which is the natural time-domain. The

2With modifications, it is also possible to consider 0 € (L) \ Tess(L).
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associated base frequency is w = 2% We equip the torus T with the Haar measure dt

normalized such that [;1dt = 1. Using this normalization, the Fourier coefficients of a
function f: T — C and the Fourier series are given by

fi = Fulf] = /T Fe®etar  f) = F R = 3 frelet

keZ

IN CHAPTER @ we consider the semilinear problem (1.16)) for power nonlinearities, i.e.,
V(@) — gy = T(2)|ulf u for (z,t) € R (1.18)

with p € (1,00). The chapter is based on the preprint [41] which was written jointly with
Julia Henninger and Wolfgang Reichel. We refer to Section for a detailed overview of
relevant literature on equations like ([1.18]).

In contrast to the results of [15] 43] discussed earlier, we consider potentials V,T" that need
not be purely periodic: The potential V only has to be periodic in neighborhoods of 4oo0.
Furthermore, we work under the assumption that the linear operator of is hyperbolic,
i.e., V is uniformly positive. These basic assumptions are stated next.

(A2.1) V,I' € L*°(R) with ess infg V' > 0 and I' > 0 almost everywhere. Moreover, V has
locally bounded variationﬁ

(A2.2) There exist X* > 0, RT € R and X*-periodic functions Vi € L®(R) such that
V(z) =V (z) for x > Rt and V(z) = V. (z) for z < R™.

per per
It is convenient to rescale the linear operator by multiplying with % and to thus consider

L + 0} with the weighted Sturm-Liouville operator

o 1 2
Li= =%

This is easier since L acts only on x and 97 only on t. As a result, for the spectrum we have
o(L+0%) = o(L) + o(?).

Since we seek time-periodic functions, we consider the operator 2 on T which has spectrum
0(0?) = {—w2k2: k € Z}. Our analysis is based on the assumption that L has a spectral gap
about w?k? for each k € Zoqq, and moreover that the size of the gaps grows linearly in |k|.
This allows us to invert the operator L+ 0? after restricting to odd frequencies, or equivalently,
restricting to functions that are %—antiperiodic in time. Note that 0 does not lie in a spectral
gap of L. The restriction to odd frequencies avoids the £ = 0 mode, and %—antisymmetry is
compatible with equation and the variational structure. As we discuss in Remark
a careful choice of the potential V is required in order to ensure that L has countably many

large spectral gaps. In total, we make the following assumptions on the spectrum of L.

(A2.3) There exists w > 0 such that inf{|v/A — kw| : A € (L), k € Nogq} > 0.

. e point spectrum o satisfies 7 < oo tor all r > 5, which means
A2.4) The poi p(L) satisfies Syep () A" for all 1, which
that o,(L) grows at least quadratically or is finite.

With these assumptions in place, we formulate our main existence result for breather solutions

to equation ([2.1).

3In this chapter, labels that do not begin with the number 1, such as assumption (A2.1) or Theorem 2.1.1,
are references to a statement in another chapter (here Chapter [2]) with essentially the same content.
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Theorem Let 1 < p < oo and assume[(A2.1),[(A2.2),[(A2.3),[(A2.4). Then

has infinitely many nontrivial T' = Z-periodic breathers if additionally one of the following
assumptions are satisfied.

(A2.5a) lim, o0 ['(z) = 0. (compact case)

(A2.5b) V = Vper s X-periodic on R and I' = T'per + Do where T'per is X -periodic and
Lioc > 0, lim|g_y00 Tioc(®) = 0. (asymptotically periodic case)

The breathers are in H*(R x T;R) and satisfy (1.18)) pointwise almost everywhere.

Remark 1.2.3. Let us comment on Theorem [2.1.1] and its assumptions.

e Case also includes the purely periodic case by choosing I'oc = 0. In the purely
periodic setting, compared with results of [43] we improve the range of admissible p from
p € (1,3) top € (1,00). Some of the ideas leading to this improvement were previously
used in [56], so the main novelty is that our results are applicable also for nonperiodic
coefficients.

o If u is a breather solution to , then the temporal translate u(-, - — 7) is again a
breather for any 7 € T. In the purely periodic case, the same is true for translates by the
spatial period. When claiming existence of infinitely many solutions in Theorem 2.1.1,
we mean infinitely many solutions that are not translates of one another.

e In case the linear operator L is periodic. By Floquet-Bloch theory (cf. [36]) the
spectrum o (L) consists of essential spectrum and o,(L) = (), hence trivially holds.

In Appendix 2.B] we discuss three examples of potentials V' which satisfy the assumptions

(A2.1)H(A2.4)} including both periodic and nonperiodic V. For each example, V is a piecewise
constant function with carefully chosen step heights and widths.

Remark 1.2.4. The coefficients in our examples in Appendix are piecewise constant,
thus they have low regularity. Recall that in we require L to have spectral gaps about
w?k? of size ~|k|, and we expect that rough coefficients are required to obtain such large
spectral gaps (cf. [23]).

As an illustration we consider L = —%8% for even, 1-periodic potentials V € H*(R/z) with
€ [1,00). By Floquet Bloch theory (cf. [76]), the spectrum of L has a band-gap structure

o(L) = | [Nk A2kt]
keNg

with an increasing sequence 0 = A\g < A1 < Ag < A3 < Ay < A5+ — 00. The size of the k-th
spectral gap is given by g = Aor — Agg—1 > 0. Due to [23] the map
HS . (R/2) D0 =R xh*2 Vs (w, (Gr)ren) with w=

s
even fol \/de7 gk € {gka gk}
is an isomorphism from a neighborhood O of V' =1 onto its range. Here, the sign of the
signed gap size g above is chosen depending on whether (Agx_1, Agg) is a pair of (Dirichlet,
Neumann)- or (Neumann, Dirichlet)-eigenvalues, the spectral gap (Aog_1, Aok ) is located about
w?k?, and the sequence space h*~2 is defined by |[(x)||7s—2 = Dpey K22 Gk|* < co. Thus,
assuming L has spectral gaps of size g ~ k7, the inequality

3
|(E7)|[ps-2 < 00 <= 7 < 578 (1.19)
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necessarily holds. In particular, for H'-regular potentials V ~ 1 we have v < %, meaning that
for such V the operator L can never have spectral gaps whose size is linear in k. Although
the results of [23] are not applicable below s = 1, the requirement is still consistent
with our examples of Appendix and may suggest that these are chosen optimally: In
the examples, the gap sizes grow linearly in & (hence v = 1) and we use piecewise constant
functions V. These are H*-regular precisely for s < % as discussed in Remark

We now give an overview of the methods used to prove Theorem We follow the four
steps outlined above.

Step 1. Formally, ((1.18) is the Euler-Lagrange equation of

T(u) = Jo(u) — Ji (u) == /]M(L ) uV(z)d(z,t) — pil [ L@l d.)

which we consider for %—antiperiodic in time functions u.

Step 2. We use the generalized Nehari method to find critical points of J. Therefore the
domain of .J is the form domain of L +d?. Let us explain the construction of the form domain.
Using the Fourier series, we transform the linear operator L + 07 into a sequence of operators

L+ = Flo( @ (L-w?))oF

k€Zoaa

which are selfadjoint on L% (R) := L% (R; Vdx). Since they are semibounded from below, by
standard methods (cf. [77]) one can define their form domain Hy. For L — w?k? one has
H'(R) with the norm

oI, = /R‘L—wgkz‘v-@V(x)dx,

where |L — w?k?| is defined by the functional calculus for L. The form domain of L + 87 is
then given by the Hilbert space

H o= ]-"_1( D %k)

k€Zoaa

Having defined the space H according to the linear operator, we show boundedness and local
compactness of the embedding H < LPT(R x T) for p € [1,00) in Section to verify that J;
is also well-defined on H. This is based on an effective formula and estimates on the spectral

measure of L and uses the spectral assumptions |(.42.3)

Step 3 and 4. Using the method of generalized Nehari manifold M introduced in (1.17)),
we obtain a Palais-Smale sequence (uy) of J at level ¢ = inf,cp J(u) > 0. We then use
assumptions [(42.5a) or |(LA2.5b)| to pass from (u,) to a critical point of J:

e In from decay of I' we have that J] is completely continuousﬂ With this, one
can show that J satisfies the Palais-Smale condition.

o For|(A2.5b)| we first consider the purely periodic case, i.e., I''°° = 0. Using the periodic
structure of J and concentration-compactness arguments, we show that suitable spatial
translates of the u, converge up to a subsequence to a nonzero critical point.

“This means that Ji: (H, weak topology) — (H’, norm topology) is continuous.
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o For the general case of we compare the energy ¢ = inf,ca J(u) to the energy
¢P° of the purely periodic problem. The assumption I'°¢ > 0 ensures that ¢ < ¢P* holds
It follows that the wu, are localized near the perturbation I''°¢. Indeed, if u, has a part
Uy, that is localized far away from the perturbation, then we have

P > ¢ = J(up) + 0(1) > J(iin) + 0(1) = JP (i) + o(1) > P + o(1),

a contradiction.

These arguments, as well as smoothness and multiplicity of breathers, are carried out in

Section 2.2
Remark 1.2.5. To have the energy comparison ¢ < ¢P" available for the above argument, we
consider perturbations in the nonlinearity I' but not in the linear potential V', since difficulties
appear when perturbing the linear part: Note that by adding local perturbations of the correct
sign to both I" and V, we can always ensure J < J (where J is the perturbed and J is the
reference functional). This does not imply comparability of ground state energy levels, i.e.,

inf J(u)=c¢<t:= _inf J(u)

J'(u)=0 J'(u)=0

u#0 u#0
is false in general. As an example we consider Jy(z,y) = 2 z? + 232 — 2* — y* on R x R,
which is increasing in A while the ground state energy level

_\2
OJA(U):{J(\&,O)_A, 0< <1,

¢y = inf
Jr(0,1) =1, A<O0orl1<A

J\(w)=
u#0

decreases by 1 as A crosses 0.

In our setting, we can show that energy levels are comparable when we only perturb the
nonlinearity. The argument also works when the linear operators in J, J both are elliptic, in
which case we can perturb both linear and nonlinear coefficients. In the context of the above

example, ellipticity means we consider Jy only for A > 0, where A — ¢, indeed is monotone
increasing.

IN CHAPTERS AND @ we consider the quasilinear problem (|1.7)) for scalar polar-
izations ([1.8.i) or (1.8.ii). In Chapter [3| we investigate breathers of high velocity ¢, while in
Chapter {4 we seek slow breathers.

For this overview let us consider (|1.8.i), i.e.,
—Pw+ (1 — % +g(z, - )*r)0fw + h(z)0F (v *p w*) = 0 (1.20)
with *g denoting convolution in the time variable ¢ € R.

Step 1. We require that ((1.20]) is time reversal symmetric, at least after restriction to time-
periodic functions w of the fixed period T', so that (1.20)) has a variational structure. For v,
this means that its periodization

Per[v]: T — R, Per[v|(t) =T Z v(t+KkT)
keZ

5For simplicity, we assume a strict inequality here. For the equality case, which we cannot exclude in general,
we employ a different argument.
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is even, and similarly Per[g(z; -)] has to be even for all x € R. Note that v g f = Per[v] * f
holds for time-periodic f. To uncover the variational structure, we apply (02v*g)~! to (1.20)
and obtain

-1
(~02 Pexfuler) (=02 + (1 4 + Perlg(, )Js1)OF Jw — h(z)w® =0.  (1.21)
In the following, we abbreviate the linear operator of (1.21)) by £, so that this equation reads
Lw — h(z)w = 0. (1.22)

Note that £ is symmetric since the periodizations are even. Therefore (1.22)) formally is the
Euler-Lagrange equation of the energy functional

J(w) = /R %L’w Cw — ih(aﬁ)w4 d(z,t). (1.23)

A more general and detailed derivation of the variational problem is given in Sections [3.2]
and We note that the polarization leads to the same variational problem but
for the surrogate variable u = Per[v] 7 w instead of w, and thus can be treated almost
identically. Furthermore, if Per[v] *t (-) is not injective, i.e., if some Fourier coefficients of
Per[v] vanish, then this can be built into the variational problem by requiring that the same
Fourier coefficients of w (or u) also vanish.

Assuming the velocity ¢ of the wave is large enough, then 1 — c% +g(x, - )xg is positive and the
linear operator of is hyperbolic. Existence of breathers in this setting is investigated
in Chapter [3] Conversely, for sufficiently small ¢ the linear operator is elliptic, and so is £
provided Per[v] is positive definite. This setting is studied in Chapter

IN CHAPTER we investigate (1.7]) for fast-traveling waves and for scalar polarizations
(1.8.1) or (|1.8.ii). We assume that the linear retardation kernel
9(x,7) = go(x)do(T) + g1 (2, 7)

consists of an instantaneous contribution gy plus a (small) noninstantaneous contribution g;.
We abbreviate

V(z) =1- C% + go(z)

so that equation can be written as
-1
(—8752 Per[u]*qr) (—85 + (V(z) + Per[gi(, -)]*T)af)w — h(z)w® =0,

which is similar to equation (1.18]). These similarities motivate us to look at ([1.22)) through
the methods developed in Chapter [2, We now state our main existence result.

Theorem Let T > 0 be the period of the breather, w = 27” be its frequency and
¢ € (0,00) be its speed. Assume that for constants a > 1, % <B<2,7y<1,0<d<d we
have:

(A3.1) h € L*™®(R;(0,00)).

(A3.2) v € LYR;R) and its periodization N := Per[v] is even. Denoting its Fourier support
restricted to odd frequencies by R = {k: € ZLodd ./Vk #* 0}, we have R # 0 and
Nl S kI for all k € R.
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(A3.3) go € L*(R;R) satisfies ess inf gy > C% — 1 and is locally of bounded variation.
(A3.4) For the spectrum of the operator L = —V%x) 02: H*(R) — L*(R) we have:
o (wW?k? —6|K|7,w?k? + 6|k|") C p(L) holds for all k € R.
o The point spectrum op(L) satisfies 3 \eq, (1) AP=¢ < 00 for all e > 0.
(A3.5) a+v—2> 4.
(A3.6) g1 € LL(R; L} (R;R)) and its periodization G(x) := Per[gi(z; )] is even in t and
satisfies |Gr(x)| < WV(CL') forallz e R, k € R.
(A3.7) If the scalar polarization is , assume additionally |Nk| > |k|7% for k € R and
some s € R, and that there exist constants ¥ < 1, 0 < d < § such that

(@K = BT K+ 5 S D), 1G] < s

Vi(x)

hold for all k € Zoaa \ R.

Further assume go, g1, h have one of the two following spatial geometries.

(A3.8a) h(z) — 0 as |z| = oco. Moreover, go is periodic on [RT, 00) with period X > 0, and
also on (—oo, R™| with period X .

(A3.8b) h = hl°¢ + kP where h°°(x) > 0 satisfies h'°°(z) — 0 as |x| — oo, and hP%, gy, g1
are periodic in x with common period.

Then there exists a nonzero breather solution B, B, D, H to Mazwell’s equations ,

with polarization (1.5.1) or (1.5.ii). It has period T and travels with speed c. Fach field
F € {E,D,B,H} has the regularity

IMOMF € L2 R3) N L°(Q; R3)

forn € No, m € {0,...,m(F)} where m(E) = 2,m(D) = 0,m(B) = m(H) = 1, and for
domains of the form Q =R X [y1, ya] X [21, 22] X [t1, t2].

Moreover, if the set SR is infinite, there exists infinitely many distinct breathers.

Remark 1.2.6. In Theorems |3.1.2] and [3.1.3| we give two examples of potentials gg, g1, h, v
satisfying the assumptions of Theorem Let us also point out:

e There are similarities between Theorem and Theorem Indeed, the former
contains all assumptions of the latter, except that the growth assumptions of and
are more general compared with |(A2.3)| and |(A2.4)]

e By assumption the potential V' is positive. This, together with smallness of g; in
ensures that the linear operator £ is hyperbolic. Smallness of g1 also allows us to
treat the additional linear term 07 Per[gy(z, - )]*T as a perturbation, and so we study the
linear operator with methods from Chapter [2]

Now we give some ideas of the proof. We focus on steps 2 and 4 since step 1 was discussed
above and step 3 uses the same ideas as in Chapter

Step 2. The main methodical difference to Chapter [2]is the choice of variational method.
We use the dual variational method, which compared with the generalized Nehari manifold
method is simpler, especially for power nonlinearities. The dual method works as follows:
Formally, we invert both the linear operator and the nonlinearity to get

_ 3 3
Lw — hw® =0 é_héuﬁ u%—hiﬁflhiu:().
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Note that the dual problem is again variational: The energy functional is given by

J(u):/ Blufs — LhiL "hiu - ud(z, t)
RxT

with domain L%(R x T). The simple domain and the simple geometry of J are the main
advantages of the dual method. Since the functional J has mountain pass geometry, we solve
its Euler-Lagrange equation using the mountain pass method (cf. Theorem [1.2.2]).

Step 4. Using boundedness of |0;|°: H — L* for small ¢ > 0 in a bootstrapping argument on
Lw — hw? = 0, we obtain C*®-regularity in time for u by gaining e derivatives in each step.

IN CHAPTER @ we again consider ([1.7)) with scalar polarizations (|1.8.i) or (1.8.iil), but

for small velocities ¢ so that the linear operator £ is elliptic. In addition to slab materials, we
also consider cylindrical materials, i.e., (1.10) in place of ([1.7)) with the same polarizations.
This chapter is based on the preprint [72] which is written together with Wolfgang Reichel.

To simplify the notation of instantaneous and retarded contributions in the linear retardation
g(x,T), we now assume that g(x, -) is a real-valued measure in ¢ for each x, which we denote by
G(x). We write M(R) and M(T) for the sets of R-valued measures on R and T, respectively.
They are equipped with the total variation norm. To unify notation, we also assume that
v is a real-valued measureﬁ Analogous to the periodization of a function, we define the
periodization Per[u] € M(T) of a measure u € M(R) by Per[u](E) = u(Py'(E)) for any
Borel set F C T, where Pr: R — T is the canonical projection.

We now state the main result of this chapter.

Theorem Let T > 0 denote the temporal period, w = 27” the associated frequency, and
¢ € (0,00) the speed of travel of the breather. We make the following assumptions:
(A4.1) We consider polarization (L.3) with linear susceptibility xV) (x,7)dr = dG(x)(7)I,
where G: R? — M(R) is measurable, and nonlinear susceptibility tensor Y@ given
by (L.5.) or (L54i), where h € L>°(R%*R) and v € M(R).
(A4.2) G and h both have either cylindrical or slab geometry.
(A4.3) supyeps || G(x)|| pqr) < 00 and h £ 0.
(A4.4) The periodization G(x) := Per[G(x)] is even in time for all x € R® and satisfies
SUPyeps kez TG (X)] < -1
(A4.5) The periodization N := Per[v] is even in time, nonconstant, and |k|™° < Fu[N] <
|k|™ holds for all k € Z\ {0} with Fx[N] # 0 and some > a > o* where a* =1

in the slab geometry and o* = % in the cylindrical geometry.

(A4.6) In case of the slab geometry, one of the following holds as well:
(A4.6a) h(x) — 0 as x — oo,
(A4.6b) G(x) = GP(x) + G°°(2) and h(x) = kP (x) + h'°°(z) where GP**(x), h(z) are

periodic with common period, and we have HgbC(x) — 0 and h'°°(z) — 0

M(T)
as © — +00. Moreover, G'°°(x) has nonnegative Fourier coefficients for all

z € R and h°° > 0, hP £ 0 hold.

5The assumptions imposed later ensure that v is a bounded function.
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Under these assumptions, there exists a nontrivial breather solution D, E, B, H of Mazwell’s

equations (1.1)),(1.2). It satisfies
O'E € WHP(Q; R?), o'B, 0 H € WIP(Q;R?), oD € LP(Q;R?)

for alln € Ny, p € [2,00] and all domains Q2 of the form Q = Rx [y, y+1] x [z, 2+ 1] x [t, t +1]
in the slab case, and Q = R? x [2,2 + 1] x [t,t + 1] in the cylindrical case, with norm bounds
independent of y, z,t.

Moreover, if the material parameters are | € Ng times continuously differentiable, i.e., if G €
C’é(R3;M(R)) and h € C’é(Rg), then the fields E,B,H,D are | additional times differentiable
with derivatives in L?(£;R3) N Cp(R%; R3).

Lastly, if Fx[N|# 0 for infinitely many k € Z \ {0}, then there exist infinitely many breather
solutions with the stated properties.

In Theorems and [.1.2] we give two examples of potentials G, h, v satisfying our assump-
tions. Let us point out some important features of Theorem and differences to previous
results.

o In contrast to our results in Chapters [2] and [3] we can consider settings where both the
linear and nonlinear potential are perturbed periodic functions. We motivated this in
Remark

e In the cylindrical setting, assumption makes no further requirements on the
potentials G, h. This is because the cylindrical setting has inherent compactness properties
which are not present in the slab geometry. We discuss this in Section As an
illustration, consider the Sobolev embedding H!(R?) — LP(R?) for p € (2,00), which is
not compact due to translation invariance, but it becomes compact after restriction to
radially symmetric functions (cf. [52]).

+ Note that in Theorem [£.1.3] we require no information on the spectra of operators. This
is due to the fact that our linear operator contains

92+ (1— 5+ G(2)*1)07

which is a sum of positive operators. This is different from Chapters [2| or [3, where the
linear operator is a difference of positive operators. There we made assumptions to ensure
that the spectra of the individual operators do not overlap, so that the entire operator is
invertible, which is not needed here.

Let us also comment on selected parts of the proof.

Step 2. For the linear operator
-1
L= (=0Nwr) (=024 (1- 5 +G(2)n)d})

appearing in (1.22)), notice that —(1 — C% + G(x)*7) is positive and bounded from above and
below by assumptions [(A4.3)| and [(A4.4)l Since the Fourier coefficients of N are all positive

by |(A4.5) L is elliptic. Therefore the energy functional ([1.23)) has mountain pass geometry,
and we use the mountain pass method to find critical points.

For the cylindrical geometry, the problem of interest is ((1.22)) with

L= (—8EN*T)_1(—83 -9+ +(1-%+ g(x)*T)af) for (r,t) € (0,00) x T.
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Motivated by the setting, we treat this as a problem in two space dimensions and identify
w(r,t) with the cylindrically symmetric function w(z,y,t), i.e., r = /22 + y2. The spatial
differential operator is the Laplacian —0? — %&, =02~ 85 = —Ayy, and the r%—term is
an additional positive term that cannot be controlled by the remaining terms since Hardy’s

inequality H%HLP(RQ) < [Vl p(rey fails in R? (cf. [61]).

For considerations of regularity, we employ a bootstrapping argument similar to that of
Chapter [3| which can be lifted from —92 to the Laplacian in higher dimensions as the spatial

operator. For large r the remaining T%—term can be controlled, showing that breather solutions

are smooth. However, for small r the perturbation character is lost and we have to understand
%2 as a part of the differential operator. There we can use —9? — %({L + r% = —rA4d% and
employ a bootstrapping argument on %wﬂ

IN CHAPTER we study the slab problem and the cylindrical problem , both
with scalar polarization . This chapter is based on the preprint [71], which is written
together with Wolfgang Reichel. Our main assumption is that the nonlinearity is compactly
supported in space. We also use spectral (and other) properties of the linear operator.

For brevity, we discuss only our existence result on breathers for slab materials, a similar
result for cylindrical materials is given in Theorems and
In the slab setting, we make the following assumptions on the material coefficients gg, h, v.

(A5.1) go,h € L®(R;R) are even, the linear polarization kernel is given by g(z,7) =
go(x)do(7) and supp(h) = [~ R, R] holds for some R > 0.

(A5.2) The nonlinear polarization P(w) is given by (1.8.iii) where either v = dg, or v €
L'(R;R) and N := Per[v] satisfies the following assumptions

N € C*(T) for some a > 0,
N({t)=N(—t) >0fort €T,
LY(T) = R,v — [p(N xv?)v? dt is convex.

(A5.3) ess supi_p g 9o < % — 1 and ess sup_p,g I < 0.
(A5.4) For each k € Nyqq, there exists a solution ¢, € H?([R, c0)) \ {0} of

(=07 = k*w(go(z) +1 = )by = 0.

C2
(A5.5) The following inequalities are satisfied by the solution ¢:

|61 (R)| |5%(R)]

H‘kaL?([Rpo)) k k”¢k’|L2([R,oo))

lim inf
k—o0

> 0,

(A5.6) There exists kg € Noaq such that ¢, (R) # 0 and the following inequality holds:

Oy (R)
Pko > Ak tanh(AkgR) with A =w(H —1- e[ssRi%]f 21)1/2.

Dp, (R)
A sufficient condition for to hold is

"This is only helpful for small r because the rescaled equation Lw — hw® =0 <= (1Lr)iw —hr?(tw)® =0
is singular at r = oo as an equation for %w.
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~/

(A5.6’) limsup %(R) > w(% —1—ess inf )21)1/2.
k—oo ko (R) ¢ [~R.R]

Our main result for the slab geometry is given next.

Theorem and Assume [(A5.1)H(A5.6) for given v, go, h and T. Then there

exists a nonzero T-periodic real-valued distributional solution E,D,B,H € L (R3 xR;RR3) of

loc

the Mazwell problem (1.1)), (1.2)) with polarization (L.5.iii), i.e., a solution in the sense of Def-

inition |5.1.1. The solution is localized in the x-direction to the extent that the electromagnetic
energy per unit square in the y, z-directions

/ (D-E+B-H)d(xz,y,2)
Rx[yo,y0+1]x[20,20+1]

is finite for all yo,z0 € R and times to € R, and uniformly bounded w.r.t. to, yo, 2o-

Furthermore, if|(A5.6) holds for infinitely many ko € Noaq (e.g., if|(A5.6°) is true) then there

exist infinitely many distinct breather solutions with the above properties.

In Theorem [5.1.2| we give examples of potentials gg, h satisfying our assumptions. Examples
of admissible v are discussed in Remark and a sufficient condition for the convexity
part of is given in Lemma Numerical approximations of some of the breathers
from our examples are displayed in Figures[5.1] and [5.2]

Let us sketch the variational method for the slab geometry and comment on the assumptions

Step 1. We illustrate the variational setup for the instantaneous nonlinear polarization v = g,
where assumptions |(A5.1){ and |(A5.2)|let us write (1.7) as

—Wgy + (go(z) +1— C%)fwtt + h(z)(w?)y = 0.
To reveal the variational structure, we substitute w = u; and integrate in ¢ to obtain
—Ugz + (go(x) +1— C%)Utt + h(x)(u?)t =0, (1.24)

which is the Euler-Lagrange equation of
)= [ b+ i@ - th@ut (o),
RxT

where V(z) == —(go(z) + 1 — %).

Step 2. We seek solutions of this variational problem by direct minimization of J on a suitable
space of functions

X C {u: RxT—R ‘ u is even in =z, %—antiperiodic in ¢, solves (1.24)) on [R, 00) x ’]T}.

The evenness condition in the definition of X is convenient as it shortens some formulas, but
it is not necessary in general. Evenness is compatible with ([1.24) since gg, h,V are even by
assumption |(A5.1)l Antiperiodicity is also compatible with and is used because the
assumptions |(A5.4)| and |(A5.5)| on the linear operator were imposed only for odd frequencies.

Recall that h is supported on [~R, R] so that (1.24) is linear on (R \ [-R, R]) x T. By
symmetry it suffices to consider [R, c0) x T. There, by assumption equation (1.24)) has
the localized solutions

u(x,t) = Z aka)w(:c)eik“’t for z>R,teT. (1.25)
k€Zoaa
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This inspires the choice
a(R—)
o1 (R) ’}

u is even in , %—antiperiodic in ¢, (1.25)) holds with oy =

X={uwRxT—R ; .
up € L2([0, R] x T),us € L*([0, R] x T)

where the formula for ay is obtained from (1.25)) by requiring u(R—,t) = u(R+,t) and taking
the Fourier series of this identity. Note that we do not assume that v € X is differentiable in
the region [R, 00) x T. Despite this, J is well-defined on X. To see this, we formally calculate

T(u) = / 2 + V(z)u? — Lh(z)ul d(z, t)
[0,00)xT

= Joper s VI 0 % ke%dd‘ak‘z /:((%)2 + W K2V (2)d ) da
= | Vi@ - et den + 3 B G (rya(R)
[0,R]xT T t 2 t ) G ¢k(R)2 k k

=: Jr(u) + Jp(u),

and we use the last identity as the proper definition of J on X. The boundary term Jpg is
finite (and weakly continuous) due to the estimates on ¢, (R), %(R) in assumption
By both V' and —h are strictly positive in [0, R] so that the integral term J; is convex
and coercive.

Step 3. The minimization method relies on two important properties of boundary term Jp

and its symbol —%. First, by (/15.5) the symbol decays fast enough, which combined with
k

a trace inequality shows that J is bounded from below, weakly lower semicontinuous, and
coercive. Second, the symbol is large enough to ensure inf J < 0, where assumption is
a sufficient condition (and necessary if V||_g g is constant).

Step 4. For the properties of Jp in step 3 it is necessary that we impose no regularity condition
on u in [R,00) x T. So we verify differentiability of w in the linear region [R, c0) x T afterwards.
For this, using ellipticity of the main part J; and estimates to control the boundary part Jp,
we obtairﬁ uniform estimates for higher-order terms such as

H ’at‘l/Qum

L2([0,R]xT) <G H'atyl/gut‘ut”

(0 RxT) G, NulB=iery < €

With the third estimate and the formula (1.25]) we can verify that u is H'-regular in [R, co) x T.
Since w = wu; is the intensity of the electric field, this is sufficient to prove w € L? and hence
EecL?

loc*

IN CHAPTER @ we investigate the flow of a particular setup of Maxwell’s equations,
which is the associated linear wave equation with quasilinear boundary condition

V(z)ug(x,t) — uge(z,t) =0, x € [0,00),t € [0,00),
uz(0,t) = (f(u(0,8)))y, x=0,t € [0,00), (1.26)
u(z, to) = uo(x), ue(z,0) = ui(z), =« €[0,00),t=0.

8We give an explicit proof only for analogous estimates in the cylindrical setting, see Proposition m
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This chapter is based on the paper [73] written together with Wolfgang Reichel and Roland
Schnaubelt. We give an overview of related results from the literature in Section [6.1l To
motivate the initial value problem ([1.26)), we consider (|1.7)) with the instantaneous polarization

P(w)(x,t) = go(z)w(x,t) + 2f (w(z,1))do(z) (1.27)

where the nonlinearity is concentrated at one point « = 0. If the potential gy and the solution
w are even in z, we obtain from (1.7)) the effective problem

{V(m)wtt(m,t) - wxz(xvt) = 07 T < [0’ OO)’t € [O’OO)’ (128)

wy (04, 1) = 92 f(w(0,1)), t €[0,00)

on the half-space with V(x) =1 — c% + go(z). We substitute w(x,t) = u;(x,t) and integrate

in time to turn (1.28) into

{V(w)utt(m,t) — Ugz(z,t) =0, z€[0,00),t€ [0,00),

(1.29)
Uz (04, 1) = (f (u(0,8)))y, x=0,t € [0,00).

Note that ([1.26]) is the initial value problem for ([1.29]). The choice of material law is motivated
by [49] where the authors consider ([.27) with cubic nonlinearity f(s) = +s® and show
existence of infinitely many breather solutions using variational methods.

We investigate (|1.26]) for monotone increasing f and positive, piecewise continuously differ-
entiable functions V € PC'(]0,00);R). That is, V is continuously differentiable outside a
discrete set D C [0,00) and one-sided limits of V and V’ exist on D.

Next we present the two main results of this chapter. The first concerns global well-posedness
of (T.26]) in C*([0,00) x [0, 00)), and we explain the notion of a C'-solution in Definition
below. The second discusses two conserved quantities.

In the following, the space C*(X;Y") of k-times continuously differentiable functions ¢: X — Y
is equipped with the topology of locally uniform convergence (of ¢ and its derivatives), and
the subspace CF(X;Y) of bounded functions with bounded derivatives is equipped with the
topology of uniform convergence.

Theorem Assume on V, f the following.
(A6.0) ug € C1([0,00);R), uy € C([0,00); R).
(A6.1) V € PC([0,00);R) with V,V' € L*([0,00)),inf V > 0.

(A6.2) inf{|d; — da| with dy,ds € D(V)U{0},d1 # d2} > 0 where D(V') denote the set of
discontinuities of V.

(A6.3) f: R — R is an increasing homeomorphism.
Then (1.26) has a unique solution u € C*([0,00) x [0,00);R). Moreover, (1.26)) is well-posed

in the sense that the solution map

C1([0,00);R) x C([0,00);R) — C([0,00) x [0,00);R), (ug,u1) — u
is continuous, and

CL([0,00); R) x Cy([0,00); R) — C([0,00) x [0, T]|;R), (up,u1) — u

s continuous for every finite end time T > 0.
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Theorem Assume and that the initial data satisfy ug(x),u1(z) — 0 as

x — 00. Then the momentum
Mu,t) = [ V(@)urdo+ f(un(0,1)
0
and the energy

E(u,t) =

N[

| (V@0 + e ) do + Fluo,0)
where F(s) = sf(s) — [5 f(o)do, are both constant in time.

While we formulated both results only in forward time ¢t > 0, they also hold in backward
time since is time reversal symmetric up to the substitution f(s) ~» —f(—s), which is
compatible with the assumptions |(.46.0)H(.A6.3)l In Section [6.7| we connect Theorem to
[49] by showing that the breather solutions found in [49] are C''-smooth and solve with
their own initial data.

As we discuss below, we cannot expect the solution of to be twice differentiable, even
for smooth initial data and smooth f,V. This is why we consider solutions in the space
C1([0,00) x [0,00);R). Let us clarify the precise sense in which the second derivates in
exist for C''-solutions.

Definition In the setting of Theorem a function u € C*([0,00) x [0,00); R) is
called a C'-solution to (6.1) if the following hold:

(i) For allx >0 on which V and V' are continuous and all t > 0, the directional derivative

o — ﬁ@z applied to us + ﬁuz exists and satisfies

1 V' (x)

(i) f(ue(0, -)) is differentiable with (f(ut(0,t))): = uz(0,t) for all t > 0.
(iii) u(x,0) = up(z) and u(xz,0) = ui(x) for all x > 0.

Let us discuss the above results by investigating the example V = 1, f(s) = +s3, i.e.,
up (2, 1) — ugg (2, t) =0, x € [0,00),t € [0,00),
1z (0,1) = £ (ug(0,1)3);, x=0,t €0,00),

u(z,tg) = up(x), ue(z,0) = uy(z), =« € [0,00),t=0,

which already contains the main features of ([1.26]). As wu solves the homogeneous one-
dimensional wave equation, we have

uz(z,t) + u(z,t) = const along curves {z 4+t = const},

ug (2, t) — u(z,t) = const along curves {x —t = const}.
This allows us to rewrite the boundary condition as

(07 t) + Ut(07 t) - ut(o’ t)
(tv 0) + Ut(ta 0) - ut(o’ t)
= ug(t) + w1 (t) — u(0,t),

:I:(ut(O, t)g)t

:ul‘
:uCL’
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and this differential equation depends only on u|,—gy. In terms of the quantity d(t) = u(0, t)3,
it reads

d'(t) = Fd(t) £ (uy(t) +ui(t)) (1.30)
with /- denoting the real cube root.

For the “£ = —7” case and up = u; = 0, ((1.30)) is well-known to be ill-posed, and it admits the
solution

O’ t S th

3

= {(?,(t—m))% t> to

for every ty € [0, 00]. From the above boundary data d, we can reconstruct a solution u to
(1.26) traveling to the right by

u(z,t) =u(0,t —x) = /t—x ut(0,7)dr = /Ot_I WdT =d(t — )

0
0, x>t —to,
= 3
(%(t_x_t(]))za x <t —tp,
and we indeed have ug = u|;=9 = 0 and u; = u¢|t=p = 0. In summary, for the “+ = —” case

we have seen that ([1.26)) is ill-posed since it can have multiple solutions.

Let us now consider the 7+ = +” case, where (|1.30)) is well-posed in forward time since the
right-hand side is monotone decreasing in d (cf. [98, §9, Theorem X]). Similar to the above,
we consider the solution

d(t) = {(i(to ~0)% <

07 t> th

to ((1.30) with ¢y € (0,00). It gives rise to the right-traveling wave u given by

T R b

0, z < t—t,

Here we observe a loss of regularity for the solution map, as w is only C 3-smooth while the
initial data ug = ul—p and uy = wy|i—g lie in C*°([0, 00)).

IN APPENDIX @ we discuss the method of the generalized Nehari manifold (cf. [94]),
which we use to find critical points in Chapter [2l We state the main result in Theorem
which is adapted to fit our use case, and we give a self-contained proof.

IN APPENDIX E we introduce the space L?(u) of vector-valued functions that are square-
integrable with respect to an increasing matrix-valued function pu, as well as the fractional
Sobolev-Slobodeckij space W*P(T) on the torus. We also discuss important properties of both
spaces.
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PUBLICATIONS

Chapter [2| consists of the preprint [41] which was written jointly with Julia Henninger and
Wolfgang Reichel. Chapters 4| and [5| contain the preprints [72] and [71], respectively. Both are
joint work with Wolfgang Reichel. At the time of submitting this thesis, all three preprints
|41}, 71, 72] have been submitted, and [72] has been recommended for publication with minor
revisions. Chapter |§| comprises the paper [73] which appeared 2023 in Nonlinearity and
was written together with Wolfgang Reichel and Roland Schnaubelt. For each of these four
co-authored papers and preprints, all the authors made significant contributions.

Appendix [Bf consists of some of the appendices of |41} 71, 73]|. Chapter [3{and Appendix [Al are
not co-authored, and at the time of submitting this thesis they have not been published or
submitted elsewhere.

1.3. OUTLOOK

Here are several interesting and open questions surrounding breather solutions to Maxwell’s
equations.

o With regard to Chapter [5, regularity of breather solutions seems not fully explored:
We show that the electromagnetic fields are Lfoc—smooth, whereas the numerical ap-

proximations are much smoother: the depictions in Figures and appear to be
Hoélder-continuous.

In addition, all approximate ground states appear to be even in time, which would be
interesting to verify analytically.

o In the setting of Chapter [3] we currently don’t know if it is possible to find breathers for
cylindrical materials, because we don’t understand the spectral situation well enough. In
a different context, we observed in Appendix that certain eigenfunctions in the slab
and cylindrical setting are asymptotically equal (up to a natural rescaling) in the limit
when the spectral parameter approaches co. One could hope that a similar relation exists
between the spectrum of operators in the slab setting and those in the cylindrical setting.

o Additionally, for the problems in Chapters [2] and [3] we want to better understand the
spectral assumptions on the linear operator that are needed for breathers to exist. We
currently impose strong assumptions that force the entire linear operator to be invertible,
which is necessary for our variational methods. This gives rise to the question: Can we
find breathers if the linear operators has zero in its essential spectrum, and what effect
does such a spectral situation have on breather formation?

o For our existence results on breathers, we rely on the ansatzes or , which
are essentially one-dimensional in space. Polychromatic breather solutions in more
complicated material geometries, such as geometries that vary in two dimensions, are an
interesting topic for future research.

e Perhaps the most important open question concerns the stability of breather solutions,
both for the Maxwell system as well as for the effective equations like , since physically
meaningful breathers should possess adequate stability properties, such as asymptotic or
orbital stability.
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1.4. PRELIMINARIES AND NOTATION

We fix some notation that is used throughout the thesis.

symbol

definition

T

= R/ 77z, the one-dimensional torus of a fixed length 7" > 0 and time domain of
all our breather problems. It is equipped with the Haar measure d¢ normalized
such that [;1dt = 1.

= 2%, the base frequency on T.

: T — C,ex(t) = ek for k € Z, the standard orthonormal basis of L?(T).

= [ veg dt, the k-th Fourier coefficient of v: T — C.

Fourier transform in time T, F[v] = (Fi[v])kez = (0k)kez, with inverse transform
Fiow]l = Fy (0 nez) = Shez Oken(t):
also: Fourier transform in space R%, F¢[v] = [pa v(x)ei®€

Fol o] = [pav(&)e® (27‘3)5d/2 for v: R — C.

also: Fourier transform in spacetime R? x T, F¢ ) = FeFx, ;tl = F R
Indices of F, F~! are omitted when clear from the context.

X embeds into Y. That is, the identity map Id: X — Y is well-defined, injective
and continuous.

dz

a2 with inverse
uUs

dual of the Banach space X,
adjoint of the linear operator A.

conjugate Holder exponent, % + 4 =1

cardinality of the set S.

indicator function of the set S, i.e., 1g(z) = 1if x € S and 1g(x) = 0 otherwise.
also: indicator of a statement, 1y e} = Ltrue = 1 and Lygaisey = Latse = 0.

the identity matrix in C%*<.

=1{1,2,3,...}, N = NU{0}. The subsets of N and Z consisting of odd or even
numbers are denoted by Nygd, Neven and Zoqd, Zeven-

space of k-times continuously differentiable functions f: Q — X, equipped with
the topology of locally uniform convergence of function and derivatives.

subspace consisting of k-times bounded continuously differentiable functions,
equipped with the topology of uniform convergence of function and derivatives.

Lebesgue space of p-integrable functions f: Q@ — C (modulo equality a.e.).
space of locally p-integrable functions f, i.e., f|x € LP(K) for compact K C .
= LP(Q; #).

Sobolev space of k-times weakly differentiable functions f with 0% f € LP(Q) for
0<|al <k.

Sobolev-Slobodeckij space for noninteger s, defined in Section |B.2|for 2 = T.

= W*2(Q), or equivalently defined using the Fourier transform on 2.

Landau notation: ¢ € o(f) as © — x¢ if limg_4, % =0.

(@)l
|/ (@)

Landau notation: ¢ € O(f) as x — x¢ if limsup,_,,, < 00.
There exists a constant C' > 0 with f < Cg.

<= f<gandg < f.
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We denote special subspaces of function spaces by a subscript, such as:

symbol definition

Xanti  subspace of X consisting of %—antiperiodic (in time) functions. For example,
LR xT) = {f € PRxT)| f(w.t+%) = —f(@.0)}.

Xiad subspace consisting of radially symmetric (in space) functions. For example,
L2 (R?x T)={f e L*R*xT)|VO €SO(2): f(Ox,t) = f(x,t)}.

X, subspace of compactly supported functions.

Variational methods. We recall some fundamental concepts of variational methods, as these
will be used throughout the thesis. On a Banach space X let J € C*(X;R) be a functional,
which we call the energy functional. Fundamentally, we are interested in finding a nonzero
critical point (CP) of J, i.e., a solution u # 0 of the Fuler-Lagrange equation

J(w)y=0 in X'

Moreover, a ground state of J is a nonzero critical point v with minimal energy among all
nonzero critical points. Accordingly, we refer to the energy level
J(u)= inf J(v)

veXx\{0}
J(1)=0

as the ground state energy level.

Variational methods such as the mountain pass method (see Theorem [1.2.2)), minimization,
and the generalized Nehari manifold method (see Appendix [A) do not show existence of a
critical point directly, but only existence of an approximating sequence.

In this thesis, we use two notions of approximating sequences: We mainly work with Palais-
Smale sequences (see Definition [1.2.1]), but also use Cerami sequences in Appendix

Definition 1.4.1. Let X be a real Banach space, J € C'(X;R), and (u,) a sequence in X.
Then (uy,) is called a Cerami sequence for J at level ¢ € R if

J(up) = ¢ inR and (1+||un|)J (up) =0 in X'

Note that any Cerami sequences is, in particular, a Palais-Smale sequences. However, the
reverse is not necessarily true.

To pass from a Palais-Smale sequence to a critical point of J requires further information on
J. The simplest case is when J satisfies the Palais-Smale condition, i.e., every Palais-Smale
sequence has a convergent subsequence. Recall that we also consider settings where the Palais-
Smale condition is not satisfied, e.g., due to translational invariances of the problem. These
require different arguments, which we sketched in step 3 in the introduction of Chapter

Double symbols. To improve readability, we use double symbols like £, F, and statements
involving these symbols should be read choosing consistently either the top symbol or the
bottom symbol. So “A(+,F)” means “both A(+,—) and A(—,+) are true”. For terms
involving double symbols, the operator S°F is used to denote summation of top and bottom
version of the term, so Y *a(+, F) == a(+, —) + a(—, +). In contrast, we always use {+z} as
an an abbreviation for the set {x, —z}.



CHAPTER 2

BREATHER SOLUTIONS FOR SEMILINEAR WAVE EQUATIONS

This chapter is based on the preprint [41], which was written jointly with Julia Henninger and
Wolfgang Reichel. The preprint was adapted to fit the notation and structure of this thesis.
In particular, [41, Appendix A] was moved to Section

Start of Preprint

Abstract. We prove existence of real-valued, time-periodic and spatially localized
solutions (breathers) of semilinear wave equations V (x)uy — gy = T'(2)|ulP~1u
on R? for all values of p € (1,00). Using tools from the calculus of variations our
main result provides breathers as ground states of an indefinite functional under
suitable conditions on V,I" beyond the limitations of pure z-periodicity. Such an
approach requires a detailed analysis of the wave operator acting on time-periodic
functions. Hence a generalization of the Floquet-Bloch theory for periodic Sturm-
Liouville operators is needed which applies to perturbed periodic operators. For
this purpose we develop a suitable functional calculus for the weighted operator
—%% with an explicit control of its spectral measure. Based on this we prove
embedding theorems from the form domain of the wave operator into Li-spaces,
which is key to controlling nonlinearities. We complement our existence theory
with explicit examples of coefficient functions V' and temporal periods 1" which

support breathers.

Acknowledgements. We thank Xian Liao, Michael Plum, and Robert Wegner for discussions
on Floquet-Bloch theory and scattering which helped in the development of Section

2.1. INTRODUCTION AND MAIN RESULT
We are interested in breather solutions for the spatially heterogeneous semilinear wave equation
V() ugy — tze = D(2)|[ulP " u for (z,t) € R? (2.1)

for p > 1. Breathers are real-valued, periodic in ¢ and localized in z, i.e., lim||_,o u(z,t) = 0.
Our goal is to give sufficient conditions on V' and I' so that non-trivial breathers of (2.1]) exist.

Breather solutions to are a rare phenomenon in the sense that only few examples of
coefficient classes V' (x) are known which support breathers — a more detailed account of the
literature will be given at the end of the introduction. The results known to us so far |15
43, 55|, 56] and very recently [22] all rely on spatially periodic coefficients Vjer and on having
very good information on the spectrum of the spatial operator L = —m%. The main
tool to describe periodic differential operators is Floquet-Bloch theory, which provides an
explicit description of spectrum and spectral measure in terms of quasiperiodic eigenvalues
and eigenfunctions on the periodicity cell. The basic idea in the approaches cited above is
then to tailor Ve, in such a way that L has spectral gaps about k2w? for k € Nogq, with w
being the temporal frequency of the breather, e.g., by a careful design of a piecewise constant
Vper- As a consequence, the linear wave operator V (z)0? — 92 is invertible in suitable spaces
27

of T'= “%-periodic functions. In principle, this approach is not limited to spatially periodic

coefficients Vjer(x), but as soon as one leaves this class, several difficulties arise:
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(a) finding a way to describe the spectrum of L and to keep k2w? out of it,
(b) finding a replacement for the Bloch-transform which diagonalizes the operator L.

In this paper, we overcome the limitations of spatially periodic coefficients to some extent and
show existence of breathers to for different kinds of perturbed periodic V. A prototypical
case where our results apply is a perturbation V' = Vjer + Vioc of a positive periodic potential
Vper where Vio. has compact support. Concrete examples beyond the purely periodic setting
are also provided.

As an essential tool to find breathers in the nonperiodic setting and in extension of [25],
we show an explicit formula for the spectral measure of the perturbed periodic operator
L= —%%, cf. Theorem [2.3.23| The spectral description uses generalized eigenvalues and
eigenfunctions replacing the quasiperiodic Bloch-eigenfunctions, and their interaction in the
perturbed region. Once this is available we use the calculus of variations to find breathers
of as critical points of a functional J. We show that J is well defined in the Hilbert
space H = {u € L*(R x T) : [p, pulOuV(z)d(z,t) < co} where O :== 92 — %8% is the
weighted wave operator and || its spectrally defined absolute value. To achieve this, we show
embedding properties of H into L4(R x T)-spaces using the functional calculus for L. Then,
saddle-point tools from the calculus of variations [94] provide breathers for as ground

states of J.

With this brief introduction we can now describe our main result. We consider potentials V'
which coincide outside a finite interval with a periodic function V,t, in a neighborhood of +oc

and V., in a neighborhood of —oco. This also includes the case where V' is a purely periodic

function. We use the following basic assumptions.
(A2.1) V,T' € L*°(R) with ess infg V' > 0 and I" > 0 almost everywhere. Moreover, V has
locally bounded variation.

(A2.2) There exist X* > 0, R € R, and X*-periodic functions ijgr € L>*(R) such that
V(z) =V (z) for z > RT and V(z) = V. (z) for z < R™.

per - Vper
The next two assumptions concern the spectrum of the weighted Sturm-Liouville operator
1 1

L. If we consider the W-Weigh‘ced wave operator (1 = 07 — W&% applied to a time

periodic function u, then a Fourier-decomposition of v = > <z Uk (2) results into a
Fourier-decomposition of O into a family (Ly)kez of Sturm-Liouville operators

elkwt

Lem o e (2.2)
TV (@) de? ’ '

where w = 2% is the frequency and T is the time period of the breather. As we shall see later,

it is advantageous to consider only k € Z,qq which amounts to a restriction to %—antiperiodic
functions w. Since Ly = L_j, the main assumption is now to keep 0 out of the spectrum of the

family (Lj)ken,q, O, in other words, to keep k%w? out of the spectrum o (L) of the weighted
2

Sturm-Liouville operator L = —% el

In fact, a stronger assumption is needed as follows.

(A2.3) There exists w > 0 such that inf{|v/X\ — kw| : A € ¢(L),k € Nogq} > 0.

(A2.4) The point spectrum o,(L) satisfies 3°\c, ) A™" < oo for all r > 3, which means
that o, (L) grows at least quadratically or is finite.

The restriction to k € Nyqq in |(A2.3), or in other words the restriction to %—antiperiodic

functions, avoids the £ = 0 mode in the Fourier decomposition which would otherwise be
incompatible with [(\A42.3)l With these assumptions we can now formulate our main theorem.

We use the notation T := R/pz for the one-dimensional torus of length 7.
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Theorem 2.1.1. Let 1 < p < oo and assume |(A2.1), |(A2.2), |(A2.3), |(A2.4) Then ({2.1)
has infinitely many nontrivial T = 2f—pem’oalic breathers if additionally one of the following
assumptions are satisfied.

(A2.5a) lim|y oo ['(2) = 0. (compact case)
(A2.5b) V = Vper s X-periodic on R and I' = Tper + Do where T'per is X -periodic and
Lioc > 0, lim g0 Tioc(®) = 0. (asymptotically periodic case)

The solutions are strong H*(R x T)-solutions and satisfy (2.1) pointwise almost everywhere.
The theorem also holds if we replace T' by —I" in (2.1)).

Remark 2.1.2. Note that in case [(A2.5b)[ we have Vi =V - =V, and XT =X~ = X.

per per

Case [(A2.5b)| also includes the purely periodic case where I'l, = 0. Assumption [(.42.5a)]

provides a convenient way to overcome compactness problems for Palais-Smale sequences. It
remains open how to generalize |(A2.5a)] [(A2.5b)| to cases where infr I" > 0 and still V is a
perturbation of a periodic potential.

Examples of coefficients V' which satisfy |(A2.1)} |(A2.2)] [(A2.3)] [(A2.4)| are given in Ap-
pendix [2.B] The structure of the paper will be given at the end of the introduction after the
account of the relevant literature which follows next.

The study of breather solutions to nonlinear wave equations may have its origins in completely
integrable cases such as the Sine-Gordon equation g — gz, +sinu = 0 on R X R where explicit
breather families can be constructed through the inverse scattering method [1]. Although
next to Sine-Gordon, a number of completely integrable systems with breather solutions
are known, e.g., Korteweg-de Vries, nonlinear Schrédinger, Toda lattice etc., these systems
are still rare, and therefore the search for methods to prove existence of breathers beyond
inverse scattering continues. The first attempts of studying generalizations of the Sine-Gordon
equation turned out to be fruitless since in [14, 29, 51} [81] it was shown that if the sinwu
nonlinearity in Sine-Gordon is generalized to an analytic perturbation f(u) with f(0) = 0,
f/(0) =1, f(0) = 0 then only the f(u) = sinw nonlinearity can support a breather solution.
On the other hand, nonlinear lattice equations can support breather solutions [54], e.g., the
2-atomic Fermi-Pasta-Ulam-Tsingou chains [45, 46]. A similar result on the PDE-side of
nonlinear wave equations was obtained by Blank, Chirilus-Bruckner, Lescarret and Schneider
[15], where breathers for spatially-periodic nonlinear wave equations of the type were
shown to exist. As we have explained above, the idea was to use the band-structure of

the spectrum of the spatially periodic operator L = —ﬁ;—; and design the coefficient
function V(z) in such a way that the temporal frequencies k%w? with w = 2% being the

breather frequency, fall into the gaps of the spectrum of L, cf. |23] for a systematic approach
to such coeflicient functions based on inverse spectral theory. By adding a suitable linear
potential with a bifurcation parameter to L, breather solutions bifurcating from the edge of
the essential spectrum were constructed by the center-manifold theorem and spatial dynamics.
The same approach was also used for finding breathers for constant-coefficient nonlinear wave
equations on metric graphs [55], where the spatial heterogeneity of the graph generates a
banded spectrum of the spatial operator.

A methodically different approach using calculus of variation tools rather than spatial dynamics
came up in [43] and was also used in |56]. Variational methods for time-periodic solutions of
nonlinear wave equations on spatially bounded intervals have been used before [17] |18, |44].
But its applicability to breathers on unbounded spatial domains like the real line has been
substantially obstructed due to essential spectra rather than point spectra of the underlying
spatial differential operators. The variational techniques constructed breathers as saddle
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points of an energy functional on a suitable Hilbert space. It was successful for with
a periodic potential V' (z) [43] or on a periodic metric graph [56], and it required essentially
the same spectral situation as in the spatial dynamics approaches. As an additional feature
the variational method does not rely on a bifurcation parameter and can therefore generate
"large" breathers instead of "small" breathers locally bifurcating from zero as for the spatial
dynamics method.

From the results mentioned so far one might get the impression that (except for the completely
integrable cases) spatial heterogeneity is a necessary prerequisite for the existence of breathers.
It is surprising that in space dimensions 2 or higher this is not the case, cf. |60, 80| for the
construction of weakly localized breathers.

Our paper is structured as follows: in Section we set up the problem in a way that it can
be treated by tools from variational calculus, i.e., we give a proper definition of the energy
functional J and its domain H. Then we prove that ground states exists and are strong
solutions of . In Section the function calculus for L is introduced and used to prove
embedding theorems H — L4(R x T). Two appendices complete our paper: In Appendix
we show how L? and L*-bounds for solutions of —u” = AV (z)u can be mutually estimated
uniformly in A. Finally, in Section we give several classes of potential V' for which the
assumptions [(A2.1)] [(A2.2)] [(A2.3)| [(A2.4)| our our main result of Theorem hold.

2.2. PROOF OF THE MAIN RESULT

We begin with the functional analytic framework. The one-dimensional torus T = R/py is
equipped with the measure dt = %d)\ where d\ is the Lebesgue measure on [0,7]. We use
the notation L% (R) :== L*(R,V(x)dz) and L}, (R x T) := L*(R x T, V(x) d(z,t)). Our goal is
to obtain breathers as critical points of a suitable functional. Purely formally, this can be
achieved via the functional

2
Ju:/ —V(2)u? +u2 — ——T'(z)|u/P™ d(z,t
(W= [ v+ @)l de.

where u: R X R — R is a temporally %-antiperiodic function of time. Note that we have not
yet specified the domain of the functional J. This will be our next task. First, we decompose

u into its temporal Fourier modes by writing

u(x,t) = Z g (w)ex(t)

k€Zoad

where ey (t) = ¢, k € Z is an orthonormal basis of L?(T). Then the functional .J takes the
form

J(u) = Jo(u) — Ji(u)

where

Jo(w) = Y [ g = KPPV (@)a* de,  Ji(u) = 5 A () |ulP™ d(z, 1)
k€Zoaa xT

For the operator Lj as defined in (2.2), we know by |(A2.3)| that 0 does not belong to its
spectrum. Therefore the following constructions are possible. Based on the spectral resolution
L = [ AdPy of the selfadjoint operator L : H?(R) C L?(R) — L% (R) we can define

\/@:/R\/\)\ — k202[dP,
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which has domain H!'(R). We equip H!(R) with the norm |[v|y, = ||\/|Lk|vHL%/ and thus
obtain the Hilbert space Hy. The two orthogonal projections Pki: Hi, — Hy given by

ot = pl:[v] — /koo 1dPy[v], v =P [v] = /k ’ 1dPy[v]

20,2 —00

yield an orthogonal decomposition Hy = H;” & H,, v = v + v~ such that
2 12 2 2 2 -2 2 2 -2
[0)* = B2V () |u]* do = (o3, — 1o 3, ol = v 15, + v 17,
R
For later purposes, let us also introduce the bilinear form associated to L; by

b (v, w) = /Rv’w’ — K2V ()owdz, v,w € Hy.

As we shall see in Proposition the proper domain for J is the Hilbert space

He={ue PRXT) tue,t) = Y n(@)er(t), i =i Yk € Zoaa, Jullr < o0}

k€Zoaa
equipped with the norm || - || according to
) . N .2
lull?, = > (/ILulr, /[ Leltn) 2 =2 D Nl
k€Zoaa k€Noaqa

By [(A2.3)| we have that H continuously embeds into L(R x T). Moreover, H = @ren, ., Hk
and the orthogonal decomposition of Hy = H,j ® H,, now readily extends to H so that
H=HTOH , H* = Spen,, Hi and

Jo(u) = lu 15, = lu i ullz = lut 13 + a1,

where v = vt 4+ u~ and v* = P*[u] € H* according to the two orthogonal projectors
Pt N - HE

Remark 2.2.1. It is clear that functions u = 3 <k Grex(t) with finitely many non-zero
Fourier-modes and where 4, € H'(R) has compact support are dense in H.

Since J is neither bounded from above nor from below, a critical point of J is necessarily a
saddle point. A general tool for obtaining existence of saddle points is given by the generalized
Nehari-Pankov manifold, cf. [74, 94]. It consists of minimizing J on the set

M={ueH\H :J(u)|w]=0foral we [u +H }.

The following properties of J and M are important prerequisites for applying abstract results
from [94].

Lemma 2.2.2. The following statements hold true:

(i) Ji is weakly lower semicontinuous,

J0)=0 and %J{(u)[u] > Ji(u) > 0 for u # 0.
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(ii) limg—0 ‘”‘7 ‘(‘u) =0 and lim,_o ”1|(‘7§) =0.
(iii) For a weakly compact set U C H \ {0} we have limg_, o % = oo uniformly w.r.t.
ueU.

(iv) In case|(A2.5a) of Theorem the map u— Jj(u) is completely continuous from H
to H'.

(v) For each w € H\ H™ let H(w) = Rxow + H ™. Then there exists a unique nontrivial

critical point m(w) of J|y . Moreover, m(w) € M is the unique global mazximizer of
Iy as well as J(m(w)) > 0.

(vi) There exists 6 > 0 such that [|m(w)t|y > 8 for allw e H\ H ™.

Proof. The proof of (iv) is standard. The proof of the remaining claims is essentially contained
in [56]. For (i)— (iii) see the proof of [56, Lemma 5.1] where for Fatou’s lemma the positivity
of T is used, cf. |( For (v)—(vi) we refer to the proof of [56, Lemma 5.2]. O

Another important property of M is that it does not generate Lagrange-multipliers for critical
points of J when restricted to M. This is the main meaning of the following result whose
proof can be found in [§].

Lemma 2.2.3. The set M is a C'-manifold, Moreover, if My is a bounded subset of M
then there exists a constant C > 0 with the following property: if u € My , VJu] =7+ 0
with 7 € TyM and o 1Ly 7 then

VI ()3 < Cli7ll3-

The next result provides the important boundedness of Palais-Smale sequences. It differs
methodically in its proof from [56]. In the following proofs C' denotes a constant that is
independent of v but may change from line to line.

Lemma 2.2.4. There exist constants C,e > 0 such that
_pP_
e < ||ullg < CJ(u)p*T for all u € M. (2.3)
Moreover, any Palais-Smale sequence (up)nen of J : H — R is bounded.

Proof. In the following we use the embedding of H into LPT(R x T), cf. Proposition
For u € M we find

a1, = / ot = V(@
RxT

= J’ u] +/ o) ulPtuut d(x, t)

*J’(u)[u u~]=0
p

p+1
TV ([ @l e 0) ™ o
. -
<cln)a” ([ r@laptdi ) fut
RxT

IN

Together with a similar estimate for ™ and J(u) = I L o r T(@) [u[Ptt d(z, ) this implies

the second inequality of ([2.3]). Since J(u) < C’||u||erl for u € M by Proposition and
u # 0 we also get the first inequality of (2.3]).
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It remains to show the boundedness of a Palais-Smale sequence. Let (uy)nen be a Palais-Smale
sequence for J in H. From the identities

I (w)lug) = B+ [ D@l iy ),
Tl = o= [ L@l wf (e, )
we find ,
bt < (O ( [ o ) ™ o0 )
so that

3 < C<(/RXTF(J:)]un|p+1 d(x,t)yil + 1). (2.4)

Using the identity J(un) — 5J(un)[un] = ;% Jex L (@) |un [P d(z, ) and ([2.4) we obtain

/ (@) un [P+ d(z,t) < C(J (un) + [[unll2)
RxT

< C’(J(un) + </RXTF(3:)\un]p+1 d(m,t)) & + 1).

/ T(2) [un [P d(z, ) < C(T(un) + 1)
RxT

and once again with the help of (2.4)

This implies

p+1

lunlly < C(J(un) +1)

which proves boundedness of Palais-Smale sequences as claimed. O

The next lemma is a variant of P. L. Lions’ concentration compactness result, cf. [99]. Since
the norm in A is nonlocal in space, the result cannot be derived in the standard way by
combining Hoélder- and Sobolev-inequality. Instead, one uses the embedding from H into
another space H defined by

H={ueLPRxT):u(z,t)= > dy@)ey(t), ty =0k Yk € Zoda, ||ulla < oo}
k€Zoaa

equipped with the norm || - |z according to

L. N
lullZ = > W\I%H%zﬂk\\\uu\%@.
kEZ
odd

The norm in H is local in space and is suited for standard concentration-compactness arguments.
In Proposition we show boundedness of the embeddings H — H — LP(R x T) for
p € [2,4). Next we state the concentration-compactness lemma. A proof using the intermediate
space H and its embedding properties, interpolation arguments, and R = J,cq,7[x — 7,2 + 7]
for r > 0 can be found in [56].
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Lemma 2.2.5. Let g € [2,00) and r > 0 be given and let (un)nen be a bounded sequence in
‘H such that

sup / lun|?d(z,t) = 0 as n — oo.
x€2rZ J [x—r,z+r|xT

Then u, — 0 in LYR x T) as n — oo for all § € (2,00).

Proposition 2.2.6. Suppose that|[(A2.1), |(A2.2), |(A2.3) are fulfilled. Then the following
holds true:

(i) The embedding * : H — H is continuous.

(ii) For every q € [2,4) the embedding t : H — LY(R x T) is continuous and locally compact,
i.e., 1 H— LI1(A xT) is compact for every compact set A C R.

Proof. (i): By assumption we have § == inf{|vA — kw|: A € (L), k € Nogq} > 0 and
hence
X — E2w? = VA = |k|w| [V + |klw| > 8|k|w

for all A € o(L) and all k € Zoqq.- Thus |Ly| > dw|k|Id on HY(R) and for v € HY(R) we
therefore have
101130, = (/| Lklv, /1 Lklv) 2. = dwll[|v]|7; - (2.5)

For C > 0 small enough and for v € 7—[,‘:, k € Zoaq, we therefore find

21.2
2 w k C
/R!v’!z — KoV (@) dz = |[vll3, = WHUH%@

C
1 — l2d >k22 2
(1= 1) [ loPae > ety

and hence by rearranging terms

which implies

C
o, > ml!v'lliw (2.6)

For v € H;, we have [; [v/|? — k*w?|o|*V (z) dz < 0 so that [0'[|7, < k2w?||v]|3, and hence
Vv

in this case (2.6) follows from (2.5)). Having established (2.6]) separately for vt € 7-[;“ and
v~ € H, , we obtain the estimate (2.6 for v € Hy;:

C
Iv'l1Z2 <

2k

c _ -
W(H(v*)’lliz @Y NZ2) < ot 1y, + o™ 13y, = vl

Then (2.5) and (2.6|) for all k € Zyqq imply the continuity of the embedding * : H — H.

(ii): First we see that for u(z,t) = 3 ez, k(T)er(t) we get

k€Zoad

1/q’
lull LamxT) < Cq( > ”ﬁkH%q)

for all ¢ € [2,00] by standard Riesz-Thorin interpolation. With the Gagliardo-Nirenberg
inequality for 2 < ¢ < 4 and 6 = % — %

lollze < ConllllZ: ol 2" ve HY(R)
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4(g=1) 4(g=1)

and a triple Holder inequality with exponents =3 g2 and 2((1(1:21) we obtain
' ’ (3=, @G+
Hu”%q(RX'E)SC Z HuquLqSC Z HUM‘L22 ! ”uk”L22 !
k€Zoaa kEZodd
/ 1 l l
=C > (3 g2) T (kI g 2) o k|7
k€Zoaa
_g=2 _at2 _q=2
4(q—1) 4(q—1) L 2(q—1)
<O Do [k ki > Iklllul?e Y ke
k€Zoada k€Zoada k€Zoad
/
< Cllullf

Note that 3 ez . ]k|qf22 converges due to 2 < ¢ < 4. This established the continuity of the
embedding 7 : H — L4(R x T). For ¢ = 2 the embedding is clear. The local compactness can
be seen as follows. First, we modify ¢ by setting ix =7 o Tk for K € N, where Tk truncates
the Fourier series to modes k € Zyqq with |k| < K. Then ix — 7 in the operator norm as
K — oo. Since iy maps compactly into LI(A x T) for every compact set A C R, the same
holds for . O

We are now ready to give the proof of Theorem We employ the abstract result
Theorem 35 from [94], which provides a Palais-Smale sequence (uy)nen for the functional J
that belongs to M and is minimizing for J|x¢. This is possible since by Lemma the
conditions (B1), (B2) and (i) and (ii) of Theorem 35 in [94] are fulfilled. At this point, we do
not claim that also (iii) of Theorem 35 in [94], which leads to the Palais-Smale condition, holds.
But as we shall see this is indeed the case in case of Theorem but not necessarily
in case As a consequence of Theorem 35 in [94] we obtain a minimizing Palais-Smale
(un)nen in M with J'(u,) — 0 as n — co. By Lemma[2.2.4] we know that (uy)nen is bounded,
and hence there is u € H and a subsequence (again denoted by (up)nen) such that w, — u
as n — oo. Using that u, — u in L +1(R x T) and that compactly supported functions are

loc

dense in H (cf. Remark [2.2.1)) we deduce that J'(u) = 0.

It remains to shows that the limit function u belongs to M (which implies that it is non-zero)
and that it is a minimizer of J on M. For this purpose we give different proofs depending on
which of the assumptions [(.A42.5a)| or |(.,A2.5b)| of Theorem holds.

Case [(A2.5a); By Lemma (iv) also property (iii) of Theorem 35 in [94] holds and hence
it provides a (necessarily nontrivial) ground state of J|r¢ and infinitely many bound states.

Case — purely periodic case: Let us first assume I'j,c = 0 so that we are in a purely
periodic setting. In this case property (iii) of Theorem 35 in [94] does not hold. However,
due to the periodic structure, concentration-compactness arguments can be used, and the
proof is essentially the same as in [56]. Therefore, we only sketch the argument. First, since
Uy € M we have J(up) = p+1 foT (z)|un[PT1 d(x,t), and using Lemma [2.2.4] it follows that

0 is not a limit point of (u,)nen in LPYH(R x T). Then, by Lemma [2.2.5{ with r = 5 there
exist z, € XZ and 0 > 0 such that for v,(x,t) == u(x + x,,t) we have

/ lonl? d(z,t) > 6 > 0.
X Xt

272

The sequence (vy)nen is still a Palais-Smale sequence for .J, and hence (by Lemma [2.2.4]
and Proposition [2.3.1]) has a weakly convergent subsequence v, — v # 0 as n — oo with
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v € H. Following our observations at the beginning of the proof, we find that J'(v) = 0 and
due to 0 = J'(v)[v] = [[vt||3, — v |13, — (p + 1)J1(v) we see that v # 0. Hence, v € M and
by a Fatou-type argument we see that v is indeed a minimizer of J on M.

Case |(A2.5b)|— perturbed periodic case: Now we assume ', Z 0. In this case let us consider
two functionals: next to J = Jy — J1 we also consider JP* = J, — JI'"" with

Tt w) = 72 [ Tyl d(e.)

The only difference between the two functionals is that Jf % < J; due to the assumption that
Fper <T'=T'per +Toe. While the Hilbert space H and the decomposition H = HT ©H™ stay
the same for both functionals, the underlying Nehari-Pankov manifolds are different, i.e., next
to M we also have

MP = {u e H\H™ : J*(u)[w] =0 for all w € [u] + H ™}
together with the two ground-state levels
cPer = jnf{Jper(u) = Mper}, c= inf{J(u) U € M}

We already know from the previous case that ¢P' is attained for a minimizer uP®" with
JPe (yPer) = 0. Let us show that ¢ < ¢P®". Associated to M and MP" we have the two maps
m: H\H™ — M and mP*: H\'H™ — MP®, cf. Lemmal[2.2.2] Since mP® (uP") = uP® ¢ H~
and u = m(uP®) € [0,00)uP + H~, Lemma (v) shows JP(u) < JPET(uPr) = P,
On the other hand, I'pc > 0 implies J(u) < JP*'(u). Combining these, we have ¢ < J(u) <
JP(u) < JP(uPT) = P" as claimed.

Let us first consider the case where ¢ = ¢P®*. For the above inequalities to be equalities,
Iocu = 0 and u = uP® must hold. But then u = uP® is both a minimizer and a solution
since J'(u) = JP'(uP) = 0. So let us assume in the following that ¢ < ¢P*" holds. Based on
this inequality let us now verify that ¢ is attained. As in the purely periodic case we start
with the bounded Palais-Smale sequence (uy,)nen for J on M where 0 is not a limit point of
(tn)ney in LPH(R x T). By Lemma this time for the exponent ¢ = p + 1 there exists a
sequence x,, € X7Z and 6 > 0 such that

u, Pt d x,t) >0
/[xn);,mm' WP (e, )

for all n € N. We claim that due to ¢ < ¢P®" we have that 0 is not a limit point of (u,)pen
in Lfotl(R x T), which is enough to conclude that a weakly convergent subsequence u, — u
provides a minimizer u of J on M (the multiplicity result is then the same as in the purely
periodic case). So let us a assume for contradiction that a subsequence of (u,)nen (again
denoted by (up)en) converges to 0 in Lfotl(R x T). Then necessarily |x,| — oo as n — co.
If we set vy, (z,t) == up(x — x,,t) then (up to a subsequence) v, — v in ‘H and v, — v in
Lfotl(R x T) and pointwise a.e. as n — oo for some v € H \ {0}. Recalling Remark let

us take a function ¢ € M with compact support and set ¢, (x,t) == ¢(x + x,,t). Then

o(1) = J,(Un)[‘ron] = J(l)(un)[@n] - {)er/(un)kpn] - Q/RXTFIOC(@’UMP_IUTL%Z d(w,1)

= Jo(vn)lp] = JP (vn) 0] — 2 Tioc (2 — ) [vn [P~ o d(2, 1)
supp ¢

— S (v)[p]
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+ LP+ 1

where we have used that v — v¥, v, — v in LV (R x T), ¢ has compact support and
Foc(x) = 0 as |xz| — oo. Hence v is a nontrivial critical point of JP" and belongs to MP".
Thus

1
P < TP () = TP () = TP (o))
1
=P [ @)t da, )
p— 1 JrxT
+1 .
< i_ [liminf [T ()| on]P1 d(z, 1)

+1.
< i_ Dliminf [ D) oal? ! d(a, )

= lim inf (J(un) - ;J'(un)[un])

neN

=C

which contradicts the already established inequality ¢ < ¢P®'. This contradiction completes
the proof of the perturbed periodic case.

The multiplicity result can finally be obtained as follows: instead of restricting to 7)/2-
antiperiodic functions, we can consider the set of 7/2m-antiperiodic functions for m € Nyqq.
Note that u being T/2m-antiperiodic implies that also |u[P~!u is T/2m-antiperiodic. Hence, T/2m-
antiperiodicity is compatible with the underlying equation . Assuming T/2m-antiperiodicity
amounts to allowing temporal Fourier-modes in the set mZyqq instead of Zyqq. We can now
find a ground state u,, of J in the set of T/2m-antiperiodic functions for every m € Nyqq. The
set {upm, : m € Nygq} cannot be finite since the (in absolute value) lowest index of all non-zero
Fourier modes of u,, is at least m.

To finish the proof of Theorem [2.1.1| we show that our obtained critical point u € H of J lies
in H2(R x T) and satisfies the equation (2.1]) pointwise almost everywhere. The proof is based
on the ideas of Chapter 6 in |[56]. We present in detail only the parts which differ from [56].

We start with analyzing the linear problem

V(2)0Pw — 92w = f.

Lemma 2.2.7. Let f € H'. Then there exists a unique solution w € H to

> bi(wr, ok) = (@) n forallp e H (2.7)
k€Zoaa

and ||wll;, = || f|lyy holds. Further, if f € L}, (R x T) then w € H'(R x T).

Proof. The first statement follows directly from Lemma 6.1 in [56]. For the proof of the second
statement we use the spectral resolution L = [ AdPy to expand

_ iwkt P
o) = 3 ([ anifl))
and the solution w to (2.7)) as
. 1 ~
w(z,t) = Z elwkt (/R NP dPA[fk])(l")

k€Zoaa
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so that
: iwk 2
duw(z,t) = 3 &M </ PN dPﬂfﬂ) ()
k€Zoaa R w
By our spectral assumption |(A2.3)| there exists a constant ¢ > 0 such that
|wk| B |wk| |wk|

A= K22 VX = [klwl [V + | )\F+ !k\w’
for all k € Zoqq and A € o(L). We conclude
9 2k,2
o0l ey = 3 / e B,

Z /C dHP)\fk

k Zoad

LY, (R)

20 £112
=c ”f”L%/(IRX’]I‘)‘
Next,

. . 2 12 2 2
> 0k = KRV @l de = [t [ e 5, < ot + el = el

k€Zoaa

implies
> [lokPde< 3 [ KV @i do+ fwl = [0l g + el

keZ odd kEZ odd

and hence
2 ~1 |12
10zl L2 @umy = D [0k 2y < o0 H
k€Zoaa

Weak solutions to ([2.1) are defined as follows.

Definition 2.2.8. A time-periodic function u € H'(R x T) is called a weak solution of (2.1)
if
| (s = Vi@)uuon ~ D(a) ™ ug) d(ar.t) =0 (28)
RxT

holds for every time periodic ¢ € H*(R x T).

Next we transfer the result from Lemma [2.2.7 to the nonlinear case and show that critical
points of J are weak solutions to (2.1)).

Lemma 2.2.9. Let u € H be a critical point of J. Then u € H' (R x T) is a weak solution to

(2.1) in the sense of Definition .

Proof. Since u € H is a critical point of J it satisfies (2.7) with f = T'(x)|u[P~!u. Moreover,
since u € LY, (R x T) for all ¢ € [2,00) by Proposition and I' € L>®(R) by assumption
m we see that f € L3 (R x T). Then Lemma m applies and we obtain u € H'(R x T).
Clearly, holds for all ¢ € H, which consists of F-antiperiodic functions. By density, (2.8)
holds for all f—antiperiodic functions in H*(R x T). Finally, we note that ( . trivially holds
for all T -periodic functions in H (R x T) since then all three integrands are products of a
I—antlperlodlc function with a % perlodlc function and thus integrate to 0. This finishes the
proof of the lemma. O
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Lemma 2.2.10. Let u € H be a weak solution to [2.1)). Then u € H*(R x T) satisfies (2.1)
pointwise almost everywhere.

Proof. By using difference quotients as is Lemma 6.3 and Lemma 6.4 in [56] we infer
0?u, 0, 0pu € L2 (R x T). As in the proof of Lemma 6.5 in [56] we conclude 92u € L2 (RxT). O

2.3. LP-EMBEDDINGS

This section is devoted to the proof of the following embedding property for the Hilbert space
H.

Proposition 2.3.1. Let|(A2.1), [(A2.2), |(A2.3), and|(A2.4) be fulfilled. Then for every
p € [2,00) the embedding H — LP(R x T) is bounded and locally compact, i.e., H — LP(A x T)
is compact for every compact set A C R.

As the space H depends strongly on the spectral projections of the operator L, we first
develop a functional calculus for the operator L. In Section [2.3.1] we give a general description
of the functional calculus, cf. Theorem In Section [2.3.2] we develop a description
of the associated spectral measure. This ends in Theorem where we calculate the
density of the spectral measure with respect to the sum of the Lebesgue measure (for the
essential spectrum) and the counting measure (for the point spectrum). Lastly, in Section
2:333] we consider LP-embeddings in a slightly more general setting. Using uniform bounds on
(generalized) eigenfunctions and estimates on the spectrum, we show the embedding result
Theorem , of which Proposition is a special case (with a = 5 = 0). Throughout
this section, we will always assume that the potential V' satisfies [(42.1) and [(.A2.2)]

2.3.1. A FUNCTIONAL CALCULUS FOR L
We describe a functional calculus for the spectral problem
—u" = A\V(z)u for = eR. (2.9)

Recall that V' € L®(R;R) satisfies ess infg V' > 0. We follow [25] and begin with some
preliminary notation.

Notation 2.3.2. We denote the upper half-plane by H = {z € C: Im[z] > 0}, the unit circle
by S :={z € C: |z| = 1}, the unit circle except two points by S, =S\ {—1,1}. By a solution
to (2.9) we mean a function u € VVI%)C1 (R; C) solving (2.9) pointwise almost everywhere.

Definition 2.3.3. For \ € C, we denote by Vi(x;\), Va(x; \) the solutions to (2.9) with
initial data

P00 =1, T(0:0) =0,  Wa(0;0) =0, Wh(0;\)=1

\111(1I; )\)

and write U(z; \) = <\Il (25 2)
AT

). We further define the Wronskian

b
Wis.gl=fo = f'g  sothat Wikl = [(Lf-g-f L)V

a

In particular, Wf, g] is constant if f,g both solve Lu = \u.
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The following three results about the solutions of (| . can be found in |25, Chapter 9] for the
case V =1 and with —%p(m)% + g(z) in place of — d < but proofs can easily be adapted to
the weighted setting. More precisely, the following three results correspond to Theorem 2.4,
Theorem 2.3, and Section 5 in [25]. Related is also the work [11] where the authors treat the
weighted setting on the half-line.

Theorem 2.3.4. L is of “limit-point type” at 400 and —oco. That is, for any A € C at
most one linearly independent solution of (2.9) lies in L% ([0,00)), and the same holds for

Theorem 2.3.5. There exist holomorphic functions my: C\ R — C such that for each
A € C\ R, the solution

u = \Ifl(';A) +m:|:(/\)\112( -;/\)

lies in L?(%[0,00)). Moreover, we have the identity

+oo
T (V)] = Im[A] /0 luf? Vda.

Next we present the definition of a functional calculus for the operator L. It uses the Hilbert
space L?(u) consisting of functions R — C? which are square-integrable with respect to a

matrix-valued function p defined on R. See Section for a definition and basic properties
of L?(p).

Theorem 2.3.6. There exists an increasing function p: R — R2%2, called the spectral
measure, such that the map T: L} (R; C) — L?(u) given by

/f U(z;\) Vde

for compactly supported f € L%/(]R; C) is an isometric isomorphism, with inverse given by

/ GO, (3 A) dpg; (A)

for compactly supported g € LQ(,u), where we use Kinstein summation convention. Moreover,
at points A1, A2 € R where p is continuous the increment of the spectral measure can be
computed as

A2

M(Ag) ()\1) = €£%1+ N M(S + 16) ds
where
_ 1 -1 1 3(m— +my)
M = = Im[(m, —my) <%(m_ Fmy) m_m. }

Let us show that T" as above diagonalizes the differential operator L.

Lemma 2.3.7. Let f € L}(R;C). Then f € H*(R;C) if and only if Idg -T[f] € L*(n). In
this case, T[Lf] = Idg -T'[f] holds.
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Proof. Part 1: First let f € H?(R;C) be compactly supported. Then
/Lf U(xz; \) de—/f LU (z;\) Vde
—)\/ F(2)U(2; \) Vdz = AT[f](A).

Thus Idg -T[f] € L*(p) and T[Lf] = Idg -T[f]. For general f, we argue by approximation.
Part 2: Now assume that AT[f] € L?(u), and let g € H?(R;C). Then we have

|+ 29vde= [ TIAN) - IV dpis) = [ TUAR) - NGB duig ()
- / AT - TilgT 00 dysj (A / T\ 1dg -T[f]] - g Vda.
Since L is self-adjoint, we have f € H3(R;C) and Lf = T [Idg -T[f]]- O

2.3.2. DESCRIPTION OF THE SPECTRAL MEASURE

Recall that V is periodic on [R", c0) with period X+ and also on (—oo, R™] with period X .
In this section, we use this property to give a better description of the spectral measure y in

Theorem 2.3.61

Remark 2.3.8. One can also give a description of the spectral measure in the way we do
below when V is asymptotically periodic at o0 provided that the defect from the periodic
limiting profiles is integrable. We avoid this because it creates additional difficulties when
considering LP-embeddings.

Definition 2.3.9. Define the propagation matriz

o (TN TN (TN e )
P(y’””’”‘<\1/i<§;x> W’E(zm))'(l ) W )

so that any solution u of (2.9) satisfies

u(y) | _ o [ ul(@)
<u/(y)> = P(y,z; \) (u/(w)
for all x,y € R. Further define the monodromy matrices

PE(N\) = P(0,2; M) P(z + X£,0;)),

where r = RT.

Remark 2.3.10. The monodromy matrix P ()\) is a propagation matrix along one period

. u(0) _ 0
expressed in terms of values (u’ (0)> at z =0:

PT(\) = P(0,2; \)P(z 4+ X+, 2; \)P(0, 25 \) !

The same is true for P~, except we move one period towards —oo
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Lemma 2.3.11. The propagation and monodromy matrices have determinant 1. For each

A € C\ R, P£()\) has an eigenvalue p with |p| < 1, and the eigenspace is span{ <mi1()\)> }-

Proof. We only consider “+”. First, PT is well-defined since for y,z > R' and omitting \ we
have

P(0,y)P(y + X",0) = P(0,2)P(z,y)P(y + X,z + XT)P(z + XT,0)
= P(0,2)P(z,y)P(y,z)P(x + XT,0) = P(0,2)P(z + X ,0)

where P(y + X,z + X*) = P(y,z) because the differential operator is X t-periodic on
[RT, 00).

Next P, and therefore also PT, has determinant 1 since

d (xyl(:c; A Wy(x; )

@ N W () s )

u ) = Wy (25 \) Py (x5 A) — U (25 0) Pa(230) = 0

and at £ = 0 the determinant is 1 due to the definition of Wy, ¥sy.

Lastly let A € C\R. We write v := (1,m(\)) " and u :== U1(-; \)+my (A)Ua(-5A) = U(-;\)v,
which is square integrable near +oo by Theorem [2.3.5, By definition of P*()\) we further
have for n € N and z > R™

(5,(("; :Z);))) — P(¢ 4+ nX",0)0 = P(z,0)P(0,2)P(z + nX*, 2)P(z,0)v
— P(2,0)P(0,2)P(x + X*,2)"P(x,0)0 = P(x,0)P* (\)"
and therefore
u(r +nXT) =W(x;\) - PT(N) 0.

Since the function u is L2-localized, we have that PT(\)"v — 0 as n — co. As PT(\) has
determinant 1 and is 2 x 2, we conclude that v must be an eigenvector of P*(\) to an
eigenvalue p with |p| < 1. O

Lemma 2.3.12. The monodromy matrices P()\) are holomorphic on C. As a consequence,
the “singular sets”

Sy = {\ € C: PE()\) has eigenvalue —1 or 1}

are discrete subsets of R. Moreover, there exist open neighborhoods D+ of H \ St and
continuous functions p+: Dy U Sy — C that are holomorphic on Dy with |p+| < 1 on H and
such that p+(\) is an eigenvalue of PT(X\) for A\ € D+ USy. If I is a connected component of
R\ S, then one of the following alternatives holds:

L. |px| <1 onl.

2. |p£l =1 on I and p/y(N)p+(N) €1(0,00). If I is bounded, ps is a diffeomorphism from
I to one of the sets SNH or SN (—H).

Remark 2.3.13. Comparing p4+ of Lemma [2.3.12| with p of Lemma [2.3.11| (which depends
on £), we have p+ = p on H, whereas p+ can be either p or p~! on —H], depending on the
behaviour of p+ on R.
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Remark 2.3.14. As we will see in Proposition [2.3.20| below, intervals of type (a) and (b)
correspond to spectral gaps and spectral bands of L, respectively.

Proof of Lemma . We only present the “+” case. By [98, §13, Theorem III] and
arguments therein, ¥;(z;\) are holomorphic functions of A for fixed x, and in particular
Pt are holomorphic. From Lemma we know that P+ (\) does not have eigenvalues of
modulus 1 for A € C\ R. As a consequence of the identity theorem for holomorphic functions,
S+ must be discrete.

For A € H, let py () be the unique eigenvalue of P™(\) with |p,| < 1. Then p is continuous
and can be continuously extended to py: H — C. As p,()) is a simple eigenvalue of PT(\)
for all A € H \ S, the implicit function theorem applied to det(P(\) — pI) = 0 shows that
p+ can be extended to a holomorphic function in a neighborhood Dy of H\ S,

Denote by C the connected component of D, \ H touching all of I. Then either |p,| < 1
on C or |p4| > 1 on C. In the first case, the maximum principle shows that |p4| < 1 on I,
whereas in the second case we have |p1| = 1 by continuity.

Let us assume |p4| =1 on I, take \g € I, and write
p+(A) = p+(Xo) + (A = A0)" f(N)
where f is holomorphic with f(\g) # 0. For all h € H and € > 0 we have
1> |pr (Mo +eh)|? = 14 26" Re[h™ f(Xo)p+ (ho)] + O™ ).

This shows Re[h" f(Ao)p+(No)] < 0 for all h € H, which is only possible when n = 1 and
f(Mo)p+(Ao) € 1[0, 00), and therefore f(Ag) = p/y(Ao) # 0.

As p/, vanishes nowhere on I, p; is a diffecomorphism from I to its image p4(I) C S,. If
I = (A1, A2) is bounded, we have A1, A2 € Sy and therefore p4 (A1), p+(A2) € {—1,1}. This is
only possible when py (1) is either SNH or SN (—H). O

As the eigenvalues p4, and in particular the associated eigenfunctions, are central to the
functional calculus, we introduce symbols for them and show a useful identity.

Definition 2.3.15. For A € D, we denote by v+(\) the nonzero eigenvector of PT(\) to
the eigenvalue p+(N), and let ¢+ (x;N) == v (N) - ¥(x; ) be the associated eigenfunction.

Remark 2.3.16. Note that ¢ solves (2.9) and satisfies ¢+ (z + XT3 \) = pi(N) ¢+ (; \) for
x = R*, For A\ € H we have by |p+| < 1 that ¢+ € L?(£[0,00)). Moreover, v+ can locally be
chosen holomorphic. In order to keep our notation short we omit the A-dependency for ¢4.

Lemma 2.3.17. Let A € R with p+(\) € Sy and ¢+ (x) = ve(A) - U(x; X). Then we have

pr(N) [T — _ p-(N) 2
pq_()\) /R+ |¢+| Vdzx or W[Qbf,qb,] = p,_()\) /R_7X_|¢7| Vdz.

Proof. We only consider the “4” case. Recall that

Loy = Ay, G+ (z+ XT50) = pr (Vo (23 0)

W[QZ)JME] =
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so in particular LOx¢y = ¢1 + AIr¢4 holds. Since Lo = Mgy and |po(\)| = 1, it follows
that

Rt4+ X+ ) Rt4+XT+ L
[ oo = [ (L06s —A064 )55 Vi
R+ R+

RT+X+ _ _
= /R+ (La,\¢+ “p — Oy L¢+> Vdz

— | Rt4+XxTt
= W[+, ¢+HR+

= W[oA(p+64). p+6)(RT] — W[ord, o1 ) (RY)
= Oap T W [0, 61 )(RT) + (|02 ] = DW[0r64, d4] (RY)

= Op+ P+ W4, 94| O

We introduce two coefficients and a singular set to describe the interaction between ¢4 and

.

Definition 2.3.18. Let A € Dy with p+(\) € Si. Then, as ¢+ is not real-valued, the functions
O+, ¢+ span the space of solutions to (2.9). Therefore, there exist constants r,t such that

G5 = 1ot + .

We call the number r = r(¢x; ¢+ ) the reflection coeflicient and t = t(¢+; ¢+) the transmission
coefficient. Also we define Sy as the singular set

So={A€ DynND_: span{vy(A)} = span{v_(A)}}
on which ¢4, ¢_ are linearly dependent, and denote the “large singular set” by S = SLUS_US).
Remark 2.3.19. Let A € H. Then, as ) is not an eigenvalue of L, the L?*(4[0, 0o))-functions

¢+ (cf. Remark [2.3.16) must be linearly independent. That is, HN Sy = ) holds. By the
identity theorem, Sy has no accumulation points in Dy N D_.

Recalling Theorem [2.3.6] we now calculate the density lim._,o M (X + ie) of the spectral
measure p for A away from the singularities S. With this we describe the essential spectrum;
the point spectrum is considered separately afterwards.

Proposition 2.3.20. The limit

lim M(\+ ie)
e—0+

converges uniformly for X in compact subsets of R\ S. If we denote the limiting matriz by
M(X) then

: ( Lo =310 - v- P[0 V] Loy lo - vy WP (V)] )
2 )

V0 Mij(A) = 5= 2 3 2 2
’t((]ﬁ_,d)+)‘ “¢+HL%(R+,R++X*) |t(¢+7¢—)| ”‘ZS—HL%,(R*—X*,R*)

holds for A € R\ S and v € C2.
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Proof. Part 1: First, let A € H. By Lemma [2.3.11| we can write v+(\) = c+(A\)(1,m+(\))"
for some c4()\) € C\ {0}, and we set wx(\) :== c=(A\) "1 (m+(\),—1)". Using the definition of
M(X) in Theorem we calculate

Im[m
wy Wy jMij(A) = [742 wy W= jMij(A) = 0,
mle—(A)]
— __ Im{m_
w— Wy jMij(A) = 0, w— W= jM;j(A) = —[7]2
e (A)]
Note that the identity
1
v= m((v v Jwy — (v vy )w-)
holds for any v € C2. Therefore, for A € H we obtain
o 1 Im(|m Im([m_
WMy () = ———— (rv ooy el l) (2.10)
Tlmy —m_| e~ (A)] e+ (A)]

Before taking the limit, we express (2.10)) in simpler terms. For this, we calculate

[T104vas = 2 [T (Low 57 - 04 157) Ve = < Wiow 3|}
1

o Im[m |
A—A Im[A] ’

(#-(0)6+(0) = 6+ (008 (0)) = e+ ()|

and in the same way also obtain

o Im[m_]

Im[A]

0
| 16-Pvas = ~le-(v)|
Using this,
W(d+,0-] = ¢+ (0;\) (03 A) — ¢, (0; )6 (0; A) = e (N)e— (A) (m—(A) —m-(N))
as well as Lemma we can express as

L (o 0 [Tlos Vet oo 0 [ jo PV ar)

’UZWMZ A)=—r-
N = Wien o7
(2.11)

Part 2: For the limit, let A\g € R\ S and A\ € H. Since ¢4 (x + X ) = p,(2)d+(x) we have

R++X+

— |61 (23 0)]? Vda
L—|ps W[ Jr+

0o Rt
[T 1os@ NP vas = [ o @ NPV +
0 0

If |p+(Ao)| = 1, then by Lemmawe have o, (Xo)p+(Ao) =1|p/L(Ao)| and thus
1= |pr (WP = =2Re[(A — X0)p; (Mo)pr (M)l + O(IA = Ao|?)
= 2|/, (Ao)| Tm[A] + O(]A = Xo*)
as A — Ag. It follows that

1 R++X+ 9
%0 - )2 Vd )| =1
Im[}\]/ |¢)+($,)\)|2le'—) 2|pq_()\0)} P ‘QS.;,_(CC, 0)‘ Vv x, |p+( 0)‘ )
0 0 o)l < 1
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as A — Ao along curves with |\ — \o|* = o(Im[}]). As Ao &€ Sp, we have

Wid4(-5X0), (-5 A0]) # 0.

So the remaining terms in the right-hand side of (2.11)) are continuous at A\g. Thus we so far
have shown

T{p (=1} - U—()\)\2H¢+H%2V(R+,R++X+)
27| W g4, 6-]1%| o (V)]
Lgp_ =1} - U+()‘)|2H¢—H%%,(R*—X*,R*)
27| W (¢4, d-]I*[ - (V)]

for A € R\ S, and one easily sees that this convergence is locally uniform. Using Lemma [2.3.17]
we have

h%l+ v M(X+ie) =
e—
(2.12)

Wlog, o] = Wlos,r(d—; oot + t(d—; dy)dy)

. A
= 163 6)W[64,35] = Ho-: 00 S 143

as well as its analogue

—(A
Wlbe6-] = = Wb 04] = 1621605016 Iy -

The claim follows from this and (2.12)). O

We complete the description of the spectral measure by considering the point spectrum.
Lemma 2.3.21. Let A € R. Then p is discontinuous at X if and only if A € o,(L). In this
case, letting ¢p(x; \) = v - ¥(x; \) be an eigenfunction, we have
(viT5)7 j=1
B — (A=) = S
1912 =

Note that v € Cvy(X) = Cu_(X) holds for A € op(L), and in particular op(L) C Sp.
Proof. We write Ap(X) = p(A+) — p(A—).
Part 1: Let u be discontinuous at Ag. For w € C? we have

f=T"lpgyw) = wi(-;20)Amii(No) € L (R),

Lemma yields f € H2(R) with Lf = \of. Since there is at most 1 linearly independent
eigenfunction ¢, Ap(Ag) has rank 1. As Ap(Xg) is positive semidefinite and w; Ap;(Ao)e; € Co
there exists r > 0 such that Au;;(Ag) = rT;v; holds. It remains to check the value of r:

Note that ¢ is a multiple of a real-valued function since it is an elgenfunctlon to a simple real
eigenvalue. Hence v is a multiple of a real vector and in particular v;v; = v;v; holds.

Part 2: Now let \g € o,(L) with eigenfunction ¢. Then A\oT'[¢](A) = T[Lo|(X) = AT[¢](N) for
A € R by Lemma and therefore T'[¢] = 1), w for some w € C2. As

0 < [[¢llzs = IT[6]Z2 () = wiwjApi;(Ao),

u must be discontinuous at Ag. O

2

rlof* = v (o) = Lo = 77 L) \ = ol gl172 -
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Notation 2.3.22. In the following, for A € o,(L) we denote by ¢o and vy the eigenfunction
and eigenvector from Lemmal2.3.21

Let us conclude this subsection by explicitly writing down the L?(y)-norm.

Theorem 2.3.23. Let f: R — C? be measurable. Then

|d)\

gy = o [ Mol GOl CO N FIPEVIEN PO RN OV A EY,
P07 om s 6(0-5 000 PIos T e mroxs) 10+ ) PIO T (r—x-re)

-V 2
s ) wP

Aoy (L) H¢0||L%/(R)

Proof. By Lemma[2.3.12]and Remark [2.3.19]the set S is at most countable and its complement
has at most countably many connected components. Let us WI‘itE[| S={\,:neN} R\S=
Unen/n- It follows that

1£12200 = SN 20 +ZH L)

neN

(u)'

Lemma |2.3.21| shows that the second series is equal to

5 IF(\) '2@00\)’2

Aeap(L) ||¢OHL$/(R)

For the first series, let n € N and [a,b] C I,. By Theorem and Proposition [2.3.20| we
have

/a " M) = i abM()\ +ie)d\ = u(b) — p(a).

As a, b were arbitrary, it follows that

. fi(A )f]( YMi;(A) dA = . fi(A )f]( )dﬂw( )

holds. Summing over n and using the formula for M () given in Proposition [2.3.20| completes
the proof. O

2.3.3. EMBEDDINGS

Let us generalize the torus T to a measure space 2 and —0? to a formal symmetric operator
L on Q satisfying Ley, = vgey, where (ex)ren is an orthonormal system in L2(Q) and vy > 0.
For k € N, set ty(z) = [, u(z, t)ex(t) dt. We consider the differential operator L — £ on R x €,
with L acting on x € R and £ on t € ). We associate to it the sesquilinear form

o) = [ (L= Cum) V() = 3 [ (- w)Tlid) - BEIO) dug ()

keN

Next we give the domain of the above form.

'For simplicity of notation, we assume that both sets are countably infinite.
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Definition 2.3.24. Using the closed subspace

L%e ={ue L}y (R xQ): u(z: ) € Span{ek: ke N}}

={ue iR xQ):u =) dy(x)
keN

of LY (R x Q), we define the domain H of b by
H={ue Ly, ull}, = (uu)y < 0o}
where

(w o)y = 3 [ (A= Bl - BT dusy ()

keN

Our main goal is to investigate embeddings H < L{, (R x Q). We use interpolation in p. The
end point p = 2 will be trivial, and we prepare p = oo by first showing L°°-bounds for the
spectral density as well as eigenfunctions.

Lemma 2.3.25. There exists a constant C' > 0 (independent of \) such that

16l o
L0~ oD+l L2 (r+ R+ x+)
holds for all A € R\ S with p+(\) € Sk, analogously
16+l Loo (m) <C

645 0ol 22 (- —x- r)
holds for A € R\ S with p_(\) € Sk, and lastly

@0l oo () <c
b0l 22 ()

holds for A € ap(L).
Proof. We consider the first inequality, and calculate
Wp—, d-| = Wlréy + 1t 7y + oy ] = (Ir[* = [t) Wb, 61 ).

Let us show that |r(¢—; ¢4)| < |[t(¢—; ¢+)|. For this, by Lemmas [2.3.12| and [2.3.17| we first
have

p+(A)

Wipy, o4 = p;()\) ||¢+”L%/(R+,R++X+)2 € i(—00,0).

Case 1: Assume p_(\) € S,. Then these lemmas also show W[¢_, d_] € i(0,00), so we even
have |r| < [t].

Case 2: Assume |p_(A)| < 1. Recall that ¢_(z — X ) = p_(A)¢—_(z) holds. As this equation
has at most 1 linearly independent solution and p_(\) € R, we see that ¢_ is a real-valued
function up to multiplication with a complex scalar. Therefore W(¢_,é_] = 0, and in
particular |r| = |t|.
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Thus |r| < |t| holds. Using semiperiodicity of both ¢+ and ¢_ in their respective regions as
well as Proposition we then estimate

[9-No = 18- zoe(r——x-0) = [r &+ + 84|

S 20t o+l oo (r-—x-00) = 20tlD+ 1| oo (r-—x— Rt 4x+) S IO+ L2t Rt 4x+)
uniformly in .

The second inequality can be shown in analogy to the first. So let us consider the third
inequality. Here, using semiperiodicity of ¢y on both (—oo, R™) and (R',cc0) as well as
Proposition 2.A1] we find

1¢0lloe = [100ll oo (r-—x- R+ 4x+) S [100llL2 (r-—x- R4 x+) < D0l L2 ®) H

Using the bounds of Lemma [2.3.25] we obtain a sufficient condition for boundedness of
LP-embeddings.

Lemma 2.3.26. Let p € (2,00], let (IF)en enumerate the connected components of R \ S
on which |p+| =1 holds, and assume that

C = ZHekHio (Z dist(vg, L) ™"+ Y dist(ve, I,) 5+ > v =A™ ) <oo (2.13)

keN neN neN Aeop(L)

where s = ])%2. Then the embedding H — LI, (R x Q) is bounded.

Proof. Observe that the map

E: ’H—>L2 ) U > en(t)T |)\—Vk\2T[uk]()\)](x)
keN
is an isometric isomorphism. Set my(A) = |A — v4| "% and for 8 € [0,1], ¢ -2, we consider
the map
72 q
o L) = Ly(RxQ), uwr > et “mdT[ag) (V)] ().
keN

Our goal is to show that tpo E: H —> L}, (R x Q) is bounded for 6 € [0,1] and ¢ = 9 using

interpolation. If we then set 6§ = g we get p = ¢, 19 o £ = Id and thus the proof will be
finished.

Part 1: First, let 8 = 1, ¢ = oo and assume that u € L?ek) has finitely many nonzero modes
Gy, and that T[4y] is compactly supported for all k. Then we calculate

|eaful(z, )] =

ek / mk )\)\Ifj (x; )\) d,LL@'j(A)
keN

1/2 1/2
(ZHT 12, ) (Z‘ek(t)|2||mk(')‘1’($§‘)H%?(M))

keN keN
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Note that the first term is

2
> T [ HLQH)_ZHURHLQ(R lellZz.

keN (eg)

Now we consider the second term. Using the identities ¢4 (z;A) = ¥(z; A) - v (N), po(x; N) =
U(z; ) - v(A) as well as Theorem [2.3.23 and Lemma [2.3.25| we obtain

()@ (5 )3,

:i/ 1410, =13 e (V) o (@) P o (V)] N 11{|p,(x)|=1}Imk(A)!2|¢+(ﬂf)!2|p’_(A)|d)\
R\S

‘t(¢—‘¢+)‘2”¢+H%%,(R+,R++X+) ‘t(¢+§¢—)‘2H¢—H%%/(R——X—,R—)
.S Imie (M) |0 (@)
Meop(L) H(ZSOHL2 v (R)
N/ [ma ) (L0, 1= 25 ] + L o=y eV dd+ 3 Imi(V)
Aeop(L)

uniformly in &, z. Using Lemma [2.3.12| we can further estimate

/R\s]l{”(“ MNPl (V)] dr = Z/ Ime (V2] (V)] dA

neN
<Zdlst1/k,n / |pl (A)] dA
neN
<7 Z dist (vg, I,7) 7%,
neN

with similar estimates for the other two terms. Recalling the definition of C, we so far have
shown

1
Jorfulll S € ulys (214)

for u € L% o) with compact frequency support. By density, ([2.14]) holds for all u € L% er)’
Part 2: For 6 =0 and g = 2, 1p: L%ek) — L2 is the identity map. By interpolation (cf. [53|

Chapter 2]) the map uy: L%ek) — LY (R x Q), ¢ = 125, is bounded for all 6 € [0,1]. The claim

of Lemma [2.3.26| follows by setting 68 = % since for this choice (pF' is the identity map and
p = ¢ holds. O

Theorem 2.3.27. Let N € N and assume for the eigenvalues vy, of L that #{k: \/vy € B} <
N for any interval B of length 1, which implies that (vy) grows at least quadratically. Gener-
alizing [(A2.3) we assume additionally

inf{‘ﬁ—\/@]: keN,)\ea(L)} > 0.

??‘M\Q

Moreover, assume o, f > 0 exist such that the eigenfunctions of L satisfy |lex| . Svg, and

generalizing |(A2.4) assume for the point spectrum of L that

Z AT < oo

Aeop(L)

holds for v > & + 3. Then the embedding H — L}, (R x Q) is bounded and H — LY, (A x Q) is
compact for all p € [2,2 + o%kﬁ) and A C R compact.
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Proof. Set 6 = inf{’ﬁ— \/I/k‘: keN e J(L)} and s = ]% > 1+ 2+ 23. We show
that the assumptions of Lemma [2.3.26] are satisfied.
Part 1: We estimate the spectral bands ;7. By definition, for A € {min I}, max I’ } we have
p+(A) € {—1,1}. Therefore there exists an X-periodic or X-antiperiodic solution ¢ of the
problem

1

If we enumerate the eigenvalues of ( in increasing order by ()\ )jen, we get in particular

Z diSt(Vk,I;_)_s <2 Z‘Vk — )\;r

neN jEN

—S

Moreover, using that the eigenvalues of the 2X-periodic Laplacian are 0, %, %,2%,2%,...
(with eigenfunctions 1,sin(%¢), cos(5F),sin(25F), cos(25¢), ... ), by the Mln—Max—Prlnmple (cf.
[85, Chapter 11.2, Theorem 1]) we have

AT inf luds

T = mn b

7 YCHL.(R) uey 02X|u!2 Vobr ()da
dim(Y)=j u#0

2

) | ul| dz 1 4 {%J
. inf sup d - + X .
HVper 00 5(/imflh(’g)/e)r(ﬂj) Zgﬁg fO ‘u‘ v HVper o0

Part 2: The following estimates are inspired by [56]. First, we estimate the double sum via

> llewllZ D dist(, L) S Dl Dok — AF

—S

keN neN keN jEN
= Sl o - A A
keN jeN
< Zmax{\/g,(s}*s Z|yk|a’\/17_ \/E‘*S.
jeN keN

Next, observe that for each k € N we have /v, € Ure_o[m,m + 1) as well as /v — )\;r €

o oolm,m + 1). Together with the assumption on the number of eigenvalues per interval

of length 1, we use this (combined with a separate consideration for m = —1,0) to estimate
for fixed j
o0
Shattlva - 1 <200 Sva- ] <o (i ),
keN keN —
k| <2AT
o0
S Il — A < (1-%) Shvml<(1-%) 2N<52a R ges s>‘
keN keN =
‘Vk|>2/\;r

Therefore we obtain

Zmax{\/g,é}fs > vl — \/EFS < CZmaX{\/E,é}fs

jEN keN jEN
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where the right-hand side is finite since )\j > (j—1)% by part 1 and s —2a > 1 by assumption.

Part 3: So far, we have shown

ZHengo Z dist (v, IT) 7% < oc.

keN neN

By the arguments above, this also holds for I,; and we have the estimate

Sledl2 3" =A< C > max{VX,d} *(1+21%)

keN Aeop(L) A€op(L)
which is finite by assumption.

Part 4: It remains to show local compactness of the embedding E: H — LP(R x ©). We only
consider p > 2 and take A C R compact. For K € N consider

K
Ex:H — LY (R x Q),u— > ep(t)ig(x).
k=1
As the map H — H'(R),u > 4, is bounded for each k, Ff is a compact operator. A small
1
modification of Lemma [2.3.26{ shows that |E — Ex| S Cp* where

Cic = Z||ek|io<2dist<Vk,f:>—S+Zdist<vk,m—5+ > "’“A'_S)

keN neN neN A€op(L)
k>K

As the series in (2.13) converges, Cx — 0 as K — oo, and therefore the limit E: H —
LY (A x Q) is also compact. O

2.A. APPENDIX: EIGENFUNCTION BOUNDS
In this section we discuss uniform estimates on functions w solving
—u" = AV (z)u, for zel (2.16)

on a compact interval I and with A,V positive. For Schrédinger operators, uniform eigen-
function bounds with respect to A of the type ||u|| < ||ull, are known, cf. [50]. These can
be transferred to the weighted eigenvalue problem using the Liouville transform if V'
is twice differentiable. However, here we show a generalization of this inequality under the
weaker assumption that V is of bounded variation.

Proposition 2.A.1. Let I,J be bounded intervals of positive length with J C I, and V €
BV (I) with ess inf; V' > 0. Then there exists a constant C = C(I,J,V) > 0 such that

[ull ooy < Cllull 2y (2.17)
for all X > 0 and all solutions u to (2.16|).

Note that the reverse inequality |[ull j2( sy < llull 2y < |I|1/2HuHLoo(I) always holds.
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Proof. Part 1: For fixed A € [0,00), inequality holds since the space of solutions to
has dimension 2 < co. As the space of solutions to depends continuously on A,
so does the optimal constant C' in . Therefore it suffices to show that C can be bounded
uniformly as A — oo.

Part 2: We use a change of coordinates similar to the Liouville transform, replacing (u,u’) by
(¢1, ¢2). For this, let a = inf I, u == /), and for z € T set t(z) = [T /V(s)ds as well as

#(z) = (cos(ut(x)) —sin(ut(m)))( 1u(x), )
sin(pt(x))  cos(ut(x)) ok (z) |

or equivalently

C«m>::< cos(yit(x)) sinpt(2)) >¢@)
() —p/ V() sin(ut(x))  py/V(x) cos(ut(x)) '
We assume w.l.o.g. that I, J are open.

Let z,y € I with y > x. We calculate

1 (s) (- sin(,uti

¢(y) - ¢(x) = Py V(S) COS(,LLt(

i [~mtte)
- ((mwm»»%ﬁm>

v ou'(s) (—sinut(s)) | o [ cos(ut(s))
+/x V(s) (cos(,utS))>+U(S)< ' )d

~ O
N—
N—
~—
+
<
—~
SN—
N
2 g
=)
~
=3
—~~ —~
W w»
S—"
N—"
~—
| I

<@

—~ &

— sinut(s))
cos(ut(s — sin(pt(s
/x (sm (ut(s)) ) V(s ( cos(pt(s) )
u'(s) (—sin(ut(s))
-/ u<wmm»>“¢1Q

Applying the triangle inequality to the above integral we obtain

ol <l + [y 215)

where v is the total variation of the Lebesgue-Stieltjes measure associated to ﬁ Note that

v is finite with v(I) < Var(- N I). Since ' is continuous and

/ sin(pt(s
|< cos(ut(s ) o(s)
holds for s € I, we can apply the Gronwall inequality from Lemma to ([2.18]) and obtain

6(v)l, < o(@), exp (V] Lv (e, y))

< [VIIL16(s)], (2.19)

for y > x. Setting E = exp<||VH<1>/02V(I)), we have in particular

[6(y)ly < Elo(2)], (2.20)

for y > x. A similar argument shows that (2.20)) also holds for y < x.
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Part 3: Let us now estimate the L and L?-norm. For this, choose some ¢ € I. First, we have

lull oo 7y < max|é(z)ly < Elo(E)l,-

Now consider the L?-norm. For € > 0, define an increasing sequence of points x, € J by
xo = inf J and z,, = sup{z € J: v((xp—1,2)) < e} for n € N. If x,, < supJ holds for fixed
n € N, we have v((zp—1,2,)) < e < v((xn_1,2,]) and therefore

I > Z v((zj—1,x;]) > ne.
j=1

Hence the above iteration terminates after N < [@W steps, and thus yields a partition
infJ =xz9g <1 < - <ay=supdJ of J with v((x,—1,2,)) < ¢ for all n. For arbitrary

&n € (Tp—1,Ty) we calculate

/J|u(s)\2ds

N 2

_ cos(ut(s)) .

ngl/a:n L (Sln(,ulf(s))) ¢(s)| d

N N cos(put(s)) d ;

> nz:l/x" sin(ut(s)) #(&n)| ds — Z /zn 1 (s)]y + |0(&n)lo)|0(s) — d(&n)l, ds.
We estimate the terms separately. For n € {1,..., N}, using integration by parts we have
/x" <COS(Nt(S))> ¢(£ ) ’ _ ;|¢(£ )|2 ds

21| \ S (pE(s)) " 21?6/l
= 41#[ ;(8) (Sm 2ut(s ))(\él(fn)\ — |p2(&n)] ) +4sin(ut(s))2Re[¢1(§n)¢2(§n)]>]
a 43[1, /:"1 (Sin(2Nt<3>)<’¢1(§n)’2 - ’¢2(§n)’2) + 4Sin(ut(3))2 Re[é1(£n)d2(En ]) d(\/‘iTS))
This allows us to estimate
2
L (Z?SEZIEE?S) )| = T e,y - HAEe 1) )
> ool - W@Mm ().

For the second set of terms, we use (2.19) to estimate

[ 6s)l + 6060l lo(s) — (&)l ds

[ sin(s))
< [7 1l ’/ (COW( )))dg/@gds
< 216(€) |y n m)||vu;fu¢uoou<<mnfl,xn»
< 2|V LE* ()" (2 — wn-1).

Summing up all estimates over n, we get

JlueRas = (37 - 22 (50 2 |+ v) + 2V IL ) i)
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The partition of J (and therefore N) depends on & but not on y = v/A. Therefore, choosing &
sufficiently small, the constant appearing above is positive for large A. This shows

[l oo 1y S 10(€) 12 S Nl L2(ry- =

for large A, completing the proof.

Lemma 2.A.2. Let I be an interval, f,g: I — [0,00) be maps, v be a locally finite Borel
measure on I, and C > 0. Assume that g is continuous with g < C'f and

fly) < flz) + gdv
[z,y]

holds for all y > x. Then we have

f(y) < f(z) exp(Cr([z,y]))
forally > x.

Proof. Fix y > x and € > 0. As g is uniformly continuous on [z,y], we find 6 > 0 such
that |a —b| < ¢ implies |g(a) — g(b)| < € for a,b € [z,y]. Further choose a partition x =
xg <z < -+ < xp =y such that |z, — xpym_1| <0 for m € {1,...,n} and v({z,,}) = 0 for
m € {1,...,n—1}. We then calculate

f(@m) < f(wmo1) + gdv

[Trm—1,Tm]
< f(@m—1) + (g(@m-1) + e)v([Tm—-1,Tm])
< f(@m—1) (1 + Cv([zm—1,Tm])) + ev([Tm—1, Tm])-

Inserting this inequality into itself for m = n,...,1, we obtain
f) < fl@) [T @+ Cvllem—r,zm)) +€ D v(lwm-r,2m)) [ 1+ Cv(lzj-1,2)]))
m=1 m=1 j=m+1

< f(z) exp(Cr([z,y])) + ev([z, y]) exp(Cr([2,y]))

and the claim follows by letting ¢ — 0. O

Remark 2.A.3. A similar, more general result, which does not require continuity of g but
uses half-open integration intervals can be found in [38, Theorem 5.1].

2.B. APPENDIX: EXAMPLES

1 d22 in more detail and present examples of V' such that

We analyze the spectrum of L = T V@) da?

our assumptions [(\A42.1)H(.A2.4) hold. First we observe a qualitative result for the spectrum of
L.

— 1 &2 1 &2
Lemma 2.B.1. 1. 0es(L) = Uess(_mﬁ) U aess(—m@)

2. The spectral bands cess(L) consist of purely absolutely continuous spectrum of L and
edges of the spectral bands are no eigenvalues of L.
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3. Every gap of gess(L) contains at most finitely many eigenvalues of L.

Proof. W.lo.g. assume R~ < 0 < RT. We follow the ideas of |9] and introduce the following

notation: Let L, be a self-adjoint realization of _foi (r)% in L*((0,400); Vif,) and let

L., be a self-adjoint realization of — L& gy L?((—00,0); Voo,). We denote by LT a self-

Vp_cr (IE) da? per
adjoint realization of —ﬁ%](oﬂrw) in L2((0,+00); V) and by L~ a self-adjoint realization
2 .
of _ﬁj?k—oo,()) in L?((—o00,0); V).

1. By Theorem 2.1 in [9] we have e (L;jfer) = Oess(LF) and L* are bounded from below.
Next we show that the resolvent difference of L and L™ & L™ is an operator of rank at
most two. Since L™, L™ and L are bounded from below, resolvent operators exist for
some constant x > 0 large enough and we can write

(L+rI)™ = (L- LT +rIdD)Hf =w.

We set (L + xId)u = f and (L~ & LT + xkId)v = f and hence w = u — v. For the
restriction on (0, 00) we have (L + x Id)w|( o) = 0, therefore w| o) lies in the kernel
of (L + £ 1d)(0,00) Which has dimension at most one since L + £ 1d is of limit-point type
at 400, cf. Theorem The same holds true for the restriction on (—o0,0). By
Corollary 11.2.3 in [27] we obtain oess(L) = Oess(L™ @ L1) = Oess(Lper) U Tess (Lifer)-
2. See the proof of Theorems 1.1-1-3 in [9).

3. By Theorem 2.3 from [9] we know that every gap of oess(L™) contains at most finitely
many eigenvalues of L* and therefore also every gap of gess(L™ @ LT) contains at most
finitely many eigenvalues of L~ @ L™. Since the resolvent difference of L and L™ & L™
is an operator of rank at most two we conclude by Theorem 3, Chapter 9.3 in [13] that
in each gap of oegs(L) the operator L gains at most two more eigenvalues compared to
the finitely many eigenvalues of L™ @& LT in each gap of oess(L™ & LT). O

2.B.1. PURELY PERIODIC CASE

As potential V' we consider a positive periodic step function Ve given as follows: take a
partition 0 =60y < 01 < ... < Oy =1 of the interval [0, 1] and positive values aq,...,an >0
to define

Voer(2) = a; for x € [0;1X,0;X)and i =1,...,N (2.21)

and extend Ve, periodically to the real line with period X. First, we note that our assumptions
[(A2.1)| and [(A2.2)| are satisfied by definition of Vpe. Moreover, by Theorem 5.3.1 in [36],

op(L) = ) and hence is fulfilled.

Lemma 2.B.2. Let q; = \/a;(0; — 6;—1)X fori=1,...,N. Assume that there is T > 0 such
that

dg; €TN, i=1,...,N

and suppose that
4gi; € TNoad

1s satisfied for an even mumber of indices 1 < i1 < is < ... < Q9 < N and no others. If
moreover
Qi G * + + .+ - @
o= 1113 12m—1 ;é 1 (222)
AjgQiy * oo ot Ay,

then [(A2.3) is satisfied for w = 2% and V = Vyer from above.
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Proof. We denote by P;(\) the weighted monodromy matrix such that any solution of
—u” = Aa;u on [0;_1X, 0;X] satisfies

(”“W( )> = B0 (“j@(@_lg >>. (2:23)

It is given by

(2.24)

P()) = ( cos(vVAg;) \/%Sin(ﬁ%)>

—\/cTisin(ﬁqi) cos(VAg;)

and as a function of /) it is 2%-periodic. Since ¢; € N it is in partlcular also 5T 7-periodic.
The weighted monodromy matrlx P(X; Vper) of the full problem —u” = AVper(x )u on [0, X] is
then given by

P(X\; Vper) = Pn(A) - ... - Pr(N),

which is 4w = %F-periodic as a function of v'A. Following Chapter 1 and Section 2.1 in [36]
we know that

1 a2
——————= | ={AER: |[tr P(\; Vior)| < 2
O’< Vper(-%')d.%'2> { € |I‘ (7 p )’ }

where we use that the weighted monodromy matrix P(\; Vper) and the standard monodromy
matrix are similar and therefore have the same eigenvalues and the same trace. In order
to check that holds, the 4w-periodicity w.r.t. /X implies that it suffices to check
that | tr P(w?; Vier)|, | tr P(9w?; Vper)| > 2 since w, 3w are the only odd multiples of w in the
periodicity cell [0,4w]. If we insert k%w?, k € Nyqq into P;()) then the assumptions yield that

0 1
P(k*w?) € {i(_ﬁ Vg)} if 4 € TNogq and  Pi(k*w?) = {£1d} if 4¢; € TNeyen.

By definition of the indices i1, ..., %2, we have

a; .
! 0

2,2 2,2 %1
ZJ‘H(k ) ij(k w ) < { ’ @ijiq }

Qg .
5

and obtain

Ja o
P(Kw?; Voer) € {i( 0 ja>} (2.25)

so that | tr P(k*w?; Vyer)| > 2 by (2:22)). Therefore assumption |(.A2.3)| holds. O

Lemma 2.B.3. Let g; == \/a;(0; — 0;—1)X fori=1,...,N be pairwise rational multiples of
one another with greatest common divisor q = ged(qu,...,qn) defined as the largest positive
number such that all q; are integer multiples of q. If % € Noaq s satisfied for an even number
of indices 1 < iy < ig < ... <id9m < N and no others, and additionally

Qi Qig = o vt Qg £1

AipQiy o oot Qo

holds then the assumptions of Lemma hold with T = 43 for any k € Noqq.
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Remark 2.B.4. One can check that the conditions of Lemma [2.B.3| are not only sufficient
but also necessary for Lemma

Proof of Lemma . The condition 4¢g; € TN for all N means that % is a common divisor of
the ¢;, and is therefore equivalent to % = 1 for some k € N. We now have to check condition

([2.22)), where we have

4q; € TNogq <= k‘ E Noad <= k € Nyqq and E € Nodd-

Thus, for even k& we have m = 0 in Lemma so that (2.22)) is false, whereas for odd k the

indices i1, ..., 42, of Lemma [2.B.2 coincide with the indices of the current lemma, so that
(2.22) holds by assumption. O

Remark 2.B.5 (Two-step and three-step potentials). Let N = 2 and assume that
ai,as > 0,0=06y < 0 < by =1 satisfy the assurnptions from Lemma [2.B:3] This means that
gf = ¢ with r, s € Nyqq coprime and T' € 1 dd with the greatest common divisor ¢ = ¢ = 2,
These conditions coincide with those stated in [49] on admissible ranges of breather frequenc1es

and material parameters for the case X = 27.

In the case N = 3, assuming a1,as,a3 > 0 and 0 = 0y < 01 < 0y < 03 = 1 satisfying
the conditions from Lemm.‘:} means (up to a permutation of the ¢;) that £ = £ with
a3 _ 7

r, s € Noqgq coprime, i with 7 € Neyen, § € Noqq coprime and ay # as. Further, the

greatest common divisor is given by ¢ = ged(q1, g2, ¢3) =
common multiple.

m where lcm denotes the least

2.B.2. PERTURBED PERIODIC CASE

Next, we want to analyze the spectrum of L when V is a perturbed periodic potential and
focus on two different cases.

2.B.2.1. INTERFACE OF DISLOCATED PERIODIC POTENTIALS
Let Vper be given by (2.21) and for Vp,d > 0 consider
Ver(2), x <0,

V(z) = { W, 0<z<d,
Voer(z —d), d <.

We observe that our assumptions |(A2.1) and |(A2.2)| hold by definition.

Lemma 2.B.6. Assume that Vyer satisfies the assumptions of Lemma[2.B.9 and that for the
same value of T we have 4qy € TNeyen with qo == /Vod. Then|(A2.3) and|(A2.4) hold.

We state the proof together with the proof of Lemma since they are based on the same
idea.
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2.B.2.2. INTERFACE OF PERIODIC POTENTIALS

Let VpJgr and V., be different periodic potentials given by (2.21). Consider now the case

B Vp;r(x), x <0,
Vi@ = {V+ (z), x=>0.

per

Note that assumptions |(A2.1)[ and |(A2.2)| hold by definition.

Lemma 2.B.7. Assume that ij[er both satisfy the assumptions of Lemma Q.B.Zfor the same
value of T with values o from (2.22)). If additionally o, > 1 or at,a~ < 1 then (A2.3)

and |(A2.4) hold.

Proof. Observe first that according to Lemma and Lemma [2.B.2| we know that |(LA2.3)]
holds for the essential spectrum of L and hence it remains to verify [(\42.3)| and [(A2.4)| for the
eigenvalues of

—u" = AV (z)u for x € R.

In the following we use from Lemma [2.B.2] that the square root of the spectrum of Ly, is

< qs . . 8
periodic with period 4w = 7.

Interface of dislocated periodic potentials. In analogy to (2.23) we define the weighted
propagation matrix Py()) for solutions of —u” = AVyu on [0,d]. It takes the form as in
and hence, as a function of v/, it is periodic with period i—g. By the assumption 4gyp € T'Neyen
it is co-periodic to the propagation matrix P(\; Vper) of the periodic potential Vper, which has
period 4w = 8%.

Let us consider a value A € ap(L). By Lemma we have A & 0ess(L) and hence
| tr P(X; Vper)| > 2. Then, P(A; Vier) has two distinct real eigenvalues p(X), p(A) with |p(A)| <
1 < |p(N\)| and corresponding eigenvectors v(\), #(\) € R2. We note that p()\), p(N), Ru()N),
R ()\) are 4w-periodic as functions of v/A (inside the resolvent set of Lpe). If A € o,(L)
is an eigenvalue with L?(R)-eigenfunction ¢, we necessarily have (v A¢(0),¢'(0)) € Ri(N)
and (VAé(d), #'(d)) € Ru()\) and therefore Py(A\)3(\) € Ru()\). Since this condition is also
4w-periodic as a function of v/A we see that op(L) has the same finite number of eigenvalues

in every interval of length 4w. This already implies |(A2.4)l For |[(.A2.3)| we only need to check
that k*w? ¢ o,(L) for k € Nogq. From (2.25) we see by the structure of the propagation

matrices that
a>1 = o(k%?) = (f) B(k2w?) = (g)

a<l = v(k?w?) = (é), o(k*w?) = (?)

up to rescaling of the eigenvectors. Since Py(k*w?) € {£1d}, we get k*w? & 0,(L) and hence

also |(A2.3)| holds.

Interface of periodic potentials. The considerations are similar to the previous case. As before,
we denote by P(\; V) the propagation matrix for V£ . By our assumption, both have the

per per®
same period 4w = 5F. For A ¢ oess(L), the matrix P(); Vpﬁér) has eigenvalues p™(\), 7 ())

with eigenvectors v=()), 9T (\). The eigenpair (p™(A),v+()\)) generates a solution on [0, c0)

and
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decaying to 0 at +oo and (p~ (A), 9~ (A)) generates a solution on (—oo, 0] decaying to 0 at
—o0. Therefore, the eigenvalue condition is given by

A€ ap(L) < o (A\) e RuT(N).

Recall that at A = k2w? we have

at >1 = v (E%?) = <0>, at <1 = v (EAW?) <1>

1 0
and
- ~— 12 2 1 - 2w?) 0
a>1:>v(kw):0,a<1zvk )
Using our assumption that at,a™ > 1 or a*,a™ < 1 we conclude k?w? ¢ op(L) and hence
[(A2.3)| and [(A2.4)| holds as seen in the previous case. O

End of Preprint




CHAPTER 3

BREATHER SOLUTIONS TO NONLINEAR MAXWELL
EQUATIONS WITH RETARDED MATERIAL LAWS

Abstract. We show existence of breather solutions to nonlinear Maxwell’s equa-
tions using variational methods. We consider Kerr-type optical materials in slab
waveguide geometries, which are magnetically inactive while the electric response
is the sum of a linear and a cubic term. Both terms are inhomogeneous and have
bounded coefficients. In addition, the cubic term is temporally retarded while the
linear term has instantaneous and retarded contributions. We consider breather
solutions which are time-periodic, real-valued, transverse electric polarized waves
traveling along one direction of the slab waveguide. Moreover, they are localized
in the direction perpendicular to the slab and are polychromatic functions.

For carefully chosen material coefficients, the indefinite linear operator of the
second-order formulation of Maxwell’s equations has a spectral gap about 0. This
allows us to find breather solutions variationally using the mountain pass method
for the dual problem. Our method works for the following two types of materials:
(1) a periodic linear response and perturbed periodic nonlinear response, or (2)
an interface between two materials, each with periodic linear response, and a
nonlinearity that decays away from the interface.

3.1. INTRODUCTION AND MAIN RESULTS
We consider Maxwell’s equations

V-D=0, V x E = —By,
(3.1)
V-B=0, V xH =Dy
in R? without changes and currents, and for materials of a slab waveguide geometry. We
investigate existence of breather solutions traveling parallel to the waveguide. For the
underlying material, we assume the constitutive relations

B = uoH, D =¢E+ 60P(E) (32)

where g, €9 > 0 denote vacuum permeability and vacuum permittivity. So we consider a
material that is magnetically inactive and electrically active, with an electric displacement
field D that depends nonlinearly on the electric field E through the polarization 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 silica glasses, and higher-order terms are omitted (cf. [3]).
More precisely, we assume that the polarization is given either by

P(E)(z,y,z,t) = /OOO g(x, 7)E(z,y,z,t — 7)dT + h(z) /OOO V(T EB(z,y, z,t — 7)2dr  (3.3.1)
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where we abbreviated E3 := |E|*E, or by

P(E)(z,y,z,t) = /00o g(z, 7)E(z,y,2,t — 7)dT + h(x) (/OOO v(T)E(x,y,z,t — 1) d7'>3.

(3.3.ii)

Taking the curl of Faraday’s law V x E = —B;y, one obtains from (3.1)) and (3.2]) the second
order Maxwell’s equation

V x V x E + euod?(E + P(E)) = 0. (3.4)

There are many results on breathers for nonlinear wave-type equations like (3.4) in the
literature. Monochromatic breathers, which are given by E(xz,y, z,t) = Re[€(z, y, 2)e'“!] with
frequency w > 0 and profile £: R? — C3, reduce (3.4) to the elliptic problem

V XV x &+ (xi(z,y,2) + xs(z,y,2)|€])E = 0, (3.5)

with appropriate functions x1, x3 derived from (3.4]), 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
PNL(E)(:I:) Y, z, t) - h($7 Y, Z) / |E($7 Y, =z, T)|2 dTE(IIZ’, Y, z, t)7
0
where T := %” Saturated nonlinearities
V x VxE+x(@y,2|E)E =0,

which are asymptotically linear as |€| — oo, are also of interest. These were considered in
a series of papers [87-H93] by Stuart and Zhou. The authors considered transverse electric
(TE) or transverse magnetic (TM) polarized waves in cylindrically symmetric waveguides,
which reduce to a one-dimensional scalar equation that can, e.g., be treated variationally.
More general nonlinearities y, including also power nonlinearities were investigated in [5,
8, |10, 42| 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 series of papers [63-66].
Mandel combined the dual variational method with Helmholtz decomposition in [57], and
considered a spatially nonlocal nonlinearity in [5§]. In [31, [32] Dohnal and Romani obtained
breathers by bifurcation from a simple eigenvalue of the linear problem. For further results
on monochromatic Maxwell equations we refer to the survey paper [7].

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

E(z,y,2,t) = Y &z, y, 2)e™".
keZ

Let us first discuss the instantaneous polarization Pxy,(E) = h(z,y, 2)E3. Here, the authors
of [34] considered breathers at an interface between two dielectrics and showed that these
can be approximated on large but finite time scales by solutions of an amplitude equation,
the nonlinear Schrédinger equation. Existence of true time-periodic solutions was shown in
[49] and [19] for materials where the linear or nonlinear part of the polarization consists of
Dirac measures in space and using variational methods or bifurcation theory, respectively. In
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|71] we considered bounded material coefficients with spatially localized nonlinear interaction,
and showed existence of breathers variationally for instantaneous as well as time-averaged
polarizations. Breathers for the temporally retarded polarizations and were
obtained variationally in our recent paper [72] using the mountain pass method.

The main difference of this paper compared with [72] is that we consider breathers traveling
at high velocities, and we only work with materials of slab geometry.

We solve (3.4) using the ansatz

0
1
E(z,y,2,t) =w(z,t ——2)- [ 1]. (3.6)
c
0

of a TE-polarized wave traveling with speed c in z-direction. The ansatz is divergence-free,
so the curl-curl operatorlsimpliﬁes to V x V x E = —AE. Normalizing the speed of light in
vacuum to ¢g = (€op)” 2 = 1 and inserting into (3.4), we obtain

1
—0%w — 0—28,5210 + 02 (w + P(w)) =0 (3.7)
where the scalar polarization P(w) is given by
P(w)(z,t) = / g(x, T)w(z,t —7)dr + h(x) / v(t)w(z,t —7)3dr (3.8.1)
0 0

or

o0

P(w)(, ) = /OOO (@, Myw(z, t — 1) dr + h(z) (/0 v(r)w(z,t — 7) dT)S, (3.8.ii)

corresponding to (3.3.i) and (3.3.i]), respectively. To include instantaneous linear material
responses, we assume a decomposition

9(x,7) = go(x)d0(7) + 91 (2, 7) (3.9)

with dp being the Dirac measure at 0 and gg, g1 bounded. On the other hand, we assume that
the nonlinear material response has no instantaneous contribution.

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 3.1.1. We call E,D, B, H: R? xR — R? breather solutions to Mazwell’s equations
with polarization (3.3.1) [or (3.3.11))] with time-period T > 0 traveling with speed c in z-direction
if each field F € {E, D, B, H} satisfies

F(z,y,z2,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,y2] X [21, 22| X [t1,t2] it has the regularity
OMOMF € L2 R3) N L R?)

forn € Ng andm € {0,...,m(F)} where m(E) = 2,m(D) =0, m(B) = m(H) = 1. Moreover,
we require (3.1)), (3.2), and (3.3.i) [or (3.3.ii])] 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., go and g; are periodic in x.



62 3. BREATHER SOLUTIONS TO NONLINEAR MAXWELL EQUATIONS

Theorem 3.1.2. Let ¢ € (0,00),0 € (0,1)\{5},7,X > 0, let g7, hP", hl°¢ € L°(R; R) such

that g7, hP°" are X -periodic, hP®" is positive almost everywhere, hl°¢ >0 and h'°°(x) — 0 as

|z| = co. We set w : 2—” and define potentials go, g1, h,v by

1 L’ xr € O,GX +XZa
go(x) ::go(x;e,X) ::Cgl+{1602)7{§ xEE@X )2)+XZ
16(1-0)2X2> ’ ’

g1, 1) = gi"" (x) cos(wt)|cos(wt)[ Lo, 7y(t),
h(x) = hP* (z) + h'°¢(z),
v(t) = dist(t, TZ)]I[O,T] (t)

for x,t € R. Then for polarization (3.3.1) as well as polarization (3.3.ii]), there exist infinitely
many distinct breather solutions with period T and speed ¢ in the sense of Definition[3.1.1]

In the second example, we consider a linear material response that is spatially periodic on
each halfspace, and a localized nonlinear response.

Theorem 3.1.3. Let c € (0,00),0,0% € (0,3) and T, X, X+ >0, let g7, hl°® € L>°(R;R)

such that g0 is X~ -periodic on (—o0,0) and X+—pemodzc on X, hl"C is almost everywhere
7T

positive and h'°°(z) — 0 as |z| — co. Set w = 2= and define go, g1, h, v by

go(z;07,X7), z<0,
go(=) = {0(x9+ Xt), x>0,

g1(x,t) = g7 () cos(wt)|cos(wt)[L 1o 7)(1),
h(z) = h°*(x),
v(t) = dist(t, TZ)]l[OT( )

for x,t € R, where go(x;0,X) is defined in Theorem . Then for (3.3.1) as well as (3.3.1i)

there exist infinitely many distinct breather solutions with period T and speed ¢ in the sense of
Definition |3.1.1].

Let us prepare the main theorem. Recall (3.7, which using (3.8.1), (3.8.ii), and (3.9) we

rewrite as
=02+ (1= % + go(2)) 07w + 9} (g1 % w + Par (w)) = 0 (3.10)

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

W@:l—é+%@ (3.11)

is positive, hence the linear operator —92 + V()97 is hyperbolic. It is convenient to divide
this operator by V(x) and instead consider L + 97 with weighted Sturm-Liouville operator
L= - (3.12)
= v .
The advantage of this representation is that the spectrum of L + 07 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?).
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Let us fix the period T' > 0 of the breather and consider as time-domain the set T := R/p7.
On it, 07 has discrete spectrum o(07) = {—w?k?: k € Z} with w := 2% denoting the base
frequency. Our analysis strongly uses the assumption that L has a spectral gap about w?k?
for each k € Zyqq. The restriction to odd frequencies means we consider functions that are
%—antiperiodic in time. It is helpful since for k = 0 we always have 0 € o(L), %—antisymmetry
is compatible with , it still yields a variational problem, and it allows us to invert
the operator L + 0?7 after restricting to %—antiperiodic functions in time. The operator L
having countably many specific spectral gaps requires a careful choice of the potential gy. In
Theorems [3.1.2] and [3.1.3] this is satisfied, and moreover the size of the spectral gaps grows

linearly in |k|.

Remark 3.1.4. In Appendix there are further examples of potentials gg, for which the
results of Theorems [3.1.2| and [3.1.3| remain valid. As an example, in Theorem [3.1.2| one can
consider

1 e z€(0,0X)+ XZ,
go(x) = - = 1+ 272
C m, T € (0X,X)+XZ,

for m,n € Nyqq and 0 € (0,1), where instead of 6 # % we require go # const. More

generally, one can consider a periodic arrangement of three or more step potentials under
similar assumptions on the step heights and widths. There we also give examples that fit to

Theorem B.1.31

Lastly, let us fix some notation for the torus T. It is equipped with the Haar measure
dt normalized such that [ 1dt = 1. We denote the standard orthonormal basis on T by
ex(t) == e**. Accordingly, the Fourier coefficients of a function ¢: T — C are given by

@r = Frle] = [p per dt, and the inverse is o(t) = F ekl (t) = X 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'Y" ¢z f(t + kT) for t € T. Note
that f xg ¢ = Per[f] 1 ¢ holds whenever ¢ is T-periodic.

Finally, we present our main existence result on breather solutions to Maxwell’s equations

(3.1) and (3.2]) with polarization (3.3.i) or (3.3.ii).

Theorem 3.1.5. Let T > 0 be the period of the breather, w = 27” be its frequency and
¢ € (0,00) be its speed. Assume that for constants a > 1, % <p<2,7<1,0<d< 6 we
have:
(A3.1) h € L*®(R;(0,00)).
(A3.2) v € LY(R;R) and its periodization N := Per[v] is even. Denoting its Fourier support
restricted to odd frequencies by R = {k € Zoaa: Ni #+ 0}, we have R # 0 and

Ne| S k|7 for all k € R

(A3.3) go € L=(R;R) satisfies ess inf gg > C% — 1 and is locally of bounded variation.
(A3.4) For the spectrum of the operator L: H*(R) — L*(R) defined in we have:
o (WK% —6§|K|7,w?k? + 6|k|") C p(L) holds for all k € R.
o The point spectrum o, (L) satisfies 2oreop(L) AN P=¢ < 00 foralle > 0.
(A3.5) a+v—2> 8.
(A3.6) g1 € L(R; L} (R;R)) and the periodization G(z) := Per[gi(z; - )] is even in t and
satisfies |G (2)| < 4=V (z) for allz € R, k € R.

w2|k\27"’
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(A3.7) If the polarization is (3.3.ii]), assume that !Nk| 2 |k|™° holds for k € R and for some

s € R. In addition, similar to|(A3.4) and[(A3.6) we then require that there exist
constants ¥ <1, 0 < d < § with

- <5 5 d
(W?2k? — 8|k|7,w?k? + 6|k|7) C p(L), |Gk ()] < T

V(zx)

for all k € Zoag \ R (note that o +4 — 2 > [ is not required).

Further let one of the two following assumptions on the spatial geometry of go, g1, h hold.

(A3.8a) h(z) — 0 as |z| — co. In addition there exist RT € R such that go is periodic on

[RT, 00) with period X > 0, and also on (—oo, R™] with period X .

(A3.8b) h = hl°® 4 hP" where hl°°(x) > 0 satisfies h'°°(z) — 0 as |z| — oo, and kP, go, g1

are periodic in x with common period.

Then there exists a nonzero breather solution E, B, D, H to Mazwell’s equations with period T
and speed c in the sense of Definition|3.1.1].

If moreover the set R is infinite, there exists infinitely many distinct breather solutions.

Remark 3.1.6. Let us comment on Theorem and its assumptions.

e The constitutive relations (3.3.i) and (3.3.iif) are translation invariant in time. That

is, if E, D, B, H solve the Maxwell system and , then the shifted functions
E(-,- —7),D(-,- —7),B(+,- —7),H(-, - — ) also are solutions. In Theorem [3.1.5]
for #R = oo we state existence of infinitely many distinct solution. By this, we mean
infinitely many solutions that are not shifts of one another.

For it is also possible to treat a negative potential h in front of the nonlinearity.
More precisely, Theorem [3.1.5| remains valid when & is replaced by —h, and we discuss
changes to the proof in Remark 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.

The evenness assumption in |(A3.2) and [(.43.6)| is needed for the variational structure,
since the linear part of the variational problem, cf. , is nonsymmetric without this
assumption: Recall that the adjoint of a convolution operator is the convolution with
the even reflection of the convolution kernel. Evenness is equivalent to time reversal
symmetry of the time-periodic Maxwell equations.

The growth assumptions on the Fourier coefficients AV}, in together with
and |(\A3.5)| 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.

Assumption lets us control the linear operator also along frequencies k € Zoqq \ R-
It is not needed for since there the nonlinearity contains a convolution with v,
which projects onto the frequencies 8. The lower bound |k|™* on the Fourier coefficients
N, gives us control over the inverse of this convolution operator.

The geometry assumptions |(A3.8a)| and |(LA3.8b)| are used to overcome noncompactness
issues for the variational functional: The decay of h in ensures complete con-
tinuity of the nonlinearity, whereas the periodic structure in @ allows us to use
concentration-compactness arguments.

Under |(A3.8b)| the assumption on the point spectrum in |(\A3.4)|is trivially satisfied since
the differential operator L is periodic, and therefore by Floquet-Bloch theory (cf. [36])
the spectrum o (L) consists of pure essential spectrum.
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OUTLINE

In Section [3.2] we formally convert the Maxwell problem into an Euler-Lagrange equation
and investigate the appearing symmetric linear operator £. Section deals with the form
domain H of the operator L, i.e., the natural domain of the bilinear form associated to L.
We show boundedness as well as local compactness of embeddings H — LP(R x T). This
then allows us to define the Lagrangian functional on H. In Section [3.4] 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 [3.1.5] Next, in Section [3.5] we discuss
regularity of solutions of the Euler-Lagrange equation as well as the Maxwell system, proving
Theorem Throughout these sections, we always assume that |(A3.1)H(.A3.7)[ and one of
[(A3.8a)| or |(A3.8b)| are fulfilled. Lastly, Appendix contains the proofs of Theorems
and as well as some auxiliary results.

3.2. VARIATIONAL FORMULATION

We begin by transforming the scalar Maxwell problem (3.10)) into a variational problem for
an auxiliary variable u. We follow Chapter [ for the formal derivation.

First we consider the polarization (3.8.i). We denote by * the convolution on the time-domain
T and use

1
V(r)=1- i go(x), G(x) = Per[gy(z, )], N = Per|v]
to rephrase as
(—8% + V(ff)af)w + 97G(x) * w + h(z)FFN * w® = 0. (3.13)

Observe that V' is bounded, strictly positive, and locally of bounded variation due to |(.43.3)]
The nonlinearity 92\ x w? is supported only on frequencies 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 Pxy, i.e., Pr[¢] = F ! LrenFr[p]].- On these frequencies, the operators
—0?, N'x are invertible as Fourier multipliers with nonzero symbol, which allows us to rewrite

as
(—8?/\/*)_1 (=02 + V()37 + 070 (x)*)w — h(w) Pyw®] = 0. (3.14)
We abbreviate to Lw — hPy[w?®] = 0 by introducing the linear operator
L= (—83/\/*)‘1 (02 +V(@)0 + 636 (x)). (3.15)

Note that 82, N'*, and —02 + V (2)0? + 9?G(x)* mutually commute since they act on time as
Fourier multipliers. Since N, G(z) are even in time, the convolution operators N, G(z)x are
symmetric and hence £ is symmetric.

Let us now consider polarization (3.8.ii)) so that (3.10) becomes
(—8% + V(:v)@f)w + 92G(x) * w + h(2)0F(N *w)® = 0. (3.16)
We substitute u := N % w in (3.16)) and apply Px to see that u solves

(=027 (02 + V(2)0F + 7G(x) %) (N5) " — h(w) Pulu’] = 0,
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whereas by projecting with Id — Py onto we obtain
(=02 + V(2)0} + 079 (x)%) (1d — P )w = —h()07(Id — Py) [u?].
The first of the two equations reads
Lu — h(z)Py[u’] =0, (3.17)

and the second together with Px[w] = (N*) lu allows us to reconstruct the wave profile w
via
w = qu[w] + (Id —Pm)[w]

= (W)t (<824 V(@)3} + 07G(x)x) [~h(x)dF(1d — P[] (3.18)

In particular, for both choices of the polarization we have to solve the problem (3.17)). Then,

we have w = u for polarization (3.8.i) whereas w is given by (3.18) for polarization (3.8.ii).

We want to study the form domain H of £. For this, we use a functional calculus for the
Sturm-Liouville operator L on a weighted L?-space. We introduce both before defining #H in
Definition [3.2.41

Definition 3.2.1. We define the V-weighted space L?,(R;C) = L*(R;C;Vdx). Uniform
boundedness and positivity of V. show L3 (R;C) = L*(R; C) with equivalent norms.

Theorem 3.2.2 (cf. Theorem [2.3.6)). Let ¥(z;\) = (Uy(2;)), Ua(2; M) be the fundamen-
tal system of solutions of Ly = Ap on R with initial data (¥,0,V)|,_o = I2x2. Then there
exists a measure p which is defined on the bounded Borel subsets of R and maps to positive
semidefinite R2*? matrices such that

T: I3 (R;C) — L*(u), /f (z;\) Vda
18 an isometric isomorphism with inverse
T gl(a) = [ GV (@: ) dusy ()

Here we use the Einstein summation convention. A definition of the Hilbert space L*(11)
consisting of (equivalence classes of) C?-valued measurable functions can be found in [35,
Definition XII1.5.8]. Its norm is given by HgH%g(M) = Jr 9iGj dpij(N). We note that the integral
defining T exists for compactly supported f, and T is defined by approximation for general f.
The same holds for T—1.

Let us point out some basic properties of the transform 7'. A proof is given in Appendix [3.4]

Lemma 3.2.3. Let f € L*(R;C). Then the following hold:
1. f € H*(R;C) if and only if XT[f](\) € L?(i), and we have

Lf =T~ AT[fI(V)]
2. f € HY(R;C) if and only if VAT[f](\) € L?(11), and we have

L1 e = [ XTLANTIT) disy ()
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3. Moreover, the support of u satisfies

2

supp(u) = | supp(ui;) = o(L)
ij=1

Now we rigorously define the bilinear form b, associated to the operator £ of and its
domain H. In the following, we identify the bilinear form b,/: H x H — R with the weak
formulation of the operator £ via L[u][p] = bz [u, ] for u, € H, ie. L: H — H' where H' is
the dual space.

Definition 3.2.4. We define the form domain H by
H = {u € L*(R x T;R): @, = 0 for k € Z\ R, (u,u)y, < oo}

where

= > [P T VT 08 dry )

keER

(.u2k2/\/';.C
Next, we define the operators L, Lo, L1: H — H' by L= Lo+ L1 and

=y / T3 [0 (VT3 [2RI ) dpsig (V),

en w? k2/\/k

L = Y [ 9o o) Ew da

ken ’ R Ni

for u,p € H. We call a function u weak solution to (3.17)) if u € H and

Llallel = [ haypd(a,t) =0

holds for all p € H. We show below in Lemma and Proposition that the above
integrals and sums converge and that embedding H — L*(R xT) and the maps Lo, L1: H — H'
are bounded.

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

Remark 3.2.5. For k € /R and A € o(L) we have

olk[”

A—w?k?| =0k and A - W > SR TEeS

The first estimate follows directly from [(.43.4)] For the second estimate, we fix k& and consider

972
A 0;\ ¥ on A € o(L) C [0,w?k? — §|k|"] U [w?k? + §|k|”, 00) :== I. We estimate the quotient

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

We have the following density result for H.

Lemma 3.2.6. The set D :={u € HNCX(R x T;R): 4 =0 for almost all k € R} is dense
in H.
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Proof. Note for u € H that

Z U (x)er(t) — u
keR
[k| <k K

in H as K — oco. Moreover, for fixed k, using Remark we have
A —w?k?
W2k2Nj
which combined with Lemma shows that 45 € H'(R;C) and that the norms ||dg|| ;1

and || (x)ex(t)]|;, are equivalent. As C2°(R; C) — H'(R;C) is dense, the result follows by
approximating 1y, for all |k| < K. O

Lastly, we show that L is invertible and indefinite. Both properties are essential for the dual
variational method which we use to solve (3.17)).

Lemma 3.2.7. L, Lo, L1 are symmetric, Lo is an isometric isomorphism and ||L1]| < 1. By
the Neumann series, L is an isomorphism.

Proof. From the definitions of H and Ly we see that Lg is an isometric isomorphism, and it is
clearly symmetric. By the potential G(x) is even in time, so its Fourier coefficients are
real-valued and hence £ is symmetric. It remains to show the bound on £;. For this, recall
that by Lemma the spectral measure p is supported on o(L). Using Remark we
have

6|k|7 T [k ) (N) T[Tk ] (N) dpeg s (A) = 0 Mk
|U”H_ Z/ 2k2|/\/'k Tilag] (AT [tk (A) dpaj (A) = Zm”ukHL%,-

kER kER
Next, using assumption |(A3.6)} the Cauchy-Schwarz inequality and the above we find

1 |Gk d
|L1[ul[e]] < I | Nakllz @ IGklle, < ) —rae kllc2 |9kl L2
] g R R A P r T TR
1 1
d , )\ d , . _d
< — e 72 —ra e 18kllze | < S llullyllelly,
(zfez;le’fIQ TN v kez;wQ!k\Q TN v g
showing ||£1]| < 4 < 1. O

Lemma 3.2.8. £ 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 € R. By and Lemma we find a function g € L?(u)\{0}
that is supported on [w?k? + §|k|”, N] for some N > 0. The function

u(@,t) = T Hgl(2)er(t) + T~ [g](x)e—i(2).

satisfies
A — w?k? —
Lolulfn) =2 | 2 20 (g, O s (),

which is nonzero with sign(Lo[u][u]) = sign(A%). Since |ull3, = |Co[u][u]|, Lemma shows
that L[u][u] is nonzero with sign(L[u][u]) = sign(Lo[u][u]) = sign(Ny).

If above we instead choose g supported on [0,w?k? — §|k|"], then by the same argument we
find u satisfying sign(L[u][u]) = — sign(N). O
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3.3. EMBEDDINGS

We investigate the embeddings H < LP(R x T), and discuss their boundedness in Proposi-
tion [3.3.2] as well as a concentration-compactness result in Proposition [3.3.5] We use some
ideas and results from Chapter

Let us fix some notation. Recall that the potential go (and therefore also V') is X T-periodic on
[RT,00) as well as X ~-periodic on (—oo, R™]: In case this is part of the assumption,
and in [(L43.8b)| go is periodic so we may choose R* arbitrarily and X+ = X .

We denote by V* the X T-periodic extension of V|[R+7OO) to R and similarly by V= the
X ~-periodic extension of V|(_,, g-] to R. We define the periodic Sturm-Liouville operators

1
VE@) "
According to Floquet-Bloch theory (cf. [76]), for the spectra of L*: H?(R) — L?(R) we have

:U[f

neN

L* = ———— 0%

where I;F are compact intervals with min I;F 70 0, called spectral bands. We assume that
they are enumerated in the standard way for Floquet-Block theory: I are increasing, i.e.,
min [ 1 > max ], and the boundary points {min I;f, max I'*: n € N} consist precisely of
those A\ € R where LT f = Af admits nonzero X i—pemodlc or X + -antiperiodic solutions.

The operators L* are useful in the study of L together with information on its point spectrum.
For example, o(L) = 0p(L) U 0ess(L) = 0p(L) U (L") Uo(L™) holds (cf. Lemma 2.B.1)).
Information on L allows us to better understand H and characterize its embeddings. We
begin with the following sufficient condition for boundedness of the LP-embeddings.

Lemma 3.3.1. Let p € (2,00], s := 1% with

C = Z|k2/\7k‘s<z dist(w?k?, I7)~ Zdlst WA L)+ Z ) s) < 00.
neN neN Xeop(L)

keR

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

Proof. We consider the isometry

1
2

E:H = LH(R X T;R), urs > T A=Wk Tl (V)| (@)ex(®)
S kenR w k2N

and the family of operators

_8s
2

5 — W2k2
o: Ly (R x T;R) — LT (R x T;R),u sy T—l[ A h T[ak](A)} (z)ex(t)

e w2k2 N,
where @ varies over [0,1]. Then tg = Id: L?(R x T;R) — L?(R x T;R) is bounded, and
boundedness of ¢; follows from C' < oo as in Lemma [2.3.26] For this, we note that the
enumeration of the spectral bands If used in Chapterlz coincides with ours.

By interpolation, each ¢y is bounded. Setting 6§ = %, it follows that
wE =1d: H — LT9 (R x T;R) = LP(R x T;R)
is bounded. O
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We are now ready to state our central embedding result, where we use information on the
spectrum of L given in assumption |(A3.4)], in particular the existence and size of the spectral
gaps about w?k? for k € R as well as estimates on the point spectrum, to verify the condition

in Lemma [3.31]

Proposition 3.3.2. Let p € [2,p*) with p* = min {327?17 M} Then the embedding

H — LP(R x T) is continuous and locally compact.

In the above quotients we set ¢ = oo for b < 0. Note that p* > 4 holds by assumption |(AS3.5).

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

—S

STIRNT D Wk - (3.19)
kER Aeop(L)
with s = ﬁ is finite. Recall that |Nk| < |k|™% due to assumption |(A3.2). We use the
estimate
i T = /’I’L ]CT — nT+1 - mT+1 < nr+1 + m’/‘+1
" m r+1 ~r

k=m

on integer sums with 7 € R\ {—1} and m,n € N with m < n. To keep notation simple, below
we assume that we are in the generic case 7 # —1. For r = —1 we can use Y p_, k=1 <. n®
instead, which leads to the same results provided ¢ is chosen sufficiently small.

We use separate estimates for (3.19)) in the three cases w?k? < A, w?k? ~ ), and w?k? > .
First, we calculate

Z Z ‘k|(2—a)s ka‘Q — =S = Z Z ’k,‘(2—a)5)\—s
X€op(L) ing?%)\ X€op(L) w2i2€?%)\
s Y (+ /\71+(22_a)5)/\—8.
Aeop(L)

Second, we have

Z Z |k‘(27a)s W2k2 Y = Z Z ‘k|(27a)8|k|728
A€op(L) kER A€op(L) kER
W2kZ>2) w2k2>2)\
S Z )\172045
A€oy (L)

For the third and last sum we use |w?k? — \| = (w|k| + ﬁ)‘ww - ﬁ‘ > Vwn where

n= |||kl - %\ﬂ |J Observe that each n € Ny is attained as a value for at most four k. By
(A3.4)| we also have |w?k? — \| > 6]k|”, which we use instead when n = 0. Therefore

DD DR i S I DD S S DI U SR

Aeop(L)  keR AEap (L) keR
1 21.2 1 21.2
Ia<w?k2<2) La<w?k2<2)

< ¥ AW<5AES+ZASnS>

A€op(L)

—S —S
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By [(A3.4)[all the above sums are finite provided

min {8’ a82— 1’ (a —l—’;— 2)8’ (a —2 1)3} S 8. (3.20)

Using 25-1 > (O‘_Ql)s > (a+72_2)5, a direct calculation shows that (3.20)) holds for p < p*.

For the remaining sums appearing in the constant C of Lemma [3.3.1] we first estimate
—S8
> dist(w?k?, L) < Y wtk? =
neN AESE

(3.21)

with S* := {0If: n € N} \ {0}. By the proof of Theorem [2.3.27] the spectral bands I;X

grow quadratically, so that » ,\ g+ A"27% < 0o for all £ > 0. We can therefore estimate the
right-hand side of (3.21)) as we did for the point spectrum, except [ is replaced by % in (3.20)).
As we required 8 > % in Theorem this generates no additional requirements.

Finally, local compactness of the embedding follows by a frequency cutoff approximation
argument as in the proof of Theorem O

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 L*(R x T).

Definition 3.3.3. We define the fractional temporal derivative |0¢° f of a function f: T — C
for s € R (with fo=01ifs < 0) as the Fourier multiplier with symbol |wk|®, i.e., by
0 f = FH|wkl* fi].

Remark 3.3.4. As in the proof of Proposition [3.3.2| we see that
|0¢°: H — LP(R x T;R)

28 458

AT m}' Assump-

is bounded and locally compact for p € [2, p}) with p} = min{
tion |(A3.5)| implies pf > 4 for sufficiently small € > 0.

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

Proposition 3.3.5. Let p € [2,p*) where p* is given by Proposition r>0,w:R—
[0,00) be a bounded and measurable weight function, and (uy,) be a bounded sequence in H
with

sup / [tn P w(z)d(x, £) 222 0. (3.22)
z€R J[z—rx+7]xT

Then u, “=2% 0 in LI (R x T) = LY(R x T; w(z)d(x, 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 [56], we consider an auxiliary Hilbert space H defined by

H={ue*(RxT;R): ity =0 for k € Z\ R, |Jul; < o0},

2 —4 NV ~ 12
Julfy = SR [ Jak? + V@R do.
keR R
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The H-norm is local in x which will allow us to get additional information on the embedding
H — L% (R x T) by considering H — H — L% (R x T).

Using assumption |(A3.2)] Lemma and the estimate |\ — w?k?| > |k|7 4+ AE[" 72 (see
Remark [3.2.5)) we find

Julfy 2 S [ X = w2k T e VTR O iy ()

keR

2 S [ (K ) Tad VT O) dug )
keR R

= SR [ Ja V@R do = [l
keR R

so that H — H is bounded.

Part 2: We now consider the embedding H — LR x T). For this, let I C R be an interval
of length 2r. On I, let ¢, (z) = \/%—remgx and define the spatial Fourier transform F[¢] of
¢: I — C by

F,[¢] = /Id>(x)cpn(x) dz for neZ.

Fix some s > 8 and define ¢ > 2 > ¢/ by % = 1—%2%4—%. We calculate
aty—4, 2 L o0z —flody—d)e 2, 12\—%
(B[4 (n? + k2)) DL D S e o
C(ZXR) ken nez
(at+y—4)s Bs
SO RS YRR < oo
keR keR

where we used a +vy—2 > [ > % From this, for u € H we obtain

2 2 ~ 2
HUHLZJ(IX’JI‘) S ”uHLq(Ix’H‘) S ||Fn[“k]||z<z’(2xm)
2

2
o (R [ !
02(ZxR)
S IR (02 4 K2 | Pl da
keR neEL

< Z\wﬂ*‘l/muz V(@) ? de.
keR 1

‘k’a+’y—4(n2 + k‘2))

03 (ZxR)

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

HUHZPLZ} = H(HUHL?U(IJ-XT))J. ﬁp(z)'

Then, using the above for I = I; and summing over j we obtain
lulleps, S llullg S llully

By Holder interpolation we have

0 1-0
HuanpequG < HUHHEQLZ, H“n”eooLgJ
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with L = &4 10 L — ¢4 156 for all g € [0,1]. Now fix 0 € (0, 1) to be the unique
solution to pg = qg, and let Zun be a bounded sequence in H satisfying (3 with p =2, i.e.,
|unlljoc 2 — 0 as n — oco. This shows

HunHLZf(RXT ||unHzP9Lq9 S ”unHHHunHeooL? —0

as n — 0o, completing the proof. ]

3.4. THE DUAL PROBLEM

We solve (3.17)) variationally with the dual variational method. Using that h is positive and
bounded by we formally substitute v = hiud in (3.17) and multiply with hilf=! to
obtain the dual problem

Lu— hPy[u®] =0 <= Lh 103 — hiPy[v] =0 <= v3 — hiL 'hiPy[t] =0

where v3 denotes the real cube root of the real-valued function v. We abbreviate the weighted
inverse operator by L, L= pig 1h4Pm, and thus consider the problem

vi — Liw =0, (3.23)
Having solved , we can formally recover a solution u of by setting
w=h"1v3 = L7hT Py[u].
Remark 3.4.1. As stated in Remark we can also consider for negative h, for
which the dual problem is given by
Lu—hPp[u?] =0 <= (—L)u— (—h)Px[t’] =0 <= v3 — (—h)1(—L)"}(—=h)1Px[v] = 0

with v == (—h)%u?’. The properties of £ that we use below (symmetry, invertibility, indefinite-
ness) are also satisfied by —£. Therefore our results on (3.17) and (3.23) can be transferred
to the negative case by the substitution h ~ —h, £~ —L.

Next we properly define the operator £,;1

Definition 3.4.2. Let t: H < L*(R x T;R) be the bounded embedding of Propositz’on
and ' be its adjoint. Then, using that L: H — H' is invertible according to Lemma we
define the h-weighted inverse by

£,V =hiL7 VW hi: L3 (R x T;R) — LA(R x T;R)

Next, we call a function v a solution to (3.23)) if v € L%(R x T;R) is a critical point of the
energy functional

f\v|3ff£ v-vd(x,t),

4
J: L3(RxT;R) - R, J(v) ::/
RxT 4

or equivalently if Vs — L;'v=0in LR x T;R).
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Remark 3.4.3. In Definition [3.4.2 note that Pkt = ¢ holds by definition of H, hence we can
omit Py in the definition of £,:1. By Proposition the map E,:l is locally compact.

In Theorem we show that there exists a nonzero solution to the dual problem (3.23).
More precisely, we show that there exists a ground state as defined below.

Definition 3.4.4. We call the energy level

Cgs i= inf J(v)
veLY3(RxT;R)\{0}
J'(v)=0

the ground state energy level, and any nonzero critical point v of J with J(v) = cgs is called a
ground state.

Remark 3.4.5. The substitution v = h%u?’, which gives a one-to-one correspondence between
solutions u of (3.17)) and solutions v to (3.23)), also links the ground states of the two problems.
Indeed, if u is a solution of (3.17)), which is the Euler-Lagrange equation of

J(u) = / Su-u— thutd(z,t),
RxT
we have

ﬂWZJW%%TWWdziéwhﬁa@ﬂ:%/

0[5 d(z,t) = J(v) — LT (W) [v] = J(v).
RxT

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

Proposition 3.4.6. There exists v € L%(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(y(¢)).
~veC([0,1];L 3 (RXT;R)) t€[0,1]
7(0)=0,y(1)=v

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

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

L;tv-vd(z,t) = / L7V R - hiv d(z,t) <0

RxT RxT

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

/ L7 v vd(2,t) <0
RxT

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

/ L7 vd(z,t) = Llp][e] < 0.
RxT
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Using density of D C H we conclude that £ is negative semidefinite, contradicting Lemma/[3.2.8]

So our assumption was false, and therefore we find v € L3 (RxT;R) with [, £ 'v-vd(z,t) >
0. Then J(sv) < 0 for sufficiently large s.

3
Now let 0 < r < (ﬁ) “and 7 € Lg(]R x T) with ||v|]% = r. Then
h

and therefore also ¢p,p > %r% — %Hﬁngﬂ > 0. By the mountain pass theorem (see Theo-
rem [1.2.2)) there exists a Palais-Smale sequence (v,,) for J at level cyp. O

Remark 3.4.7. Any Palais-Smale sequence for J is bounded. Indeed, if (v,) is a Palais-Smale
sequence at level ¢, then

Y

%+OG%HMMMQZQNWJ—fWHMJZ%WM

ol Lol

shows that (vy,) is bounded and moreover that ||vy| 2 — (4c)g as n — 00.
3

Next we show an existence result for the dual problem.

Theorem 3.4.8. There exists a ground state of (3.23)).

The proof of Theorem differs depending on the choice of assumption: |(A3.8a)|or|(.A3.8b)|
The caseis simpler since J satisfies the Palais-Smale condition, and the proof is carried
out in Proposition [3.4.9, Case|(.A43.8b)|is investigated in Lemma for purely periodic
coefficients gg, g1, h using the concentration-compactness principle of Proposition [3.3.5] and in
Proposition for the general case using energy comparison arguments.

Proposition 3.4.9. Assume|(AS3.1)H(AS3.6) and|(A3.8a) Then there exists a ground state
of B:23).

Proof. Let (v,) be the Palais-Smale sequence from Proposition By Remark up
to a subsequence which we again label by v,,, there exists v € L(]R x T;R) with v, = v in
L3R x T).

By Proposition the embedding ¢: H < L*(R x T;R) is locally compact. Then hieis
compact since h decays to 0 at 0o by assumption |(.43.8a)} and in particular Egl is compact
and thus £,:lvn — E,;lv in L*. Using

1
J'(vp) = v — L}, v, — 0 in L*
1

we see that v} converges to E,:lv in L*, which implies v, — (Eglv)?’ in L5.

Since also v, — v, we have v = (£, 'v)? and v, — v in L3, s0 v3 — L;'v =0in L* By
continuity of J we have J(v,) — J(v), i.e., J(v) = cmp.

Thus far, we have shown existence of a nonzero critical point of J, and thus ¢z # 0o. Now let
(vn) be a sequence of critical points of J with J(vy,) — ¢gs. Then the above arguments shows
vp — v in L3 up to a subsequence, and hence v is a ground state. O
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Lemma 3.4.10. Assume |(A3.1)H(A3.6) and [(A3.8b) with h'°¢ = 0. Then there exists a
ground state of (13.23]).

Proof. Part 1: Denote the common period of h = hP**| g9, g1 by X, so V is also X-periodic
by its definition (B.11]). Let us investigate the shift 7 in by X, i.e., 7[f](z) = f(z — X).
With the spectral transform 7" and fundamental solution ¥ given in , we calculate for
compactly supported f € L*(R;C)

Tirf|0) = [ fla= XN de = [ f@)¥a+ XN de = MOTIO)
where the matrix M(\) € R?*? is given by
MM\ (x;\) = U(z+ X;N).

for all z € 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%(p). For u € H we have

1
\— w2k2 2 R
lrullf, = > e T[rag](A)
keRr w k LQ(M)
2,23 2
A—w?k“|?
= M(A) 2R2N (] (M)
keR w k L2(p)
2,23 ?
A—wk=|?
= e [@k](A) = |[ull3,
keR||l ¢ k L2(p)

i.e., T is an isometric isomorphism of H. A similar calculation shows Lo[7u][Tu] = Lolu|[u], and
Li[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|3 = ((T!H)_l) , which is an isometric isomorphism of H’. Then
by the above, 7£ = L7, 7L~ = L7'7 and Tﬁ}:l = E;LlT hold.
Part 2: Let (v,) be the Palais-Smale sequence given by Proposition We apply Propo-

sition withr =X, p=q=4, w=h and u, = L’*lL’h%vn = h_ZEﬁlvn to obtain a
sequence of points x,, € R with

> 0.

lim sup||uy || 74 = limsu Hﬁ_lv ‘
n—>oop|| n||Lh([mn—X,mn+X]><T) n—>oop hoom LA([zn— X, 2n+X]xT)

since

[ [t}

>0

+o(1) = (4emp)

_||p,-1 = ||v3
||UnHL;1L(Rx1r) - Hﬁh v”‘ LARXT) o HU”’

by Remark [3.4.7]

W.l.o.g. we may assume , = k,X for some k, € Z. Then, @, = 7F"v,, satisfies

LA(RxT)

= HT_k",C;LlTkn’Un‘ =Lt

Hﬁglvn} LA([wn—X @n+X]xT) Hﬁh U"‘

LA([zn— X, @n+X]xT) LA(- X, X]xT)

Now choose a subsequence, again denoted by v,, such that 9, — v in L%(R x T) and

|25 on — 5> 0

LA ([~ X, X]xT)



3.4. THE DUAL PROBLEM 77

LA([-X,X]xT) = 8, and

By local compactness of E,:l (see Proposition [3.3.2) we have Hﬁglv‘

thus v # 0, as well as £; 19, — £; 'v in L} (R x T). In addition,

loc

1 1
Lo (0 =it edt = [ (od = £t ) o) = )i = ollely)
RxT RxT 3

1
asn — oo for ¢ € L%(]Rx T). This shows 95 — £} 'v in L (R x T;R) and thus @, — (£} 'v)?
4
in L (R xT;R). Therefore v = (Eglv)g’ holds, that is, v is a critical point of J. In particular,

loc
we have ¢gg # 00.

Part 3: Now let (vy,) be a sequence of critical points of J with J(v,) — ¢g. Arguing as in
part 2, up to a subsequence and shifts x,, = k, X € R we have @, = 7%7v,, — v, where v is a
nonzero critical point of J. For the energy level of v we calculate
1, 1
J(v) = J(v) = ST (V)] = L |Iv]

< liminf%HﬁnH — lim inf J(7,) — %J’(f;n)[f;n] .

- n—oo

i Lol
(IFNINITN

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

Proposition 3.4.11. Assume|(A3.1)H(AS3.6) and|(A3.8b). Then there exists a ground state
of 323).

Proof. Part 1: We consider the periodic functional

4

TP () = /}M 31ofs — Lorlv-vd(a, t)
on L%(R x T) which has a ground state vP*" due to Lemma [3.4.10f We denote its energy
by cpst = JP(uP). Recall that 0 < hP® < WP + h'°¢ = h holds by assumption |(.43.8b)

1
Setting v := (%) *oPeT | we estimate

3 4 1 4 1
4 (pper3 4 2 p—1
R e e ——

< Jper (S,Uper)

3

for any s > 0. For the particular value sg = (%) * we calculate

27
16

In particular, we can estimate the mountain pass energy via

Jper(sovper) (Jper)/(vper)[vper] — O

Cop = Cmp(Sov) < max J(sv) < max JPT(svP) = JP(vP) = P,
mp mp( ov) < 5€[0.50] (sv) < 5€[0.50] ( ) ( ) gs

Part 2: Let us first consider the case ¢y = ¢bs". From the above (in)equality we conclude
that vP®" = 0 holds almost everywhere on {h # hP*"}. In particular, we have v = v, and

from

(0P)F — Lk P =0
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we see that £ . vP*" also vanishes on {h # hP*'}. Therefore
1 1
(0)% = Ly lv = (VP)3 — L =0,
and v = vP" is a ground state of both J and JP.

Part 3: Let us now consider the case ¢p,p < cper. Let v, be a Palais-Smale sequence for J

with J(vy,) — ¢mp. Then up to a subsequence v, — v € L%(R x T) by Remark [3.4.7] In order
to show v # 0, let us assume for a contradiction that v = 0 so that E;lvn — 0 in L, by
Proposition As in the proof of Lemma there exists a subsequence, again denoted
by vy, such that suitable shifts @, = 7%7v,, weakly converge to some 0 # ¥ € L%(R x T; R).
From v3 = L} v, +o(1) — 0 in L{_ we conclude |k,| — co. For compactly supported
P € Ls (R x T;R) we calculate

(7P (wn) 7] = T (v [~y
/RXT(ﬁ,;l — Ly Jon - 7P d(a, t)'

/RXT((hi—(hPer)%)c R 4 (P TLLTY (B (hper)i))vn-rkwd(a:,t)‘

1

< e (ot - e

< llonlls

(hper)%Tfkn
¥

4|k = ey,

)

4
3

(hIOC) = —kn

1
L+ | )|, el — 0

3 3

as n — oo since h°¢ is localized by |(A3.8b)l Thus we have

/]RXT B — Lipes B - 9 d(z, 1) = (TP (Tn) ] = (JP) () [~ ¢] — 0.

Jun

Using E,:pleri}n — E,;plerf) in L{ ., the above shows @, — (E,:plerﬁ)?’ in L3 ,so that 93 —£; 1.9 = 0.
As ¥ is a nonzero solution to the periodic problem, we have

e < JP(D) = JP(D) — 2P (0)[0] = *H I

Ol Lol

R B o
< liminf 22013 = liminf J(vn) = 2J'(v)[vn] = mp,

a contradiction.

So we have shown Up = v # 0. By testing with compactly supported ¢, arguing as above we
see that v solves v3 — E v=0and J(v) < liminf, o J(v,) = tmp holds. So we have found
a critical point v with J ( ) < tmp < g

Part 4: By parts 2 or 3 we have cgs < ¢f¢". We then choose vy, 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. [J

Lastly, we discuss a multiplicity result for solutions.

Proposition 3.4.12. Assume in addition that the set R is infinite. Then there exist infinitely
many solutions of (3.23) that are not spatiotemporal shifts of each other.
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Proof. For fixed m € Nygq, we seek %—antiperiodic in time solutions to (3.23)), or equivalently

functions with frequency support on R N mZyqq. These solutions are precisely critical points

of J restricted to the space of %—antiperiodic functions.

For infinitely many m we have SR N mZygq # 0, and for these m as in Theorem we obtain
existence of a nonzero %—periodic solution v, to (3.23)). Each v,, has a minimal temporal
period T}, > 0 which is a divisor of % From 0 < T}, — 0 as n — oo we see that there exist
infinitely many distinct minimal periods, and clearly the corresponding solutions v,, are not
shifts of one another. O

3.5. REGULARITY

In this section, we discuss differentiability and integrability properties of a solution v to (3.23|)
as well as for corresponding solutions u to (3.17), w to (3.10) and E, D, B, H to Maxwell’s
equations.

Lemma 3.5.1. Let v € Lg(]R x T;R) be a solution to (3.23). Then u = h=ivs lies in H and
is a weak solution to (3.17) with ol0™u € L?> N L®(R x T;R) for I € Ny and m € {0,1,2}.

Proof. Part 1: As v solves , the function wu satisfies
U= hfiﬁglv — LY iy = L7V B,
so that u = £~1/hTv € #. Then for ¢ € ‘H we have
0= Llu— £ hlle] = Llallel - [ e,

i.e., u is a weak solution to (3.17)).
Part 2: According to Remark we fix € > 0 such that [3;°: H — L*(R x T;R) is bounded,

therefore |9;|°u € L*(R x T;R) holds. From the fractional Leibniz rule (cf. [12]) we obtain
47 [u?] € L5 (R x T3R) with norm [19:°[u?]||s < (lull, + 19:/°ull,)*. Thus
3

10 Fu = |0 |° L7 hud = L7/ R0 [u’] € H

holds, and from the embedding |8t\2€u e L* follows. Iterating the above argument, 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 s < 0, and the above shows |0;|*u € H for all s € R.

Part 3: From boundedness of the embedding H < L? (see Proposition [3.3.2)) it follows that
10¢|°u € L? for all s € R. We next calculate

2
1
2 ~ 25+2 (4 112 25421~ 112
101"l < (anuknm) <Y Lkl S 3 ekl a3

keR keR keRr keR

Using Lemma and Remark and assumption |(A3.2)| we further estimate

Skl 2l S S k2 [ (14 M Tl T3] dpsy ()
keR keR R
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T[4 ) T[] dpaij ()

5 Z‘k|28+4—7/‘)\_w2k2

keR R
A\ — w2k? _
< wk%%ﬂ*“/ = T ag] T ] dp (O
Nkezm\ | APETET [t Tyt ] dpaij(A)

25+6—y—a 2
= H\@tl 2 uH < 00
H

for any s € R. In particular, we have dlu € L? N L> for all [ € Ny.

Part 4: For regularity of spatial derivatives, from (3.14]) we obtain the identity
O2u = V(x)0Pu + 072G * u + hOPN * Pylu?]. (3.24)

Observe that the right-hand side of (3.24)) is infinitely differentiable in time with values in
L? N L™ since u,u? are and the convolution operators G*, N'x, Py are regularity preserving
(see Lemma below), so the same holds for 92u. O

Lemma 3.5.2. Let M be a Fourier multiplier with symbol Mk of at most polynomial growth,
Mk‘ < |k|" for some r > 0 and all k € Z. Further let p € [1,00] and f: T — C be a
function with df € LP(T;C) for all n € Ny and fo = 0. Then M f € LP(T;C) for all
n € Ng.

i.e.,

Proof. The symbol (iwk)~["+1] M, is square-summable and therefore

m(t) = Y (iwk)” " Myex(t)
kez\{0}

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

107211, = |3 e | < om0 1] 0

After having shown regularity of the solution u to (3.17)), we now consider the profile w of the
electric field. For polarization (3.8.i) there is nothing to do since w = u. So let us discuss

polarization (3.8.ii) where w is defined by ({3.18]).

Lemma 3.5.3. Let v € L%(R x T;R) be a solution to (3.23)). We define u = h~iv5 as
in Lemma and w by (3.18). Then 9}0™w € L? N L®°(R x T;R) for all I € Ny and
m € {0,1,2}.

Proof. Part 1: By Lemmas and we already know that the functions
O Ppw = (N*)"'0lu  and  9T2(Id —Py)[u’]
lie in L? N L™ for any | € Ng. Hence it remains to show
O Py = (~02 + V(2)0} + 32G(x)+)  [~h(x)of(1d —Py) ] € L* 1 L*,

and in particular that —92 + V(2)0? + 0?G(x)* is invertible on suitable spaces of functions f
satisfying Prf = 0.
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Part 2: Taking the Fourier series in time decomposes the linear operator —92 + V (z)9? +
92G(x)* into the sequence of operators (Lg)ycz .\t With

odd\
Ly, = —9% — WKV (2) — W k%G (2)
which we split into the main part L o and the perturbation Ly via

Lo = —83 — w2k2V($), Ly, = —W2k2gk($)-
First, for ¢ € H?(R;C) using Lemma and Remark we calculate
1 -
[ 1Lkopl? grde = [ = k)P eIl diay ()
R R

(k') 2 P
= /]R 2 (1 T (w2k2 + 5“{:"?)2)711[90]7}[90] duu(A)

2 P [+ TR dpsy )

5 1
_ |k’2V4A(‘V¢/I

and it follows that Ly : H*(R;C) — L%*(R;C) is invertible and HLI;%)H < |k[*77 holds. For

Ly 1, using and Remark we estimate

2
+¢*) Vd(a),

~ 2
2 1 27.2\2 d 2 _ (aer)? 1o T- (o] digs s
[l magl? e < @R sms ) [leP Ve = (A7) [ TAT T i3

- N2 )\—w2k2 2 L Cp 1
< (k) A(W) TIATA i) = 5 [ 1ol 5.

Since d < &, the Neumann series shows that Ly = Lo+ Lig1: HX(R;C) — L*(R; C; %dx) is
invertible with

< k[P

2] < 2 <HL';5“
LS o

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

(-2 +V@R+RG@) o= Y Li'ed@en)

k€Zoga\R
for ¢ such that the series on the right-hand side converges in L2. Let us abbreviate
f 1= =h(2)0; 2 (1d = Pw)[u”),

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

A —Pryw = (-2 + V@R +3G@)») f= Y Li'lfl@et).
k€Zoga\R

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

otaa—rwul,= 3 Jrtil,s ¥ wt
\R \R

E€Liodd

2
H2

E€Lodd
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<

~

e

Z |wk|2f2—“ﬂ

k€Zoqa\ R

Next for L we have

Hag(ld —ng)wHio

<
keZ

<

~

2
e

2
S i) = T el
€Zoda k€Zoda

N 2:‘

Z kQHlelkaz < Z |wk’2(3—“ﬂ ka

S ol 1], <

k€Zoaa\R k€Zoaa\R

Combined, we have shown that dlw = 9} Prw + 0} (1 — Py)w lies in L2 N L.

Part 4: Using (3.16[) we see

O*w = V(2)0%w + 092G x w + hdtu’.

where the right-hand side (and therefore 02w) is infinitely time-differentiable by the above

and Lemma [3.5.2

O]

We are now ready to prove the main theorem.

Proof of Theorem
exists by Theorem

9.1.5. Let v € L%(R x T;R) be a nonzero solution to (3.23), which

3.4.8

| Then u := h™Tv5 is the corresponding solution of (3.17)). Define

w = u for polarization ([3.3.), or define w by ([3.18) for polarization (3.3.if). Then 0!0™w €
LN LR x T;R) for I € Ng and m € {0, 1,2} by Lemma 3.5.1 or Lemma 3.5.3, and w solves

(3-10).

We define 9; ' on T as the Fourier multiplier with symbol ﬁ Then, recalling the ansatz
(3.6) and Maxwell’s equations (3.1),(3.2) we obtain the following formula for E,D, B,H

corresponding to the scalar field w:

1 0
E(z,y,z,t) =w(z,t ——2)- [ 1],
c
0
%w(m,t — %2)
1
B(z,y,z,t) = -0, VXE=— 0
Wy(z,t — %z)

1
H(J}, Y, Z?t) = 7B(3§',y, th)a
Ho

D(.CE, Y, z, t) = 60(E + P(E))

where we have set W = 0, Lw. From the regularity of w it follows that

OB € HXNW*>®(;R?),  0'B,0Hec H' nWH(Q;R?), 9D e L? N L>®(;R?)

for | € Ny and domains of the form Q = R x [y1,y2] X [22, 22] X [t1,t2]. Note that D may not
be differentiable in space because the material coefficients gg, g1, h of P were not assumed to

be smooth.

O]
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3.A. APPENDIX

Here we give a proof of Lemma [3.2.3] on fundamental properties of the transform 7. We also

prove Theorems [3.1.2] and [3.1.3]

Proof of Lemma[3.2.3 (a): See Lemma [2.3.7]
(b): If f € H*(R;C), using (a) and that T is an isometry we have

/yf| dx—/Lf dex—/T IAT[£](N)] - dex—/)\T (NTFIO) dpig(N).

For general f, one can argue by approximation.

(c): First let A\g € C\ supp(p). Then %Ao is a bounded symbol on supp(u), thus

1
A—Xo

(L= o)t =T [—=T[-]V)]

is bounded, i.e., \g € p(L) holds.

Now let A\g € supp(pu), i.e., Ao € supp(pui;) for some 7,5 € {1,2}. By definition we have

|1i51(B=(Xo)) >0

for all € > 0, with |u;;| denoting the total variation of p;;. Split B.(Ag) = ET U E~ with
E*T N E~ =0 into positive and negative part according to the measure y;;. Then we have

0 < |is|(B=(M0)) = pis (BY) — puig (B7) </ pia (B+) g (BF) + i (B~ g (E-)
since y(E*) are positive semidefinite matrices. This implies

11ii(B=(M)) = pii(BT) 4+ pis(E7) >0, i (Be(Mo)) = i (ET) + pj(E7) >0
since pi;, ptj; are a nonnegative measures. This shows Ao € supp(ji) N supp(p;;)-

We denote by &; the i-th unit vector, and consider the function f := T [1p_(1,)0;]. Then
since

I =20l A= 20500

_ L2 (pii)
”fHL%/ H]]‘BEO\O) LQ(,u,ii)
for arbitrary € > 0, L — A\g has no bounded inverse, i.e., A\g € (L) holds. O

Proof of Theorems|[3.1.9 and[3.1.5 For both theorems, we check that the assumptions of
Theorem are satisfied. First|(.43.1)] |(.A3.3)| hold by definition, and the same is true for

(A3.8b)| in Theorem and for |(LA3.8a)|in Theorem [3.1.3] Next we calculate the Fourier

coefficients
. . k=0,
Ni = / T dist(t, TZ)e “* dt = / dist(t, TZ)e “k dt = { 0, k # 0 even,
T 0

T2
T 5L2a2) k Odd,
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and see that [(\43.2)| holds with o« = 2. The spectrum of the operator L is investigated in
Appendix [2.B| There, we show that L has a spectral gap about w?k? for each k € Zyqq,

that the size of the gap grows linearly in |k|, and moreover that the point spectrum grows

quadratically, i.e., [(A3.4) holds with v =1, 5 = % and some ¢ > 0. Next |(.43.5)[ holds since
at+y—2=1>3=4

We calculate

k even,

. LT L 0,
%M»:ﬁ(wl;ww“mwwwk m&:{ﬂvwwﬂw k=2n+1 odd,

@—k3r

and find ‘Qk(m)’ < k%w%w‘/(x) Since in |(A3.6)| we require d < 4, this only shows |(.A3.6)| for
sufficiently large k. Similarly, [(A3.7) holds with s = 2 but only for sufficiently large k.

This restriction to large frequencies is not an issue: Because R = {k: € Zoad : N L 7 O} = Zodd
is infinite, by Proposition [3.4.12| and its proof there exist infinitely many distinct breathers
that are supported only on large frequencies. ]



CHAPTER 4

TRAVELLING BREATHER SOLUTIONS IN WAVEGUIDES FOR
CUBIC NONLINEAR MAXWELL EQUATIONS WITH
RETARDED MATERIAL LAWS

This chapter consists of the preprint [72], which is joint work with Wolfgang Reichel. The
contents were edited to better fit with the thesis.

Start of Preprint

Abstract. For Maxwell’s equations with nonlinear polarization we prove the
existence of time-periodic breather solutions travelling along slab or cylindrical
waveguides. The solutions are TE-modes which are localized in one (slab case) or
both (cylindrical case) space directions orthogonal to the direction of propagation.
We assume a magnetically inactive and electrically nonlinear material law with a
linear x M- and a cubic x®)-contribution to the polarization. The y"-contribution
may be retarded in time or instantaneous whereas the y®)-contribution is always
assumed to be retarded in time. We consider two different cubic nonlinearities
which provide a variational structure under suitable assumptions on the retardation
kernels. By choosing a sufficiently small propagation speed along the waveguide
the second order formulation of the Maxwell system becomes essentially elliptic
for the E-field so that solutions can be constructed by the mountain pass theorem.
The compactness issues arising in the variational method are overcome by either
the cylindrical geometry itself or by extra assumptions on the linear and nonlinear
parts of the polarization in case of the slab geometry. Our approach to breather
solutions in the presence of time-retardation is systematic in the sense that we
look for general conditions on the Fourier-coefficients in time of the retardation
kernels. Our main existence result is complemented by concrete examples of
coefficient functions and retardation kernels.

4.1. INTRODUCTION

We show existence and regularity of spatially localized, real-valued and time-periodic solutions
(called breathers) to Maxwell’s equations

V.-D=0, VxE=-B,

(4.1)
V.-B=0, VxH=D,

without charges and currents. is posed on all of R? with an underlying material that is
either a slab waveguide or a cylindrically symmetric waveguide. We look for solutions that are
travelling parallel to the direction of the waveguide, and which are transverse-electric, i.e., the
electric field E is orthogonal to the direction of travel. We assume that the material satisfies
the constitutive relations

B = poH, D =¢E+P(E) (4.2)

where pg,€p € (0,00) are the vacuum permeability and permittivity, respectively. This
means that the material is magnetically inactive. However, the displacement field D depends



86 4. BREATHER SOLUTIONS FOR CUBIC NONLINEAR MAXWELL EQUATIONS

nonlinearly on the electric field E through the polarization field P(E), which is modeled as a
sum of a linear and a cubic function of E. Both parts are local in space but nonlocal in time
(cf. [3] for a physical motivation) and are given by

P(E)(z,t) = e / O (x, 7)[E(x, t —7)]dr
0
+60/ / / X(g)(X,Tl,TQ,Tg)[E(X,t—Tl),E(X,t—TQ),E(X,t—Tg)] dTldTQdTg. (43)
o Jo Jo
Here x = (z,, z) denotes the spatial variable, the susceptibility tensor x")(x,7): R? — R3 is
linear and y®) (x,71,72,73): R3 x R? x R® — R3 is trilinear.

By taking the curl of Faraday’s law V x E = —By, we obtain from (4.1)),(4.2]) the second order
form of Maxwell’s equations

V x V x E + €uod?E + 11007 P(E) = 0. (4.4)

While is an equation only for E, the other electromagnetic fields can be recovered if
holds: B is obtained from V x E = —B; by time-integration, and H, D are then determined
by the material laws . Next, B is divergence-free if it is divergence-free at time 0 since
V- -B=-V-(VxE)=0. Lastly, D = ¢gE + P(E) will be divergence-free because of the
choices of E, P made later.

We assume that the material is either a slab waveguide or a cylindrical waveguide. In the first
case, the susceptibility tensors xU) remain constant as x moves parallel to the slab. Assuming
that the slab is given by {x = 0}, this means that

XY x,7) = xW(z,7), X (x, 71,1, 73) = X (2, 71, 72, 73). (4.5.1)

If instead the underlying material has a cylindrical waveguide geometry, we assume that the
susceptibility tensors ) depend only on the distance from x to the cylinder core which we
assume to be given by {x =y = 0}, so that

XV, ) =xW(r,7), X (x, 71,72, 73) = X (r, 71, 72, 73). (4.5.2)
where r = /22 + y2.
We assume that the materials are isotropic, i.e.,
YV (x,7)[0ov] = OxW(x,7)[v], x®(x,71,72,73)[0u,0Ov,0w] = Ox® (x, 71, 72, 73) [0, v, W]

holds for O € SO(3). This means that x(V)(x,7) € RI3x3. For x©® a variety of isotropic
scenarios are possible, but in this paper we only consider two kinds of nonlinear material
responses: either

X (x, 71, 72, 73) [0, v, W] = h(x)v(11)0(12 — 71)0(73 — 71 ) (1, V)W (4.6.1)
Y (x, 11, 72, 13) [0, v, w] = h(x)v(m)v(me)r(r3) (u, viw (4.6.ii)

where § denotes the Dirac measure at 0, (-, -) is the standard inner product on R3, and h, v
are given real-valued functions.

For these material laws, we will see that (4.4)) can be viewed as a variational problem, and we
will use a simple mountain pass method in order to construct breather solutions to (4.1),(4.2).
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We deal with the kernel of the curl operator in (4.4) by looking for breather solutions in
special divergence-free ansatz spaces that we discuss next. For the slab geometry (4.5.1) we
make the TE-polarized traveling wave ansatz

0
E(x,t) =w(z,t—1z)- |1 (4.7.1)
0

where w: R X R — R is periodic in the second variable, which we again denote by ¢. For
the cylindrical geometry (4.5.2)) we instead consider the circular TE-polarized traveling wave
ansatz

—y/r
E(x,t) =w(rt—12)- | =/ (4.7.2)
0

with 7 = /22 + y? and w: (0,00) X R — R being periodic in ¢. Both ansatzes for the electric
field are divergence-free, so that V x V x E = —AE holds, and are of a simple, essentially
two-dimensional form, which greatly simplifies the discussion. More specifically, for the slab

ansatz problem reduces to
(07 — 0P w + eopod7w + 11007 P(w) = 0 (4.8.1)

and for the cylindrical ansatz to
(—0% — 19, + T% - C%Gg)w + eopo0?w + pod? P(w) = 0. (4.8.2)

Here, depending on the choice of the nonlinear susceptibility tensor, the scalar polarization P
is given either by

P(w)(x,t) = € /0 T W, PYw(x, t — ) dr + coh(x) /0 T w(x,t = 1)Pu(r)dr (4.9.0)

or by

P(w)(x,t) = € /0 T W (x, P, £ — 1) dr + oh(x) ( /0 T w(x,t = 1)w(r) dT)S (4.9.11)

for susceptibilities (4.6.i) and (4.6.ii)), respectively. The simple form of the nonlinearity in
P(w), especially that the variables x and 7 appear separated, are needed in order to obtain a
variational problem. We denote by * the convolution in time and normalize the speed of light
to ¢3 = (eopto) ! = 1. Then problem with polarization , which we discuss as an

example, becomes

(=02 + (1= & +x V%) 3w+ h(x) (v + )w* = 0.
Inverting the convolution operator v * 07 formallyﬂ7 we then obtain
-1
(1/ * 83) (—3§ + (1 -5+ x(l)*> af)w + h(x)w® = 0. (4.10)

Given our assumptions, we can ensure that the linear operator is symmetric when restricted
to suitable spaces of time-periodic functions. Hence solutions formally are critical points of
the functional

J(w) = /(;w _ (V « 3?)71 (_az + (1 _ Ciz + X(l)*)8152>w + ih(x)w‘l) d(x,t). (4.11)

lyigorous considerations are given later



88 4. BREATHER SOLUTIONS FOR CUBIC NONLINEAR MAXWELL EQUATIONS

Using the mountain pass method, we will find critical points and then show that they are
breather solutions to Maxwell’s equations (4.1)),(4.2).

In the literature, there are several papers treating existence of breather solutions of .
Many authors have considered monochromatic solutions, i.e., solutions of the form E(x,t) =
E(x)e“! + c.c., where the complex conjugate is necessary in order to make the E-field real
valued. This is a viable approach if one ignores the higher-order harmonics e*3“* coming from
the nonlinear part of the polarization, or if one considers a nonlinear susceptibility tensor
given by

X (x, 71,72, m3) W, v, W] = gh(x) 10 7 (11)d(r2 — 71)8(73) (u, v)w, (4.12)

where T' = %’T is the period of the breather E. Both approaches lead to the nonlinear curl-curl
problem

V XV x € —w?g(x)€ —w?h(x)[EP€ =0 (4.13)

which is variational provided g(x) = [5° x(!)(x, 7)e“" dr is real valued. Instead of the cubic
nonlinearity h(x)|€|*E, saturated nonlinearities h(x, |€|*)E, which grow linearly as |£] — oo,
are also of interest and were first investigated by Stuart et al. [62, 87-93]. In these papers
divergence-free, traveling, TE- or TM-polarized ansatz functions similar to (4.7.2)) were used
to reduce the Maxwell problem to an elliptic one-dimensional problem and to solve it via
variational methods. An extension of Stuart’s approach to more general wave-guide profiles
was given in [64]. Standing monochromatic breathers composed of axisymmetric divergence
free ansatz functions were considered in [5, |8 |10]. The next step forward to overcome
special divergence free ansatz functions was accomplished by Mederski et al. |7} |63} 65|
67] who considered the full curl-curl problem , also for more general nonlinearities
Och(x,&). The difficulties arising from the infinite-dimensional kernel of Vx were overcome
by a Helmholtz decomposition and suitable profile decompositions for Palais-Smale sequences.
Alternative approaches used limiting absorption principles [59], dual variational approaches
[57, 58], approximations near gap edges of photonic crystals [33], and monochromatic time-
decaying solutions at interfaces of metals and dielectrics [30H32]. In the latter series of papers,
also time-periodic solutions can be found if one additionally assumes PT-symmetry of the
materials.

If one does not want to rely on very specific retardation kernels as in (4.12)) or if one wants
to take higher harmonics into account then one is naturally led to polychromatic breather
solutions, i.e., solutions which have multiple supported frequencies in time-domain. In the
context of instantaneous material laws they have recently received increasing attention. As a
model problem consider

V X V x & 4 g(x)82E + h(x)Z(E[PE) = 0

For this problem, rigorous existence result for travelling breathers in the slab geometry
where either g or h contains delta distributions are given in [49] by variational methods and
in [19] via bifurcation theory. Even earlier in [75] the authors used a combination of local
bifurcation theory and continuation methods in a partly analytical and partly numerical study
on traveling wave solutions where the linear coefficient g is a periodic arrangement of delta
potentials. Another rigorous existence results for breathers on finite but large time scales can
be found in [34] for a set-up of Kerr-nonlinear dielectrics occupying two different halfspaces.
In our recent paper |71] we proved the first (to the best of our knowledge) existence result for
polychromatic breathers in the context of nonlinear Maxwell’s equations without presence of
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any delta-potentials. The x()-part of the polarization was instantaneous and the y3)-part
was compactly supported in space and either instantaneous or retarded. Due to the compact
support in space both variants of the nonlinearity could be treated with the same variational
method. Beyond this result we are not aware of any rigorous treatment of polychromatic
breathers in the context of nonlinear Maxwell’s equations with time retarded material laws.

4.1.1. EXAMPLES

In two theorems below, we give examples of susceptibility tensors Y1), x(® for which breather
solutions of Maxwell’s equations ,, exist. For simplicity, we choose an instanta-
neous linear response while the nonlinear response has to be retarded. These examples are
special cases of a general existence result given later in this chapter, cf. Theorem Let
us note that in contrast to some of the previously mentioned results, our breather solutions
are generally polychromatic in nature and the potentials considered are bounded functions.
Since our breathers lie in suitable Sobolev spaces they are sufficiently differentiable to solve
Maxwell’s equations pointwise, and they decay at infinity in an LP-sense. They may have
higher-order space-derivatives depending on smoothness of the material coefficients in space.
They are also infinitely differentiable in time because the material properties do not change
over time.

We begin with an exemplary result for the slab geometry (4.5.1]).

Theorem 4.1.1. Let T' > 0 denote the temporal period, w = 2% the associated frequency, and
c € (0,00) the speed of travel of the breather solution. Assume that the linear susceptibility
tensor is given by x(V(x,7) = g(x)d(7)I3x3, and the nonlinear susceptibility tensor x©®) is
given by (4.6.1) or (4.6.ii) with

h(x) = h(z),  v(r) = (2= [sin(wr)])Ljo7)(7)-

Moreover, assume that the potentials g,h € L*(R) have periodic backgrounds gP*, hPe" €
L>®°(R) with a common period, i.e.,

g(x) — g*"(x) =0, h(z) — hP*(z) - 0 asx — +oo,
and that the inequalities

gper <y, ess supg < c% —1, hper < h’ pper g 0
R

are satisfied. Then there exist nonzero time-periodic solutions D, E, B, H of Mazwell’s equa-

tions (4.1)),(4.2),(4.3) where E is of the form (4.7.1)). They satisfy
OPE € W2P(Q;R?),  9'B,0yH € WP(Q;R?), 9D € LP(;R?)

for alln € Ny, p € [2,00] and all domains Q@ =R x [y,y + 1] X [z, 2+ 1] x [t, t + 1], with norm
bounds independent of y, z, t.

The potentials g, h describe the spatial dependency of the polarization field. In the above
theorem we have required them to be asymptotically periodic at +00. This periodic structure
helps us to overcome noncompactness of embeddings on R. The assumption on the ordering
g > gP" h > hP®" is a standard tool to resolve noncompactness issues also for the nonperiodic
problem. The upper bound - — 1 on ¢ and the choice of v ensure that is elliptic.

C
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One aspect of the choice of v is that its Fourier coeflicients are positive. This aspect will
become very important in the general result of Theorem Ellipticity will ensure that the
associated energy has a mountain pass geometry, and a mountain pass method will be used
to construct breather solutions. Note also that breathers are localized in the z-direction (in
the LP-sense stated above), but not in y, z, or ¢, which is due to the ansatz , since all
solutions satisfying this ansatz necessarily are independent of y and periodic in both z and t.

Similar to Theorem [£.1.] for the slab geometry, below we give an exemplary result with

cylindrical geometry (4.5.2).

Theorem 4.1.2. Let T > 0 be the period of the breather, ¢ € (0,00) be its speed, and
g, h € L([0,00)) be material coefficients. Define the linear susceptibility by xV(x,1) =

g(r)8(7)I3x3 and let the nonlinear susceptibility x® be given by ([A.6.1) or ([A.6.1) with h(x) =
h(r),v(r) = (2 — [sin(wT)[) Lo 71(7) where = /22 + y?, w = 2 Further let

esssupg<ci2—1, h £ 0.
R

Then there exist nonzero time-periodic solutions D, E, B, H of Mazwell’s equations (4.1)), (4.2)),
(4.3) where E is of the form (4.7.2). They satisfy

O'E € W2P(Q; R?), or'B,0rH € WHP(Q;R?), orD € LP(Q; R?)

for all n € Ng, p € [2,00] and all domains Q = R? x [z,z + 1] x [t,t + 1], with norm bounds
independent of z,t.

In contrast to Theorem in Theorem we do not need any asymptotics for the
potentials g, h. This is because the cylindrical setting itself comes with compactness, as we
discuss in Section To illustrate this, recall that the Sobolev embedding H'(R?) — LP(R?)
for p € (2,00) becomes compact when restricted to radially symmetric functions. Lastly, the
ansatz is periodic in both z and ¢, so breather solutions in the cylindrical setting decay
in the  and y directions orthogonal to the direction of propagation.

4.1.2. MAIN THEOREM

Before stating the main theorem, we fix some notation.

4.1.2.1. MEASURES ON TORUS AND REAL LINE, PERIODIZATION OF A MEASURE

Since breathers are time-periodic, the natural time domain is the torus T := R/pz with period
T, and we denote the canonical projection by Pr: R — T. With M(T), M(R) we denote
the set of all R-valued measures A on the Borel g-algebra of T and R, respectively, and we
equip it with the total variation norm ||A|| = |A|(T) or ||| = |A[(R). The push-forward
along Pr, or periodization, Per : M(R) — M(T) is defined as follows: for A € M(R) we set
Per[\] € M(T) by Per[\|(E) = A\(P;'(E)) for any Borel subset E C T. The new measure
Per[\] € M(T) is called the periodization of A. In this way, the torus is equipped with the
measure dt = % Per[]l[oﬂ dr], where dr denotes the Lebesgue measure on R.
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4.1.2.2. INSTANTANEOUS VS. RETARDED YY-CONTRIBUTION

While the nonlinear susceptibility tensor x(*) necessarily represents a retarded material
response, cf. ([@.6.1) or (4.6.i), the x(1-contribution to the material response may be in-
stantaneous or retarded. The first case is given by (M (x,7) = g(2)d(7)I3x3 or xV(x,7) =
g(r)d(7)I3x3 from Section The second case may be written in the form y™M)(x,7)dr =
dG(x)(7)I3x3 where for fixed x € R?® we have that G(x) € M(R) is an R-valued Borel
measure. Mathematically, the second case comprises the first and hence in the following an
instantaneous x(!-contribution is subsumed in the retarded case.

4.1.2.3. FOURIER TRANSFORM

Let us fix a convention for Fourier series and Fourier transform. For a time-periodic function
v: T — C we define its Fourier coefficients by 9 = F[v] = [pverdt with eg(t) = e**t,
w = 2%, Thus the inverse is v(t) = F; Y or] = Sgez Orex(t). For a function v depending on
space and T-periodically on time, ¢ will always denote the (discrete) Fourier transform in time.
In the same way we define the discrete Fourier transform in time X of a measure A € M(T).
Finally, a function v : T — R or a measure A € M(T) is called positive semidefinite if its

Fourier coefficients 03 or A; are all nonnegative.

Similarly we fix the notion of the spatial (continuous) Fourier transform of a space-dependent
function v: R — C, where we write

ix- dz . - a dg
Rl = [ vlof o F- JRGE oz

The spatial (continuous) Fourier transform of a function depending on both space and time is
defined analogously, and we omit indices of F, F~! when they are clear from the context.

4.1.2.4. CYLINDRICAL AND SLAB GEOMETRY

We say that a map A : R® — Y possesses cylindrical symmetry if A(x) = A(X) for all
x = (2,9,2),% = (2,7, %) € R3 with 2% + y? = 7% + §%. In this case we write A(x) = A(r)
with r = /22 + y2. Likewise we say that a map A : R? — Y possesses slab symmetry if
A(x) = A(%) for all x = (z,9,2),% = (,7, 2) € R? and write A(x) = A(z) in this case.

Having clarified our notation, we now present the main theorem of this paper.

Theorem 4.1.3. Let T' > 0 denote the temporal period, w = 2% the associated frequency, and
¢ € (0,00) the speed of travel of the breather solution. We make the following assumptions:

(A4.1) The linear susceptibility tensor XV is given by xV (x,7)dr = dG(x)(7)I3x3 where
G: R?® — M(R) is measurable. The nonlinear susceptibility tensor 3 is given by
(@.6.1) or (4.6.il) where h € L>°(R?) and v € M(R).

(A4.2) G and h both have either cylindrical or slab geometry.
(A4.3) supyeps[|G(x)|| pyry < 00 and h £ 0.
(A4.4) The periodization G(x) of G(x) is even in time for all x € R® and satisfies

sup  FrlG(x)] < & — 1.
x€R3 keZ
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(A4.5) The periodization N of v is even in time, # 0, and |k|™° < FeN] < k|7 for all
k € Z\ {0} with Fi[N]# 0 and some 8 > a > o* where o* =1 in the slab geometry

and o = % in the cylindrical geometry.

(A4.6) In case of the slab geometry, one of the following holds in addition:
(A4.6a) h(x) — 0 as x — +oo,
(A4.6b) G(x) =GP (x) + G°°(z) and h(z) = hP*(x) + h!°°(z) where GP(x), h(x) are
periodic with common period, and we have HQIOC(QJ)HM(T) — 0 and hloc(a:) —0

as * — +oo. Moreover, G°°(z) is positive semidefinite for all x € R and
hl°¢ >0, hPe* £ 0 hold.

Under these assumptions, there exists a nontrivial breather solution D, E, B, H of Mazwell’s

equations (4.1),(4.2). It satisfies
O'E € WHP(Q; R?), OB, Or'H € WIP(Q;R3), oD € LP(;R3)

for allm € Ny, p € [2,00] and all domains  that are of the form Q =R x [y,y + 1] X [z,2 +
1] x [t,t + 1] in the slab case and Q@ = R? x [z,2 + 1] x [t,t + 1] in the cylindrical case, with
norm bounds independent of y, z, t.

Remark 4.1.4. Our assumptions |(A4.1)H(.A4.5)| on the structure of the linear and nonlinear
retardation kernels can be seen as a systematic attempt to find out what can be done in a
variational setting. The main assumptions are expressed via the Fourier coefficients of G(x)

and V.

(a) The fact that both G(x) and N have real Fourier coefficients stems from their evenness
in time which could be understood physically as a balance of loss and gain within one
period of time.

(b) In assumption|(.A4.4)[the upper bound on F;[G(x)] can be achieved by taking a sufficiently
small propagation speed c. It is exactly this assumption which makes the linear operator
in (4.10) elliptic, and combined with positive definiteness of N it makes the quadratic

part in (4.11)) positive definite.

Remark 4.1.5. If in the setting of Theorem the set | := {k € Z\ {0}: Fx[N] # 0}
is infinite then we moreover have existence of infinitely many nontrivial breathers with the
stated properties.

Remark 4.1.6. The sign assumptions on G'°¢, hl°¢ in of Theorem m yield a strict
relation between the mountain pass energy level of the problem compared with the energy of
the “periodic” problem, (i.e., with G, h replaced by GP', hP"), see Lemma for a precise
formulation. This energy inequality gives us some compactness which is crucial for showing
existence of breathers. The examples Theorems [4.1.1| and |4.1.2| satisfy |(.A44.1)H(.A4.6). For

(A4.5)| this is true because

2-2 k=0,
FiN| = Fi[2 — |sin(wt)|] = 1 0, k odd,
W, k # 0 even.

Breather solutions are more regular when the material coefficients G, h have higher regularity.
For 0 C R* we denote by Cl(; R3) the space of j-times differentiable functions mapping into
R3 with bounded derivatives, and abbreviate Cy (Q; R?) := W72(Q; R?) N C} (4 R?).
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Corollary 4.1.7. If in the context of Theorem [[.1.3 we additionally have
(R) g € CLR?*; M(R)), h € CL(R?) for some | € Ny,

then the regularity improves to
ONE € CFYQ;R?), o'B,ofH € CLT(O;R?), 97D € CL(Q;R?)

with norm bounds independent of y, z, t.

4.1.3. OUTLINE OF PAPER

We begin by investigating the slab geometry . In Section we convert Maxwell’s
equations into the Euler-Lagrange equation of a suitable Lagrangian functional, and show that
this functional has mountain pass geometry. Using the mountain pass theorem, in Section
we show that the Euler-Lagrange equation admits a ground state solution. The convergence
of Palais-Smale sequences approaching the ground state level is unclear in general because the
spatial domain is unbounded, and thus our arguments depend on the particular form of the
potentials in [(\44.6). For |(.A4.6a), the nonlinearity is compact which makes this the easiest
case. For |(A4.6b)| we first rely on translation arguments in space for the purely periodic
case. Then we use comparison arguments for the perturbed periodic case. After having
shown existence and multiplicity of breathers, we investigate their regularity in Section (-4}
Finally, Section details the arguments for the cylindrical geometry and highlights
the differences to the slab geometry.

4.2. VARIATIONAL PROBLEM

From now on, we always assume that the assumptions of Theorem [4.1.3] are satisfied. We
transform into a problem for a surrogate variable u, which we then treat using the
mountain pass method. We only consider the slab problem as the cylindrical problem
can be treated similarly. In Section we discuss the differences between the slab and
the cylindrical problem, and how to treat the latter.

Using the periodizations G(x), N of g(x),v we can rewrite the scalar polarization (4.9.i) as

P(w)(x,t)—eo/ooo (2, ¢ — 7) dg() (7 )—l—eoh(x)/ w(a,t — )3 du(r)

:fko(x’t—T)dg( ) + eoh(x wat—T dN (1)

since w is T-periodic in . We abbreviate this by writing
P(w) = €0(G * w) + egh(N * w?)

where * denotes convolution of a measure with a function on T. Similarly, the polarization

(4.9.ii]) can be written in the form
P(w) = ¢0(G * w) + egh(N * w)?,

Next we define the projection Py onto the set R = {k € Z\ {0}: Fx[N] # 0} of “regular”
frequency indices by

Pylv] = F ! [LyenFi[v]],
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as well as the projection onto the “singular” frequency indices & = Z \ R by Pglv] =
FH1kesFr[v]] = (Id —Pg)[v]. Note that d;, G*, Py, and Ps mutually commute since they
all act on ¢ as Fourier multipliers. We apply both to for time-periodic w to obtain the
two problems

(=02 + 021 — & + Gx) ) Pu[w] + hOF Pu[N (w)] = 0,
(=02 +02(1 = & + Gx)) Ps[w] + hd} Ps [N (w)] = 0,
where the cubic nonlinearity N(w) is given by

Nw)=Nx*w?> or Nw)=WNx*w)

corresponding to (4.6.i) and (4.6.ii), respectively.

Let us first consider the nonlinearity N(w) = A % w3. Using Ps(N*) = 0 and that the linear
operator (—8% + 9% (1 - Ciz + Q*)) is injective we can further simplify this to

(<02 + 021 = 5+ G0)w+ hdF (N +w®) =0, Pe[w] =0.

Observe that the convolution operator N'* is formally invertible on ker Pg since Fi[N] # 0
for k € R. Therefore we may rephrase this problem as

(~OPN) (=02 + 021 = &+ G) Ju— hPy[u’] =0, Ps[u] =0 (4.14)
with u = w.
For the second nonlinearity N(w) = (N * w)3 we set u := N x w and therefore get
(~OfN) T (=02 + 071 = L + ) Ju— hPa[u’] =0, Ps[u] =0, )
(=02 + 021 — & + Gx) ) Po[w] + hdF Ps[u®] = 0. '

Note that the first of the two equations above is (4.14)). Hence, also for the second nonlinearity,
it is sufficient to solve (4.14)) for u and then use the second equation to determine the missing
values of Fi[w] for k € &.

We first focus our attention on investigating the “effective problem” , which using
V(x) :26%—1—g*
we can write as
(—O2N+) (fag - V(x)af)u — hPx[u®] =0,  Pslu] =0. (4.16)

Since G, N are even in time, the differential operator above is symmetric, and therefore
solutions of (4.16)) formally are critical points of the functional

T(u) = /R XT(%U (RN (<02~ V(@) Ju— th(xy?) d(e,r),  Pslu] =0.

Next we properly define the domain H of the functional J sketched above, and we investigate
embeddings H — LP.

2The operator is uniformly elliptic due to assumption (A4.4)



4.2. VARIATIONAL PROBLEM 95

Definition 4.2.1. We define the space
H = {u e L2 R xT): 4, =0 fork € Z\ R, ||u||§{ = (u,uh g < oo}

where

{(u,v)y g = Z W/ ﬁ;f,’ﬁ—i-w k ukvk)d

keR

Note that Vi(z) == & — 1 — Fi[G(x)] is bounded and strictly positive by assumption|(A4.4)
so that

1 _
U, V) = 7/ (0,01, + W E*Vi.(z) g 0x) doe
< H %kaka[./\/] kU )

defines an equivalent inner product on H.

Assumption on the decay of the Fourier coefficients of A/ ensures that H continuously
embeds into LP(R x T) for all p € [2,p*) where p* > 4, as we show below in Lemma
Boundedness of H < L?(R x T) helps to shows that H is a Hilbert space. Indeed, if (u(™) is
a Cauchy sequence in H, then from the embedding we have u(™ — v in L?(R x T) and from
the definition of H also Fj[u(™] — v, in H'(R) for some v, € H'(R) and each k € 8. Then
v, = U holds from which one finds v € H and u™ =y as n — oo.

The Hilbert space H allows us to write
J(u) = §(u,u)y — %/ h(z)u*d(z,t) for wu€ H,
RxT
and to define solutions u € H of (4.14)) in the following way.

Definition 4.2.2 (weak solution). A function u: R x T — R is called a weak solution to

(4.14) if u € H and
(u,v)  — / h(z)udvd(z,t) =0
RxT
for allv € H. This is equivalent to J'(u) = 0.

It is standard to verify the validity of the following density result for H, which will prove very
useful for some approximation arguments.

Lemma 4.2.3. The set {u € C*(R x T): ax = 0 for almost all k € Z} N H is dense in H.

Lemma 4.2.4. For any p € [2,p*) with p* : 2 - (p" =0 ifa>2) anda>1fromm
the embedding H < LP(R x T) is continuous and the embedding H — L (R x T) is compact.

loc

Proof. Let us first show continuity. For this, we calculate

w2k F[N]

52 +w2k:2 S ||UHH

L2(RxR)

||u”p S ||f£,k[u]”Lp’(R><m) ~S w2k:2]:

H £2 4+ w2k2
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where 1 =1 — 1% < ¢ and the first factor is finite since by |(A4.5)| we have
H wW2k2 Fi[N] Z/( 2k2]:k >r/2d£
2 1 2)2 - 2 1 2)2
Ftw Lr(Rx®) FER Stw

1 \"7? /s _ar
- [(@5) & SwHAM" s T <o
R ken ken

In order to show compactness, define for K € Nyqq the projection onto “small” frequencies
Px: H — H by Pxlu] = F; ! {]HMSK,H;[U]}. Then on Px H the norm ||u|| is equivalent to

leall = Nl gy

keR
|k|<K

Since the embedding H'(R) — LI (R) is compact for any p € [2, 00] and the sum above is
finite, it follows that Py : H — LV

1oc (R x T) is compact. Next, the calculations above show for
u € H that

1—ar

lu— Pxlulll, <C > [k 2 |ully
keRr
|k|>K

for some C' > 0 independent of K, so that Px — Id in B(H; LP(R x T)) as K — oo. Thus H
embeds compactly into L (R x T). O

We show that low-order (fractional) time-derivatives of u also lie in LP in Corollary
as a generalization of the embedding of Lemma This regularity gain will be used in
Section [-4] for a bootstrapping argument. We first give a definition of these derivatives.

Definition 4.2.5. For s € R we define the fractional time-derivative |0y|° as the Fourier
multiplier |0;°v(t) = F; H|wk| 0y

Corollary 4.2.6. As in the proof of Lemma we see that for p € [2,p*) and € >
0 sufficiently small (depending on «,p), the map |0¢|°: H — LP(R x T) is bounded and
10¢|°: H — LY (R x T) is compact.

loc

In the following lemma we show a variant of the concentration-compactness principle that
will be a useful tool for extracting a nonzero limit from Palais-Smale sequences.

Lemma 4.2.7. Let (u,) be a bounded sequence in H, r > 0 and p € [2,p*) such that
ig£|’un”Lﬁ([x7T,x+r]xT) —0

asn — oo. Then u, — 0 in LP(R x T) for all p € (2,p*).

Proof. By Holder’s inequality and Lemma it suffices to show the result for p = 2 and one
p € (2,p*), which we shall choose so close to 2 that 2 < ¢ == ﬁ < p*. Let ¢p: R — [0, 1] be
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a smooth partition of unity with supp ¢, C [(m — 1)r, (m + 1)r], ||}, [l < 2. Using that at
any point of R at most 2 of the ¢,, are nonzero, we calculate
Z GmUn

fually = |
meZ

< o~ 1/RX S bl d(z, 1)

meZ

=271 | dmunlly

meZ

<or! Z H¢munH2H¢munH§_2

meZ

p

z,t)

SupHunHL2 ([x—r,z+7]xT) Z H¢mu'ﬂHH
meZ

Moreover, since

1 R . A
[ pmunly = TERATY /R(Wnuk + )| +W2k2\¢mUk|2> dz

keR
(m4+1)r
<cC / i + k) de
’%uﬂkﬂfk (m—1)r <| k| )

it follows that 3°,,cz/|émtn |3 < 2C||ul|3;. Thus, from the assumptions we obtain [unll, — 0
as n — oo. t

4.3. EXISTENCE OF GROUND STATES
In the following, let J be given by Definition [£.2.2] We call the energy level

@ ueihrfl\f{O} I (u)
J'(u)=0

the ground state energy level, and any solution v € H \ {0} of J'(u) = 0 with J(u) = cg a
ground state of J. Note that cgs = 400 if there are no nonzero critical points of J. Next we
present the main result of this section. The rest of this section is dedicated to its proof.

Theorem 4.3.1. There exists a ground state of J.
We first note that the following necessary condition for existence of ground states holds.

Lemma 4.3.2. ¢y > 0.

Proof. By Lemma with p = 4 we have J'(u)[u] = (u u) y + (’)(HUHH) as u — 0. In
particular, for a crltlcal point u € H of J we have 0 = |Ju||3; + O(||ul|};), and therefore there
exists ¢ > 0 such that |ul|;; > c for every critical point in H \ {0}. The claim follows from
this since every critical point u of J satisfies J(u) = J(u) — 1J'(w)[u] = §(u,u) . O

We will extract the ground state as a limit of a suitable Palais-Smale sequence. Next we use
the mountain pass theorem to obtain a particular Palais-Smale sequence.
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Proposition 4.3.3. There exists ug € H with J(ug) < 0. For such ug, the mountain pass
enerqy level
Cmp = inf sup J(v(s))

p
YEC([0:1]:H)  se0,1]
7(0)=0,7(1)=uo

is positive and there exists a Palais-Smale sequence for J at level cyp.

Proof. For the construction of a suitable uy we choose ¢ € C°(R) with [ he? dz > 0, which
exists since h £ 0 and C°(R) is dense in L*(R). We then choose ug(z,t) = r Re[p(x)ex, ()]
for some kg € R and r > 0. This implies that

(o) = 41 (Relp(a)en (O], Relip(@ery () — r* [ hio' da

is negative, provided r has been chosen sufficiently large. By the embedding H — L* we
moreover have

J(u) = Hu,u)y = O(|lully)
as u — 0. Thus ¢y > 0 and by the mountain pass theorem, cf. [99], there exists a Palais-Smale
sequence (uy) at level cyp. O
Lemma 4.3.4. Any Palais-Smale sequence for J is bounded.
Proof. Let (u,) be a Palais-Smale sequence at level ¢. Then
(Un, un) g = 4 (un) = J'(un) [un] = 4c+ o(1) + o(||un| )

as n — oo, which shows that (u,) is bounded in H. O
Next we show the following result on weakly convergent Palais-Smale sequences in our setting.
Lemma 4.3.5. Let (uy) be a Palais-Smale sequence for J with J(u,) — ¢ and uy, — u in

H. Then u is a critical point of J and J(u) < c¢. Moreover, if u # 0 and ¢ = cgs then u is a
ground state and u, — u in H.

Proof. By Lemmas [4.2.4] and [4.3.4] we have u, — u in Li .. Thus for compactly supported
v € H it follows that

T (wn)lo] = (n, 00— |

RxT

h(z)udvd(z,t) — (u,v)y f/ h(z)udvd(z,t) = J' (u)[v]
RxT

so that J'(u)[v] = 0. By a density argument (cf. Lemma |4.2.3)) it follows that u is a critical

point of J. Next we calculate

J(u) = J(u) — iJ'(u)[u] = %(u,u>H < %nli_{gown,u@[{ = nh—>Holo (un) — %J’(un)[un] =c.

If ¢ = cg, then we have J(u) > ¢y since u # 0 by assumption, and thus from the above
inequality we find J(u) = cg and in addition (un,un)y — (u,u) ;. Combined with u, — u
in H this shows u,, - u in H. ]

In many situations, e.g., in a translation-invariant setting, there are always Palais-Smale
sequences converging weakly to 0. Therefore the main task in the following will be to
find a Palais-Smale sequence with u, — u # 0. The arguments for this (and the proof
of Theorem differ between the types of nonlinearity, and are split into subsections
accordingly.
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4.3.1. PROOF OF THEOREM [4.3.1| FOR |(A4.6A)| AND THE PURELY PERIODIC CASE

or [AZ00]

First we show how to extract a nonzero limit from a given Palais-Smale sequence.

Lemma 4.3.6. Assume|(A4.6a) or|(A4.6b) with G°¢, h!°° = 0. Let (uy,) be a Palais-Smale
sequence for J at level ¢ > 0. Then there exists a critical point uw € H\ {0} of J with J(u) < c.

Proof. Part 1: We consider [(A4.6a)l Up to a subsequence we have u, — u in H and u, — u
in Lfloc by Lemmas [4.2.4] and 4.3.4|7 where Lemma m guarantees that u is a critical point of

J. Moreover, since h is bounded and h(x) — 0 as x — £oo by [(LA4.1)|and [(,A4.6a), we have
h(x)u} — h(x)u® in LY*(R x T). This implies for v € H that

(un = u,v) g = J'(un)[v] = J'(w)[v] + /qur h(z)(u® = up)vd(z,t) = o(|[v] )

as n — 00. So up — w in H, and in particular J(u) = ¢ and u # 0 hold.

Part 2: We now consider |(A4.6b)| with G°¢, hl°¢ = 0. Since
/ Byl d(z, ) = 47 (wn) — 20" (un)[un] — 4e,
RxT

we have u, /4 0 in L*(R x T). Let X > 0 denote the period of G and h. By Lemma
there exist z,, € R with

I%H;g.}fuun”L4([xn7X,xn+X]xT) >0 (4.17)

and w.l.o.g. we may assume z, € XZ. Let us define a new sequence w, by u,(z,t) =
un (T — T, t), so that J(i,) = J(u,) — ¢ and J'(@,) — 0. Up to a subsequence we have
Uy — w in H where u # 0 by (4.17). The claim now follows from Lemma applied to
(iin)- O

Proof of Theorem |4.3.1| for |(A4.6a) and [(A4.6b) with G'°°, hl°¢ = 0. Combining Proposi-
tion and Lemma we see that there exists a nonzero critical point of J. Thus
cgs < 00 and by definition of cgs there exists a sequence (u,) of critical points of J with
J(un) — cgs. Since cgs > 0 by Lemma m applying Lemma to (uy) we find a ground
state of J. O

4.3.2. PROOF OF THEOREM [4.3.1| FOR |(.A4.6B)|

We call the problem with G, h replaced by GP", hP®" the periodic problem and denote it with
the superscript “per”. The previous subsection guarantees the existence of a periodic ground
state uPe" of JPC.

Note that both J and JP°" are defined on the same Hilbert space H. The assumption
implies that J < JP°" on H and, assuming (G°¢, h1°®) # 0, the inequality is even strict on
functions which do not have zero sets of positive measure. For our nonlocal problem we
do not know whether or not a unique continuation theorem holds, which is why we cannot rule
out that a critical point of J or JP®" could have a zero set of positive measure. Nevertheless,
the subsequent arguments work without a unique continuation theorem and are based on the
comparison of energy levels between our current and the periodic problem.
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Lemma 4.3.7. Assume that no ground state of JP°" is a critical point of J. Then there exists
ug € H with J(ug) < 0 such that the mountain pass energy level

P ec(0a):H) 36[01?1] )
7(0)=0,7(1)=uo

satisfies 0 < cmp < cB".
Proof. Let uP®" be a ground state of JP®. As uP® is not a critical point of J, we have

G'o¢ % uPT £ 0 or h°°(uP™)3 #£ 0. By the assumptions on the signs of G'°°, h°® we moreover
have

(uP uPr) o < (WP uP)YT and h(z)(uP)* d(z, t) 2/ RP () (uPe)t d(z, t)
RxT RxT

where at least one inequality is strict. In particular, J(suP®) < JP(suP") holds for s # 0.
Now set ug := v/2uP®". Then J(ugp) < JP(ug) = 0 and

Cmp < m{aoi] J(sup) < 81;1[201?%] JP (sup).

Moreover, the degree 4 polynomial s — JP®(suP®") has the critical points 0,1, —1 since
0, uP", —uP®" are critical points of JP'. Together with J(0) < JP (uP) = JP(—uP) we
see that the latter two points are the global maxima of the polynomial. Therefore

Cop < max JP (su JPT (P = BT,
mp s€[0.1] ( 0) ( ) gs

Positivity of ¢, was already shown in Proposition [4.3.3] O

Similar to Lemma of the previous subsection, we require a result on convergence of a
given Palais-Smale sequence, which we present next.

Lemma 4.3.8. Assume|(A4.6b). Let uy, be a Palais-Smale sequence for J at level ¢ € (0, clg’ser).
Then there also exists a critical point w € H \ {0} of J with J(u) < ¢

Proof. We denote by X the spatial period of GP¢', hP¢". As in the proof of Lemma Part
2, we have that u, /4 0in L*(R x T) and that a sequence z,, € XZ exists such that

linﬂgg.}fﬂun\|L4([mn—X,mn+X]XT) > 0.

We claim that u, # 0 in Lfloc along any subsequence.

Assume for a contradiction that there exists a subsequence of (uy,), which we again denote by
(up), such that u, — 0 in LIOC Since u, /4 0 in L*, we necessarily have |z,| — co. We define
Up by Up(x,t) = up(x — zp,t). Then up to a subsequence we have @, — v in H and 4, — u
in L{ . for some u € H \ {0}. For compactly supported v € H we set v,(x,t) = v(z + p, t)
and calculate

T (w)loa] = (v = [ h(a)udvnd(a, )

= (uns vl [ XThW(ac)uivnd(:c,t)

loc
- Z/ f’“g ]-"k[un]]-"k[vn])dx—/ B () v Az, )

keR RxT
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= (U, v) — /RXThper(:z:)ﬁiv d(z,t)

loc x _ xn J— ~
_ Z / fk g )] (‘Fk[un]fk[v]) dr — / hloc($ _ xn)uiv d(IE,t)

ke RxT

= (u,v)%" — /]Rx'ﬂ' hper(a:)u% d(x,t) = (JP) (u)[v]

where we used |x,| — oo and G'°¢(x) — 0, h!°°(2) — 0 as  — +oo. This shows that u # 0 is
a critical point of JP®', and in particular JP(u) > cbs" holds. However, for fixed R > 0 we
have

1 / 27,27 /per 2
—— .7: +wk*V; Frlul|?) dx
]%w2k2fk[m a | k | ( )| k[ ” )

1 R 9
< liminf 7/ Filtn]'|” + w?k2VP (2)| Feliin])?) da
n—00 %w2k2fk[/\[] 7R(| k[ H k ( )‘ k[ H )

. 1 TntR 2 2,92 er 2
— it 3 g [ (4 RV @) da

. 1 e
it 3 S [ R P ) e
ken n

>per

from which (u, < liminf, o0 (tn, up) ; follows in the limit R — oco. This implies

¢ < gt < P () = TP () — (TP (u)[u] = g {u, u)"
< %I%Hl}icgf(“n:unh{ = linnligf J(un) — 17 (un)[un] = ¢,

a contradiction.

Thus we have shown the claim. By Lemmas 4.2.4] and |4.3.4] up to a subsequence we have
Uy, — uin H and u,, — uin L}, where we now know u # 0. Applying Lemma completes
the proof. O

Proof of Theorem |4.5.1| for|(A4.6b). Assume first that cgs < cBs™ holds. Let u, be a sequence
of critical points of J with J(u,) — cg. From Lemmas [4.3.2{ and [4.3.8| it follows that there
exists a ground state of J. In the general situation, we distinguish between two cases.

Case 1: If there exists a ground state uP®" of JP® which also is a critical point of J then
clearly cgs < cbs" holds. If cgs < cf5" there is nothing left to show, and when cg5 = cf5" then
uP®" is a ground state of J.

Case 2: If no ground state of JP®' solves J'(u) = 0, then by Lemma there exists a

Palais-Smale sequence u,, for J at some level ¢y, € (0, cgser) Since cgs < emp by Lemma 4.3.8%
this shows cgs < cmp < cper. ]

4.4. REGULARITY

So far we have shown existence of a ground state to (4.14]) in the slab geometry. In this
section, we discuss its regularity properties. The necessary modifications for the cylindrical
geometry are explained in Section [4.5.2]
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We proceed in two steps. First, we show regularity for the solution u to : It is infinitely
differentiable in time, twice differentiable in space, and derivatives lie in L? N L>°. We also
show that if the material parameters are [ times continuously differentiable, then v is [ + 2
time differentiable in space and derivatives lie in L? N Cs,.

Then we transfer this regularity from the function w to the electromagnetic fields D, E, B, H
since these can be expressed as functions of wu.

We begin by showing infinite time differentiability in the space H, see Lemma [4.4.2] which we
prepare with an auxiliary result.

Lemma 4.4.1. Let s > 0 and u,|0|°u € LP(R x T) where p € [3,00]. Then |0;|°(u?®) €
L3R x T).

Proof. By [12, Proposition 1] the estimate
110:*vwll g (xy S MO0l Lov ey 1| Loy () + 101 o2 ¢y 1102w a2

holds for all r,pj,q; € [1,00] with % = p% + q%- and v € C*°(T). By a density argument we
obtain

1) ()

) ||H|8t|s(u3)’ LP/B(T)HL”/3(R)

|+ Ll o 107 (a2)|

LP/3(RXT

u

i

[ e L eyl )
S 1196wl oy el oy | sy

s 2
< || 112 UHLP(’]I‘)HLP(R)HHUHLP(T)HLP(R)‘ N

Lemma 4.4.2. Let uw € H be a critical point of J. Then |0y|>u € H for all s € R.

Proof. Since u € H, |0|°u € H holds for s < 0. Moreover, if |0;|*u € H then |0;|”u € H for
all 0 < s. By Corollary there exists € > 0 such that |0;|°: H — L4(R x T) is bounded.
We show by induction that [9;|"“u € H holds for n € Ny. So assume |0;|"“u € H for fixed
n € No. Let v € H with |8;|" "%y € H. Then we have

0= T (u)|ar] ")
= (wlo) " 0) — [ h@y 10V ud(a,)
H  JrxT
= (10" u, |0¢ v} g —/ h(@)[0]" (u®) - 18 Fv d(z, ).
RxT
By Lemma with p = 4 and a density argument (cf. Lemma [4.2.3]) we see that the map
V= Joor h(2)]0]" (u?) - |0|°v d(z,t) extends to a bounded linear functional on H. Hence
there exists w € H with
woohy = [ (@) () 0 v (e, 1) = (0w, 1047)
X

for v € H with ]8t|("+1)€v € H. Again by density we get |6t\(n+1)€u = w. O

In order to proceed we need the following little result on the mapping properties of Fourier
multiplier operators.
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Lemma 4.4.3. Let Mv = F~[my0y] be a Fourier multiplier with symbol |my| < k|7 of
polynomial growth and let u be a function with |0;|°uv € H for all s € R. Then |0;|°Mu € H
for all s € R. The same holds for H replaced by LP(R x T) with p € [1,00] if we require
U = 0.

Proof. In the Hilbert space setting we have

10" Mull 7 < (suplmy|lwk|~7)|||0p 7w
keRr

| <oo
H

In the LP(R x T) case, the series p(t) = > ez (0} my|wk| " ey (t) converges in L!(T). Hence

l10r* Ml = [l 015 <l [l ] < oo, =

Note that Lemma applies to the multipliers N'x, G(z)* and by also to (N*)7L.

Continuing our regularity analysis we show that u and its derivatives lie in L? N L>. This
also shows that u satisfies (4.14)) strongly.

Proposition 4.4.4. Let u € H be a critical point of J. Then |0;°u € W?P(R x T) for all
s € R and p € [2,00], and it satisfies the equation

~ttgy = V(@)0Fu + h(z)OF (N +u?) = 0. (4.18)
If holds, we moreover have |9|*u € W22(R x T) N CFTH(R x T).

Proof. We remark that equation (4.18)) formally follows by applying —02N '+ to (4.14]).

Part 1: We first show |0¢|°u € LP(R x T). Because of boundedness of the embedding
H — L?(R x T) and interpolation, it suffices to give the result for p = co. Similarly as in the
proof of Lemma [£.2.4 we calculate

H’at‘su”Lw(le’Jl‘) S H|Wk’8-7:§,k[“]HL1(Rxm)

_ W22 FL N s 2+ w2k?
< b e 'H‘“’“' g el
L2(RxR) F L2(RXR)

where the first factor is finite since 0 < Fi[N] < |k|™“, a > 1, and the second factor is
sy, ‘H and thus finite by Lemma [4.4.2

equivalent to H |0 |

Part 2: Next we show |0;|*u, € L*(R x T):

2 251 A1 (2
100 ey = 3 [ okl o
kem /R
k28+2—06
’w ‘ Ak|2dxS H’8t|s+1_a/2u

2
< ST =~ < .
S 2w b

Now let v € H with |9,[*T?N xv € H. As N is even by we have
0 = J'(u) (|0 "2\ # 0]

= 3 |whl? / AT + w2k2Vi(2) ity d — / h(x)a® - 0,°F2N v d(x, t)
kem R RxT

:/ ]8t|sum-vxd(x,t)+/ 0 (V@) — h@)N * ) - vd(a,1).
RxT RxT
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Since v was arbitrary, by density it follows that
O e = |00 (V (2)u = h() Pa N+ ) (4.19)

holds. The term on the right-hand side lies in LP(R x T) by Lemmas and and the
first part of the proof. Thus, |0;|*uz: € LP(R x T) and |9¢|°u € W2P(R x T).

Part 3: Assume m ie., G € C{(R; M(T)), h € C{(R). First, we have |0;*u € Cy(R x T) by
Part 1 and Sobolev’s embedding. Continuity of G, h shows that the right-hand side of (4.19))
is continuous, so |9|*uz; € Cp(R x T) holds, and in particular |0;|*u € CZ(R x T).

For | > 0 we argue by induction over k = 0,...,l. We use that by (4.19) we have
k204w = OE10u " (V (@)u — h(2)N + u?)

where the right-hand side lies in L?(R x T) N Cy(R x T) by the product rule and the induction
hypothesis. This allows us to conclude |9|*u € W?HF2(R x T) N CF(R x T). O

Recall for the first type of nonlinearity (4.6.1) that the profile w of the electric field is

given by w = u. For the second type of nonlinearity (4.6.ii), by (4.15)) the profile satisfies
Pxrlw] = (M)~ tu where Pg[w] solves a differential equation. Therefore we need to discuss

next the regularity of w for the second type of nonlinearity, which is done in the following
analogue to Proposition [4.4.4]

Proposition 4.4.5. Let u € H be a critical point of J. Define w = w1 + we where

w; = Prlw] = (N+) ", wy = Psw] = (0% — V(2)0}) Y (h(z)0? Ps[u?)).

T

Then w satisfies |0;|°w € W2P(R x T) for all s € R, p € [2,00] and solves
(=02 = V(2)0R)w + h(z) (N *w)* = 0.

If holds, we moreover have |0*w € W?Th2(R x T) N CFH(R x T).

Proof. First, by Lemma and Proposition we see that the function wy = (M%) tu ==
> ken ﬁﬂk(x)ek(t) satisfies |0y|*w; € W2P(R x T) for s € R,p € [2,00], with additional

regularity if G, h fulfills Applying (N*)~! to we see that wy solves
(=92 — V(2)0?)wy + h(z)0? Pr[u’] = 0.
Let us now turn our attention to wo and define the space
Hy == {v € H' (R x T): o = 0 for k € RU{0}}.

Since Vi (z) is bounded and positive, the Riesz representation theorem provides wy € Ho with

Dyws - Dy + V(2)yws - Do d(w, 1) = — / h(2)8? Pe[u?] - v d(z, 1) (4.20)
RxT RxT
for all v € Hs.

Similarly as for solutions u of J'(u)[v] = 0 for v € H, we obtain regularity for the solution ws to
(4.20). In contrast to J, where critical points satisfy a truly nonlinear equation, the right-hand
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side of (4.20)) is independent of wy and its regularity properties have been established in
Proposition [£.4.4] Let us sketch the arguments:

As in Lemma we find |9;|°wy € Hy for s € R. Using that the 0-th Fourier mode of
h(z)0? Ps[u?] vanishes, wo satisfies

—02|0:Pwy — V (2)02|0¢|*we = —h(x)0?|0%|° Ps[u] (4.21)

By the fractional Leibniz rule from Lemma [4.4.1] the regularity properties of u from Propo-
sition [£.4.4) and the boundedness of the Fourier symbol of Ps we find that the right-hand
side of lies in L2. Therefore |9;|"wy € W22(R x T) C L*°(R x T) holds for s € R and
shows |0;|*wy € W2P(R x T) for s € R, p € [2,00]. The additional regularity when G, h
satisfy can then be shown as in Proposition by iteratively applying space-derivatives

to ([E21). =

Lastly, we discuss the regularity of the corresponding electromagnetic fields.

Proof of Theorem[].1.3 for slab geometries. Let u be a nontrivial critical point of J. If the
nonlinearity is given by N(w) = A * w® then we set w := u. If otherwise N(w) = (N * w)3
then let w be from Proposition m Then we define W = §;'w and reconstruct the
electromagnetic fields by

0 lw(z,t —12)
E(x,t) = w(z,t — %z) 11, B(x,t) = — 0
0 Wy(z,t — %z)
0
D(x,t) =e(w+G*xw+ h(z)N(w))- | 1], H(x,t) = iB(x,t).
0

Due to Proposition and Proposition we have the inclusions

OPE € W2P(Q;R?),  9'B,0fH € W'P(Q;R?), 97D € LF(?R?),
and assuming we moreover have

ONE € CFY (Y R?),  9r'B,0rH € CTHQ;R?), 9D e CH(Q;R?)

for any domain Q@ =R X [y,y + 1] X [z,2+ 1] x [t,t + 1] and all n € N, p € [2, o0] with norm
bounds independent of y, z,t. By direct calculation one checks that the fields E, D, B, H solve

Maxwell’s equations (4.1)), (4.2)). O

Proof of Remark [{.1.5 To show that there exist infinitely many solutions, we search for
breather solutions with time period % instead of T'. If we define the corresponding time-domain
T, = R/z, then the k-th Fourier coeflicient of a %—periodic function f, when understood

as a T-periodic function, satisfies Fy[f: T,, = R] = Fpi[f: T — R]. Therefore, by the above
arguments there exists a %—periodic breather solution (E,,D,,B,, H,) to , with
minimal period 7;, > 0 for all such n € N where R N nZ # (). By assumption, the set
{n € N: RN nZ # 0} is infinite. Since T, is a divisor of % the minimal period T}, goes to 0
for n — co. Hence infinitely many among the breather solutions (E,, D,, B,, H,) must be
mutually distinct. O
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4.5. MODIFICATIONS FOR THE CYLINDRICAL GEOMETRY

In this section we discuss the cylindrical problem, that is, we consider equation instead
of . The only difference between the two problems is in the spatial differential operator,
where we now work with —92 — 19, + & on the domain r € [0, 00) instead of —02 for z € R.
The differential operator —9? — %E)T is the 2d Laplacian for radially symmetric functions, and
%2 is an additional positive term. Hence it is natural to equip the domain [0, 00) with the
measure rdr, and to identify functions on it with radially symmetric functions of the variables
(z,y) € R? via r = /22 + y2. We use the subscript “rad” to denote spaces of functions
that are radially symmetric in (z,y). Since the term f[;° 7;,‘—; rdr cannot be controlled by the
H! -Sobolev norm of u (recall that Hardy’s inequality fails in two dimensions) we need to
add this term in the form domain of the differential operator.

We will discuss how the arguments from Sections to [£.4) have to be adapted to treat the
cylindrical problem. We use the same structure as in these sections. In order to not repeat
the previous chapters, we discuss in detail only results that require new techniques to adapt
them to the cylindrical geometry and roughly sketch the other results.

4.5.1. MODIFICATIONS FOR SECTIONS AND

In analogy to Definitions and we define the functional of interest J and its domain
H (replacing J and H).

Definition 4.5.1. We define the space
= {u € L2([0,00) x T;rd(r,)): it = 0 for k € Zewen U, [ullfy = (u,u)) g < oo}

with the two equivalent inner products

1 = L
«u, 'U>>H = Z umk[j\/’]/[; (U;Cv]/{: + (T% + WZkQ)UkUk) TdT,

keR
1 oo N ~ _
(u,v) 7 = 7/ 07, + (& + W2k V(1)) g0 ) rdr
H k%wzkzﬂw] 0 ( k"k ( 2 ) )

where Vi, (1) == & — 1= Fu[G(r)]. On H, we define the functional

J(u) = 3{u,u) g — i/ h(z)ulrd(r,t) for uwe H
[0,00)xT

so that its critical points w € H satisfy

JW)o] = (u,0) g — /[O M) =0 for v dl

As a first step, we discuss the embedding properties of H.

Lemma 4.5.2. For any p € (2,p*) with p* = 3Ea (p* = oo if « > 3), the embedding

H — LP([0,00) x T;rd(r, 1)) is compact. Moreover, H — L%([0,00) x T; 7d(r, 1)) is continuous
and H — L2 ([0,00) x T;rd(r,t)) is compact.

loc
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Proof. We interpret a function u: [0,00) x T — R as a function of the three variables (x,y,t)
which is radially symmetric in (z,y) via r = \/z? + y2. Let o, be the surface measure of the
sphere S, C R? of radius p centered at 0, normalized such that 0,(S,) =1, and continued by
0 to a Borel measure on R?. Using the Hansen-Bessel formula (cf. [95, equation 9.19]), we see
that its Fourier transform is given by
2m
f(;,ly) (o) = (27102/0 e IPsne) dop = %JO(TP)

where Jy is the Bessel function of first kind. Using |Jo(s)| < 57 for 6 € [0, 1] (cf. [39]) we
obtain

S |16l Fefu]

|#*] 7
Loo(R2xT) L1(R2xZ)

where we used that F j[u] is radially symmetric in €. Note also that we have [|ul|;2g2, ) =
| Fe xe[ull 12(r2x7)- Lhis allows us to use the Riesz-Thorin interpolation theorem (cf. [53]) and

get (with # denoting the counting measure) that the map

. LV (R2 X Z; || 2de @ #) —  LP(R2 x T;r—20d(x, 1)),
v POFL (E )

is bounded for all p € [2, 0c]. To see this note that with v = |¢| =9 F x[u] we have

-6
HU||L1"(R2><Z;|£|*29d£®#) = | Fek[ull€] OHLP/(RQXZ;d&@#)

0
T[] Lo (m2 xTir—20d(2,0)) = 770Ul Lp(R2xTid(20))

where fo = 9(%%2) ranges through [0, % - ;lo] as 0 runs through [0, %] Thus we have
0o < 0,
HT U Lo(R2XT) ~ H’ﬂ fg,k[u]’ -
_p w2k2]:k['/\[] |£|2 1 w2k2
- H!€| 0 16 + w2k Wﬁ,k[u}
L7 (R2xR) L2 (B2 x9%)

where % = % — % < §- By the choice of p* and assumption |(A4.5)) the L"-norm is finite

provided 6 is chosen sufficiently small, and the L?*-norm can be estimated against ||ul| 7.

For the particular choice 6y = 0, this shows that the embedding H < LP (R x T) is
continuous. Moreover, we can argue similarly as in the proof of Lemma [£.2.4] to verify that

the local embedding H < L’;(MOC(R2 x T) is compact.

It remains to show that H — LP ((R? x T) is compact for p # 2. For R > 0 consider the

compact map Er: H — Ifr)ad(]R2 x T),u — ulpgo)xT- Using the above inequality we have
(7)"u

so by choosing any admissible 8y > 0 and taking the limit R — oo we see that the embedding
I: H— Lfad (R% x T) is compact as the uniform limit of a sequence of compact operators. [

|1 Bru —ull, < |

<R—90 wll
|, S B "l

Notice that, unlike in the slab setting (cf. Lemma , the embedding of Lemma m
is compact for p > 2. This is why we do not require additional assumptions or
in the cylindrical setting. One can then show existence of ground states similar to the
“compact” case |(A4.6a)| of Section The only difference is that existence of a convergent

subsequence of h(r)u3 in Liﬁ (R? x T) is guaranteed by the compact embedding instead of
decay properties of h.
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4.5.2. MODIFICATIONS FOR SECTION [4.4]

In the following, we show in Propositions [£.5.3] and [£.5.4] two regularity results that are the
cylindrical counterparts to Propositions and

Here, arguments will get more difficult since the cylindrical geometry is effectively 2-dimensional
in space (compared with 1d for the slab problem). For some arguments it will be advantageous
to view the %2 not as an additional order 0 term, but as part of the differential operator. From
[8] we use the identity

2+ 10, — L =L40r%,1, (4.22)

which means that up to the multiplicative factors r, % we are dealing with %3&7“3&«, which is

the Laplacian of a radially symmetric function in 4 dimensions.

Similar to Proposition we show that u and its derivatives lie in L? N L.

Proposition 4.5.3. Let u € H be a critical point of J. Then the terms
max{r,1}|8t|s(%), max{r,1}|8t|sar(%), T|3t]sar2(%)
lie in LP([0,00) x T;7d(r,t)) for all s € R and p € [2,00], and u solves pointwise
(=07 = 20r + 5 = V(@)07)u + h(z) 0} (N % u®) = 0.
If holds, then the terms
max {r, 1}|0;|°0;' (%) for 0<n<I1+41 as well as r\8t|58£+2(%)

lie in L2([0,00) x T;rd(r,t)) N Cp([0,00) x T). Moreover, the second term vanishes at r = 0,
and the same holds for the first term when n is odd.

Proof. Part 1: First, following the proof of Lemma we obtain |9|°u € H for all s € R.

Next, for p € [2,00) we calculate

|||at|squ S ”|Wk‘s}—f,k”Lp’(R2><m)

21.2 2 21.2
S e N T e 0 Y (e
’£| +w LT (RZxR) k L2(R2x9%)
Here 1 — % = % = % + %, and the L"-norm is finite since r > 2 and therefore
2).2 3
Sl | (‘”IWU ¢
keR 2\ [€]" + w?k

'r/g
1 r
N ( ) dg - Y lwk T FINE S D IR < oo
R

2
€]° +1 keR ke

Part 2: Arguing as in part 2 of the proof of Proposition we have that |0 u,, %]&g\su IS
L?([0,00) x T;rd(r,t)) for s € R and

10w + 1[04 uy — 5[0y u = |8, (V(r)u — h(r)PaN * u3]) (4.23)
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holds pointwise. From now on arguments differ depending on if r is large or small, and we
discuss these cases in part 3 and part 4, respectively.

Part 3a: Let r > Ry for fixed Ry > 0. Then part 1 combined with shows that
Ar|Oy*u = (0% 4+ 18,)|0,|*u € LP([Ry,00) x T;rd(r,t)) for p € [2,00). Now choose a cutoff
1 € C([0,00)) with supp?; C (Rj,00) and ¢y = 1 on [Ry,00) for Ry > R;. Then,
interpreting vy := 11 (r)u as a function of the three variables (z,y,t) via r = /22 + y? and
continuing by zero, we have |9;|°vy € LP (R? x T) and

A0 01 = Aptpy - 04" 4 200401 - Op |04 w4 b1 - Ar|O]"u € L*(R? x T).

This shows |0;]°v1 € H24(R? x T), and by Sobolev’s embedding we in particular have

10:]°u € L®([Ra,0) x T), |0]*u, € LE([R2,00) x T;rd(r,t)).

Similar to above, but now with a smooth cutoff ¥ such that supp s C (Rg,00), 12 =1 on
[R3,00) for R3 > Ry, we see that vy := ¢o(r)u satisfies A, |0 vz € L, 4(R?* x T) where
again was used. Thus |0¢|°vy € Wé’g(Rz x T) by LP-boundedness of the Riesz transform,
cf. |40, Corollary 5.2.8]. By Sobolev’s embedding we have 9,|0;|*u € L>([R3,00) x T), and
then A,|0|*u € L>([Rs,00) x T) by (4.23). So far we have shown

10¢[Pu, |0¢Pur, |0y € LQ([R;),, o0) x T;rd(r,t)) N L*¥([Rs,00) x T).

This shows the first part of Proposition for r > Rs, where R3 > 0 can be chosen
arbitrarily.

Part 3b: We assume ie.,, G,h € Cll,, and still consider large r. From Part 3a we
obtain |0 u, |0 u,, € Cp([R,00) x T) from the high Sobolev regularity and therefore also
0¢*ury € Cy([R,00) x T) by applying (4.23). Now |8|°0"u € L*([R,00) x T;rd(r,t)) N
Cy([R,00) x T) for 2 < n < |+ 2 can be shown iteratively by applying space-derivatives
to (4.23) and using that all terms except the highest order space-derivative term lie in
L?([R, 00) x T;rd(r,t)) N Cy([R, 0) x T) by the induction hypothesis.

Part 4a: Let us now consider small . We use the representation via the 4d Laplacian, i.e.,
we consider U: R* x T — R, U(X,t) = U(Xy1, Xo, X3, X4,t) = ﬁu(!XLt). Notice that the

L?-norms are equivalent, i.e.,

| x|

L2(BrxT) = \@WHfHL2([O,R]><T;rd(r,t))

holds with Br C R* denoting the ball of radius R centered at 0. Multiplying (4.23) by %,
setting r = | X, and recalling (4.22)) we have

Ax |0 U = V()8 T2U — 12015, |52 PN # ). (4.24)

By part 1 the right-hand side of lies in L?(R* x T). Therefore |0;|°U € H?(R* x T),
which by Sobolev’s embeddings shows |9|°0,U € L'/3(R* x T), |0;|°U € L'°(R* x T). Now
let R1 > 0 and 11 € C°([0, R1)) be a smooth cutoff function with ¢; = 1 on [0, Rg] for some
0 < Ry < R; and set v; := ¥ (|X|)U. Then, since

Ax|0 v = Axah1 - [0k°U + Opih1 - 0p]0|°U + 41 - Ax|0|°U
and since we may write (4.24)) as

Ax[0*U =V (r)|ar]* U — r*h(r)| 0" PrIN + U?), (4.25)
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we have Ax|9;|°v1 € L'*(R* x T) which by LP-boundedness of the Riesz transform implies
0¢|°v1 € W2'3(R* x T). From Sobolev’s embedding we have |0;|°U € L®(Bpg, x T),
Vx|0:|°U € L**(Bg, x T). Repeating this argument with 0 < R3 < Ry and a cutoff function
Yy € C2°([0, R2)), ¥j = 1 on [0, Rg] shows Vx|9;|°U € L*°(Bp, x T). Using (4.25)), regularity
of the terms in the claim of Proposition [£.5.3] follows since

0,°% = 0,]°U € L™, |9:]°0,(%) = £ - Vx|0,|°U € L™,
0P 02 (%) = rAx|0,]°U — 32 - Vx|9,|°U € L™

The LP-estimates follow from these since Br, x T has finite volume.

Part 4b: Assume and again consider small r. First, |0;|°U, Vx|0;|°U are continuous by
Sobolev’s embedding, and continuity of Ax|d;|*U follows from this by (4.25). Existence and
continuity of higher derivatives

V% Ax|9|°U, V6,0, w10 P U

for 0 < n < can again be shown using induction and repeatedly applying Vx to (4.25).
This implies continuity of all terms except the highest order one in Proposition since
0,700 (%) = (V%|0,°U)[Z, ..., %]. Moreover, odd r-derivatives of * vanish at r = 0 since U

is radially symmetric. For the highest order term we have
(VxAx[0" )5 5] =002 (%) + 00 (20 ()

which shows that |9*9L%(%) is continuous away from 0. To see the behaviour of the highest
order term near r = 0 we use the differentiability properties of U and a Taylor expansion of
0¢|°(%) about r = 0 as follows. Let [9¢|°(%) = Tj4.1(|0¢|*(#);0) + f be the Taylor expansion

of |9;]*(%) of degree I + 1 about r = 0 with remainder f. Then we have

C1) 0 (1), (0
0L 20,(2)) = 9L (20, [T (01 2:0))) + 04 (2, p) = 2C LG O) o

= =

) =o(;)
as 7 — 0 since |8;°(%),(0) = 0 by radial symmetry. This shows that r|d;|°0L™2(%) — 0 as

r — 0. OJ

Next, in Proposition similar to Proposition we discuss the second nonlinearity
(o).

Proposition 4.5.4. Let u € H be a critical point of J and let the nonlinearity be given by
N(w) =N *w3. Define w = wy + wy where

wy = Polw] = (W) "u,  wy = Pofu] = (<02 — 10, + & — V()3) " (h(2) 9P Ps[u”])
Then the functions
max {r, 10, max {r.1}|0,(%).  rlal*0(2)
lie in LP([0,00) x T;rd(r,t)) for all s € R and p € [2,00], and w solves
(=02 =10, + & — V(2)9})w + h(z)OF(N * w)* = 0.
If[(R) holds, then the terms
max {r, 1}|0;[° 0" (%) for 0<n<I+1 aswellas  r|0[°0:T(2)

lie in L*([0,00) x T;rd(r,t)) N Cp([0,00) x T). Moreover, the second term vanishes at r = 0,
and the same holds for the first term when n is odd.
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Proof. We follow Proposition and choose wy € Ha, where
= {v € H'([0,00) x T;7d(r,1)): Lo € L*([0,00) x T;rd(r,t)), b = 0 for k € R U {0} }
such that

/[0 : T(&»Mz 00 + Hws v+ V(r)Opws - 8tv> rd(r,t)
,00) X
:—A)m@mf%wwgmmﬂ

for all v € Hy. Regularity of w follows from Proposition and the arguments therein
can also be used to show regularity of ws. O

As the last part of this chapter, we discuss regularity of the electromagnetic wave profiles.

Proof of ~Theorem for cylindrical geometries. Part 1: Let u € H be a nontrivial critical
point of .J. For the nonlinearity N(w) = N *w? set w = u, else let w be from Propositionm
Define W := 0, Lw and the electromagnetic fields by

—y/r —y/r

D(x,t) = epg(w+ G*xw+ h(r)N(w)) - | =/r |, E(x,t) = w(r,t — %z) R
0 0
x/r 0
B(x,t)=—1w- |y, |-(EW+W,) |0], H(x,t) = ﬁB(X,t)
0 1

By a straightforward calculation one sees that E, D, B, H solve Maxwell’s equations ,
(4.2), so it remains to show their regularity. For simplicity we only consider E and only discuss
spatial derivatives. Abbreviating p(x) := (—y, z,0), denoting the Euclidean scalar product in
R3 by (-, -) and the space derivative by Dy, we have

3r(1:> {(’; h1) Dyplhs) + (; ha) Dxplhi] + (ha, h2>];3

() -]

so Propositions and show that these terms lie in L? for p € [2, o).

Part 2: Let us now assume [(R)l We need to show that higher order derivatives exist, are
continuous and square-integrable. Away from r = 0, this is clear by Propositions [£.5.3]
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and [4.5.4] so it remains to show continuity of derivatives in = 0. First, by induction one can
show that for 0 < n <1+ 2 the derivative D}E can be written as a sum

DiE= > (07 (%) pus,

r

where py, ;(x): (R3)" — R3 is symmetric, n-multilinear, and its coefficients are homogeneous
polynomials of degree 2j+1—n in x. We use Taylor approximation and write % = T}, _1(%;0)+ f
with Taylor polynomial 7;,_1(%;0) and remainder f.

Let us next consider summands with j < n. Recall that all odd Taylor coefficients are zero, so
Inj = (%&»)] Tn-1(%;0) is an even polynomial. In addition, we can estimate the remainder
via (20,)7f = o(r"~17%) as r — 0. Thus

(307 () B = (@) + 01" ))ps = 05 O)pns(0)

as r — 0. Now let j = n. Similar to the above arguments, one can show

1 w
1 n 1 —n—1
*ar - —0 — | = d4nmn
(o) = 20| () = ) + 07
as r — 0 for some polynomial g, ,. Thus
1 n n
DRE = 200 (%) Pant D dng(r)pa(x) +0(1) = qn.j(0)pn,;(0)
. n—1 . n—1
i=["F] =[5

as r — 0 by Propositions [£.5.3] and [£.5.4] Since the argument for existence of infinitely many
solutions is the same as for slab geometries at the end of Section [£.4] this completes the proof.
Observe that p, ;(0) = 0 for j # 2+, so in particular all even derivatives of E vanish at 0. [

End of Preprint



CHAPTER b

EXISTENCE OF TRAVELING BREATHER SOLUTIONS TO
CUBIC NONLINEAR MAXWELL EQUATIONS IN WAVEGUIDE
GEOMETRIES

This chapter consists of the preprint [71], which is written together with Wolfgang Reichel.
We moved the results of |71, Appendix A] on fractional Sobolev spaces into Section since
these spaces are also used in Chapter [6] We also adjusted the notation to align with the rest
of this thesis.

Start of Preprint

Abstract. We consider the full set of Maxwell equations in a slab or cylindrical
waveguide with a cubically nonlinear material law for the polarization of the
electric field. The nonlinear polarization may be instantaneous or retarded,
and we assume it to be confined inside the core of the waveguide. We prove
existence of infinitely many spatially localized, real-valued and time-periodic
solutions (breathers) propagating inside the waveguide by applying a variational
minimization method to the resulting scalar quasilinear elliptic-hyperbolic equation
for the profile of the breathers. The temporal period of the breathers has to
be carefully chosen depending on the linear properties of the waveguide. As
an example, our results apply if a two-layered linear axisymmetric waveguide
is enhanced by a third core region with low refractive index where also the
nonlinearity is located. In this case we can also connect our existence result with
a bifurcation result. We illustrate our results with numerical simulations. Our
solutions are polychromatic functions in general, but for some special models of
retarded nonlinear material laws, also monochromatic solutions can exist. In this
case the numerical simulations raise an interesting open question: are the breather
solutions with minimal energy monochromatic or polychromatic?

5.1. INTRODUCTION AND EXEMPLARY RESULTS

Our results show the existence of spatially localized, real-valued and time-periodic solutions
(called breathers) to the full set of Maxwell’s equations. We consider two types of waveguide
geometries: the slab waveguide and the axially symmetric waveguide. Our breathers travel
inside the waveguide and are periodic in the direction of travel. In the axially symmetric
waveguide they decay to zero in all directions orthogonal to the waveguide, whereas in the
slab waveguide they are independent of one direction orthogonal to the waveguide and decay
to zero in the remaining direction. The nonlinear properties of the material are confined
to the waveguide and are built according to a Kerr-law which may be instantaneous or
retarded (temporally averaged). Before we summarize the main literature contributions we
first introduce the physical problem. Towards the end of this introduction we comment on
the physical consequences of our main theorems.
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As our underlying physical model we consider Maxwell’s equations

V.-D=0, VXxE=-B,,

(5.1)
V-B=0, VxH=D,

in the absence of charges and currents. Constitutive relations between the electric field E and
electric displacement D as well as the magnetic field H and the magnetic induction B are
formulated by the following material laws

D=E+P(E), B=_uH, (5.2)

where ¢y > 0 is the vacuum permittivity, pop > 0 the vacuum permeability and ¢y = 1/,/eom
the vacuum speed of light. The relation B = pgH reflects that the we assume no interaction
of the magnetic field with the material. The interaction of the electric field with the material,
however, is described by the polarization field P(E) which we assume to take the form

P(E) = €0X1 (X)E + €0X3(X)N(E) (53)

with x = (z,y, z) being the spatial variable, cf. |3} |6l |68]. Moreover, we assume that the cubic
nonlinearity N(E) is isotropic, of Kerr-type, and retarded (temporally averaged) of the form

N(E)(x, ) = /O T ROEX, t — 7 drE(x, 1) (5.4)

which includes the case of an instantaneous nonlinearity
N(E) = [E]’E (5.5)

if we allow & = §p to be the delta-distribution supported at time 0. A physical discussion of
these material laws is given in |20} |37, |68] where also higher-order dependencies and anisotropy
are discussed. Since we are looking for time-periodic fields E(x,t + T') = E(x,t) with period
T > 0, the nonlinearity may be re-written as

N(E)(x,t) = ;/OT K(T)[B(x,t = 1) dr B(x,t) = (k% [B(x, ) ) (DE(x,1)  (5.6)

with the T-periodic function x(7) == T'3 "z (7 +kT) and where we understand & |(_ o )= 0.

Moreover we have used the convolution notation (k * v)(t) = %fOT k(T)v(t — 7)dr for the

weighted temporal average of a measurable function v (which still includes the instantaneous
case where xk = 65°"). From these equations we obtain the following second-order quasilinear
equation for the electric field E:

VxVXxE+ 60#0((1 + Xl(X))E + X?’(X)N(E))tt =0. (57)

We will show as part of our results how to recover the full set of Maxwell’s equations from
(5.7). Under suitable assumptions on the convolution kernel &, cf. (5.15)), we will show that
(5.7) has a variational structure. Examples are given in Section

We are interested in breather solutions of (5.7) which are moving with speed ¢ € (0, 00).

Our results depend on the choice of the coefficients x1, X3, the retardation function s, the

propagation speed ¢, and the desired period 1" > 0. We denote the frequency associated to T
2

by w = .

In the literature there are several treatments of the existence of breather solutions of (5.7)).

The first sequence of papers deals with monochromatic breathers, i.e., breathers of the type
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E(x,t) = E(x)cos(kowt + tg). Such breathers are not compatible with the instantaneous
nonlinearity but with the retarded nonlinearity, e.g., in the case k(t) = 1 which may occur
when &(t) = >-,en, LT, (n+1)T) With ap >0, 3°0° g o, = T~!. Monochromatic breathers
have the advantage that reduces to the stationary elliptic problem

V x V x E — equokiw? (1 + x1(x))E + ’“”éx)yEP)E =0. (5.8)
Instead of a cubic nonlinearity X"T(X)\EFE, also saturated nonlinearities g(x,|E|?)E with
a bounded function ¢ naturally appear. The cases of saturated nonlinearities were first
elaborated by Stuart et al. [62, |87H93] in the case of traveling breathers in an axisymmetric
waveguide. Using divergence free, TE- or TM-polarized ansatz fields, was reduced
to a one-dimensional nonlinear elliptic problem which can, e.g., be solved variationally. In
the follow-up result [64] the assumption of strict axisymmetry is dropped and more general
two-dimensional waveguide profiles are considered, also allowing pure power nonlinearities.
The case of standing monochromatic breathers also originates from Stuart’s work and leads to
the elliptic nonlinear curl-curl problem in the vector-valued case. First works [5] 8, 10]
considered axisymmetric divergence free ansatz functions, which allowed to reduce V x Vx
to —A. Using Helmholtz decomposition and suitable profile decompositions for Palais-Smale
sequences, this restriction has been overcome by Mederski et al. [63} (65, 67], see also the
survey |7] and references therein, with the isotropic cubic Kerr-nonlinearity still being left
as an open problem. A different approach using limiting absorption principles [59] or dual
variational approaches was carried out by Mandel [57], cf. also [58] where a spatially nonlocal
variant of the stationary curl-curl problem was solved. Still within the area of monochromatic
breathers, Dohnal et al. considered in [32] breathers at interfaces between (lossy) metals
and dielectrics including retardation and in [33] they rigorously approximated breathers in
photonic crystals when the frequency parameter is near a band edge.

In the second, much smaller sequence of papers, truly polychromatic breathers are considered
for instantaneous nonlinearities. The first approach which we are aware of, is [75] where
spatially localized traveling wave solutions of the 1+1-dimensional version of the quasi-linear
Maxwell problem were investigated. The authors treat the case where the linear coefficient
X1 is a periodic arrangement of delta potentials. Using local bifurcation methods the authors
solve a related system which is homotopically linked to the Maxwell problem written as an
infinite coupled system arising from a multiple scale ansatz. It is analytically not clear whether
the bifurcation branch ever reaches the original Maxwell system but numerical results support
the existence of spatially localized traveling waves. A fully rigorous treatment for the existence
of breathers on finite large time scales was given in [34] for a set-up of Kerr-nonlinear dielectrics
occupying two different halfspaces. Two further rigorous treatments of exact polychromatic
breather solutions occurred in [19] and [49] where either the linear or the nonlinear coefficients
take the form of delta-distributions and the existence of travelling breathers was accomplished
by using bifurcation theory and variational methods, respectively. We are not aware of any
treatment of polychromatic breathers in the presence of retarded nonlinearities.

5.1.1. EXAMPLES OF OUR RESULTS

We first describe our results on the level of examples. General results will be given in
Section [5.2] Breather solutions are rare phenomena, and hence the fact that our examples
contain rather specific assumptions on the material coefficients and do not leave much leeway
for perturbations should not be surprising. The main difference to the previous results
may be summarized as follows: while we allow both instantaneous and retarded material
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laws, our traveling breather solutions are generally polychromatic and hence not limited to
monochromatic ansatz functions. Moreover, our solutions satisfy the full set of Maxwell’s
equations exactly, the material coefficients 1, x3 are bounded, and our solutions can be
numerically approximated with little effort.

In the following, the speed of light is assumed to be 1 = 1/, /gug. Breather solutions will be time-
periodic with period T" and are propagating along the z-axis with speed ¢ € (0, 00). We consider
two geometries for breathers: the cylindrical geometry where x1(x) = x1(r), x3(x) = x3(r)
only depend on r = y/22 + 2, and the slab geometry where x1(x) = x1(2), x3(x) = x3(z)
only depend on z. In the cylindrical geometry we consider electric fields of the form

E(x,t)=W(rt—1z) (-£,2,0)7

o
and in the slab geometry the electric field takes the form

E(x,t) =(0, W (z,t — 12),0)"

where in both settings W is a real-valued profile which is localized in the first variable (r-
direction in the cylindrical case and z-direction in the slab case) and T-periodic in the second
variable. In both geometries the electric field is a divergence-free TE-mode which means that
E is orthogonal to the direction of propagation.

Definition 5.1.1. The fields D,E,B,H € L110c<R3 x R;R?) weakly solve Mazwell’s equations
provided

D Véd(x,t) =0, E-Vx&dxt)= | B-o0d(x,t),
R4 R4 R4

B Véd(x,t) =0, H-Vxddxt)=— | D 9ddx,t)
R4 R4 R4

holds for all p € C*(R%;R) and ® € C°(R*; R3).

The following theorem can be read as an explicit recipe for the construction of materials
which support breathers. For the kernel & we generally assume . Explicit examples
include, e.g., () = Ljg o) (T + 4754)_175 or &(t) = > neny WnlnT,(n+1)1)(t) Where oy, > 0 with
> oneNg @n =T —1 cf. Remark for details. The material coefficients x1, Y3 are assumed
fixed and positive and take the form

~ d, |z| < R, . -, |z| < R,
(@) =19 _, X3(z) =
Xi(Jz| = R), |z| > R, 0, |z| > R

where either yf = Y} : R — R is a P-periodic function defined on one periodicity cell by

1
. a x| < 50P,
X?er(m) = ’1 ‘ X 1

~ste

or Yi=x] 7 :R — R is a step function defined by

a, |x|<op,
with a,b,d, P,R,~v,p > 0,0 € (0,1).
We are also using a sign-dependent distance function for a point p € R and a set M C R:
if m > p,

dist™ (p, M) = inf{d* (p,m) : m € M} with d*(p,m) = { - .
00 if m <p.
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Theorem 5.1.2. Suppose that the nonlinearity N is given by either (5.5) or by (5.6) where
k satisfies (5.15)). Then there exists a (nonzero) T-periodic real-valued weak solution of the

Mazwell problem (5.1), (5.2), (5.3) in the sense of Definition both for the slab and the

cylindrical caseﬂ and for the following two choices of the polarization coefficient X7 :

(i) If Xi = xXi° then we assume that the propagation speed c € (0,00) is chosen such that
0<d<c?-1< min{a,b,%i} and

va+1l—c2.0 mENOdd
n

Vb+1—c2-(1-0)

5.9
Noda (5.9)

and define
_4Va+1-c20P 4Vb+1—-c2(1-0)P

m n

T:

(ii) If i = X}*P then we assume that the propagation speed ¢ € (0,00) is chosen such that
0 < min{b,d} < max{b,d} < c=2 — 1 < a. Moreover, there are m,n € N coprime with

o2 . o ommw T
0 < & < arctan % where € = dist™ (arctan \/ %, o + nZ> (5.10)

and

T:=4Va+1-— c—QpE.
m

Additionally, the solution has at all times finite and uniformly bounded electromagnetic energy
per unit square in y,z (slab case), or per unit segment in z (cylindrical case).

5.1.2. DISCUSSION OF THE EXAMPLES

Let us explain the reason behind the particular choices of the coefficients in a physical context.
The parameters a, b are properties of a linear waveguide (without any nonlinear effect) whose
profile is given either by the purely periodic profile Y2 or the pure step profile ¥}'". Then
the conditions on a, b, ¢ have the nature of a nonresonance condition, i.e., there are no guided
waves E(x,t) = W (r)ehw(t=2/c). (=%, 7, 0)" with time period T = %” propagating with speed
c along the linear waveguide. Mathematically, this is expressed by a property of the operator
(14 x1(x))™' - V x Vx appearing in (5.7): namely all multiples k?w? with k € Zogqq are
required to stay away from the spectrum of this weighted operator when restricted to suitable
TE-modes propagating with speed ¢ along the waveguide. This requirement is quite restrictive
and its fulfillment can be guaranteed if w = 2% is chosen in the particular way and the

parameters a, b, ¢ satisfy either (5.9)) or ([5.10)).

T
The remaining conditions on d may be described as follows: by inserting a new material
of width 2R at the center of the waveguide the purely periodic or pure step waveguide is
perturbed. On the linear level the new material has a low refractive index d and on the level
of the nonlinear refractive index it contributes a defocusing effect. The quantitative strength
of the nonlinear effect plays no role in the sense that v > 0 may be arbitrary small. The value
d always satisfies a two-sided condition: on one hand 0 < d < ¢~ — 1 and on the other hand

—2 a+d at1l—c?
c -1« 5 or O<§<arctany/m.

We note that these conditions are always satisfied if d is below but sufficiently close to ¢=2 — 1.
On the linear level, the presence of the new (linear) material at the core of the waveguide

n the cylindrical case, write r instead of z, and restrict X1, X3 to the half-line [0, 00).
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still does not allow for guided waves of time period T and wave speed c. However, at a
different value d, < d such a linear guided mode exists. Moreover, for all values d € (d,, d)
a solution of the nonlinear equation exists, which bifurcates from 0 as d — d,. In
other words, the solution of Theorem is part of a bifurcation phenomenon with d as a
bifurcation parameter. In a nutshell: the nonlinear equation allows for guided modes in the
waveguide at parameter values for which there are no linear guided modes. We comment on
this phenomenon in Section [5.7}

5.1.3. OUTLINE OF PAPER

In Section we state the general form of our results (Theorem and Theorem of
which Theorem [5.1.2]is a special case. For particular choices of the parameters compatible with
Theorem [5.1.2] illustrations of approximate breathers can be found at the end of Section [5.2}
Our main results are stated both for the cylindrical geometry and the slab geometry. For
the proofs we discuss in detail only the cylindrical geometry, as the slab geometry can be
treated similarly with less difficulties. Sections [5.3 contain the proof of our main results.
In Section we show how the problem on R3 x R can be reduced to a problem on
the bounded domain [0, R] x [0,7]. We then treat this reduced problem using a simple
variational minimization method. In Section [5.4] we study a regularization of the bounded
domain problem and in this way obtain an improved regularity result for the solutions of both
the regularized and the original problem. Section [5.5| closes the proof of the main results.
Adaptations for the slab geometry are discussed in Section [5.6l Moreover, in Section [5.7] we
show the further regularity result that ||E||fec(suppys;2([0,77)) 18 finite and we explain what
this has to do with the dielectric character of the waveguide. Finally, in the same section, we
comment on the bifurcation phenomenon w.r.t. the parameter d.

The appendices contain important technical tools. In Appendix [5.A] we show a basic convexity
result for our variational approach, lower bounds on integrated versions of the nonlinearity,
and two trace inequalities. Then, in Appendix [5.B] we verify that the examples given in
Theorem [5.1.2] satisfy the conditions of the general existence results. Lastly, Appendix
details the numerical methods used to obtain approximations to the breather solutions
that appear in the following section in the images in Figures and as illustrations of
Theorem [(.1.2

Let us finish this introduction by pointing out some observations and open questions, cf.
Section [5.2] for details. In all our results we allow the breathers to be a polychromatic
superposition of Fourier modes of arbitrary multiples of the basic frequency w. In case of an
instantaneous nonlinearity, necessarily infinitely many Fourier modes are non-zero. For time-
averaged nonlinearities there is the possibility of monochromatic breathers and indeed (under
suitable assumptions on ) such monochromatic breathers exists. As our numerical simulations
suggest, they appear to be more smooth than their polychromatic counterparts, and moreover,
for the slab geometry, it seems that only monochromatic ground states exist. This is not
the case for the cylindrical geometry. These findings based on numerical observations are
analytically still open, but they do shed new light onto the a-priori choice of a monochromatic
ansatz by Stuart et al. |62} 87-93] and later by others [5], |7, |8, |10} |63}, 65, 67].
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5.2. MAIN RESULTS AND NUMERICAL ILLUSTRATION

After having given examples we now state our main results in more general form. We divide
this into two subsections: one for the cylindrical geometry and one for the slab geometry.
We define T := R/7y as the torus of length T which is our time domain equipped with the
measure dt = ~d\ where d is the Lebesgue measure on [0, 7.

5.2.1. CYLINDRICAL GEOMETRY

First we consider a cylindrical material, where x1(x) = xi1(r) and x3(x) = x3(r) with
r = +/a? + y2. For E we consider a wave which is radial in the (x,y)-directions, travels with
speed ¢ > 0 in z-direction, and which has the form

E(x,t) = wy(r,t — 12) - (=£,2,0)" (5.11)

ro o

with a real-valued profile function wy(r, t). Inserting the ansatz ([5.11]) into (5.7 and integrating
once w.r.t. t yields

—Wrr — wr + w4 (Y1(r) +1 - ¢ ) wiy + X3(r)N(wy) =0, r€[0,00),t €R (5.12)
with
N(wi) = Nips(wy) = w? (5.13)
or
N(wt) = Nay(wi) = (k * w?)wy (5.14)

corresponding to (5.5)) and (5.6)), respectively. If the nonlinearity is given by ([5.14)), we require
k to satisfy the following assumptions:

k€ C%(T) for some a > 0,
k(t) =r(—t) >0fort €T, (5.15)
LY(T) = R,v — [p(rk*v?)v?dt is convex
where the convexity assumption is satisfied if, e.g., max £ < 2min & or if the Fourier transform
of k is non-negative, cf. Lemma and Remark for further concrete examples. In

the following, N will always denote either Nj,s or N,y. Under assumptions (5.15)) on x, we
will show that (5.12)) has a variational structure that is crucial in our study.

In the context of radial symmetry it is important to see the relation between a radially
symmetric function f; : R*\ Bg(0) = R, R > 0, and its radial profile function f: [R,c0) — R
via the map fy: R?\ Br(0) = R, (z,y) — f(v/22 +y?). For 1 < p < oo this gives rise to the
function spaces

L2, 4([R,00)) = { f € Lic((R,)): fy € L’(R*\ Bg(0))}

with norm

1
HfHLfad([R’OO)) = ﬁ”fﬁ”[/p(RQ\BR(O)) = Hf”LP([R,oo),rdr)
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For functions depending on radius and time we define

I2,4([R,00) X T) = { f € L} o((R,00) x T): f; € LP(R*\ Br(0) x R)}.
Other spaces of radially symmetric functions based on L2 4([R, 00) x T), such as H ;([R, 00) x

T), are defined analogously.

For time-periodic functions w: [0,00) x T — C we consider the temporal Fourier transform
F and denote for k € Z the k-th Fourier coefficient of w by Wy, = Fi[w] = [} weg dt where
ex(t) = e*. For the linear part of the differential equation (5.12))

Lw=—w; — %wr + r%w +(x1+1- cfz)wtt

we can apply the Fourier transform and obtain Fj[Lw] = Ly with

Ly =-0 10, + 5 - k?(x1 +1-c72).

We make the following assumptions on the nonlinearity IV, the potentials X1, ¥3 and the
operators Ly. Denote by Nyqq :== 2N —1={1,3,5,...}.

(A5.1) x1,x3 € L*°([0,00),R) and supp(xs3) = [0, R] where R > 0.
( ) N is given either by , or by where x satisfies .
(A5.3) ess Sup[g, g X1 = c2—1,ess suppg,g X3 < 0.
( ) There exists a solution ¢y, € H2 {([R, 00)) \ {0} of Lygy = 0 for each k € Noyqq.
(A5.5)

The following inequalities hold for ¢, k € Nygq:

lim inf M
koo |0kl 2 ((Ro0))

|0, (R)]

ko RIOR 2 (Roo))

> 0, < 0

(A5.6) With I, denoting the modified Bessel function of first kind, there exists kg € Nogq
such that ¢, (R) # 0 and the following inequality holds:

/ !
ko(R) Mkl (AkoR) 9 e \2
where A :=w(c “—1—ess inf
o (R) ~  Li(MkoR) ( s Inf X1)
We call ¢ a fundamental solution for Lj. Since Ly = L_; we define ¢_j := ¢y, for all k € Nygq.
The reason for considering k € Nyqq instead of k € Ny is that ker(Ly) = span {r, %} does

not contain nonzero L2, i([R, 00))-functions. The restriction to Noqq amounts to considering
T/2-antiperiodic functions which is compatible with the cubic nonlinearity in ((5.12)).

Assumption [(\45.6)| is in place to ensure existence of nontrivial solutions to (5.12]). Since

28 — 1 as z — oo (see [39]), a sufficient condition for |(A5.6)[to hold is

. ¢;§(R) -2 . ~ \1/2
Ab5.6") limsu >w(c™® —1—ess inf ,
( ) k%oop k¢k(R) ( [0,R] Xl)

which additionally ensures that [(.A45.6)| holds for infinitely many k.

Next we state our main theorem for the cylindrical geometry.

Theorem 5.2.1. Assume [(A5.1)}{(A5.6) hold for given N, k,X1,X3 and T. Then there exists
a (nonzero) T-periodic real-valued weak solution of the Mazwell problem (5.1)), (5.2)), (5.3)
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in the sense of Definition [5.1.1 Furthermore, localization orthogonal to the direction of
propagation is expressed by the fact that at all times tg € R the electromagnetic energy per
unit segment along the z-direction

/ (D-E+B-H)d(z,y,2)
RxRX[z0,20+1]

is finite for all zp € R and uniformly bounded.

Remark 5.2.2. Let us explain why our assumptions [(.45.3)] (.45.6)| enforce x; to take values
both below and above ¢=2 — 1. Suppose for contradiction that ¥; < ¢~2 — 1 everywhere

on [0,00). If w is a weak T-periodic solution to , we see that w = 0 must hold
by multiplying with w and integrating on [0,00) x T with respect to the measure
rdrdt. Hence, non-trivial solutions do not exist. In fact, the assumption conflicts
with ¥1(r) < ¢72 — 1 everywhere on [0,00). Namely, in this case ¢ satisfies (r¢}) =
(% + 7k%w?(c72 — 1 — x1(r)) ¢r. Multiplication with ¢ and integration from R to co yields
Ry (R)ok(R) = — [57rldf|* + (3 + rk*w? (¢ = 1 = X1(r))[¢x[* dr < 0. Thus, ¢}(R) and
¢r(R) have opposite sign, contradicting and the fact that I, I] are positive on (0, 00).

We end this subsection with a multiplicity result. For this, we first explain what kind of
multiplicity we consider. Given a solution w of (5.12)), any time-shift (z,t) — w(z,t + 7)
for 7 € T also solves . Moreover, if N = N,y with kK = 1 one can shift the individual
frequencies separately, i.e. (x,t) — > pcz Wr(x)ex(t + ) solves for all 7, € T with
Tk = T_k. By distinct solutions we mean solutions that are not shifts of one another.

Theorem 5.2.3. Assume|(A5.1)-{(A5.5) hold for given N, x,X1,X3,T. If holds for
infinitely many ko € Noaq (e.9., zf is true) then there exist infinitely many distinct
T-periodic real-valued weak solutions of the Maxwell problem , , in the sense
of Definition [5.1.1 with finite and uniformly bounded electromagnetic energy per unit segment
along the z-direction.

5.2.2. SLAB GEOMETRY

In our second setting, we consider slab materials that extend infinitely in the (y, z)-directions.
Here x1(x) = x1(x), x3(x) = x3(x) and we look for traveling polarized waves moving at speed
¢ > 0 in y-direction and being constant along the z-direction. More precisely, we consider
fields E given by the ansatz

B(x,1) =(0,0,wy(z,t — Ly)) . (5.16)
Inserting into (5.7) and integrating once w.r.t. ¢ leads to the equation
—Wzz + ()21(1‘) +1— C_2>wtt + X3(z)N(wi)e = 0 (5.17)

for the profile function wy(x,t). Similar to the radial setting we define the operators

==+ (a(2) +1—-c2),  Ly= -0 — K (ue) +1-c7?),

so that Fki = Ekfk holds f~or the temporal Fourier transform F. We require the following
assumptions on X1, X3 and Lg:
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(A5.1) X1,X3 € L®(R,R) are even with supp(x3) = [~ R, R] where R > 0.
(/15 2) N is given either by , or by where k satisfies .
(/l5.3) ess SUP[_p, g X1 < ™2 —1, ess sup_pg,r) X3 < 0.
(A5.4) There exists a solution ¢, € H2([R,0)) \ {0} of Ly, = 0 for each k € Nygq.
(A5.5) The following inequalities hold for ¢y, k € Nogq:
~1

> 0, sup M < 00

ko E|0kll L2 1.00))

|04 (R)|

lim inf
195l L2 ,00))

k—o0

(A5.6) There exists kg € Noqq such that 5kO(R) # 0 and the following inequality holds:

~1

R
?’“0( ) > Mg tanh(AkgR)  with X :=w(c™? — 1 — ess inf >Z1)1/2-
D1y (B) e

Again, a sufficient condition for to hold is

7 ¢k( ) -2 e~ Y2
A5.67) limsu > w(c™* —1—ess inf .
( ) k—>oop k:qbk( ) ( [-R,R] Xl)

We can now formulate our main theorems for the slab geometry.

Theorem 5.2.4. Assume hold for given N, X1,Xs and T. Then there exists a
(nonzero) T-periodic real-valued weak solution of the Mazwell problem , , mn
the sense of Definition[5.1.1. Furthermore, localization in the x-direction is expressed by the
fact that at all times tg € R the electromagnetic energy per unit square in the y, z-direction

/ (D-E+B-H)d(z,y,2)
Rx[yo,y0+1]X[20,20+1]

1s finite for all yg, z0 € R and uniformly bounded w.r.t. tg, zo.

Theorem 5.2.5. Assume (A5.12H(A5.52 hold for given N,X1,X3,T. If holds for
infinitely many ko € Nogq (e.9-, zf@ is true) then there exist infinitely many distinct
T-periodic real-valued weak solutions of the Maxwell problem , , in the sense
of Definition with finite and uniformly bounded electromagnetic energy per unit square
along the y, z-direction.

5.2.3. NUMERICAL ILLUSTRATIONS, DISCUSSION, AND SOME OPEN QUESTIONS

In the following we apply the numerical scheme outlined in Appendix [5.C|]and show results for
the profile w; of the electric field, cf. or . The breathers we obtain analytically
are ground states in the sense that they are minimizers of the energy functional F discussed
in Section Here we show approximations to these ground states. We consider particular
potentials Y1 and 1 which are compatible with the parameter choices of Theorem For
the periodic case xj = Y} we show in Figure [5.1] four images which cover both choices of the
nonlinearity (time-averaged and instantaneous) and both choices of the geometry (cylindrical
and slab). For the step case ¥} = X" also four images covering both types of nonlinearities
and both types of geometries are shown in Figure

The following observations can be made leading to open questions or conjectures:
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&
Figure 5.1.: Periodic potential outside [—R, R]: intensity (approximated) of electric field of
breather solutions to Theorem in reduced coordinates (cf. (5.11]) and (5.16]))
over 2 time periods, with potentials x; (orange) and x3 (blue). Parameters are
T=4,w=%,c=§,a=%,b=%,dz%,RszZGz%,’y:m:n:l,
k = 1. Top to bottom: Nj,s and cylindrical geometry; Ni,s and slab geometry;
N,y and cylindrical geometry with R = % instead; N,y and slab geometry.
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Figure 5.2.: Step potential outside [—R, R]: intensity (approximated) of electric field of

breather solutions to Theorem in reduced coordinates (cf. (5.11)) and (5.16)))

over 2 time periods, with potentials x; (orange) and x3 (blue). Parameters are
T:47w:%’c:%70/:%’b:All?d:%,RZQ,p:’y:m:n:l,K,El.
Top to bottom: Nijys and cylindrical geometry; Ni,s and slab geometry; N,, and

cylindrical geometry with R = % instead; N,y and slab geometry.
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o Although it is in general impossible to tell whether a computed solution is a global or just
a local minimizer, the numerical minimization scheme in the instantaneous case always
ends up in the same state (up to time shifts) independently of the initial state. One may
therefore conjecture that ground states are unique up to shifts in time. Moreover, they
seem to be even in time.

e Ground states for time-averaged nonlinearities seem to be more smooth than for instanta-
neous nonlinearities. Can one show improved regularity of ground states for time-averaged
nonlinearities?

e For time-averaged nonlinearities one can consider monochromatic solutions with frequen-
cies kw provided ko = 0 (see discussion below). In the cylindrical setting we found
both monochromatic and polychromatic breathers (depending on the chosen parameters),
whereas in the slab setting we only found monochromatic breathers. Can one prove that
in the slab setting ground states are monochromatic? Under which parameter conditions
in the cylindrical setting are ground states monochromatic/polychromatic?

A monochromatic breather has a profile w of the form
w(r, 1) = Re[o(r)ex(t)] = So(r)ex(t) + Loire_4(t)

for some function v. It is compatible with the nonlinearity in the time-averaged case if ko = 0,
since then the nonlinearity
N 2 A2 3 2
Naw(w) = 1 Relkar (vPess, + [v[*ver) + 2f0|v[*vey] = 52 Re[jv|*vey]

is also monochromatic along monochromatic functions. The bottom images in Figures [5.]]
and always depict monochromatic breathers (for the slab geometry, time-averaged nonlin-
earity with k = 1, and frequency index k£ = 1). All other images show polychromatic breathers.
Furthermore, for the time-averaged nonlinearity one can state that if there exists a nontrivial
breather w then there also exists a monochromatic breather with frequency index k € Nyqq
provided Ao = 0 and [;° Ly, - g, rdr < 0.

The instantaneous nonlinearity N = Nj,s however is not compatible with monochromatic
breathers, hence all breathers for N = Nj,¢ are necessarily polychromatic, and they have
infinitely many excited frequency indices k.

5.3. REDUCTION TO A BOUNDED DOMAIN PROBLEM
From now on we assume that assumptions [(.45.1)H(.A5.6)| are satisfied, and we set

V(r)=—(xi1(r) +1—c¢?) and T(r) = —x3(r), (5.18)
allowing us to write ([5.12]) as
Wy — 2w, + T%w —V(r)wy —T(r)N(wy); =0, 7€][0,00),teT (5.19)

where V' > 0,T" > 0 on [0, R] due to [(.45.3)] We will show that (5.19) can be reduced to a
variational problem ([5.22)) below, where the conditions (5.15)) on k are essential.

We consider functions w which are T/2—antiperiodic in time. This is compatible with the
structure of ([5.19)), in particular with the cubic nonlinearity, and we use the suffix “anti” to
denote spaces consisting of functions which are 7/2—antiperiodic in time.
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Using the fundamental solutions ¢y, given by |(A5.4) we can further make the ansatz

w(r, 1) = u(r,t), 0<r<R,
T > okeZogy kPr(T)er(t), T > R.

where oy, € C and u € H!

rad,anti

w, ¢ being real-valued together with ¢_p = ¢ imply a_pd_r = apdp.

([0, R] x T) are to be determined. Note that a_j = @, since

We want to ensure that w and w, taken from inside and outside match at » = R. This leads
to the following conditions:

U(th): Z ak¢k(R)ek(t)7 UT(R7t): Z ak¢;€(R)€k(t) (5'20)

k€Zodd k€Zoaa

By assumption |[(A5.5)| we have ¢ (R) # 0 for almost all k& € Zgqq. Let
= 1{k € Zoaa: ¢r(R) =0} C Zoaq

denote the finite exclusion set. The exceptional indices k € § have to be treated differently
than the regular indices k € R = Zoqq \ §. Note also that due to assumption there
exist constants ¢*, C* > 0 such that

|9, (R)]
|k (R)]

C*
08B > bkl 2 (moeyyr 1SR < CRIIGR] 12 (1 <=k (G21)

hold for all k € R.
Let us show the difference between § and fR: for k € § equations (5.20]) reduce to

x(R) =0 and o= a;’:ggg,
whereas for k € R we have
i (R) oy PR(R)
W= Gy M B = Gy ()

Thus we formally obtain the following boundary value problem for wu:

— Uy — 2u, + T%u —V(r)ug —T'(r)N(up) =01in [0, R] x T,
a(R) = S8 a(R) for k € R, (5.22)
@k(R) =0 for k € 3.

The formal calculation will be justified in the proof of Theorem when we establish the
weak-solution property. Problem (5.22)) again is variational and solutions are critical points of
the functional E given by

E(u) = Er(u) — Eg(u)  where

2
By () = /[O’R]XT (;ui 3 (M) v + ir(r)N(ut)ut) rd(r, t)

Ep(u) == g Z

keR

(5.23)

¢p(R) . 2
or(R) 2 ()]
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subject to the constraints 4;(R) = 0 for k£ € §. Indeed, for a (sufficiently regular) solution u
and a sufficiently smooth function ¢: [0, R] x T — R we have

0= / (—urr — Lu, + T%u — V(r)ug — I‘(r)N(ut)t>g0rd(r, t)
[0,R]xT
_ / (uripr + Eup + V(ryurpr + T(r)N (ur)e) rd(r.1) - R / ur(Rot) (R, ) dt
[0,R]xT T
= (UT% + Sup + V(r)ugp, + F(T)N(ut)@t) rd(r,t) = R O (R)

[0,R]xT o Ok(R)
= E'(u)[¢].

g (R)r(R)

Here we used ¢y (R) = 0 for k € § and that by Plancherel

R /T up (R, ) o(R, 1) dt = R /T v pR A= kY A rEw

o Oe(R)

so that this quantity is real and thus coincides with E'’; (u)[¢] = Re [R > kem %ﬁk(R)gok (R)] .

We further used that En(u) := ﬁO,R]xT<iF(T)N(ut)ut) rd(r,t) satisfies

Eywlel = [ (TN () rd(rb).
[0,R]XT
Indeed, for N = Nj,s we have
En(u) = %/ (F(r)uf) rd(r,t), hence Ej\(u)l¢]= / (F(T)u?cpt) rd(r,t).
[0,R]xT [0,R]XT
If N = N,y, using that x is even by one has
/(K s (uppy))u? dt = / / k(t — 7)ug (1) (T)ug () drdt
T T JT
= / / k(T — t)ug (1)@ (T)ug (1) dtdr = /(/1 s ul)ugpy A,
TJT T
and therefore En(u) = if[07R}XT(F(T)(/@ x u?)u?) rd(r,t) does satisfy
Br(lel =3 [ (D)0 wpn)ud + 1) (s 5 0y (1)
[0,R]xT

= L(r)(k * ul)ugpy ) rd(r, t).
[0,R]xT

As a next step we properly define the functional E and investigate its properties.

Definition 5.3.1. Define the norm ||| depending on the nonlinearity N by

1/4
Ioll v, = ( [ t)) = ol 0 mm

and

R 2 /4
W, = (" (L708) rar) =Wl o ascon
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Remark 5.3.2. We have

v < YRy , v <|lvlln , and Fvavrdr,t:vA‘.
o2 o.rxm) < Hloln  Iolly, < vl 0 RIxT (r)N(v)vrd(r,t) =~ ||lv][y

The first two estimates immediately follow from Hélder’s inequality. The last estimate is clear
for N = Niys since N(v)v = v* and T is bounded and strictly positive by assumption
For N = N,, we have

/TN(U)U d(t) = /T/T/f(t — )% (r, T)v? (1, t) drdt
so that

ess inf T - mink - [Jv]|3 < / T(r)N(v)ord(r,t) < ess supT - max & - |[v]|-
[0,R] [0,R]xT [0,R]

Proposition 5.3.3. The functionals E, Er, Ep given by (5.23)) are well-defined and differen-
tiable on the reflexive Banach space

Yw>{uem£mﬂamXT>

U, %U € Lzad([07 R] X T),
|lue]| y < 00,1k (R) =0 fork e

with norm

. 1
el = lurllzz ygomemy + 36 o ppry = Il

The derivative is given by

E'(u)[¢] = /[0 R]XT(UTQOT + T%ugo + V(r)ugpr + F(T)N(ut)g0t> rd(r,t)

_RZ

kenr

Ge(R) oy
iy, (R)n(R).
o (R)
Furthermore, Ej is sequentially weakly lower semicontinuous, Ep is sequentially weakly

continuous, and E is sequentially weakly lower semicontinuous as well as coercive. Therefore
E attains its minimum E* = inf E = E(u*) and u* is a critical point of E.

Proof. Using assumption and Remark one can show in a standard way that Ey is
well-defined and differentiable. The formula for the derivative follows from the calculations
above. Since V' > 0 the quadratic terms of E are convex, and the same holds for the remaining
part En since I' > 0 together with assumption [5.15|in the time-averaged case. Therefore Ef
is (sequentially) weakly lower semicontinuous.

With (5.21]) we obtain |Ep(u)| < Co||lu(R, ')Hill/?(?r)’ so from compactness of the trace (see
Lemmal5.A.5) it follows that E'p is sequentially weakly continuous and in particular continuous.

It remains to show that E is coercive. Using Remark and Lemma with € == ﬁ

we estimate

1y, |2 11, |I?
E(u) = 3llurllz2 + 5|[7u 2

4 2 2
+ SHuelly = Co(ellurllfz, +C@)luel)

Ly, 12 1|1
= gllurllzz  + 3|7

4 2
T + Fluelly — CoC(e)lJuelly

2
u
2
Lrad

for some ¢; > 0. Thus E(u) — oo as ||ully, — oco. Using [86, Chapter I, Theorem 1.2] we
find that E attains its infimum at a critical point, which completes the proof. O
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Next we show that assumption |(\A5.6)| is a sufficient condition for the solution u* obtained
above to be nontrivial Pl

Proposition 5.3.4. The minimal energy level of E satisfies E* < 0 and hence u* # 0.

Proof. Let ko € R be as in |(A5.6)| and recall that A\ = wHVHlL/fO([O R))- Define

f(r) = nhL(Akor),  u(r,t) = e f(r)(ex(t) + e (1))

where I is the modified Bessel functions of first kind, i.e., it satisfies
(210, + L +1)h =0, L(0)=0.

We calculate

E(u)
R AGIN
_ (O’R)XT(% 24 1(du)? 4 LV (r)ud + ir(mz\r(ut)ut) rd(r,t) - 5 ke; ¢: &) i (R)[*
= g2 (/OR<(f’)2 +(EH%+ wzkgV(r)fQ) rdr — }Zik%g;)f(R)z) +0(eh
R R¢, (R
<& ( | s (=0 =20 B N rr o+ 1) mﬂm?) +O(")
- 52Rf(R)2<§,((§; - ¢:Oég> +0(eY).

We have f(R) > 0 and by assumption |(A5.6)| also

F(R) 04 (R) _ AkoIi(MkoR) ¢, (R)
f(R)  ¢ny(R) L(MeoR) gy (R)

Thus E(u) < 0 for € > 0 sufficiently small, which completes the proof. O

< 0.

5.4. APPROXIMATION BY FINITELY MANY HARMONICS

In this section we discuss approximations of the minimizers of E by finitely many harmonics

u(r,t) =~ Z g (r)er(t),
k€Zoaa
|k| <K

that is we consider E on the subspace YAIf of Yy defined next.
Definition 5.4.1. Let K € Nogq. Then we define

Y& = {u € Yy: tx =0 for |k| > K}.

First we discuss the canonical projection from Yy to Y

20ne can show that [(A5.6)|is also necessary for u* # 0 in the case where V is constant on [0, R].
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Lemma 5.4.2. For K € Nyqq, define the operator

SE vy = Y&, SE)(rt) = Z g (r)ex(t).
k€Zoaa
k<K
Then the operators S are uniformly bounded in B(Yy) and S¥u — w in Y as K — oo for
allu € Yy.

Proof. For p € (1,00) the Fourier cutoff operators SX defined by

S5 Lin(T) = Linu(T), SE[A10) = Y2 frew(D).

are uniformly bounded and SXf — f in L ..(T) as K — oo (see [40, Theorem 4.1.8 and
Corollary 4.1.3]). By acting on the time variable only, S¥ extend to uniformly bounded
operators

SK. 12

rad

with S¥u — win L ([0, R]; L? ..(T)) as K — co. Then from S¥[u,] = (S¥u),, S¥[u;] =

rad anti
(SKu)y, and SK[1u] = L(SKw) it follows that SK: Yy — V& are also uniformly bounded

operators and S®u — u in Yy as K — oo. O

([0, Rl L (T)) = Liaq ([0, BJ; Liyi (T))

anti

Next we show that the minimal energy level E* can be approximated from within Y]{,{ .

Lemma 5.4.3. For every K € Nygq there exists ufor e YNK such that EE* = infE‘Y1§ =

E(uS*). Furthermore lim E™* = E* holds.
K—oo

Proof. Arguing as in Proposition one can show that there exists a minimizer v* € YJ\I,(
of E]Y]?. Setting uf* = S (u*) we find

E(u*) = EB* < EX* < B(uf). (5.24)

Using u® — u* as K — oo and that E is continuous, the second claim follows from (5.24)) in
the limit K — oo. O

As a next step we establish uniform estimates on the minimizers u®*. First, we introduce
the fractional time derivative |0;]° and a quantity Qx that behaves like a norm stronger than

-

Definition 5.4.4. For s € R we define the fractional time derivative |0;|° as the Fourier

multiplier with symbol |wk|®, i.e., Fi|0|® = |wk|® F.

‘ S

Definition 5.4.5. For N = Ny,s we define the quantity

1/4
Qi (0) = ( I IR R t)) .

For N = N,, we define the quantity

R /4
1
QN,, (v) = (/0 | (r, ')H%2(T)Wat| o(r, ')”%mr) rdr)
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Remark 5.4.6. For N = N;,s by Lemma we have
| TONus)ordt) > ¢ Qu,, (),
[0,R]xT

with ¢* = %ess inf(p z) I' > 0 whereas for N = Nay using Lemma m (with constants ¢1, C2)
we have

[ TOINa @Bl ) 2 ¢ Qi () - C ol
[0,R]xT
with ¢* = ¢y ess infjg g I' and C* = Cy ess supjo,g) I'. In particular,
| N@aerdr > CQu)* - Cll
[0,R]xT
holds for both choices of N.

The minimizers u®* formally are solutions of

SE [~y — lur + T%u —V(r)ug — T(r)N(u)e) =01in [0, R] x T,
il (R) = (R§ w(R) for k € %, k| < K,
tr(R) =0 for k € §,|k| < K.

Here the main part —9? — 20, + r% —V(r)0? —T(r)0; N (9 -) is elliptic by [(A5.3), which is
why we expect the solution u to have increased regularity. Often this is shown by testing
the problem against derivatives of the solution. In Proposition we obtain improved
regularity by testing the problem against |0;|u<*. However, with this method it is impossible
to obtain even more regularity because when testing against |0;|*u’* with s > 1 one can no
longer control the appearing boundary terms.

Proposition 5.4.7. There exist constants Cy,...,Cs > 0 independent of K such that the
following holds:

1. [ <oy,
N

2. ||[0y] 7l

L2 ([0,R]xT) =
rad ’

3. || 1|0y Putt Cs,

<
L2 ([0,R]xT)

4. QN(ut ’ ) < Cy,

5. [[u (R, ')HHl(m = G

Proof. Since E is coercive (see Proposition [5.3.3)), there exists C; > 0 such that E(u) > 0
holds for all u € Yn with [Jully, > Ci. Using E(u®*) = min E|Y§{ < E(0) = 0 we conclude

HuK’* < (1, so that |1 holds.
N

For PHBl we first note that

lall = 5 (Neklls oy

1A
;Uk‘

2 (0] + |kl s, [0R})>
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defines an equivalent norm on Y. Thus the operators |3;|° are bounded on Y for all s € R.
In particular, |9;|uf* € Y. Using V > 0 on [0, R] and (5.21)) we calculate

0= B'(u*)[|0y]u"]

~ o T(“f ’*"3’”“5 * b B V)l Ol + DN () ) e, 1)
X

D L R )

k€Zoa d
2 2
> | ((|at1/2u£‘*) + (o) £ TN ) ol ) e
[0,R]xT

~GR Y WA )|
k€Zoad

Using further

2 . 2
CoR Y. wk?|A[u™*|(R)|” < Cy qu*(R,-)HHI(T),
k€Zoaa
Remark [5.4.6) Lemma [5.A.7| with ¢ = é as well as a X2 —bX > X — (bH) , we obtain
0>1 81/2 K,*2 181/2 K;kz K* C* K7*4 6«0 K*2
2 gllon ], [Ha e, + e (uit ) o ul |||~ Coce)@n (uf)
2 2 ka2 (CoClE) +1)*
> 410 | kel 4 Qu(ui) - ( 40)* S et
(5.25)
With C = w + C*C¢ the estimates [214] follow from ((5.25)) where
4c 1
Cy =20, C3:=C4=C,
and lastly [p| follows from [2| and [4| using Lemma again. ]
Y g g

The following result is the most important result in this section. It shows how a minimizer «
of E gains additional regularity via the approximation by finitely many harmonics. This will
be the key to establish regularity of the solutions of ([5.19)) across the boundary at r = R.

*

Proposition 5.4.8. Up to a subsequence, the limit u = limg_,oo uS* exists in Y. The

function u is a minimizer of E and satisfies
L ully, <,
2. H|5t\1/2ur

<
L2, ([0,R]xT) — 2,

1
Ho L2, ([0,R]xT) — Cs,

4. Qn(ur) < Cy,
5. |lu(R, )l g1(ry < Cs,
where the constants C4,...,Cs are the same as in Proposition [5.4.7
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Proof. We only consider the case N = Ny, as for N = Nj,s one can argue similarly. Then
due to Proposition and the definition of Qy,, the weak limits

uE* oy in Yy,
10, 2ul* — f in L2 4([0, R] x
Loy uf* — g in L2,4([0, R)
et 2y |9 ™ — hoin L24([0, R] %

uS*(R, -) — bin HY(T)

.%

),
);
);

X
'% l%

exist for K — oo up to a subsequence and satisfy [lully, < Ci, [[f|2 LS Co, gl 2 s Cs,
|R]] 12 LS Cy, |[b]] ;1 < Cs. Using the properties of the functional E from Proposition W
and Lemma [5.4.3 we further obtain

E* < E(u) < lim E(®*) = lim Ef* = E*
K—o0

K—o0
so that F(u) = E* = limg ;00 E(uf**). In particular u is a minimizer of E.

Also, since Ep(uf*) — Eg(u) for K — oo, we obtain Ej(u®*) — E;(u) as K — co. From
this it follows that «** — u in Yy as K — oo as we show next. Since u/&* — u we see that

Lufor = Ly o — o, in L24([0,R] x T), up ™ = g in ||| -

Moreover, by weak sequential lower semicontinuity we have

Er(u)
2
1 2 11 /2 1/4
= Stz +3bul 3V ]
ks, + H[ 3,
< 1hmlnf u, Ko 1hm1an1uK’* fhmlnf V/2 1hmlanF Yy K*
K—oo L?ad K—o0 L?ad K—oo L?ad K—oo Nav
2 L 2
<3 ) 1hm1an1uK’* ) 711m1anV/2uf* 1hmlanF Yy
K—o00 LZ 4 K—o0 L2 4 K—o0 L2 4 K—o0 Nay
< limsup Er(u®*) = E;(u).
K—o0

Notice that in the second inequality we have replaced one liminf by a lim sup and in the last
inequality we used that limsup,,_,. a, + > b iminf, o b, < limsup,,_,(an + 30, b1)

which follows from supneN an + Y04 1nfn€Nb < supneN(an + ZZ L bh). Tt follows that
2

2
Combin-

HUTHLfad([O,R]X']T) = U L2 ([0,R]xT)

ing weak convergence uX* — u, with convergence of the norms ‘

L2 ([0,R]xT)"
— Hur||L§ad, we find

U,

L?ad
that uX* — u, in L2,,([0, R] x T) as K — co. With a similar argument we find u/* — Ly
in L2 4([0, R] x T) and ul* — g in || Iy, as K — oco. Together, this shows u/** — u in Yy
as K — oo.

It remains to show the estimates 2HEl These follow from the identities

F =10 ur, g = 2o Pu, b= llugll o0 P, b=u(R, ),

where we only discuss h = [lu| 2 (11*)|3t’1/ *u as an example First, by definition of Qx and

convergence u** — u in Yy we have HuK a ([0, R] x T). Taking

= HuHLg(T win L2,

L? (T)

the Fourier transform, for k& € Zyqq we find

]:k[Hu HL2 (T) Yt ] - }—k[”utHL? U]
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and also
) Y2, K1
W’k’}—kw“ HL2(']I‘ =k H“ HL2 T)‘ t| a7 — Fi[h]
in L2 ([0, R]) as K — oc. Thus Fg[h] = Vwlk[Fill[uell p2myue, ie., h= |8t\1/2(||utHL2(T)ut) =
HUt”L2(T)|8t‘I/2Ut- O

5.5. PROOF OF THEOREMS [5.2.1] AND 5.2.3

The proof of Theorem [5.2.1] is split into two parts. First, using results from Sections
we show in Proposition that there exists a weak solution to the problem in the
sense of Definition below. In Proposition we show that from the solution of ,
one can reconstruct a solution of Maxwell’s equations 7, and that this solution has
finite electromagnetic energy per unit segment in z-direction.

Definition 5.5.1. A function w: (0,00) x T — R is called a T-periodic weak solution to

(5.19) if w lies in

X = {UJ S Wli)’cl(( ) X ’]T) LW, Wr, Wt € Lrad([o OO) X T

] <00}

and satisfies the equation
/ (wrSOr + T%WP + V(r)wepr + F(T)N(wt)ﬁpt> rd(r,t) =0
[0,00)xT
forall p e X.

Proposition 5.5.2. There exists a nontrivial weak solution to ((5.19) in the sense of Defini-
tion [Z.51l.

We prepare the proof of Proposition with an estimate on the fundamental solutions ¢.

Lemma 5.5.3. There exists a constant C' > 0 such that qu%HL?ad([R’OO)) < C|k|||¢k||L§ad([R,oo))
holds for all k € Zoaa.

Proof. By assumption we have

Due to |2, Lemma 5.5] the inequality

19512 (17,00 < Co (5’

holds for some Cj > 0. Choosing € = Wl" the claim follows with C' = Co(gz +w?||V| o +1). O

Lo+ kw Qngk

2( 1 | 2
Pa(Re0) ooy S F (T IVl )6kl e

/
20k sy + 1002 )

Proof of Proposition[5.5.3. Let u denote the minimizer of E obtained through Proposition[5.4.8|
Then u is nonzero by Proposition As motivated in Section [5.3] we define

(r,t) = u(r,t), r <R, (5.26)
T Shes S (en(t) + Sien B on(r)ex(t) 7> R ‘
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First we show that 4)(R) exists for all k& € Zygq. To do this, let ¢ € (0, R). Then for
Y € CP((e, R); C) we have

0= E'(u)[Re[y)(r)ex(t)]]
R
— Re l /0 (@) (r) + [ Ban(r) + K2V (r)a(r) — ikl (r) Fe[N ()] ()| (1) rdr] .

Since ¢ was arbitrary, this shows that 4 € H'([e, R]) is a weak solution to
ap = —Lag, + Ly + K0V, — tkwl Fy[N(w)] on [e, R]. (5.27)

Note that the right-hand side of (5.27) lies in L*([e, R]). Thus 4, € W>"3([e, R]) and solves
(5-27) pointwise. In particular, we have 4y € C'([e, R]) and therefore @), (R) exists.

Next we show that w lies in X. Clearly, w is real-valued, and SW, Wy, Wy € L2 ,([0,R] x T)
and N(w;)w; € L1 ([0, R] x T). Since the antlperlodlclty of w forces the zero-th Fourier
mode to vanish, we see that HwHLz L([R.o0)xT) and hence B wHL?dd [R,00)xT) are bounded by
||wt||L2 ([Ro)xT)- Therefore, it remams to show that w,,w; € L? 4([R,o0) x T) since the

function values at r = R match according to the construction of w.

Using , Proposition and Lemma we find
i (R)
P CAPTIEDY

kER ke ox(R

SZHWWW5MRM%m<m
keR

> WzszwkH%fad([R,oo)) = w2k

keRr kenr ¢

<S> k2|ﬁk(R) 5 lu(R, ) (py < 0
ken

rad

’ 1941122 (17,00

a([R,00))

Since the finite sum ), cx %qﬁk(r)ek(t) belongs to HL  ([R,00) x T) this shows that the
k

sum w(r, t) = Ypez.  Wk(r)ex(t) converges in H 4([R,00) x T). It remains to show that w is

a weak T-periodic solution to (5.19) in the sense of Definition That is, we need to verify

I[p] = / (wrgpr + r%wgo + V(r)wpr + F(T)N(wt)got) rd(r,t) =0
[0,00)xT

for all ¢ € X. Since w,, w,wy, N(w;) are T/2-antiperiodic in time, it follows that I[p] = 0 for
T/2-periodic ¢. So from now on let ¢ be T/2-antiperiodic in time. We calculate

Tl = [ (o + Bup + Vrug + TN () rd(r 1
[0,R] xT

. (R - — —
+) A >/ (%% r%¢k<ﬁk+k2wgv(7“)¢k90k>rdr

Z OL(R) Jn
+ k% mgg / (04P% + B onde + K2V (r) ¢y ) rdr (5.28)
_ /[0 R]XT(urcpr + Rup + V(r)urpr + T(r)N (u)er) rd(r, 1)
RA(R)EER) - Y I pt (Rypu(B)

kES ke Ok (R) .
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If in addition ¢x(R) = 0 holds for all k£ € §, then

Ip] = / (Ufr% + T%WP + V(r)urpr + F(T)U?%) rd(r,t) )Pr(R)
[0,R]xT
= E'(u)[@ljo,m)x1] = 0

where we have used | gjxT € Yv. Now we want to conclude I[¢] = 0 in the general case
where ¢ € X but ¢r(R) # 0 for some k € §. Note that since ¢ is real-valued we have the
decomposition

X={peX:pp(R)=0forall k €F, k>0}®ling{Re[vpex], Re[ivvei]: k € §, k > 0}

for any ¢ € C°((0,00)) with ¥(R) # 0. By linearity it suffices to show the identity
I[Re[typ(r)ex(t)]] = 0 = I[Re[ip(r)er(t)]] for all k € F. Using (5.28]) we calculate

I[Re[th(r)ex(t)]]
R _ _ N
~ Re l /0 (7 + [Bitg + K2V ()i — koD (1) F [N ()] ()| ) rdr — Ra;C(Rw(R)]
— Re V()R(—a’,; — Lag + Ly, + KOV (), - ik:wl“(r)}'k[N(ut)])¢rdr1 =0,

where the last equality follows from (5.27)) with € := minsupp . Replacing ¥ by i) in the
above calculation, we obtain also I[Re[iy)(r)ex(t)]] = 0. O

Proposition 5.5.4. Let w be a T-periodic weak solution to (5.19) in the sense of Defini-
tion[5.5.1. Then the fields D, E, B, H given by

D(x, 1) = o ((1+ X1 (x))wi(r,t = £2) + x3()N (wy)(rt = L2)) - (=1, 2,0)7,
E(x,t) = w(r,t — 12) - (=£,2,0)7,

B(x,t) = —(%w(r,t — L)t (rt— 72)) 0,0,1)7 = Lay(r,t — L2) - (£,%,0)7,
H(x,t) = ~B(x,1),

where x = (x,y,2) and r = \/x? + y? are weak solutions to Mazwell’s equations (5.1)—(5.3))
in the sense of Definition[5.1.1. Furthermore, the electromagnetic energy is finite orthogonal

to the direction of propagation, i.e.,

/ (D-E+B-H)d(z,y,2)
RXRX[z0,20+1]

is uniformly bounded w.r.t. zg,to.

Proof. We use cylindrical coordinates (x,y, z) = (r cos(),rsin(f), z). We abbreviate
er= (5,207, e=(-%2,0", e =(0,01)"

and use the representations

V¢ = 87"¢ -er + %69¢ “ep + 8z¢ "€z
V x @ = (L0p®° — 0.07)e, + (007 — 0,0%)ey + L (0,(r2”) — 9y0" e
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where ® = "¢, +®y+P%e,. For better readability, we omit the domain [0, 00) x [0, 27r] x R xR
when integrating with cylindrical coordinates as well as arguments, so w = w(r,t — %z) In
particular, d,w = —%&gw = —%fwt holds, which we use below. Now let ¢ € C°(R*;R) and
® € CX(R*; R?). Identities and hold by definition, so it remains to check the four
integral identities of Definition [5.1.1], beginning with

/ (D- V) d(z, y, 2, t) = / (D?8yg) rd(r, 0, 2,1) = 0,
R4

where the integral above is zero because D is independent of #. Next,
LBV eyt = [(-(wtwn)ouo — Ludré) rd(r6. 2,1
= [(10r(rw)0u0 + 000,0) rd(r,0,2,6) = [ (w(D10:6 ~ 0.0,6)) rd(r,,2.) = 0.
For the third integral we have
A4(E-v x®—B-0,%)d(z,y, 2 1)
_ / (w0, (0:9" — 0,0%) + (1w +1,)0, 0 + Luyd,®") rd(r, 0, 2, 1)
_ / (0w(0:8" — 8,8%) + 10, (rw)d° — 0w, ®") rd(r,0, 2, 1)
_ / (w(— 00,87 + 0,0,5% — 0,0, + 0.0,8")) rd(r, 0, 2,t) = 0.

For the last identity, using integration by parts, that integrals with 0y vanish, and the
definitions of V,I" in (5.18)), we have

—H-Vx®-D-9,0d(x,1)
R
=L [ (Cw+w) L0, (r®%) — 9p07) + Luwy (L9p®* — 0,0) rd(r, 6, 2, 1)

Ho T
~ [+ xa)wr + xsN (w))2r2) rd(r. 0. 2,1

— i /(@w&@e + %(87«11@9 + wd,d%) + %w@g — %azwa@@) rd(r, 0, z,t)

— = [ (copo(1 + x1)0wd,®’ + eopoxsN (9w) 9, ®°) rd(r, 6, 2, t)

=5 / (0rwd, @ + Hwd’ + V(r)dywd® +T(r)N (w;)8,9%) rd(r, 0, 2, 1)

= i g+ S V(g + DN e)ie) rd(r,1) = 0

where in the last line w = w(r, t) is no longer in traveling coordinates, ¢ is given by

o(r1) = TZ/ O0(r,0, 2t + kT + L2)d(0, 2),
iy 10.2m]xR

and the last equality holds due to Definition [5.5.1] To show finiteness of the energy, using

D-E+B-H= el +x1)wj +exaN(w)w; + o (Fw + w,)* + z-wj
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we calculate

/ (D-E+B-H)d(z,y, 2)
RXRX[Z(),Z()—FH

= 2mc —V(r)+ Z)wi —T(r)N + Gw +w,)?) rd(r, t),
He [o,oo>x[to—<zo+1>/c,t0—zo/c}(( )@y — TN wgwet (e w))r )

which is uniformly bounded w.r.t. tg and 2y because V,I" are bounded and w lies in X. [

Now that we have completed the proof of Theorem [5.2.1] it remains to show the multiplicity
result of Theorem [5.2.3

Proof of Theorem . Let R denote the (infinite) set of numbers kg € Nyqq for which |(.A45.6)
holds. For kg € K we consider the subspace

Ynp ={ueYy|uis %—antiperiodic in time} C Yy.

Similarly to the proof of Proposition [5.5.2] one can show that E attains a minimum value
on Yy, and that from the minimizer, one can construct a weak solution of using
(5.26)). Here we use that problem is compatible with considering %—antiperiodic in
time functions, i.e., N(wy) is %—antiperiodic in time if w; has this property. The solution of
gives rise to a solution of Maxwell’s equations by Proposition m

Repeating this for all kg € K, we obtain a family {(Dg,, Ex,, Bk, Hg,, ): ko € 8} of solutions
to Maxwell’s equations. Each solution has a minimal nonzero time-period that is a divisor of
%. Thus, this family has minimal periods becoming arbitrarily small and therefore infinitely
many among the solutions must be mutually distinct. O

5.6. MODIFICATIONS IN THE SLAB SETTING

Here we sketch modifications that have to be done in Sections [5.3] to [5.5] in order to prove
Theorems [£.2.4l and 5.2.5l First our solution ansatz becomes

u(z,t), 2| < R,
> keZoua oy (|z))en(t), |z >R

w(z,t) = {

where u € H) ; cven([—R, R] x T) is to be determined and

ajp = giig ax(R) =0 for k € §,
_a(R) L, Gu(R)
ap = 3(R)’ U (R) = 5 (R) g (R) for k € R.

We use the subscript “even” to denote functions that are even in space.

The restriction to even functions is done in order to shorten this chapter, but it is not necessary.
For example, one could instead look for functions u that are odd in space, or not impose any
spatial symmetry. In the latter case one need not make any symmetry assumptions on V, I’
(see assumption if instead one requires fundamental solutions to exist both on [R, c0)
and (—oo, —R).
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Going back to the problem, we (formally) obtain the boundary value problem
—Uze — V(x)ug — D'(@)N(ut)e = 0 in [0, R] x T,
i (R) = 2Bq,(R) for k € R,

P (R)
up(R)=0for k€ §
uz(0,-) =0

for u, where the last condition comes from u being even in space. This problem has variational
structure as solutions are critical points of
~1
_ 1,2 1 2,1 1 op(R) 2
E(u) = suy + 5V (x)ui + 30 (2)N (ug)us d(z,t) — 35 Z s |uk(R)]
[OvR} xT kER ¢k(R)

subject to the constraints 4;(R) = 0 for k € §. We can proceed like in Sections to
in order to prove existence, regularity, and multiplicity of some minimizers of E. The main
differences to the radial setting are the following: First, we do not work in radially weighted
Sobolev spaces, so rdr is replaced by dx and L | by LP. Further, the radial Laplacian 02+ %67«
is replaced by the 1d Laplacian §2. In addition, the term T%w is absent in problem ,
so that this term (and related terms, e.g., %u in E and part |3| of Proposition D do not
appear in the slab setting.

So we define ||| % and Qx like |||y and Qn but without the radial weight. Notice that E is
well-defined on the reflexive Banach space

?N = {ueH1

anti,even

(=R, R] x T): |||y < 00, x(R) =0 for k € 3}

More noticeable changes have to be made in the proof of Proposition [5.3.4 There we made
the ansatz

u(r,t) = eli(Nkor) (ex, (t) + e—k, (1))
in order to show that inf F < 0, and I; was a solution of
(—02 =10, + L+ 1) =0.
For the slab setting the natural ansatz is
u(z,t) = e cosh(Akox)(ex, (t) + e—k, (£))
since (—02 + 1) cosh = 0, which also explains the way we formulated assumption

We note that the trace embeddings can be adapted to the slab setting, i.e., the trace map
tr: Yy — Hl/Q(’]T),v — v(R, -) is compact and the estimates appearing in Lemmas
and also hold with L? . |||l v, @n replaced by LP, |||y, Q. This is because the trace of
v only depends on the function v in a small neighborhood of x = R, and the radial weight is
not singular at x = R.

Lastly, the electromagnetic waves reconstructed from the profile w for the slab geometry are

given by
D(x, ) = eo( (1 +x1(3))wi(,t — Ly) + xs ()N (wy)(, ¢ = 1y)) - (0,0,1)7,
E(x,t) = w(r,t — %y) - (0,0, 1)T,
B(x,t) = (qwi(z,t = 1y), walz,t — 1y),0) ",
H(x,t) = ~B(x,1),

which can be shown similar to Proposition [5.5.4] for the cylindrical geometry.
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5.7. FURTHER REGULARITY ESTIMATE AND BIFURCATION
PHENOMENON

Checking the assumptions |[(.A5.1)H(.A5.6)| and [(A5.1)H(A5.6)| one sees that they depend not
directly on x; but on x§ := x1 — ¢ 2. As we show next, for every solution of Theorem
or Theorem the L>([0, R]; L*(T))-norm of the E-field is finite and can be bounded by a
constant depending only on x§ (as well as on x3 and k). A possible physical interpretation of
this result is described below.

Proposition 5.7.1. Let D, E, B, H be a solution of Mazwell’s equation as in Theorem |5.2.1
or Theorem (5.2.5 Then ||E|| (o gj.z2(1)) i finite. The same holds true in the slab setting
i

for solutions from Theorem or Theorem [5.2.5

Proof. We focus on the radial setting and time-averaged nonlinearity. As in Section let
D,E,B,H be a solution of Maxwell’s equations such that ]E[Q = w? where w is a weak

solution of (5.12)) in the sense of Definition We begin by formally multiplying (5.19)
with —wy and integrating w.r.t. ¢ to obtain

0= /1T<_wrr = Jwr + spw = V(r)wy — D(r) (s » wtz)wt)t) (—we) dt

1
— /T — Wiy Wy — %wtrwt + ﬁw? + V(r)wft + 2I°(r) (k * wpwy )wywy + T(r) (K * wf)w?t dt.
Writing f(r) == 3 [ w? dt, we have
0=—f"— %f’ + {/ﬂ‘ r%w? + w?T + V(r)wft dt + T(r)J" (we) [wye, wy]

where J(v) == 1 [p(k * v?)v? dt is convex by assumption and therefore all terms in the
square bracket are non-negative. This combined with f(0) = 0, f(R) > 0 shows that f is
increasing on [0, R]. Thus |lwi||2(y) is bounded on [0, R] by [lwi(R, - )| 12(r), Which is finite
by Proposition

To justify this formal calculation, we argue as in Section since w\[07 R)xT Was obtained as
the limit in Yy of a sequence u’** defined in Lemma we set fX(r) =1 fT(uf(’*)Q dt and
get that f& — f in L2 ([0, R]). Since u®* € Y and time-derivatives are bounded on Y},
we have (f5), 15 € L1([0, R]) so that f¥ is continuous and it indeed satisfies f%(0) = 0.
The formal argument above can therefore be applied to fX and yields that f% is monotone
increasing on [0, R]. Thus f is monotone increasing and hence bounded by the constant %05

from Proposition completing the proof.

The proof for the slab setting is similar; the main difference is that at zero we have a Neumann
condition w,(0,t) = 0 instead of a Dirichlet condition. The proof with the instantaneous
nonlinearity follows by setting x = dg above. O

Recall the constitutive relation
D = &E + P(E) = ¢o(1 + x1(x))E + eox3(x) (s * |[E|*)E
for the time-averaged nonlinearity. The quantity

eo(1 4 x1(x)) + eox3(x)(x * |E|?)
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may be called the effective permittivity and can be estimated from below by

eo(1+ x1(x)) + eoxa(x)(r * [E[*)

> (1 + ¢ = |15l me)) — €ollxsll oo e 1] oo () | BN o0 (0,222 (7))

As described above, the existence of E hinges on x§ = x1 —c¢ 2 and the norm HEH%OO([O’R];Lz(T))
only depends on x§ and not on x;. Hence, if ¢ > 0 is sufficiently small then the effective
permittivity is positive, which gives the waveguide the character of a dielectric. In other
words, for time-averaged nonlinearities and for sufficiently small propagation speed ¢ > 0, the
fields are not strong enough to change the dielectric character of the waveguide. It is open if
the same holds for instantaneous nonlinearities.

Finally, we comment on the bifurcation phenomenon outlined in Section [5.1.2]in the context
of the cylindrical geometry. We consider Vy(r) = —(Y1.4(r) +1—c¢72), T = —x3(r), where the
material parameters X1 4, X3 are as in Section and where we emphasize the d-dependence
of X1 and V by adding a lower index d. In fact, d will be seen as a bifurcation parameter.
Due to the ansatz E(x,t) = wy(r,t — 1z) - (=%, Z,0)T and the fact that u(-,t) = w(-, ) 0,R]
solves the boundary value problem , the bifurcation phenomenon can be explained on
the level of u as a solution of the d—dependent boundary value problem on [0, R] x T.

Recall that on [0, R] the function Vy(r) = —(d + 1 — ¢72) is just a positive constant.
Let us first fix a value d* as in Theorem so that assumptions |(\45.1)H(.A5.6)[ hold. Then

we consider the linear eigenvalue problem

—Upp — %ur + r%u +(d+1- 0_2) ug = Auy in [0, R] x T,
—_———

—Vgx(r)

i (R) = S ag(R) for k € %,

ap(R) =0 for k € §.

(5.29)

The smallest eigenvalue A can be obtained by minimizing

2, (1,)? 2
Egs jin(u) = / <ur + (;u) + V- (r)ut> rd(r,t) — 2Ep(u)
[0,R]XT

subject the constraint

/[0 R]xTu% rd(r,t) =1

on the space
Vi = {0 € Wil (0, B] x T) [, 2w € L2,4([0, B] x T) ).

Since assumptions [(\45.1)H(A5.6)| hold for d*, the negative minimum A < 0 is attained. It
appears as a Lagrange multiplier which coincides with the smallest eigenvalue. Moreover, the

minimizer wuyy, satisfies (5.29)) so that

—Ulin,rr — %ulin,r + T%ulin + (d +1- 0_2) Ulin,tt = (d - d*)ulin,tt in [Oa R] x T

—
—Va(r)
iy, 1 (R) = i E ;uhn k(R) for k € R,
ik (R) =0 for k € 3.
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where we have set d, = d* + . In particular, for the bifurcation parameter d € (d., d*] we
find that

Eqin(win) = /

2
[0 R]XT(;Uﬁn,r + %(%unn) + %Vd(r)uﬁn,t) rd(r,t) — Ep(uj,) < 0.

Hence, for a sufficiently small multiple € > 0 we can insert cuy;, into the functional E, for
the nonlinear problem and get E4(cuiy) < 0. This shows that Ej = infy, E4 < 0 and it is

therefore the substitute for |(.A45.6)| which we do not verify for d € (d,d*). Since|(.A5.1)H(.A5.5)
continue to hold for all d € (d.,d*] we conclude that the nonlinear problem

—tpr — 2y + Hu— Vy(r)ug — T(r)N(ug)y = 0 in [0, R] x T,

~ " (R) ~

a(R) = S ag(R) for k € R,

up(R) =0 for k € §.

has a nontrivial ground state u?. Let us now show that indeed u¢ — 0 in suitable norms
as d — d,, which shows bifurcation from the zero-solution at d = d, and continuation of
solutions as d runs from d, up to the primarily chosen value d*.

Lemma 5.7.2. For d € [d.,d*] any minimizer u® of E4 satisfies
d _ o 1/4
], = ota—dy"y

as d ™\ dy.

Proof. We first show that HufHN is uniformly bounded for d € [ds,d*]. As in the proof of
Proposition we find

2
Eq4(u) = /[0 Rt (;u% +3 %u) + $Va(r)ui + iF(T)N(ut)ut) rd(r,t) — Ep(u)
>
a /[O,R]XT(

1 2 2
= /[O’R]XT(%U?« + 400N (ue)ur) rd(r, 1) — lerlzz, ro,mmy = CoClagy) el

2 Il (luelly — CoC(555))-

2
Uy +

N[ =
=

D(r)N (ue)ug ) rd(r, ) = Collu(R, ) o)

If we insert u? and use Ej = FE4(u?) < 0 the claim on the uniform boundedness of HufHN
follows.

Next we claim that Ej = O(d — d,). To see this, we find

Eq(u) > Egjin(u) = / (%u,% + %<%u)2 4 éVd(r)>ut2 rd(r,t) — Ep(u)

[0,R]XT

> (dy — d) u? rd(r,t)
[0,R]xT

2 (d = d)l|uely
by Remark The claim follows by inserting u = u¢.

Now we can use the equality

0> B = Bau®) — SEihlu) = =4 [ TN rder )
2 [0,R]xT
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4
and the previous step to conclude HuthN = O(E};) = O(d — dy). Finally,
0 = Ey(u®)[uf]
2
— [ () (2at) s Vil + TN ) rdr. )~ 2E ()
[0,R]XT
> l’ ul|”
=2 L2 ,([0,R]xT)

+(c?=1—d"

ud 2
r Lfad([O,R]XT)

—2CoC (5¢7)

d
r

d

2
]

2
d
Ut ‘ L2, ,([0,R]xT)

implies that

|u

as claimed. 0

ud
'S

d

r

uf]

= o(|uf],) = Ot~ d))

L2 ,([0,R]xT)’ L2 ([0,R]xT)’ L2 ([0,R]xT)

5.A. APPENDIX: PROPERTIES OF THE NONLINEARITIES

For the instantaneous nonlinearity, it is clear that the function Fy is convex. In the time-
averaged case this follows from assumption (5.15)) together with I' > 0. Next we discuss two
conditions that are sufficient for convexity in the time-averaged setting, i.e., (5.15).

Lemma 5.A.1. The convexity assumption of (5.15) on k is satisfied for example if the other
assumptions hold and either max k < 2mink or K > 0 for all k € Z, or more generally if k
is a sum of functions satisfying these conditions.

Proof. Set f: L*(T) — R, f(v) = [p(k * v?)v2. Then using that s is even we calculate

" (v)[u,u] = 4 / (k*v?)u® dt + 8/(/@ * uv)uv dt.
T T
Part 1: If max k < 2min k, with ¢ := (min x + max x)/2 we can estimate

f"(v)[u, u] :4/E(Ii*v2)u2dt+80(/fuvdt>2+8/T((/£—c)*uv)uvdt

> 4min &fuv? — 8|k — ¢, [uv]? > 0.

Part 2: 1If instead A > 0, we can estimate

1 (v)[u,u] > 8/11‘(1% * uv)uv dt = 8 Z foge| i (uv) 2 > 0. O
keZ

Next we aim at lower bounds for E'(u)[|0;|u]. Using integration by parts, one sees that the
quadratic terms appearing in E'(u)[|0;|u] are L?-norms of suitable fractional derivatives of wu.
In the next two lemmas, we investigate the remaining non-quadratic term [ N (u;)|0¢|u;. We
begin with the instantaneous nonlinearity.

Remark 5.A.2. Let us give a few examples of kernels & describing the nonlinear polarization
(cf. (5.4)) that lead via k(t) =T > ez R(t + kKT) to admissible potentials x for (5.15)).
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(a) First, we consider

wo = [0 t<0,
K = _
(T +4M™t, t>0

where ¢ > 0. Let us show that the resulting  is admissible. To do this, we write

1 1 1

A =57 (T2 +(2t—T)2 T2+ (2t+T)2

) for t > 0,

so k(t) is a telescoping series with value

1
k(t) = ST(T7 T (2~ T)7) for t € [0, 7).

We see that « is even about %, and by periodicity also even about 0, and that minx =

K(0) = o5, max K = m(%) = 555 hold. Since £ is Lipschitz continuous, this combined

with Lemma show that k satisfies ((5.15]).

(b) More generally, #(t) = L1;>0[g(2t — T') — g(2t + T')] with even, Holder-continuous g: R —
R is an admissible example if maxjg 71 g < 2minp 7 g holds.

(c) Let us give another example: Consider

F) =Y anlpr minm (1)
neNy

where (ap) € ¢! with 3°,,cy, @n = 7. Then & = 1 and therefore it satisfies (5.15).

(d) Finally, using a Debye-type exponential decay in the kernel function cf. [2§], let us
consider &(t) = ae 1,50 and its discretized version #q4(t) = a 322, e_ﬁnT]l[nT(nH)T)
with a, 8 > 0. Subject to the choice o = (1 —e~7) /T the discretized version clearly falls
into the category (c) whereas for the continuous version we get x(t) = e~ # for ¢t € [0,T)
so that x is neither even nor continuous on T and hence does not satisfy . Therefore
our results do not apply to &, but can be used for £5. Clearly, the smaller T' > 0 the
better &4 approximates &, and our results provide existence of breathers with frequencies
tending to infinity as 7"\, 0. This, however, does not allow for any conclusion about
breathers for nonlinear Maxwell equations with Debye-type exponential decay kernel.

Lemma 5.A.3. The inequality

2
2/&¢@waz/0wwwwgdt (5.30)
T T
holds for all v € C*°(T).

Proof. We first encountered an estimate similar to (5.30) in [26, Proposition 2.3], and we
prove (5.30) in a similar fashion. Note that v|v| € CH(T) € HY?(T). Thus both sides of
(5.30) are well-defined and we may use symmetry to obtain

1/9 2
A(‘aﬂ/(v‘v[)) dt:A”’v|“at|(U|v‘)dt.

Using the representation of Lemma [B:2.8 we calculate

2/&¢@wa—/mm¢w@mmt
T T
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— RO )] — ot + Bt + ) — oft — Wo(t — b)) dhdt
_C /R % /T2v(t)3(v(t) — ot +h)) = o) [u(®)] (0()|o(t)] — vt + h)[o(t + h)])

+20(t)* (v(t) — o(t = h)) — v(B)]o(t)] (v(E) ()| = v(t = h)|o(t — h)|) dtdh
=0 [ 5 L2020 — vlt+ 1) — PO O] - vt + Do+ )
+20(t + h)3(v(t + h) —v(t)) — v(t + h)|o(t + )| (v(t + h)v(t + k)| — v(t)|o(t)]) dtdh
_ c/ 1 / o)+ ot + b)Yt — 20()%0(t + h) — 20(8)0(t + h) + 20(8)[u(B)|o(t + W) |u(t + h)| didh
R h* JT

Next we claim that the last integrand is everywhere non-negative. To see this, abbreviate
a=v(t), b:=v(t+ h). If a and b have the same sign, we find

a* + bt — 2a3b — 2ab® + 2aa|b|b| = (a2 + b2) (a—b)* > 0.
If a and b have opposite signs, we instead calculate
2
a* + bt — 2a3b — 2ab® + 2aa|b|b| = (a2 = b2) — 2ab(a® + %) > 0.

This completes the proof. O

The counterpart for the temporally averaged nonlinearity reads as follows. Its proof is very
different from the proof of the previous lemma.

Lemma 5.A.4. There exists constants c¢i1,Cy > 0 such that
2 2 4
/T(/‘”v *x0°)old|vdt > erl|vl| 72 118|072y — Collvllz2er)

holds for all v e C*°(T).

Proof. By k € C*(T). Inspired by the famous Kenig-Ponce-Vega inequality [48], we
define the Leibniz-defect for the fractional half-derivative as

§ = 10y (5 % v?)0) — 0|82 (k + v2) — (k * v?)| 04| 0.
Using Lemma and Lemma we estimate
lolly S [mxv?] [l gpya-ars < [Kloal0I310] e S Il 0I5 10l i
We further have
0472 (1 % v%) = (1062 k) 5 (1062~ *0%) = |04 V25 5 (2010 >~ *0 + 5)
with Leibniz-defect & given by

§ = |02 (v?) — 20|08y >~ 0.
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By applying Lemma [B:2.10] Lemma [B:2.5] and Lemma [B:2.4] for p close to 1 we obtain the
estimate

161, S Wpapiia—oss < ol Famers S lolls™ 2 l0ll s,
so that
106172 (s % v?) |, < 20[106] 8| N0l 106220l + (106725, [15]],

1 - 14 1-a
S lellea (ol 1ol s + ol ™ol )
where we have used [78, Theorem 2.6] for the estimates on |9;|"?x.

Next we estimate the quantity appearing in the claim:
/(m s 2 - |Ovdt = /‘at|1/2((ﬂ*02)v) . |8t|1/2vdt
T T
= / ((’i « 02)|04] 20 + 0] 04| 2 (5 % v?) + 5) |0 Po dt
T

= /<H*v2>(|8t!1/2v>2dt
T

1 1— 14 1—a 1
— Cllollyllallea (15 ol + Holz ™ ol ) 1220
2 1— 1
= Clrlcallvll3 ol 1070,
The claim now follows using
. 2 2
o0 o) dt = min - o] 101 ol
and Young’s inequality for products. O

Next we prove two important trace inequalities that are adapted to the terms appearing
in our functional. In Lemma we estimate the trace in H'?(T) against |||y, and the
“regularized” embedding Lemma estimates the trace in H'(T) against Q.

Lemma 5.A.5. The trace map
tr: Yy — H72(T),u — u(R, -)
is well-defined and compact. Furthermore, for all € > 0 there exists C'(g) > 0 such that
o ull3s gy < ellurllz omxr) + CEuely. (5.31)

holds for all u € Yy.

Remark 5.A.6. By Remark we have the continuous embedding ¢: Yn < HL ([0, R]xT),
and it is well known that the trace maps H'([0, R] x T) into H"/?*(T), and the same holds for
HL ([0, R] x T). However, both the embedding ¢ and the trace map tr: H,_4([0, R] x T) —
H'? (T) are noncompact maps. Their composition tr or however is compact, as we show below.
This is true because of the temporal decay in the embedding ¢.
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Proof of Lemma m Since [|||ln,, < Iy, by Remark and thus Yy, . — Yy, , if
suffices to consider the case N = Ng,.

Let u € HZ,;([0,R] x T). Fix some ¢ € C*([0, R]) with ¢ = 0 on [0, R] and (R) = 1.

anti

With v(r, t) := ¥ (r)u(r,t) we calculate
lex ull 2y = e olFecry < ColllOu] trvlZaqay

R
=3Co [ (110 vlla) [J00- 10, v, at ) ar

R
=3Co [ (110 vllacn [ oo o dt) ar
R /2
2 ) 2 12 2
Sch(/[o,R]xTUT rd(r,t) /0 10| U||L2(1r)”|at|v||L2(1r)Tdr)

where the factor r can be introduced since v is supported on [%R, R] x T. Using Lemma [B.2.11
Remark and infr £ > 0, infjg g I' > 0 we continue the estimate

||tru||?;{1/2(T) < ClHUTHLfad([O,R]xT)Hth?Vav
< Collwsll 2o, memy + 1l 2 o,y ) el
< Cy(lluell v, + Ml go.mmy ) el
< Cslull3-

By approximation, the inequality

3 2
ltr ullfe ey < Co(lluellng, + lurllzz o mxry ) el

can be shown to hold for all u € Yy, so that tr is a well-defined and bounded operator on
Yx. The inequality ([5.31) now follows immediately using Young’s inequality for products. It
remains to show compactness of the trace operator. To do this, we consider the operator

trf = troSK

for K € Nygq, cf. Lemma for a definition of the projection operators S¥. Then tr€ is a
compact operator since it is bounded and has finite-dimensional range. Since Fj.[u —S%¥u] =0
for |k| < K + 2, using the improved estimate from Lemma [B.2.11]in our calculation above, we
find

3

C
Jextu = 5500 0, < 55

3
u— 8K uH ,

Yn
so that in particular

S
HY2(T) — K+2

3
Htru—trKuH HuH?{/N

HY2(T) Htr(u B SKu)H

holds. Using Lemma it follows that tr’ — tr in B(Yy; H'/?(T)), which shows that tr is
compact. 0

Next we show in Lemma the “regularized” trace inequality, which is the main tool used
to obtain improved regularity in Section [5.4}
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Lemma 5.A.7. For all € > 0 there exists a constant C(e) > 0 such that

2

12 ory T CEOQN ()’ (5.32)
rad ’

||tr UH?{l(T) < 5”‘8t|1/ZUT

holds for all u € YNK and K € Nygq and where C(g) does not depend on K.

Proof. Part 1: Let N = Nips. Fix ¢ € C*°([0, R]) with ¢ = 0 on [0,1R], ¥(R) = 1 and set
v(r,t) = ¥(r)u(r,t). Further let H denote the Hilbert transform in time, which is given by
FiH = isign(k)Fi. Using 0, = H|0¢| we calculate
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where in the last inequality we have estimated 12, ¢’ 2, y* < r. From Lemma [B.2.11| we further
have
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Combining both inequalities with Young’s inequality for products, the estimate (5.32)) follows.

Part 2: Here we consider N = N,,. We define v as above, but now we estimate
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where again supp i C [%R, R] has been used. Using Lemma |[B.2.11{ we further obtain

o

R 1/4
4
1z, ~ Muallzz, 5 el qomszey) = </o [t (s )| 22 ) Td7">

(/ o (r, 2 1001 2, )|

1/4
L2(T) Tdr) = QNav (ut)

Combining both estimates above with Young’s inequality for products, the estimate ({5.32))
follows. m

5.B. APPENDIX: EXAMPLES

In this section we prove Theorem [5.1.2] by verifying the assumptions of Theorem [5.2.1] or
Theorem [5.2.4L. We prepare the proof Wlth a lemma on convergence of infinite matrix products.

Lemma 5.B.1. Let

o 14+ ay /Bn 2% 2
An—< o )\+6n>ER

where |A| < 1, and |a,| < n2 as well as |Bnl, |Vnl, [0n] < % hold for all n € N. Then the
product

H = hm AlAQAm)

m—00

* 0
* 0
Further, there exists a function f: (0,00) = (0,00) with f(0+) =0 such that

fin ()

Proof. First we consider the product

(i) = 2L

where we choose N € N so large that denominators appearing in the following four constants
Cq, Cy, C,, Cy with

converges against a matriz of the form ) If all A,, are invertible, then [[;2, An # 0.

< f(0O).

Cy = 2CC,
' 1 C
Cp=maxq oy 50> ct2c? (0
N+1 N N¥1 — W - N
Cc = QCCd,

C Cc?
NOD Ct+xumy
C; := max
d- 2N 1200 N |y Ca2c?
N+1 N N+1 N
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are positive and % < 1 holds. We show by induction that the following estimates hold for
m > N:

|am_1| SCa(%_%)a ‘bm| S%v ( 3 )
_ 5.33
1—|\™ N _ C
’Cm‘ SCC(%_%)‘F% 1|_||/\| s ‘dm_)\m N‘ Sﬁd
We will moreover show for the differences that
Ca C. C -N
|1 — am| < St lemt1 = em| < Gy + ®AT (5.34)

holds. First, for m = N the estimates (5.33]) hold since ay = 1,by = 0,cy = 0,dy = 1.

For the induction step, let us assume that :'5.33) holds for fixed m > N. Using am+1 =
(14 ) am + Ymbm as well as |a,,| < CF =1+ S¢ we find

N+1
|am+1am]§nf20;_+ccb<(+)c

1 < Ca
m(m+1) ~ m(m+1)

+
S (Ch a)
This in turn implies that |am+1 — 1] < |amy1 — am| + |am — 1] < Ca(% — ﬁ) Next, from
bm+1 = Bm@m + (A + )by, We obtain

C CC, N+1
N

C
—ZCF + N2+ 22 <
m m mm

|brmg1] <

1
<Oca+ NG, + CC") < G

N /m+1 - m+1

Then we use ¢ni1 = (1 + um)em + Ymdm as well as [cn| < CF = G + ﬁ to obtain

C C _
|Cm+1 - Cm‘ < WC;_ + E<|)\|m N + %)

(N+1)C /., 1 C\\men
< — [ — _
< +Cd)m(m+1) AT

C. C e
+7|>\‘ N7

< __~¢
“m(m+1) N

from which the desired estimate on |c,,+1| follows as before. From dy,+1 = Bmem + (A4 0m)dm
we obtain

c Cqy C C

dmy1 — Am“—N] < ch + |)\|Ed +— (W”N + nj)
<N+1 CC’d) 1 < Cy .
- N N Jm+1~m+1

This shows the estimates (5.33)), (5.34)). It follows that by, d,, — 0 and that a,,, ¢, converge
as m — 00. Thus we have shown that the product [] > n A, converges against a matrix of the

((J(Jc+ +|A\Cq+C +

form (I 8) . This implies convergence of the product [[,~; A, with the limit being given by

HAn:[AlAN_l] (].lmm—)ooam 8)7

limy, 00 Cn
n=1

which has the specified form of vanishing second column. From ([5.33)) we get |a,, —1| < % <1
so that limy, o0 @ 7# 0. Thus [[o2; Ay, # 0 if we assume that A;,..., Ay_; are invertible.

It remains to show the estimate

i (3 9=
n=1
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We choose || - || to be the column sum norm. To emphasize the dependence of Cy, ..., Cy on the
constant C, in the following we write Cy(C),...,Cy(C). Let C* > 0 and observe that there
exists a sufficiently large NV € N such that the denominators appearing in C,(C),...,Cy(C)
are positive for all C' € (0,C*]. Then shows that

10 Ca(C) + Ce(0O) c _.
(0 0>H = N TNa—py In(©)

holds, where fn: (0,C*] — (0,00) with fx(0+) = 0. Then
Ll 10 Ll 10 10
A 0 0 AL 00 0 0
< max{1+ - 1)27N 7+ ‘)\‘}fN( )+ (NN,C;)z = fn-1(

where fn_1(0+) = 0. Repeating this N — 2 times, we find a function f; such that f1(0+) =0
and

O 10

n=1 An <0 O) H a fl(C) -

The proof of Theorem [5.1.2] is split into four parts, because the fundamental solutions ¢y,
strongly depend on both the chosen geometry (radial problem or slab problem) and on the
linear potential xi (step potential )Zitep or periodic step potential x}").

< [[An—ll

For the proof, we introduce the following (non-negative) variables to denote the values of the
piecewise constant potential V = —(¥1 + 1 — ¢ 2):

(i) If x5 = X7, we set
a=a+1—c2 pB=b+1-c2 5::—(d+1—c*2),

where by the assumptions of Theorem we have a, 5,0 > 0 and § < o
(i) If X7 = X3P, let

a=a+1-c? p=—b+1-c?), §=—(d+1-c?),

where again «, 3,0 > 0 by assumption.

Proof of Theorem Part 1. First, we consider the perlodlc step potential 7" with
cylindrical geometry, ie., . We verify the assumptions |(A5.1)H(A5.5)| and (A5 6’) in
order to apply Theorem Firstly, assumptions [(A5.1)], [(A5.2), and [(A5.3)] hold by

definition.

Step 1. Here we construct the fundamental solutions ¢ based on the following idea: we
define propagation matrices M, (r,7’) with the property: (iﬁg:g) = My, (r,7")(}) provides
k
the solution of Liy¢y = 0 at r with initial values (j) at 7. On subintervals where the potential

V takes constant values, My, can be explicitly computed. Iterating the propagation from
rn = R+nP+ %HP back to r with prescribed decay r;1/27'" at r,, 7 = min{ \/E, \/g} <1

and sending n — oo will provide the fundamental solution.
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Now we start with the propagation matrices on intervals where V' is constant. The general
solution of

(_33 — 194+ 4 - k2w2a)f -0 (5.35)
is given by
f(r) = AJi(agr) + BY1(ayr)

where J,,Y, are the Bessel functions of first (resp. second) kind and «y, := kw+/c. Thus the
propagation matrix for (5.35)) is given by

) _ no [ f0)
<f’(7“)> = Ma,k(r’r) (f,(T/)>

M s (ry ') = < Ji(agr)  Yi(ogr) >< Jilagr’)  Yi(ogr!) )‘

with

o J1(ogr) o Y{(agr) o J1(ogr’) o Y{ (ogr’)

Next we calculate the asymptotic expansion of M, i (r,7"). With the asymptotics (cf. [39])

1) = |2 (snte = )+ L oste— 5+ 0(%)).
1) = yf 2 (—cos(e— D)+ & sine — )+ (%))
R =\ 2 (eostz )~ L sz — )+ (),
HE) = 2 (s~ )+ Leostz — )+ 0(%))

r 3 _ cos(z —2')  sin(z — 2/
Mo (r,r') = \/:((1) O?k> [<8f 871> +0(x)] <— Sir(l(z - Z)/> COS((Z - Z/))> (5.36)

as z,z — oo, where z = ayr, 2’ = agr’. If, in particular, ' — r = §P, then since
2 — 7 = —kwhP\/a c 5Zoad,

we have cos(z — 2') = 0 and sin(z — 2’) € {£1}, so we can further simplify

a7 (5 A)(FAF 5 ) el 1))

76 I(=E L) e L)

kw

as kr — oo. If we denote by 7, := R+ nP + %QP, rl =R+nP+ (1 — %9)]’ for n € Ny the
points where V' changes from one constant value to the other, then we have

MLk (Tnv rn—i—l) = Mﬁ,k(rnv T%) : Ma,k(r;u Tn—l—l)

—o (] zi)[((ﬁ@) : ;§)+0<’“’1‘2)] b 2)

2kwrsy
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as kn — oo where o = — sin(kwfP+/a) sin(kw(1 — 0)P+/B) € {£1} does not depend on k. To
simplify the asymptotics, we introduce the rescaling
1 0
Si(r) = \/7:<0 1)
wk
and define the rescaled propagation matrices
Mfk (r,r") == Sg(r)My, (r, ) Sy (r') 71,
ngk(r, ') = Sg(r) My (r, r’)Sk(r’)*l,
Mgk(r, ') = Sk(r)Mga i (r, r')Sk(r')_l.

In the following we assume « > 3, the case [ > « can be treated similarly. We then define

Ui(r) == lim (0_1@>mek(r, Tm)- (5.37)

m—0o0

This definition is according to the idea introduced at the beginning of the proof: Wy(r)
contains decaying fundamental solutions for a rescaled version of the operator L;, where

the geometric decay factor \/g has been built into the solution. As we shall see, the second
column of Wy vanishes, which reflects the fact that there can only be one solution which
decays at infinity. Next we note that

m—1
Ui(r) = lim Mfk(r, 70) H (J_I@Mfk(rn,rnﬂ))
n=0

m—ro0

oo
= MLSk (r7 TO) H (J_l\/EMLSk (Tna rn—i—l)) *
n=0

Using the asymptotics

01\/§Mfk(7“n,7“n+1) = (O(lkln) g) +O(k7i2)

as kn — oo and Lemma the limit in (5.37)) exists and is nonzero. In particular, the
limit matrix ¥ has a vanishing second column so that we can define

(1) r) 0
(i o) =50

If we also undo the rescaling and define

then

since wlgl), w,(f) satisfy the identity

1) (. , (1)
<¢’£2)Er;> - Migk (r,r )(:ﬁ? ( )>-
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This shows that ¢p(r) = (;5,(61)(7‘) satisfies Ly¢p = 0 and ¢} = gZ)l(f) so that ¢y, is the sought
fundamental solution. Its properties will be verified in the next step.

Step 2. We are left with verifying assumptions |(.\A45.4)} |(A5.5), and |(A5.6’)| for the functions
¢y, obtained in Step 1. We have already seen as a result of Lemma that ¢p # 0. Next
we show that ¢ € L2 ,([R,00) x T). From the asymptotics we see that there exists a
constant C7 > 0 such that

)| <

H k’r’T’

holds for all k € Nygq and all r,7 > R. By Lemma there further exists a constant
C5 > 0 such that

< (s

ﬁ (0_1\/EM}1 (rn, rn+1)>

n=ng

holds for all ng € Ny and all £ € Nyqq.

For every r € [R, 00) there exists a unique ng € Ny such that r € (r/ From

no 1 ng]

Vo) =) = ( Jim (o71/2) M, (g ME, (e ) )

no
= <a—1 §> (Mli(rvrno < —1\/>MLk (Pry Tn1 )) )
n=ng

1,1

(5.38)

and

M&g,k(rv rno)v re (7“;10,1,7“710]

Mgk(ra Tno), re (’I”nO,T;LO]

M[‘S:k (T’ TTLO) = {
we obtain
no
rlon(r)* < ()" C1C3
and therefore also
Il = \qb ar< Y (2)"crezp <
kL2 ([R.o0)) = kT 7" r — 142 0,
no=

where we used 7;,, — 77, 1 = P. While we obtained an L%-bound on ¢ which is uniform in k,

with the help of the equation Li¢r = 0 one can easily show that ¢, € H2,([R,00)), but the
H?2-bound will be k-dependent. Thus assumption holds.

Next we discuss the asymptotics of ¢p. We use

cos(kw+/a(r — ")) ﬁ sin(kw+/a(r — r’))) 1
_Jasin(kwv/alr — ') cos(kar/alr —r)) ) T o(t)

and likewise for M g p(r7") as well as

- 10
( 1\[MLk rn,rn+1>—><0 0)

Msk(r r') = (

n=ng
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as k — oo, cf. Lemma Thus, together with (5.38) we obtain

= (g)no (/;no cos(kwv/a(r — 1py))? dr + /T:/no cos(kwy/B(r —rpy))* dr + o(l))

= (8)"(5+om)

as k — oo. In particular, we have

likrgiolfgfﬂfﬁkﬂigad(m,oo Z ( )

7107

In order to verify assumptions |(.A5.5)| and |(LA5.67)| we calculate the asymptotics of ¢ (R) and
#).(R). Setting

Mq = 4W\f9 € I\Iodda

we have

\/Ed)k’(R) = wl(cl)(R) = (M(ik(R,’l”o) ﬁ (0_1\/EMEk (TmrnJrl)))
n=0

= cos(kwy/a(R — o)) + o(1) = cos(kma ) + o(1) € {5} +o(1)

1,1

as k — oco. Combined with the estimates on | ¢y 2 , this shows the first part of assumption
(A5.5)l Next we have
VR 2 (-
S oh(R) = o (B) = ( ME(Roro) TT (o7 VEME, (i) )
n=0 2,1

= —Vasin(kwy/a(R 1)) + o(1) = Vasin(kmaF) +o(1) € {£Y2 | +0(1),
which shows the second part of assumption Finally, we have

Ok (1) = n(kmeZ) +o0(1) = —w ma+k o)
sy = wvatn(kmag) +o(l) = ~wva(-1) ™ +o()

as k — 00, so

/
lim sup () —W\F>W\[_WHVH1/2

k—oo  kok(R) L= (0.5
since a > §. Thus assumption [(.45.6’) holds, and Theorem yields the result. O

Proof of Theorem[5.1.2, Part 2. Now we consider the periodic step potential with the slab
geometry, i.e., (5.17)). We verify the assumptions of Theorem in order to apply it.

By the set-up we have that |(A5.1)} [(A5.2), and |[(A5.3) hold. The determination of the
fundamental solutions @; follows the Floquet-Bloch theory for second-order periodic differential
operators. Details can be found in |49, Appendix 6.2]. The main outcome is the following:
there are two Floquet-multipliers

Pk € {—\/gsin(k:m'lﬂ) sin(km'r), —\/Esin(km'lﬂ) sin(k;m'ﬂ)}




156 5. EXISTENCE OF TRAVELING BREATHER SOLUTIONS

where
1-6 P P
= éi and {2m/ = 4y/abw—,2m'l = 4\/3(1 - 0)‘*’} C Nodd
a 0 2 2

and in our setting m = 2m/, n = 2m/l. This implies that |pg| € {\/E, \/g}, so that in modulus
one of them is smaller than 1 and one of them larger than 1. For each Floquet exponent
there is a solution of Ly, = 0 with ¢, (z + P) = prdy(x) for all z € R. If we choose the
fundamental solution corresponding to the Floquet multiplier with modulus less than 1 then
this leads to

||

Using the normalization ¢,(R) = 1 we have

ﬁz(R):—kwftan(kw\fHP) —kwy/a tan(mk% )—kw\/a(—l)kz

2
L2([R,OO)) 1—pg

H¢k

L2([R,R+P))’

and

0 < inf
k€Noaqa

d)k‘

¢k‘

< < 00
L2([R,R+P)) keN o L2([R,R+P))

From these estimates it follows that also |(A5.4)H(A5.5)[ hold. Moreover, since o) _

k¢ (R)
(-1) uya and a > 6 = IVl oo (= R,R)) the final condition (A5.6")| is true and so Theo-
rem [5.2.5] yields the result. O

Proof of Theorem Part 3. Next we consider the step potential Xsltep with cylindrical
geometry, i.e., problem ([5.12). We verify the assumptions [(45.1)H(A5.5)] [(A5.67)| in order to
apply Theorem [5.2.3] First, [(A5.1)] [(45.2)] and [(A5.3) hold by definition. Let J,,Y, denote
the Bessel functions of first (resp. second) kind and K, denote the modified Bessel function
of second kind. For k € Nyqq and with oy, := kw+/a, B = kwy/fB, the fundamental solution
¢ is (up to a constant) then given by

Ale(ozkr) + Ble(ozkr), R<r <R+ p,
K1(Bgr), r> R+ p.

o (r) = {

with

A\ _( HlawB+p)  Yilaw(®B+p) [ Ki(Bu(R+p))
By, apJi(an(R+p))  arY{(ar(R+p)) BrK1(Be(R+p)) )

We begin by estimating the functions ¢. Using the asymptotics (cf. [40])

Ji(z) = \/z(sm( )+(9( >) Ji(2) = %(cos(z—%)Jr
Yi(2) = 2 (~eosz - D+ 0(L)), V() = /2 (sin(z - D)+
Ki(2) = /e (14 0(1)), K{(2) = /£e*(-1+0(1))

as z — 0o, we find

Ay = ~Te e~ Pr(BR+p) <\/7cos(ozk(R +p) — ) \/%Sin(ak(R +p) — %) + O(i))’
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By, = —Ze PulfFe) (\/ Bs sin(ag(R+p) — T) + V3t cos(ax(R+p) — 7) + O(i)),

and thus

160l s = e (14 O),

166022, () = zipe 0 (5 + 2)p(1+ O)

as k — oo. In particular we have

el ooy = 7 (C +0(}))

for some C > 0. We further have
or(R) = m /B’“(R'Fp)(\/%cos(akp) + ﬁk Sln(akp) +O<li))
1 (R) = @e_ﬁm“(\/%sin(akp) — /2 cos(anp) + O(;)).

Note that % = \/% is constant.

As ¢ above is the fundamental solution, assumption |[(A5.4)| holds, and the second part of
assumption |[(A45.5)| follows directly from the asymptotics. Let ¥ = arctan( 5 ) Then

or(R) = \/2(17;R(Bk + ) —Br(R+p) (sm(akp—l— J) + (’)(%))

)

=

S =~ 37 () ot 0 .

By assumption of the theorem on the values T and 9 we can write

kmm  mmw
agp+9=——+

o T on *‘5

for some [ € Z. Since m,n are co-prime, the expression Zogq 2 k — agp + ¢ mod 7 is
2n-periodic and attains the n values

7r 2w
7_£a _Ea"'vﬂ-_g
n n

and no others. Further, none of these values are zeros of sine. This shows that also the first
part of assumption |(A5.5)[ holds. In addition, we have

z:’zgg = —ay (CO%W - 5) + O(%))

Therefore for € > 0 sufficiently small we find infinitely many k& € Nyqq such that

o (R)
kor(R)

hold. This verifies [(45.6")l Finally, we have checked all assumptions of Theorem which
provides existence of T-periodic solutions. O

agp+9=m—¢ modm and =w acot(ﬁ)—l—@(%)Zw\/g—l—s
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Proof of Theorem[5.1.3, Part 4. Lastly we discuss the step potential with slab geometry, i.e.,
(5.17). Like in part 3, we set oy, = wk+/a, B = wk+y/B. Then the fundamental solutions ¢y,
are (up to a constant) given by

3 (2) Ay sin(ogx) + By cos(agz), R <z < R+ p,
xr) =
F e Pk, z>R+p
with

<Ak> — ( sin(ag (R + p)) cos(ag(R + p)) >1< o—Br(R+p) )

By, aj cos(ag(R+p))  —aygsin(ag(R + p)) —Bre~Pr(Fte)

_ o Bu(Rep) <sin(ak(R +p)) — g—k cos(ag(R + p)))
cos(ag(R + p)) + g sin(ax(R+p)) )

Therefore holds and
||

|5

2 1~ 26k(R+p)

L2([Ripoc) 2Pk

2 2
— Lo 28c(B4p) Bi 1
LR R+ 2 <1 " ai) (1+0)

)

so that

|5

L2([Rec)) e ) (C + O(%D

holds for some C' > 0 as k — oo. In particular,
o (R) = e Pe(Ftr) (cos(akp) + g—z Sin(akp)) = o Plltr) 1 4 gsin(akp + )

and

P(R) = —age ) [1 4 B cos(app + )

«
with 9 = arctan (\/%) From here on we can argue almost identically as in the proof of part 3
for the verification of the conditions |(.A45.5)| and |[(A5.6")} O

5.C. APPENDIX: NUMERICAL METHOD

In this section we provide details on the generation of Figures and For simplicity, we
only consider the radial geometry setting.

As discussed in Section solutions w to can be obtained from critical points u of the
functional E, see , and in particular from the minimizer of . We numerically minimize
E|z over a finite dimensional space Z: E(u) ~ min E|z. Then from u we reconstruct an
approximate breather w using the formula .

Motivated by Section [5.4] we choose the ansatz space

7 = {u: u(z,t) = Z fr(x)er(t) ’ fx €F, [k :ﬁ}a
[oEeS
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where F'is a (complex-valued) 1d finite element space, which we have chosen to be the space

of piecewise linear elements with equidistant nodes 0, %, ..., “—F"—,

The illustrations from Figures [5.1]and [5.2] are then obtained by choosing K = 64, N = 128 and
using a MATLAB built-in function to solve the minimization problem. The code to generate
them can be found in [70].

End of Preprint







CHAPTER 6

WELLPOSEDNESS FOR A (1 + 1)-DIMENSIONAL WAVE
EQUATION WITH QUASILINEAR BOUNDARY CONDITION

This chapter consists of the paper [73], which is a joint work with Wolfgang Reichel and
Roland Schnaubelt. We moved [73, Appendix B] to Section changed the notation to be
consistent with the thesis, and made a small modification to the statement of Theorem

Start of Paper

Abstract. We consider the linear wave equation V(x)uy(x,t) — ugg(x,t) = 0
on [0,00) x [0,00) with initial conditions and a nonlinear Neumann boundary
condition uz(0,t) = (f(ut(0,%))): at x = 0. This problem is an exact reduction of
a nonlinear Maxwell problem in electrodynamics. In the case where f: R — R
is an increasing homeomorphism we study global existence, uniqueness and well-
posedness of the initial value problem by the method of characteristics and fixed
point methods. We also prove conservation of energy and momentum and discuss
why there is no well-posedness in the case where f is a decreasing homeomorphism.
Finally we show that previously known time-periodic, spatially localized solutions
(breathers) of the wave equation with the nonlinear Neumann boundary condition
at x = 0 have enough regularity to solve the initial value problem with their own
initial data.

6.1. INTRODUCTION AND MAIN RESULTS

In this paper we study the initial value problem for the following 141-dimensional wave
equation with quasilinear boundary condition:

V(z)uw(x,t) — ugz(z,t) =0, x € [0,00),t € [0,00),
uz(0,t) = (f(ur(0,1)))e, x=0,t€[0,00), (6.1)
u(z, to) = uop(x),ut(x,0) = uy(z), x€[0,00),t=0.

This initial value problem has two main features: the wave equation on the half-axis [0, co) is
linear with a space-dependent speed of propagation and the boundary condition at x = 0 is a
rather singular, quasilinear, 2nd-order in time Neumann-condition. We show well-posedness
on all time intervals [0, 7] with T" > 0, and preservation of energy and momentum.

Our interest in (6.1]) stems from the fact that it appears in the context of electromagnetics as
an exact reduction of a nonlinear Maxwell system. We recall the Maxwell equations in the
absence of charges and currents

V-D=0, V xE = —9,B, D = ¢E + P(E),
V-B=0, V x H = 9,D, B = joH

with the electric field E, the electric displacement field D, the polarization field P, the
magnetic field B, and the magnetic induction field H. Particular properties of the underlying
material are modelled by the specification of the relations between E, D, P on one hand, and
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B, H on the other hand. Here, we assume a magnetically inactive material, i.e., B = ugH,
but on the electric side we assume a material with a Kerr-type nonlinear behaviour, cf. 4],
Section 2.3, given through

P(E) = cox1(x)E + eoxnr.(x)g(|E[*)E

with x = (z,9,2) € R and | - | the Euclidean norm on R3. For simplicity we assume that
X1, XNL are given scalar valued functions instead of the more general situation where they are
matrix valued. The scalar constants g, pg are such that ¢ = (50u0)_1/ 2 is the speed of light
in vacuum. Local existence, well-posedness and regularity results for the general nonlinear
Maxwell system have been shown on R3 by Kato [47] and on domains by Spitz [83, 84].

In its second order formulation the Maxwell system becomes
0=V x V x E+02(poso(1 + x1(x)E + ogoxnr.(x)g(|E[*)E). (6.2)

We assume additionally that xi(x) = x1(z), xnL(X) = x~n1L(2) and that E takes the form of a
polarized traveling wave
E(x,t) = (0,0,U(z, &'y — )" (6.3)

Then the quasilinear vectorial wave-type equation (6.2) turns into the scalar equation
V(2)Uy — Upy + T(2)(g(U*)U )y = 0 (6.4)

for U = U(z,t), where V(x) = poeo(1+ x1(z)) — 52 and I'(z) = posoxnL(x). Note that
is an exact reduction of the Maxwell problem, from which all fields can be reconstructed. E.g.,
the magnetic induction B can be retrieved from V x E = —0;B by time-integration and it will
satisfy V - B = 0 provided it does so at time ¢ = 0. By assumption the magnetic field is given
by H= iB and it satisfies V x H = 9;D. It remains to check that the displacement field D
satisfies the Gauss law V - D = 0 in the absence of external charges. This follows directly
from the constitutive equation D = (1 + x1(x))E + coxnr(X)g(|E[*)E and the assumption
of the polarized form of the electric field in (6.3]).

An extreme case for the potential I' in front of the nonlinearity arises when I'(x) = 2dp(z) is a
multiple of the o-distribution at 0, cf. [19}49]. If additionally V'(z) is even and U (z,t) = u¢(x,t)
for an even function u(z,t) = u(—=z,t), by removing one time derivative ({6.4]) becomes
{V(x)utt(x,t) — Upp(z,t) =0, z€[0,00),t € [0,00), (6.5)
uz(0,t) = (f(ur(0,8)))e, x=0,t € [0,00) '

with f(s) == g(s?)s. Clearly is the initial value problem for (6.5). This extreme model
describes the concentration of the entire nonlinear behavior in a waveguide-like structure
where the width of the waveguide has been shrunk to zero and the strength of the nonlinearity
has been sent to infinity. A similar model, where the potential V' in front of the linear term is
taken as a multiple of a d-distribution, has been considered in [75]. Clearly, d-distributions
are inserted purely for mathematical simplicity, and may be considered as a step towards
physically more realistic models with L®°-potentials.

From the point of view of time-periodic solutions, problem ([6.5)) with f(s) = s has been
considered in [49]. Under specific assumptions on the linear potential V' the existence of
infinitely many breathers, i.e., real-valued, time-periodic, spatially localized solutions of ,
was shown. Typical examples of V' were given in classes of piecewise continuous functions
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having jump discontinuities. Under different assumptions on V' and I', but still including -
distributions, problem was considered in [19] and real-valued breathers were constructed.
A series of works considering linear and nonlinear wave equations with Neumann boundary
conditions emerged from [24, 97]. Attention was given to global existence and well-posedness
as well as to blow-up phenomena arising from nonlinear terms in either the boundary condition
or the equation. In [21] |24] decay and global attractors were obtained. We point out that in
contrast to our work these papers consider nonlinear terms at the boundary which are only
of first order in time and have a damping character. This may also be the reason why even
higher-dimensional cases are by now well-understood in this first-order case. Perhaps closest
to our set-up is the paper [96], where a linear wave equation in the domain is coupled to a
linear wave equation at the boundary and the well-posedness is shown to be true exactly in
dimension one — in complete accordance with our set-up.

Our goal is to study the initial value problem from the point of view of well-posedness,
to derive the conservation of momentum and energy, and to verify that known time-periodic
solutions from [49] satisfy with their own initial values. Note that the boundary condition
in becomes 1, (0,t) = £3u;(0,t)%uy(0,t) in the model case f(s) = +s>. Hence,
is a singular initial value problem which is not covered by typical theories like, e.g., energy
methods or monotone operators. Instead, our approach will be to prove existence by making
use of the method of characteristics. Uniqueness, well-posedness, global existence, and the
conservation of energy and momentum will build upon this.

Our basic assumptions on the initial data ug,uq are:
(A6.0) ug € C1([0,00)), u1 € C([0,0)).

Here C*([0,00)) = C*(]0,00),R), and in general all function spaces consist of real-valued
functions unless the codomain is explicitly mentioned. Motivated by the results from [49] we
are interested in the case where the coefficient V' may have discontinuities. In particular, we
consider piecewise C'* functions V. We have chosen the setting (ug, u1) € C([0, 00))xC(]0, 0))
since it perfectly fits to our method which is inspired by the method of characteristics. We
bridge the gap to Sobolev space-based weak solutions (introduced in Definition [6.1.6) by
Proposition in Section [6.5

Let I C R be a closed interval. We call a function ¢: I — R piecewise C* if there exists a
discrete set D C I such that ¢ € C*(I'\ D) and the limits ¢\)(z—) and ¢\) (z+) exist for all
z € D and 0 < j < k, although they do not need to coincide. If I is bounded from below (or
above), in addition we require ¢\) (min I4) (or ¢\¥)(max I—)) to exist for all 0 < j < k. Let
PC*(I) denote the set of piecewise C* functions on I, and for ¢ € PC(I) := PC°(I) let us
denote by D(¢) the set of discontinuities of ¢.

For the coefficient V' and the nonlinear function f we assume
(A6.1) V € PCY([0,00)),V,V' € L*®,inf V > 0,
(A6.2) inf{|d; — da| with di,dy € D(V)U{0},d; # do} > 0,
(A6.3) f: R — R is an increasing homeomorphism.

The main theorem of this paper is given next.

Theorem 6.1.1. Assume (A6.3). Then (6.1)) admits a unique and global C*-solution.

Moreover, (6.1) is well-posed on every finite time interval [0,T] with T > 0.

In Proposition [6.6.1] our concept of continuous dependence on data is stated precisely. In the
above result the assumption [(\46.3)|is crucial. For a decreasing homeomorphism f the result
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of Theorem does not hold, see Remark [6.1.7] Since we have already used the notion of a
C'-solution, we are going to explain it in detail next. As the notion of a C'-solution will also
be used for subdomains of [0, 00) x [0, 00) we first define the notion of an admissible domain.

Definition 6.1.2 (admissible domain). We call a set Q C [0,00) x [0,00) an admissible
domain if it is of the form

Q= {(2,1) € [0,00) x [0,00) | £ < h(z)}

where h = +00 or h: [0,00) = R is Lipschitz with |hy(z)| < \/V(z) for almost all xz. We
denote the relative interior of € by

0° = {(x,t) € [0,00) x [0,00) | t < h(z)}.

In order to explain the notion of a C'-solution let us first mention that we cannot expect that
a solution of (6.1)) has everywhere second derivatives wu; or ug,. This is essentially due to the
nonlinear boundary condition and the discontinuities of second derivatives which propagate

away from z = 0. However, if we denote by ¢(x) == ——— the inverse of the 2-dependent
V(x)

wave speed, then we can factorize the wave operator as
O — c(x)?0% = (0 — c(x)0,) (0 + c(2)0z) + () ce(x)Dy.

It is then reasonable for a C''-solution to have almost everywhere a mixed second directional
derivative 83’# with directions v = (1, —c(x)) and p = (1,¢(x)). This is the basis for the
following definition.

Definition 6.1.3 (solution). A function u € C*(Q) on an admissible domain §) is called a
C-solution to (6.1)) if the following hold:

(i) F07(’ (;ll ((x), t) (E ()2 \ (D(¢) U D(cz) x R) we have (0 — c(x)0z)(ur + c(x)uy)(z,t) =
—c(@)cg(x)ug(x, ).
(i) (f(ue(0,8)))e = ug(0,t) for all (0,t) € Q°.
(iii) wu(z,0) = wup(x) for all (x,0) € Q, u(z,0) = ui(z) for all (z,0) € Q°.

Problem (/6.1)) has a momentum given by

M(u,t) = /0 TV (@) da + f(ug(0,1)) (6.6)
and an energy given by
But) =L /0 T (V@) + usle,0)?) da -+ Flu(0,1)) (6.7)

where F(s) = sf(s) — [y f(o)do. If, e.g., f is continuously differentiable, then F(s) is a
primitive of sf’(s). The conservation of momentum and energy is stated next.

Theorem 6.1.4. Assume and that u is a Ct-solution of (6.1)) with initial data

satisfying ug(z),u1(z) — 0 as x — oo. Then the momentum given by and the energy
given by (6.7) are time-invariant.
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Remark 6.1.5. Note that F(s) = [j(f(s) — f(0))do tends to +oo as s — +o0, since by
assumption |(A6.3)| we have f(s) — oo as s — +00. Therefore, due to Theorem ug (-, 1)
and ug(-,t) are bounded in L?([0,00)) and u(0,t) is bounded as well.

Another common notion of solution for (6.1]) is the notion of a weak solution, which we only
give for Q = [0,00)2. The fact that a C''-solution to (6.1]) is also a weak solution to (6.1)) holds
true and will be proven in Proposition [6.5.2] in Section [6.5

Definition 6.1.6 (weak solution). A function u € W,2'([0,00) x [0,00)) is called a weak

loc

solution to if f(ue(0, -)) € L},.([0,00)), u(-,0) = ug, and u satisfies
0= /Ooo /OOO(V(x)utgot — uppy) dadt + /OOO Fua(0,6))0(0, £) dt
+ [ V@ @) 0)de + £ (0))p(0,0)
for all € C2([0, 00) x [0, 00)).

Remark 6.1.7. Due to assumption we have only considered increasing functions f.
If we instead allow f: R — R to be a decreasing homeomorphism, then will not be
well-posed in general and can have multiple solutions. Consider for example the cubic term
f(y) = —y> with constant potential V = 1 and homogeneous initial data:

up (2, 1) — uge(x,t) =0, x €[0,00),t € [0, 00),
uz(0,1) = —(ug(0,1)3)s, x=0,t€[0,00), (6.8)
u(z,to) = 0,ut(z,tp) =0, =z €[0,00),t=0.

By direct calculation one can show that the right-traveling wave

up(z,t) = {(%(t—x))g’ T <t,

0, x>t

is a nontrivial solution to (6.8). In fact, u, is a C'-solution of (9, + &;)u = 0. But also
has the trivial solution v = 0, or u(z,t) = u,(x,t — 7) for any 7 > 0. However, due to
the continuity of f~!, one can still show existence of solutions to in the case where f
grows at least linearly, cf. This follows from the arguments in Sections and
Theorem also holds when f is decreasing, but now the quantity F'(y) tends to —oo
as y — too, so that does not give rise to estimates on u. Lastly, also in this case
C-solutions to are weak solutions.

In addition to the problem being posed on the positive real half-line = € [0, 00), we can also
consider the same quasilinear problem posed on a bounded domain = € [0, L] where we impose
a homogeneous Dirichlet condition at x = L:

V(x)ug(z,t) — ugy(z,t) =0, x € [0,L],t € [0,00),

uz(0,1) = (f (u(0,1)))¢, t €0,00), (6.9)
u(z,0) = up(z), ur(x,0) = ui(x), =z €[0,L],

u(L,t) =0, t € [0,00).

Both Theorem and conservation of energy (cf. Theorem [6.1.4]) remain valid when making
the obvious adaptations to this setting.
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Remark 6.1.8. Assume Then admits a unique and global C*-solution

u. Moreover, the energy given by
L
B(ut) =1 / (V(@yur(a, 1% + ug(w,£)) dz + F(ur(0, 1)),
0
is time-invariant.
Remark 6.1.9. For Dirichlet boundary data, momentum is in general not conserved.

The paper is structured as follows. In Section [6.2] we provide a change of variables which turns
the wave operator with variable wave speed in into a constant coefficient operator with
an additional first order term. The well-known constant coefficient operator is useful since
it provides implicit solution formulas which are analyzed in Section In Section we
prove the existence and uniqueness part of Theorem [6.1.1] under an extra assumption on the
nonlinearity f. We use that the wave equation has finite speed of propagation to argue locally.
Difficulties arise at the boundary z = 0 where the nonlinearity comes in to play, and near
jumps of V' where wave breaking occurs. We use the method of characteristics and Section [6.3
to obtain a reduced problem that is a retarded ordinary differential equation, which can be
treated using fixed-point arguments. Since the ODE at the boundary is nonlinear we use
the extra assumption on f to close the fixed-point argument. In Section [6.5] we prove energy
and momentum conservation as stated in Theorem and the fact that Cl-solutions of
(6.1)) in the sense of Definition are also weak solutions, cf. Proposition Using the
conservation laws, we also obtain a priori bounds that allow us to remove the extra assumption
on f from Section The well-posedness part of Theorem is shown in Section using
similar methods as in the existence and uniqueness parts. Finally, in Section [6.7] we verify
that the breather solutions obtained in [49] satisfy with their own initial values. This is
mainly a problem of regularity, as we have to show that these breathers are of class C'. To
achieve this, we follow ideas from [49] and improve upon their bootstrapping argument. The
Appendix contains some technical results used in the proofs of the main results.

6.2. A CHANGE OF VARIABLES

It will be convenient to normalize the wave speed to 1. To achieve this, we introduce a new
variable z = k(z) = [ ﬁ ds, and thus a new coordinate system (z,t). Avoiding new notation
we denote the functions V, ¢, u, ug, u1 transformed into this new coordinate system again by
V,c,u,up, u1. The relation between the two coordinate systems is given by

0z 1

—=—— or c(x)d,=0, or dr=c(x)dz.

90~ o) (2)0r = 0. (z)
From now on until the end of Section [6.5] we will exclusively work with the coordinate system
(z,t). As before we denote the points where ¢ is discontinuous by D(c) and the points where

¢, is discontinuous by D(c;).

Formally the initial value problem (§6.1]) transforms into

u(2,t) — Uz (z,t) = —Cg((zz))uz(z,t), z € [0,00),t € [0,00),
ﬁ“z(oﬁ) = (f(u(0,1)))s, t € [0, 00), (6.10)
u(z,0) = up(2), u(2,0) = ui(2), z € [0, 00).
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where we need to take into account that u, = %uz is continuous (and not w, itself) and that
the differential equation does not hold at the discontinuities of ¢ and c¢,. A detailed definition
of the solution concept is given below in Definition [6.2.3]

We begin by rephrasing Definitions and for the new coordinate system.
Definition 6.2.1 (admissible domain). We call a set 2 C [0,00) x [0,00) an admissible
domain if it is of the form

= {(z,1) € [0,00) x [0,00) [ t < h(2)}

where h = 400 or h: [0,00) — R is Lipschitz continuous with Lipschitz constant 1. We denote
its relative interior by

Q° = {(2,1) € 0,00) x [0,00) | ¢ < h(2)}.
Next we introduce function spaces that capture the condition of the continuity of %uz.
Definition 6.2.2 (z-dependent function spaces). Let the transformation between (x,t)
and (z,t)-coordinates be given by k(x,t) = (k(x),t) = (z,t). For Q C [0,00) X [0, 00) we write
Clony() ={u: Q>R |uok e C'(F'(2)}

where we understand u to be a function of (z,t) variables, and @ = u o K is the (x,t)-
dependent version of u, i.e., a(x,t) = u(z,t) holds. Note that u € C(lm)(Q) if and only if
u, g, tu, € C(Q).

Similarly, for an interval I C [0,00) we define
CHI)={v: I - R|vorec CY{r™1 ()}

where again we understand v to be a function of z.

Definition 6.2.3 (solution). A function u € C(1$7t)(Q) on an admissible domain $ is called
a C'-solution to if the following hold:
(i) For all (2,t) € 2\ (D(c) U D(c2) x R) we have (9 — 0:)(uy + =) (2, 1) = — 5 ua (2, 1).
(ii) f(ue(0,8)): = ﬁuz(o,t) for all (0,t) € Q°.
(iii) u(z,0) = ug(2) for all (z,0) € Q, uy(z,0) = ui(z) for all (z,0) € Q°.

Remark 6.2.4. Note that u:  — R is a C'-solution to (6.1]) in the (z,t)-coordinates if and
only if it is a C'l-solution to (6.10]) in the (z,t)-coordinates.

6.3. AUXILIARY RESULTS ON THE LINEAR PART

In this section we gather some auxiliary results and estimates on the linear wave equation.
These will prove useful for the study of the nonlinear initial boundary value problem (6.10)).

All results of this section hold under the assumptions |(.46.0)H(.A6.3)

We first note that the wave equation has finite speed of propagation; if we know its behavior at
time to on an interval [zg — 7, 29 + 7], then we can defer its accurate behavior on the space-time
triangle with corners (2o — 7, to), (20 + 7, t9) and (zo,to + 7).
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Definition 6.3.1. For (29,ty) € R? and r > 0 we denote the triangle with corners (2o — 1, to),
(20 + 1, to) and (zo,to + 1) by

Az, to,7) == {(2,t) € RZ |t > to, |z — 20| + |t — to|] <7},

its base projected onto the z-axis is given by P,A(zg,to, ) = [20 — 1, 20 + 7] with projection
P,(z,t) == z. Similarly, we define left and right half triangles

A_(zo,to,7) = A(z0,t0,7) N {2z < 20}, A4 (z0,t0,7) = A(z0,to,7) N {2z > 20}
whose bases are given by

P,A_(zg,to,7) = [20 — 1, 20], P,A_(zg,to,7) = [20, 20 + T].
Recall the solution formula for the 1-dimensional wave equation:

Theorem 6.3.2. Let (z0,t9) € R?, r > 0, A :== A(z0,t0,7) and B = P,A. Assume that
ug € CY(B), u1 € O(B), and that g € L>®(A) is continuous outside a set L consisting of
finitely many lines of the form {z = const}. Then the function

z+t—to

u(eot) = Jo(z 1= to) (=t 13 [ Tmay [ e
z Z,t0,t—1to0

—t+to

belongs to C*(A) and is the unique C*-solution of the problem

{(at_8Z)(ut+UZ) =9, (2,t) € A,
u(z,to) = uo(2), w(z,to) =wi(z), z€B

in the following sense: u(-,ty) = up(+), u(-,to) = ui(-) on B and the directional derivative
(0 — 05)(ut + uy) exists and equals g on A°\ L.

Remark 6.3.3. For every C'-solution u of (9; — 9,)(us + u,) = g on a domain we have
that (0¢ + 0;)(ur — uz) = (0 — 0;)(ut + u,) wherever g is continuous, cf. Schwarz’s theorem
[79, Theorem 9.41]. As a consequence, any of the two factorizations of the wave operator
(0y — 0,)(0 + 0,) or (0r + 0,)(0y — 0-) can be used and yield the same solution.

By combining the above Theorem [6.3.2] with a fixed point argument, we can treat the initial
value problem for (0; — 0,)(us + u,) = — Cg((zz)) u, on sufficiently small triangles A. In order to
have a slightly more general situation available we work with a piecewise continuous function

A instead of %

Corollary 6.3.4. Let (29,t0) € R? and A = A(zo,to,7), B = P.A for r > 0. Assume
ug € C1(B), uy € C(B) and X € PC(B) such that |||, < 1. Then

{(31; = 02)(w + uz) = —A(2)uz, (2,t) € A, (6.11)

u(z,to) = up(2),ut(z,t) = u1(z), z€ B

has a unique solution u € C1(A) in the sense of Theorem with g = —Au, and L =
D(\) x R. We denote this solution by ®(ug,u1) = u.
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Remark 6.3.5. If additionally ug, u1, A are odd around z = zq, then the solution of is
again odd around z = zg. To see this, notice that under these assumptions the odd reflection
of the solution u of again solves — but with the opposite factorization of the
wave operator. Hence, by Remark and uniqueness of solutions, u coincides with its odd
reflection.

Proof of Corollary|6.3.4, W.lo.g. we assume (2g,t9) = (0,0). Let u € C'(A). Then by
Theorem [6.3.2 u is a solution if and only if

z+t
u(eot) = ooz ) oz =)+ 3 [ @y = [ A7) (612

holds for (z,t) € A. Taking the derivative w.r.t. z we obtain

ux(z,t) = L(uf(z +t) +up(z — 1)) + S(ui(z +t) —ur(z — 1))
6.13
_%/0 /\(z—l—t—s)uz(z%—t—s,s)ds—k%/0 Mz —t+s)u(z—t+s,s)ds. (6.13)

We consider (6.13)) as a fixed point problem for u, € C(A). If we denote the right-hand side
of (6.13) by T'(u,)(z,t), then clearly T maps C(A) into itself. Furthermore, one has

1T (uz) — T'(w:)l| o

=5 sup
zt)EA

< [Alloor - e — w2l o

t
/ Az + s) —wz](z+s,t—s)ds+/() Az —8) - [uy —w](z —s,t—s)ds

so that by Banach’s fixed-point theorem there exists a unique solution u, of (6.13)). With the
help of u, we define u as in (6.12)) and thus get the claimed result. O

In the setting of the above proof, we can obtain estimates on the solution u. First, if we set
q = |||, then by Banach’s fixed-point theorem we have

1
. — 0|, < ——[|T(0) = 0],
| loo < 7= IT©) =0l

Using ||T(0)] o, < llugllo + l|u1]lo, We obtain

sl < 7= (bl + )
From
z 2+(t— ”')
u(z, t) = %(uo(z +t)+up(z—1)) + %/Z_t dy — f/ / ! (y)uz(y, ) dydr,
el 1) = Sz + 8) — up(z — £) + Sua(z+ 0) + (= — )

t
f%/o)\(z+s)uz(z+s,t S,,/)\ (z —s,t—s)ds
we also obtain
lulloe < Nluolloe + rllunllog + 37 IMlsolluzllog,  Nuellog < Huplloe + lutllo + rlIMsolluez oo

Combining these estimates, we get the following result.
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Corollary 6.3.6. In the setting of Corollary[6.3.]], the following estimates hold with q ==
Tl Ao -
1

rq r(1—3q)
[[uol| o + mHUfJHm + 17_2”“1”007

IN

1

1
Juell o < Tq(Hué)Hoo + [Jurll o) -

In particular, there exists a constant C' = C(r, | \||) such that the operator-norm of the linear
solution operator ® : C1(B) x C(B) — CY(A), which maps the data (ug,u;) € C1(B) x C(B)
to the solution of (6.11)), satisfies

@[ < C.

Recall that in Definition we required ‘% to be continuous. Since ¢ may have jumps, say,
at zg, we also need to treat the jump condition

c(zo+)  c(z0—)

UZ(Z0+7t) uz(20_7t)

We prepare this in the following lemma by adding to (6.11) the inhomogeneous Dirichlet
condition u(zo,t) = b(t) at the spatial boundary z = z.

Lemma 6.3.7. Let (20,t0) € R? and Ay == A (20,t0,7), By = P.A, forr > 0. Assume
ug € CY(By), u1 € C(By),b € C¥([to,to + 7)) with b(ty) = uo(z0),b (to) = ui(z0) and
A € PC(By) such that r||\|,, < 1. Then the problem

(O — 0y) (up + uz) = —A(2)uy, (2,t) € AT,
u(Zo, t) = b(t), t e [to, to + T’], (6.14)
u(z,to) = up(2),ut(z,t0) = ui(z), z € By,

has a unique C'-solution u: A, — R in the sense of Theorem with g = —A\u, and
L = D(X\) xR. We denote this solution by ® (b, up,u1) := u. The assertion also holds for the
left half triangle A_ == A_(zo,to,r) with corresponding solution operator ®_.

Proof. Note that the function G? defined on A, by

et = {b(to) + (t — to)¥ (to), z—z29>t—19 >0, (6.15)

b(t+Zo—Z)+(Z—Zo)b/(t0), t—toZZ—ZoZO

belongs to C1(A ), solves the homogenous wave equation (9; — 9,)(0; + 0,)G® =0 on Ay,
and satisfies G®(29,t) = b(t). Setting v := u — G?, problem ([6.14) can be rewritten as

(0 = 02) (v +v:) = =A(2) (v + GL), (2,1) € AS,
v(z0,t) =0, t € [to,to + 7],
v(z,t0) = up(z) — b(to) =t vo(2), z € By,
ve(z,t0) = ui(z) — b (tg) = v1(2), z € By.

(6.16)
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Note that vg(z9) = v1(z0) = 0 by assumption. If we extend the functions vy, v1, and A in an
odd way and G? in an even way around z = zy, we can consider the problem

(9 = 0:)(T +82) = —Doaa(2) - (T2 + Chyens)  (2,8) € A,
ﬁ(zat()) — UO,Odd(z)7 S Bv (617)
Ut(2,t0) = v1,0dd(2), z € B,
where A := A(zg, tp,r) and B := P,A. Arguing as in the proof of Corollary we see that
due to the Banach fixed-point theorem, (6.17) has a unique solution, which must be odd, cf.

Remark Now, on one hand the solution of (6.17)) solves (after restriction to AL ) (6.16]
and, on the other hand, after odd extension around z = 2y every solution of (6.16] solves

(6.17). This shows existence and uniqueness for (6.16)) and hence for (6.14)). O

Remark 6.3.8. One can show that there exists a constant C' = C(r, ||A|| ) such that
do: D(Dy) C CY[to, to +7]) x CH(B) x C(Bx) — CHAL)

satisfy ||®4| < C, where the domain D(®.) consists of those (b, ug, u1) that satisfy b(tg) =
ug(20) and b (to) = u1(z20).

When treating the nonlinear problem (6.1)), the operators ®4 play an important role and the
estimate in Remark [6.3.8) will be used. However, we need to investigate the dependency of &
on the datum b more precisely. This will be achieved next in the case where ug = uq = 0.

Lemma 6.3.9 (Estimate on . in the case ug = u; = 0). Let AL and X\ be as in
Lemma with ¢ == r||\||,, <1. Assume b € C'([to,to +r]) and b(ty) =V (to) = 0. Then
for uw = ®4(b,0,0) one has

|uz(z,t) + b/(m)| <alz-— onb'(m)| + ﬂ/tm|b/(7')| dr,

and B = i\l .-

where m == max {to,t — |z — 20|}, == rﬁq”)\ﬂ ~ 299

oo’

Proof. We only give the proof in the “+”-case and for (zg,ty) = (0,0). We revisit the proof of
Lemma where @ is defined. From ([6.13]) we know that v, satisfies

t
v (2, t) = — %/0 Aodd (2 + ) - (Gle]ven,z(z +s,t—s)+ v (z+s,t— s)) ds

t
+3 /0 Aodd(z — 8) - (vaen’z(z —s,t—s)+v,(z—s,t— 5)) ds.

We denote the term on the right-hand side by T'(v,)(z,t) and already know that 7" is Lipschitz

continuous with constant ¢ < 1. Therefore we may write the solution as v, := lim 7™(0)
n—oo

and thus have to study uﬁf”‘) =1T"

shown that

(0). The claimed inequality for u, will follow once we have

s 2. 1)] < alz = ol )] + 8 ()]

Due to v, = nILHgO T7(0) it is sufficient to show that this estimate holds for all vﬁ”). Since
Ugo) = 0, there is nothing left to show for n = 0. Now assume that the estimate has been
shown for some fixed n. Recalling the definition of G° from (6.15]), we have

Gb

even,z

(2,t) = —sign(2)t/ (max{t — |z|,0}).
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(n)

Notice that G2, ,(z,t) vanishes for |z| > t. Therefore, if v;"’ vanishes for |z| > ¢ then also

even,z
"t = T(vgn)) vanishes on this set. So in the following we may assume |z| < t. We will
only consider z > 0 as z < 0 can be treated similarly. For z > 0 and ¢ > z the expression
m = max{t — |z|,0} simplifies to m =t — z. We begin by estimating the terms which are

independent of v£" :

t
’/ )\Odd(z + S)vaen,z(z + s, l— S) ds
0

¢
= ‘—/ Xodd (2 + 8)b' (max{t — z — 25,0}) ds
<UL [ Wmlar = 4l [ W) ar

‘/ Aodd(z — s)GZVGn,Z(z —s,t—s)ds
0

z t
= ‘_/ Aodd(z — s)V/(t — 2)ds + / Aodd (7 — 8)b (max{t + z — 2s,0}) ds
0 z
t—z m
< IMa /(¢ = 2]+ 3N [ W) dr = ALl (m)| + 31X [ ()]
The remaining two summands are treated by
t
‘/ Aodd(z + 8)0M (2 4 5,1 — s)ds
0
t max{t—z—2s,0}
< ||)\||OO/ a(z + 5)|¥ (max{t — = — 2s,0})| + ,8/ 1¥(r)| dr | ds
t—z—2s
||)\||OO/ <az+s|b't225|+ﬂ ' (T |d7')
t
< Ml ( +Z|b’(t—z—2s)|+,8/ ]b’(7)|d¢) ds
0

_ ||)\||oo< i) [Mwelan

t
’/ Aodd(z — $)oM (2 — s,t — s)ds
0

max{t—s—|z—s|,0}

<Moo /Ot (a!z — ||t/ (max{t — s — |z — s[,0})| + 5/0 V()] dT> ds

= A /OZ (a(z —s)|b'(t—2)| + 5/(:_Z|b’(7')] dT) ds

z+t

—|—||/\HOO/Z ’ (a(s—z)|b’(t+z_2$)| +6/0t+2:28|b,(7—)‘d7'> Ny

22 m
< ||A||Oo<a2|b/(m)\ +8: }b’(r)|d7>

(055 + 5555 [ ar
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Summing up all four estimates, we obtain
2’v£”+1)(z,t)‘
<3l [ ) dr
Iz ()] + 3L [ ()]
Hdl (0™ 52 4 8557) [Mlar

22 m
+ \|>\]00<a2]b’(m)| +8: | |b’(7)|dr>

t—=z t—z m.,
Ho (o257 4 857) [l ar

z
- ||)\HOO<1 +a2)z|b’(m)|
t+ 2 t—=z t—=z
T PP thita— =48

=: 2C2|b'(m)| + 2C’2/ V' (7)| dr.
0

t—=z
2

+ \|A|Oo(; tlta

It remains to verify C; < o« and Cy < 8. In fact, using ¢, z < r, we obtain

20 < ||l + ga = 2q,
202 < Moo + ga +qf = 2a+ qf = 2,

where the equalities hold by definition of a and 3, respectively.

6.4. MAIN PART OF PROOF OF THEOREM [6.1.1]

) [ el

In this section, we will prove the existence and uniqueness part of the main Theorem [6.1.1
under the additional assumption that f grows at least linearly, i.e., for some a, A > 0 we have

(A6.4) |f(x)] > a|z| — A for x € R.

The assumption will be used in Lemma below as an upper bound on f~! which
helps in the construction of solutions to . In Section we show that the argument of
f, that is u;(0,¢), is uniformly bounded on finite time intervals, and thereby eliminate the
growth assumptions on f. The well-posedness part of Theorem will be completed in

Section [6.6

We will again use that the wave equation has finite speed of propagation so that we may
argue locally. To be more specific, we will work on the following types of triangular domains:

o A jump triangle is a triangle A = A(zp,0,r) with base B = P,A C (0,00), where
2o € D(c) and B intersects D(c) in no other point. These are useful for the study of the

jump condition “=(50) = vz,

o A boundary triangle is a half-triangle Ay = A4(0,0,r) with base By = P,Ay = [0, 7]
where B, does not intersect D(c). These are used to study the nonlinear Neumann

Uz

condition 7 = (f(ug))e.
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o A plain triangle is a triangle A = A(zg, 0, 7) with base B = P,A C (0, 00) not intersecting
D(c). These are used to cover the remaining space.

In the next three Lemmata, we show that (6.10) is well-posed on all three types of domains.

Lemma 6.4.1. Let A be a plain triangle with base B. Assume r < 1. Then (6.10)
has a unique C'-solution u on A and there exists a constant C = C(r, ||= ) such that the
solution operator ®: C1(B) x C(B) — CY(A), (ug,u1) — u satisfies | @] < C.

Cz
c

Proof. Since A is disjoint from the spatial boundary z = 0, the boundary condition (ii) in
Definition is trivially satisfied on A. By Corollary we have uniqueness of solutions,
and the estimate holds by Corollary O

Cz
c

« < 1. Then (6.10)

Lemma 6.4.2. Let A be a jump triangle with base B. Assume r
has a unique C'-solution u on A and there exists a constant C' = C(r, & Oo) such that the
solution operator ®: C1(B) x C(B) — C'(lz t)(A), (up,u1) — u satisfies || @] < C.

Proof. As in Lemma the boundary condition at z = 0 trivially holds. Now let A =
A(z0,0,7). If u: A — R is a solution of (6.10)), then by defining b: [0,7] — R, b(t) = u(zo,t)
and using Lemma we have

(e, 1) = {‘I’+(b7 Uo,ul)(zf) z 2 z0,

: (6.18)
O_(b,ug,u1)(z,t), z< 2.

On the other hand, if b € C1([0,r]) with b(0) = ug(z0) and ¥'(0) = u1(20) is given, then the
function u defined by (6.18) satisfies u, u; € C(A) as @4 (b, up,u1) and @4 (b, ug, u1); coincide
with b resp. b’ at the boundary z = 2. Hence, u solves (6.10)) if and only if u, is continuous,
i.e.,

UZ(ZO+7 t) _ Uz(ZO—a t)

= 6.19
c(z0+) c(z0—) (6.19)
holds for all ¢ € [0,7]. Using (6.18]), we can write (6.19) as
1 1
®_(b z 7t =—® ba ) z 7t
o) (b, uo, u1)=(20, ) o) +(b, uo, u1)- (20, 1)
or as
1
b’t:< b (t) — ®_(b,ug, u1):(z0, 1)) + b (t) + @, (b, ug, u1), ,t)
(t) =~ C(ZO_)( (t) (b, w0, u1)=(20,t)) c(zo—|—)( (t) + @4 (b, uo, u1) (20, 1))
(6.20)
with

T (c(z:)—) * c(zi%—))_l.

We denote the right-hand side of (6.20) by 7'(b)(t) and show now that W: b — wug(zg) +

0(') T(b)(7) d is a strict contraction in the space X = {b € C'([0,7]) | b(0) = uo(20)} with
norm ||b|| = sup {e"#|b/(t)|: t € [0,7]}, where p > 0 will be chosen later. So let b,b € X
and write b := b — b. Next we estimate

Wby (t) — W) (2)]
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1 t
< 7(0(20_)5/0
=7 )| ar < 8] /Ot o ar < Zesti]

1
where £ is the constant from Lemma [6.3.9] If we choose p > 3, then W is a strict contraction
so that b = ¥(b) has a unique solution by Banach’s fixed-point theorem. Using Remark
the fixed-point theorem also shows that b linearly and continuously depends on ug and u;.
Moreover, boundedness of the linear solution operator ® then follows from . ]

~ t
b (T)‘dﬁu C(Zi+)5/[)

B/(T)‘ dT)

Next we discuss well-posedness on boundary triangles. Unlike for the other types of triangles,
now the nonlinear boundary condition of ([6.10]) appears, and becomes the main object of our
study.

Lemma 6.4.3. Let Ay be a boundary triangle with base By. Assume r||%| < 1. Then

(6.10) has a unique C'-solution on A,.

leo

Let us give a motivation of this result. As in Lemma [6.4.2] it will be convenient to rephrase
the problem as an ordinary differential equation. Again we write b(t) = u(0,t) so that u is a
solution on A, if and only if

df(ut(0,1)) _ uz(0,1)

u=®4(b,up,u1) and & = (0)

hold. We may rewrite the latter equation as

df(s;(t)) _ 0(10)<1>+(b, o, u1)2(0,1),

eliminating u. We rewrite this as an equation in d(t) := f(b'(t)), where b can be reconstructed
from d via ba(t) = ug(0) + [y f~1(d(7)) dr. We are left with solving

L
c(0)

We have @ (b, ug, u1).(0,t) = —b/(t) + g(t) where g depends (up to a small error) only on the
initial data wug, u1, hence

d(t) =

d(t) = ——@, (bg,uo,ur)»(0,1),  d(0) = f(u1(0)). (6.21)

1 , 1

@[g(t) —ba(t)] = 0 l9(t) = 1)) (6.22)

Ignoring the error, would be an ODE with monotone decreasing right-hand side (in
d(t)), which is known to be uniquely solvable. Lemma m gives us an estimate on this small
error and is the main ingredient in the uniqueness proof, and we use the estimate and
a fixed-point argument to show existence.

Proof of Lemma . It suffices to show that (6.21)) has a unique solution.

Uniqueness: Assume that d, d are solutions to (6.21]) that coincide up to time t, > 0, but
not at time ¢, for some ¢, > 0 with ¢, | t, as n — oo. Define d(¢) := ‘fﬁl(d(t)) — ffl(a?(t))‘.
For £ > 0 consider the function

ho(t) = e(1 4+t — ) + C(IO) /:(—5(5) +58 [ 50r) dT> ds,

2
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where (3 is the constant from Lemma [6.3.9

Claim: The inequality ‘d(t) - ci(t)‘ < he(t) holds for all ¢ > t,.

Clearly, the claim holds true for ¢ = t,, and thus by continuity for ¢ close to t,. Assume the
claim is false. Then there exists some minimal ¢; > ¢, such that ‘d(ti) —d(t;)| = he(t;). W.lo.g.
assume that d(t;) > d(t;). Since d(t) —d(t) < he(t) for t, <t < t;, we get d'(t;) —d'(t;) > hL(t;)
which implies

C(lo)q’+(bd, 0,0).(0,t;) — c(l())q>+(ij 0,0)2(0,8:) > e+ 0(10) <_6(ti) o tti o) dT)

and hence .
D, (bg — bj 0,0).(0,t;) +6(t;) > B o(t)dr > 0. (6.23)

tx
On the other hand, setting b := by — b; we have

t;
@45, 0,0).(0, ;) + b/ (t:)] < B/t ¥ (r)] dr

due to Lemma Since b'(t;) = f~1(d(t;)) — f~'(d(t;)) and since f~! is increasing, we see
that v/(t;) = 6(¢;). Combining these facts, we find

t;
[4.(6,0,0).(0,8) + o(t)| < B [ o(r)dr

t

which contradicts (6.23). So the claim holds.
Letting € go to 0, we obtain
- 1 t s
< — -4 o(t)dr | d
| < [ (o0 [ sar)as

for any ¢ > t,. Fubini implies that the term on the right-hand side is negative for ¢t € (¢,, t,+ %),
a contradiction.

Existence: Let D,y > 0. Consider the set
K ={de Wh>([0,7]): d(to) = f ' (u1(0)), |d(t)| < Det,|d'(t)| < Duet for t € [0, 7]},
which is a convex and compact subset of C([0,7]), as well as the operator

_ I
T: K — C([0,7]), T(d)(t) = f(ui(0) + 0 J, ® 1 (ba, uo, u1)-(0,7) dr.
0
We choose D = max {|f~!(u1(0))|,1}, so that K is nonempty as it contains the constant
function d = f~1(u1(0)). To see that T is continuous, let d,, € K with d,, — d in C([0,7]) as
n — oo. As f~! is uniformly continuous on [—~Det", De!"], we have f~'od, — f~'odin
C(]0,7]), from which it follows that
G
ba, =uo(0)+ | = 7 (dn(r))dr

converges to
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in C1([0,7]). Due to Remark the operator ®, (-, ug,u1): C1([0,7]) — CY(AL) is
continuous. Hence T'(d,,) — T'(d) in C([0,7]) as n — oo.

To check that T maps into K, we need to verify that for any d € K one has
|T(d) ()| < Dpet. (6.24)

Notice that |d(t)| < Det! follows from ([6.24) by integration. By assumption on the
growth on f we have |f~!(y)| < MTJFA, and in particular [b;()| = [f~1(d(t))] < %UFA. We
use this inequality, |bq(t)| < |uo(0)| + t||b]l, as well as Remark to estimate

loo

1
’T(d)’(t” = @‘(I)-F(bd?umul)z(o,t”
C
@(”bdu[o,t],a + |luollcn + HUIHOO)

C
o0 (L Ol .00 + 2luollcn + 1)

C Dett + A
< (0) ((1 + t)T + 2[Juol| o1 + ’U1||oo>
C

D+ A
< c(O)<(1 +r)—— +2[uollon + HU1HOO>e“t.

IN

IN

o

Therefore T maps K into itself if we choose

C D+ A
ni= g (DT + 2l + ul ).
Hence existence follows by applying Schauder’s fixed-point Theorem. O

Using the existence and uniqueness results on plain, jump, and boundary triangles shown
above, next we prove existence and uniqueness on the whole space [0,00) x [0, 00) by covering
it with these specific triangles.

Proof of Theorem |6.1.1 with additional assumption|(A6.4) We show existence and uniqueness
of the solution to (6.1) under the assumption [(46.4)] Well-posedness will be discussed in
Section [6.61

Existence: Denote by C the set containing all jump, boundary and plain triangles where
the heights r have to satisfy r||%| < 1. As we have just shown in the previous three
lemmata, admits a unique solution on each A € C. Since C is closed with respect to
finite intersection, we obtain a solution u of on UpaecA. With

1 Cz
h = len{Hc‘

we have [0,00) X [0,h) C UpaerA, see Figure for an illustration of this covering property.
By restriction, we therefore obtain a solution u!) of on [0,00) x [0, A] for any 0 < h < h.
The same argument, used with initial data u(()z)(z) = uM(z, h) and qu)(z) = ugl)(z, h) instead
of ug, u1, yields another solution u(?) on [0, 00) x [0, h]. Repeating this, we construct solutions

u®) on [0,00) x [0,h] with «*+D(2,0) = u*)(z,h) and ung)(z,O) = uik)(z,fz) for kK € N.

-1
J|z1 — 22|t 21,22 € D(c) U{0}, 21 # zg} >0
o
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Tmax T Foax +

dn dn+1 & dn dn-i-l :

Figure 6.1.: Sketch: Covering of [0,00) x [0,00) by jump triangles (red) and plain triangles
(blue), with ryay = ||%Z||;O1 being the maximum height of triangles. Black dashed
lines indicate jumps of c. Left: |dp+1 — dp| < Tmax Where covering has height
%|dn+1 — dy|, right: |dp+1 — dp| > Tmax where covering has height %rmax.

Finally, we define the map u: [0,00) x [0,00) — R by u(z, (k — Dh +7) = u®(z,7) for
7 € [0, h], which solves (6.1]).

Uniqueness: Assume that u,%: 2 — R are two different solutions to , where =
{(2,t) | t < h(z)} is an admissible domain. So there exists (2o, tg) € 2 with u(zo, o) # (20, o).
Consider the (possibly cut-off) triangle A = A(z9,0,%9) N {z > 0} and define the set
N ={(z,t) € A | u(zt) # a(z,t)} and tiys :== inf P,(N), where P; denotes the projection onto
the second variable. Choose some sequence (zy,t,) € N with t,, — tiys and 2z, — 2o € [0, 00).

For ¢ > 0 consider the (possibly cut-off) triangle A, := A N A(2zo0, tint,€) N {z > 0} with base
B..

Claim: u(z,tins) = (2, tinf) and u(z, ting) = (2, ting) hold for all z € B..

If tins = 0, this holds because both v and @ satisfy the same initial conditions. If ¢t,¢ > 0, by
assumption we have u(z,t) = u(z,t) for z € B. and t < tiyr as (z,t) € A and therefore also
ut(z,t) = (2, t), so that the claim is obtained by taking the limit ¢ — #;,s.

If we choose ¢ small enough, then A; is a jump (if 2o € D(c)), boundary (if zo, = 0) or plain
triangle (otherwise). By the previously established uniqueness results on these triangles, v and
@ must coincide on A.. But since t,, > tiy for all n, we have (z,,t,) € A; for n sufficiently
large, so that u(zy, t,) = @(2n,t,). This cannot be since (zy,t,) € N. O

Remark 6.4.4 (Modifications for the bounded domain version). In order to capture
the homogeneous Dirichlet boundary condition for the bounded domain version of the theorem,
we also need to consider "Dirichlet” triangles A_ with center zyp = L. Problem is well-
defined on the domain A_ assuming r||< « < 1. In fact the solution on "Dirichlet” triangles
is simply given by u = ®_(0,up,u;). We can then proceed as in the above proof to show
existence and uniqueness of solutions, i.e., Remark Conservation of energy can be shown
as in Section
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6.5. ENERGY, MOMENTUM, AND COMPLETION OF THEOREM

Using V (z) = c(x)z’ the energy ( can be written as

But) =L /0 b (V(:C)ut(x, 02 + s, 0)%) de + Flur(0,1))

17 Lu 2,1)? us(z )\’ cc(z)dz u
-1 (CW e+ (M5 )) (2)d + F(uy(0.1)

= /OOO C(lz)(ut(z,t)2 + uz(zvt)2) dz + F(u(0,¢))

where F(y) = yf(y) — [§ f(v) dv. In (2,t)-coordinates the momentum reads
Mt = [ C(lz)ut<z,t> dz + f(u(0,1).

We now show that both quantities are time-invariant.

Proof of Theorem|6.1.4 Let © C [0,00) x [0,00) be a Lipschitz domain such that c is C! on
Q. Recall that (0; F 0.)(us & u.) + “u, = 0. In the following, for a term a(+, ) which may
have & or T signs, we write Y% a (:l: F) =al+,—) +a(—,+).

Part 1: Energy. With v being the outer normal at 92 we calculate
0=3"] {(at F0.) (et us) + s | - L £ ) d(z, )
Q c c ’
1
— Zi/ (va F Vl)*(ut + uz)2 do
1 Cz
+ Z / ( uy(up £ uy) — E(ut tuy) (0 FO0,)(ur £uy) F C—Q(ut + uz)2> d(z,t).
The sum S.F over the boundary integrals can be simplified to

1 2 4
Zi/ (vo Fri)—(ur = uz)2 do = / <1/2(u§ + ug) — ulutuz) do.
o0 c s\ ¢ c

The sum Y% of the integrands in the integral over Q vanishes as can be seen by the following
calculation using once more the differential equation (9; F 0.)(us £ u.) + “u, = 0:

+ /¢, 1 Cz
Z (c2u3(ut +u,) — C(ut tuy) (0 F0,)(ur £uy) F C—Q(Ut + u2)2>
1 Cy Cy 9
_Z ( Uy utiuz)+E(utiuz);uZ:FC—z(utiuz) )
Z (2uz up £ uy) F (up = uz)2> =0.

Hence

2 4
/ (Vg(uf +u?) — Vlutuz> do = 0. (6.25)
aa\c c

Since D(c) and D(c,) are discrete sets, we find an increasing sequence 0 = a1 < az < ag < ...
with ap — 0o as k — oo such that D(c) U D(c;) C {ax: k € N}.
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Now let t; < to € R and K € N. We choose = [ag, ag+1] X [t1, t2] and sum (6.25)) from & =1
to K. As terms along common boundaries cancel, we obtain

2 4
o([0,ar+1]X[t1,t2]) \ € c

or equivalently
AK+1 (] 1
% / ( uf + ~u )dz
0 C C t=to

akif1 , 1 21
- %/ ( u? + —u ) dz — / —ugu, dt
0 C C t=t1 t1 C

The estimates established in Corollary [6.3.6] and the assumptions on the initial conditions
ug, w1 show that u;(z,t) and wu,(z,t) converge to 0 as z — oo uniformly on [t1,?2]. In the limit

K — 00, we thus obtain
1 1
= %/ < ul + ~u )dz
t=ty 0 c c

1 1
1 2
= d
2/0 (Cut—l—cu)z

Switching back to (z,t)—coordinates, we infer

to
/ Uty dt
t1

to

1
+ —ugu, dt
c

Z=aK 41 t1 z=0

to 1
—|—/ — U, dt
t=t1 t1 € 2=0

_ /m (0, £)uz (0, 1) dt

=0 31

_ /tQ e (0,8) F(ue(0, 1)) dt = F(ug(0,2)) — F(ug(0,1))

t1

where the last equality is due to Lemma [6.A.T] This shows the claimed energy conservation:

%/OOO(V( Jui + u )dm+F(ut(0 t)) = ;/OOO(V( Ju? + u )dx+F(ut(0 )

t=to t=t1

Part 2: Momentum. We calculate
O—Z / [3,5:&8 ) (ur Fuy) + uz} d(z,t)
:Z / (VQiyl)f(ut$uz)da
Cz
+ Z / < Ut F Uz) + C2uz> d(Z,t)

1
= 2/ (VQ’LLt — y1u2> do.
o0 & c

Again we choose Q = [ag, ak+1] X [t1,t2], and sum (6.26)) from k£ =1 to K. As before all terms
along common boundaries cancel, whence we obtain
to 1
— / —u, dt
t1 C

aK+1 1 aK+1 1
/ fut dz = / fut dz
0 t=to

to 1
/ —u, dt
t1 C

in the limit K — oo we find the claimed momentum conservation:

| gmde s r.0)| = [T Zude+ )| 2

t=t1

(6.26)

to 1
+ —u, dt
t=t; t1 C

z:aK+1 z=0

Since

= 7 P (un(0.0)0dt = Fun(0,12)) — Flun(0,11)),

2=0 i1
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In Section we required an extra growth condition |(A6.4)on f in order to prove a first
version of Theorem We now discuss how to exploit the energy conservation to eliminate
this extra growth assumption and prove Theorem [6.1.1] in full generality.

Lemma 6.5.1. Fort > 0 the estimate
KTL(t)
Flu(0,0) < P @) +4 [* 7 (V@ @) + uos(a)?) da
0

holds, where k() = fgcfls)ds = [y VV(s)ds.

Proof. Fix t; > 0, let € > 0 and define modified initial data g, @1 : [0,00) — R by setting

up(2), z <, u1(2), z <y,
Ug(2) = ¢ BE=2g(ty), t1<z<ti+e,  i(2) = BEZu(h), B <z<ti+e,
07 22t1+€7 07 227514—57

and (0) = up(0). Denote the solution to (6.10) corresponding to these initial data by @. By
uniqueness of the solution, u(z,t) = a(z,t) for |z| + |t| < ¢1. In particular, G¢(0,¢1) = u(0,1).
This yields

Fug(0,11))
= F(a(0,t1)) < E(a,t1) = E(4,0)
= P (0,0)+ 5 [ (V(@)ia(2)? + g(2)?) da

0
) 2 N2
= F(uy(0)) + § /0 (V@) (@)? + up(x)?) da
k= (t1+e)
—l—l/ an1x2+ﬂ'a:2da:.
oy, (V@@ +0@))
Letting € — 0, the last term goes to 0. O

Proof of Theorem without additional assumption |(A6.4). We show existence and unique-
ness of the solution to (6.1]). Well-posedness will be discussed in Section Fix T > 0 and
let

w1(T)
C = F(u1(0)) + %/0 (V(x)ul(:c)2 + uo,x(:c)z) dz

Recall from Remark that F(y) — oo as y — +oo. Therefore the set {y: F(y) < C} is
contained in the interval [—K, K| for some K > 0. Now consider the cut-off version of f given
by

y_K+f(K)v yZKa
y+ K+ f(-K), y<-K,

which satisfies the growth condition As we have shown in Section there exists a
unique solution ug of with f replaced by fx. Then, using Fx(y) = yfr(y)— [{ fx(s)ds,
Lemma gives Fi(ug+(0,t)) < C for t < T, so that uk+(0,t) takes values in [ K, K]
where the functions f, F' and fi, Fi coincide. Hence ug is the unique solution of the original
problem up to time T'. O
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Next, we verify that C'-solutions to (6.1]) are indeed weak solutions in the sense of Defini-
tion [6.1.6]

Proposition 6.5.2. A C'-solution to (6.1)) is also a weak solution to (6.1]).

Proof. Let u be a C'-solution to (6.1)). We have to show that
0 —/ / T)urpy —U:cﬁpx)dxdt+/ S(u(0,8)) ¢ (0,2) di
+ [T Viahu@)p(z,0 de + f((0)4(0.0)

holds for all ¢ € C2°(]0,00) x [0, 00)).

Let Q C [0,00) x [0,00) be a Lipschitz domain such that ¢ is C! on €. Denoting the outer
normal at 02 by v, we obtain

0=,
1
= [ e ta—mydo+ [ (Guso— a0 0)[Lo] ) atet
1 1 1
= / ( Utpry — UZ(PV1> do +/ <Uz§0z - ut@t) d(z,t)
c a\c c
1 1 1
+/ < Uyl — utgpm) do +/ <ut8Z [gp] — u,0f {cp]) d(z,t).
c Q c c
We next show that the sum of the last two integrals equals zero. First, we calculate
1 1 1 1
/ ( Uyl — ut(pl/1> do —i—/ (utﬁ { ] — u,0 {gp}) d(z,t)
o0 c
1 1 1 1
= / (uzgom — —uypr] + ud, [gp} vy — uly [go] V1> do
aa\c c c c
1
= / (120, — 110¢) [W’] do.
o0 c

Let 7: [0,]] — R be a positively oriented parametrization of 92 by arc length. As v is the
outer normal at 92, the identity v/ = (v, —11) " holds. Hence,

/(39(7/282 — 110;) [iuw] do = /89 <_VV1) { u@} do = / 7 ( [ ](’7(8))(18 —0

as <y is closed. Thus we have shown

(8t 0. )(Ut + Uz) + cczuz:| : 1(Pd(Z?t)

1 1 1
0= / < Uppry — uzgoul) do +/ ( Uypy — utg0t> d(z,t). (6.27)
oN

As in the proof of Theorem[6.1.4 we choose an increasing sequence 0 = a1 < ag < a3 < ... with
ar — 00 as k — oo such that D(c) U D(c,) C {ar: k € N}. We take Q = [ag, ak41] X [n,n+1]
in and sum over k£ € N and n € Ny. Using that boundary terms along common
boundaries cancel out, the fact that ¢ has compact support, and , we obtain

1 1 1 1
0= / (utww — ustm) do + ( Uzpz — “t%> d(z,1)
8[0,00)2 \ € c [0,00)2

:_/000{1%4(2 0) dz—l—/ { uzw} (0,1) dt+/ / < uzgoz—utgpt> dzdt
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=— /OOO V(x)ui(x,0)p(z,0) dz + /00o u(0,1)(0,t) dt + /OOO /Ooo(uxcpx — V(x)uspy) dadt

— _/O°° V(z)ui (z)p(z, 0) dx+/ (f(u(0,1))),0(0, t)dert

0
[T o = V@) dode
0 0

— /OOO V(x)ui(x)p(x,0)dr — /OOO F(u(0,£)p¢(0,2) dt — f(u1(0))(0,0)
+ /Ooo /Ooo(u:r‘;@x - V(IL‘)UtQOt) dxdt

which finishes the proof. O

6.6. WELL-POSEDNESS

The section completes the proof of the well-posedness claim stated in Theorem [6.1.1 To
be precise, is well-posed in the following sense. The spaces C,.([0,0)), C1([0,00)), and
C’(lm’ " ([0, 00) x [0, 00)) are endowed with uniform convergence on compact sets. Their subspaces
consisting of bounded functions are denoted by the subscript b, and are endowed with uniform
convergence.

Proposition 6.6.1. Assume that u(()n), ugn) are initial data with u(()n) — ug in CL([0,00)) and

ugn) — uy in C([0,00)), and denote by u'™ and u the solutions of (6.10) corresponding to
these initial data. Then we have u(™ — u in C'(lx t)([07 o0) X [0,00)).

Moreover, if the initial data are all bounded with u(()n) — up in Cl}’w([O, o0)) and ugn) — up in
Cy([0,00)) then u(™ — u in C§7(m’t)([0, o0) x [0, T]) for all T > 0.
Sketch of proof. We proceed similar to the proof of Theorem [6.1.1] Choose some

z

O<F<min{(5—\/ﬁ)‘cc

-1
J|z1 — 22|t 21,22 € D(c) U{0}, 21 # zg}

o0

and let 8 be as in Lemma with » = 7 and A = . The choice of 7 implies 7 <
4(5—V17) _ =l

ey ey Las well as ¢ = 7%= <1,

Denote by C the set containing all triangles A that are of jump-type or plain-type and such

that their base-radii 7 are at most 7. Then by Lemmas [6.4.1 and [6.4.2] there exists a constant

C > 0 such that

(n)

o ey oy < Omax o w0y [ = ]

() (B

cL(B)’ ’
holds for each triangle A € C with base B.

We also consider a single boundary-type triangle A, with center zy = 0 and height 7. Writing
b(t) == u(0,t), b™(t) = u(™(0,t), d(t) == f(u(0,1)) as well as d™ (t) := f(ugn)((),t)), as in
the proof of Lemma [6.4.3 we obtain

a(t) = 0(10)<I>+(b,u0,u1)z(0,t), (4 () = 0(10)<I>+(b("),u(()”),u§“))z(0,t).
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Setting b(t) := ug” (0) — u(0) + ¢ (uf" (0) = u1(0)), we find

D (
= & (b, ul™ — ug, ul™ — u1).(0,1) + B, (b™ — b —b,0,0).(0, )
<I>+(l;, u(()n) — U, ugn) —u1).(0,¢)

= [ @) = 71 d®) = (a7 (0) = ui(0))] + p(n, 1)

where Lemma [6.3.9| gives
t
o, )] < 8 [ 171 () = 17 (dr) =l (0) + w(0)] dr.
Multiplying with sign (d(”) (t) — d(t)) and integrating, we obtain

C(O)’d(”) (t) — d(t)‘
< c(0)]d™(0) - d(0)|

+ /:(\%@7 uf g, — )2 (0,5)] — |71 (@" () — £ (d(s))] + [u(0) —wa(0)]) ds
wof
< [ (@t = w0 —w).(0,5)| = | @) = 1 )| + fuf? (0) = w 0)]) ds

8 [ [ (7@ @) - )|+ [0 - o)) drds

t 7 n n _ n
_ /0 @4 (b, ug” — o, u™ —1)2(0,5)| ds + (1 +7B)t[uf™ (0) — w1 (0)]

FHA™M () = F7HA(T) = uf (0) + wi (0)] drds

—(1-78) /Ot]fl(d(">(s)) — [7Hd(s))| ds

t 7 n n — n
< []osGuf? —uo,ul? = un).(0,5)]ds + (1 +78)uf (0) ~ w 0)
(n)

OO) max {Hu(()n) — Up Uy~ — UIHC([O,OO))}.

This shows the uniform convergence of d™ to d on [0,7] as n — oo. Since

Cz

C

< C(F,

C1([0,00))’ ’

t ¢
b(t) = uo(0) + [ Fd) A @) = wo(0) + [ A () dr
0 0
for t € [0,7], it follows that b™ — b in C*([0,7]) as n — oo, and therefore we see that
u™ = (I>+(b("),u(()n),u§n)) — @, (byug,u1) = uin CH(AL).
Combined, we find that that (™ — u in C(lx n (D) where D := UaeccA. Note that [0, 00) X

[0, 2] € D, so in particular u(™ — u in C(lx’t)([O, o) x [0, 5]).

Moreover, the estimates on jump-type and plain-type triangles also show that (™ — u

converges uniformly on D provided the initial data uén),ugn) converge uniformly.

Applying this result repeatedly k € N times, we find v(™ — v in C(lx t)([O, 00) x [0, k%]) for all
k € N, with uniform convergence for uniformly convergent initial data. O



6.7. BREATHER SOLUTIONS AND THEIR REGULARITY 185

6.7. BREATHER SOLUTIONS AND THEIR REGULARITY

One can also consider (6.1)) in the context of breather solutions, where a breather is a time-
periodic and spatially localized function. With time-period denoted by 7', the time domain
becomes the torus T := R/7z and after dropping the initial data, (6.1]) reads

{V(l‘)Utt(l‘, t) = Up(z,t) =0, z€[0,00),t T, (6.28)

ux(o’t) = (f(ut(ovt)))ty teT.

In [49] the case of a cubic boundary term f(y) = 1vy> (v € R\ {0}) and a 27-periodic step
potential V: R — R given by

) < 97

Vi) =% < (6.29)
b, Or <|z|<m,

where b > a > 0 and 6 € (0,1) was discussed. It was shown that if V' satisfies

4yabw € 2Ng+1 and 4vVb(1 — f)w € 2Ny + 1, (6.30)

where w = 2% is the frequency, then there exist infinitely many weak breather solutions w of

(6.28)) with time-period T'. A weak solution of (6.28)) is defined next.

Definition 6.7.1. Let f : R — R be an increasing, odd homeomorphism. A weak solution of
(6.28)) is a function u € H([0,00) x T) with u(0,-) € WHY(T) and f(u:(0,-)) € LY(T) which

satisfies

| V@ugr e dt) [ fa0.0)6(0.6)dt =0
[0,00)xT T
for all test functions ¢ € C°([0,00) x T).

Remark 6.7.2. We require that the trace u(0,-) of u at x = 0 has an integrable weak
first-order time derivative in order to give a pointwise meaning to u;(0,¢) and, in particular,
to define f(u:(0,t)) pointwise almost everywhere.

In the setting of [49] where f(y) = 374>, one requires u(0,¢) € L*(T) and

2/ =V (z)uppr + uzppy d(z, t) — fy/ u¢(0,1)30(0,1) dt = 0.
[0,00)xT T

In [49, Theorem 4] it was furthermore shown that weak solutions to (6.28) constructed in [49]
5 1
lie in H1°(T, L?(0,00)) N H1%(T, H'(0,0)) for € > 0. Here, the Bochner spaces H*(T, X)
are defined by
2 <2
lull s grx) = D (1 + &) [lag]x < oo
keZ

In this section, we show the following improved regularity result for breather solutions of
(16.28]):

Theorem 6.7.3. Let V be given by (6.29) and (6.30) Further assume |[(A6.3), that =
is r-Hélder continuous with r € (0,1) and that u is a weak solution to (6.28)). Then u is

L _antiperiodic, lies in C17([0,00) x T) and is a C'-solution to (6.1) with its own initial
data, i.e., up(r) = u(x,0) and ui(x) = u(x,0). In addition, there exists C' > 0 such that
|u(z,t)] < Ce™P* where p = log(b)—log(a)

4
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Note that in the setting of [49], the assumptions of Theorem are satisfied with 7 = %. In
the following, we are going to prove Theorem and we will always assume the assumptions
of Theorem We begin with a discussion of the linear operator V (z)9? — 02 appearing

in 629,

6.7.1. FOURIER DECOMPOSITION OF V()07 — 9>

We denote by ey (t) :== e** the orthonormal Fourier base of L?(T) and decompose u in its
Fourier series with respect to t:

=Y a(x)e(t) = FH(a)

kEZ

with

() = Fr(u) = /Tu(:v,t)ek(t) dt.

Writing L := V(2)0? — 02 and Ly = —0? — k*>w?V (z), we see that any solution u of (6.28)
satisfies

0=Lu
and therefore also
0= FrLu = Ly Fru = Ly (6.31)

for all kK € Z. Since

”UH%Z([O,OO)MT) + HUHEH%Q([Opo)x’]I‘) = ZHﬂkH%?(o,oo) + ||(ﬂk)l““%2(0,oo)7
keZ

each 4y, is an H*((0, 00), C)-solution of (6.31)). As V (and therefore also Ly) is given explicitly,
we can characterize the space of solutions of (6.31]) as follows.

Proposition 6.7.4. If k € Z is even, then the only solution i, € H'((0 o (6.31
Gx = 0. If k is odd, there exists ¢y, € H*((0,00),R) such that a functzon Uy, 6 Hl((O7 00), (C)
solves (6.31)) if and only if U = \py for some X\ € C. Furthermore, ¢i satisfies

ou(0) =1, (0) = Ck(=)* V"2, gy(a+4m) = §ou(x)

for x > 0, where C = C(T,a) € R is a constant independent of k. The function ¢y, is called
fundamental Bloch mode of (6.31]).

A proof of Proposition for odd k can be found in [49, Appendix A2]. The nonexistence
result for even k can be obtained using similar arguments: For k& # 0 the monodromy matrix

for Ly is the identity matrix so that (6.31) only has spatially periodic solutions. For k = 0,
the solutions of (6.31)) are affine.

Next we establish a bootstrapping argument that will be used to obtain the C*" regularity in
Theorem [6.7.3]
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6.7.2. BOOTSTRAPPING ARGUMENT

Assume that u is a weak solution to ([6.28) in the sense of Definition[6.7.1] By Proposition

all even Fourier modes of u vanish and there exists a complex sequence &g such that

u(x,t) = Z Qb (x)er(t). (6.32)

k€Zoad

In particular, u is Z-antiperiodic. Since ¢;(0) = 1, we have a(t) := > okeZogq Cker(t) = u(0,1).

In addition to «, we also consider the quantity 5(¢) = f(u:(0,t)). Thus we have

a=0,"f71(B). (6.33)

Let us explain the idea of the proof on a formal level. First, by (6.32) we can express u, and
terms derived from u, as a function of . Setting ¥(«)(t) := u4(0,t), the boundary condition

of can be written as ¥(a) = f(ue(0, -))e = 8 or as
B =0;"9(a). (6.34)

As shown below, the maps § — 0;'f 1 (8) = o and a — 9;'¥(a) = B are regularity
improving. Bootstrapping this regularity improvement, we show in Lemma that o (which
by definition lies in W1(T)) and 3 (which by definition lies in L*(T)), both are in C1"(T).
From there, using u(0, -) = a € CY"(T), u,(0, -) = 8/ € C"(T) and that the wave equation
preserves regularity, we show u € C17(]0,00) x T).

Note that u satisfies the boundary condition of in a weak sense, so that u,(0, -) =
is not clear a priori and will be shown as part of the proof of Theorem Moreover, since
u lies in H* ([0, 00) x T), its derivative u, does not admit traces in general so that ¥(a) need
not be defined. This is not an issue, because next we establish a (rigorous) identity that we

replace (6.34) with.

Using Definition with p(z,t) = ¥(x)e(t) for k € Zoga, where p € C([0,00)) and
¥ (0) = 1, we obtain

0= [ ol V@ @G0+ @] a0~ [ 70,0000
- /Ooo [_V(@ikw@mk(:ﬂ)%@b(z) + qub;(:c)zp’(x)} dz + ikwpy
= /OOO [_dkk2w2V($)¢k($)T/)(ﬂC) - quykl(x)w(x)} dz — @, (0)0(0) + ikw
= —1,(0)ay, + ikwpy,

5 _ 9(0)
= . 6.35
P =~ G (6.35)
Since u(0, -) is %—antiperiodic, the even Fourier coefficients of o = (0, - ) vanish, and since

f is odd the even Fourier coefficients of = f(u(0, -)) also vanish. Hence from (6.35)) we

obtain
[ (9%0)
p=7 (( ikw ak)kezod)’ (6.36)
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assuming the sequence on the right-hand side lies in F(L!(T)). In the following, we use (6.36))
instead of the formal equation (6.34]).

We next investigate the properties of the maps defined by and , which we consider
as maps between the fractional Sobolev-Slobodeckij spaces W*P(T) or between Holder spaces
C#(T). The definition and all employed properties of the spaces W*P(T) can be found in
Section [B:2] In the following we use the suffix “anti” to denote that the space consists of

functions which are %—antiperiodic in time.

Lemma 6.7.5. The map
B o7 fHB)

is well-defined from WP (T) to WHTS’p/T(T) for any s € [0,1) and p € [1,00) as well as from

anti anti

CY5 (T) to CLY5(T) for any s € [0, 1].

anti

Proof. It § € CY5.(T), then f~2(8) € CY'¥(T) since f~! is r-Holder regular, and thus
;' f1(B) € CLI(T). 1t B € WAk(T), then f~1(8) € Wi/ (T) by Lemma [B.2.7 and thus
0, f71(B) € Wy ™" (T). 0

anti

Lemma 6.7.6. The map

ars F1 ((gbli;(oi))dk) keZodd)

is well-defined from W B (T) to WE(T) for all s € (0,00) and p € [1,00) as well as from

anti anti

C’fﬁ‘zi('ﬂ‘) to C’:I’fti('ﬂ‘) for all k € Ny and s € [0, 1].
Proof. We begin by taking a closer look at the Fourier multiplier M, = Qsi%{(f) which is

defined for k € Z,qq and extended by 0 to the whole of Z. By Proposition [6.7.4] we have
#},(0) = Ck(—1)*=1/2 for a real constant C' depending only on T and a. From this we obtain

N iC
My = — = Imi*
w

for all k € Z. Now, Mj, are the Fourier coefficients of

_VIC

M(t) : 5

(5T/4(t) - 57T/4(t))

where &, denotes the Dirac measure at x. In particular, M is a finite measure. For o € L’ .(T)

we calculate

}"k(M*a)Z/T/Ta(t—S)dM(S)mdt

. / / ot — s)ex(t — 5) dter(s) dM (s) = Ny,
TJT

so that F~1 (k — Mkdk) exists and equals M * a. To see that M * () maps W%, (T) into
WEP(T) and CF2%(T) into CF%

anti anti
norm). Then

(T), let || - || be || |lyysp OF || [|o#.s (or any translation invariant

H]:_l((Mk@k)kezodd>

=101 <all = [ a(- — 5 ame)

S/Ila(- = s)[[d[M]|(s) = [M|(T)] |- ]
T
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With the previous two lemmata, we can complete the bootstrapping argument stated next.

Lemma 6.7.7. If the pair («, () satisfies and with «, 8 € L (T), then
o, € Coifa(T).
Proof. By Lemma [6.7.5| we have o € W,

anti

Applying Lemmas |6.7.5| and |6.7.6| again, we get a,,B e wlir-el/r® (T) for any £ > 0. Re-

anti

. 1/T(']I‘), and therefore 8 € W, 1/T( T) by Lemmam

antl

peating this n times, we obtain «, 8 € wltr—e A/ (T) If n € N is large enough, then

anti
_ 24n
W;;;T et/ (T) embeds continuously into C}

anti (L) by Lemma [B.2.6| so in particular we have
a, B € CL.;(T). Now, applying Lemmas and one last time yields o, 8 € CL% (T). O

anti

Next we prove the main theorem of this section, Theorem [6.7.3]

Proof of Theorem . Note that « € WL(T), 3 € LY(T) hold by Definition and

both are 5-antiperiodic as we have seen above. So Lemma is applicable and yields

a, B € Coiy(T).

By dy :==0r,dy == (2 — 0)m,d3 :== (24 0)7,... we label the discontinuities of V. We start by
showing that u € CL7%.([0,d1] x T). To do this, consider

w(w, 1) = %(a(t 4 Vaz) + a(t — vaz)) + —= (Bt + vaz) — B(t — Vaz)).  (6.37)

\f

Note that w is %—antiperiodic in time. The k-th Fourier coefficient of w is given by

’lf)k(ﬂf) _ 7k(eikw\/aw + e—ikw\/am) 2/?5»( 1kwfx o e—ikwﬁx)
= &y, cos(kwy/azx) + f}l sin(kwy/ax).
a

We see that Wy, solves Ly, = 0 on [0,d;] and at x = 0 it satisfies

l@k(O) = &k = &kék(o) and wk(O) kw\f = akqﬁk( )

\f

where we have used (6.36]). So Wi (z) = dx¢r(z) must hold, and from this we obtain

w(z,t) = Y dp(@)er(t) = Y andp(@)e(t) = ulx,t).

k€Zoad k€Zoaa

Aswisgivenby@,u-wec

anti

([0,d;1] x T) follows immediately.

Now assume that v € Cantl

([0,d,] x T) holds for some n € N. We aim to show u €

C’anm([O dpn+1]). Denote by v € {a, b} the value of V on (d,, d,+1) and define a function w by
1 t4/v(z—dn)

w(, ) = = (u(dn, t + Vo(@ — dy)) + uldn, t — Vo(@ — dy / wp(dp, 7) dr
2 2\/> Vu(z—dy)

(6.38)

for z € [d,,,dp+1] and t € T. Then w € C’;nzl([dn, dp+1] x T) follows immediately from (6.38)).
Arguing as above, one can show Ly (x) = 0 for all k € Z. Since w(d,) = g (d,) = apdr(dy)
and 0y, (d,) = &x¢)(dy,), we again get Wy (z) = dxpr(x) and thus w = uw on [dy, dyy1] x T.
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Next we show the uniform bound |u(z,t)| < Ce™P* with p = W. By Propositionm

u satisfies u(x 4 4w, t) = fu(x,t) for all 2 € [0,00) and t € T. Hence we can choose

C:= max e”u(x,t)|.
z€[0,47] teT

To show that u is a C'-solution to (6.1)), first from (6.37) it follows that the directional
derivative

(0r — c()0z) (us + c(x)uy)
exists and equals 0 for = € (0,d;) as ¢(x) = ﬁ here. Similarly, using (6.38)) we obtain
(O — c(x)0)(ug + c(x)uz) =0

for z € (dp,dn11) as c(z) = . Lastly, due to (6.37) and the definitions of a, 3 we have

/o
ue(0,1) = we (0, 1) = B'(t) = (f(e/(t))e = (f (ue(0,)))e.
for all ¢ € T. This shows that u is a C'-solution to (6.1)) with its own initial data. O

6.A. APPENDIX

Recall that F'(s) = sf’(s) formally holds, so that (F o g)'(s) = g(s)(f o g)'(s). Integrating
the second equality from % to t1, the resulting identity holds pointwise as we show next.

Lemma 6.A.1. For ty,t; € R with to < t; and g € C([to,t1],R) with f og e C([to,t1],R),
the equation

Fla(t)) - Flatt) = [ 05 o

holds.

Proof. Assume first that f and g are both C! in which case the definition F(y) = yf(y) —
J¢ f(s)ds and integration by parts yield the result

[ a0 S a = g, - [ g @ s

(6.39)

g(t1)
= OO, ~ [ Iw)dv = Flg(en) = Flglio)

For the general case, choose a sequence of non-negative smooth mollifiers ¢,,: R — [0, 00)
converging to &g, each with support in [—%, %] and with average [p ¢n(z)dz = 1. Since f

is strictly increasing, so is f, := ¢, * f. In particular, f, is bijective and we may define
gn = (fn)"'o fogsothat frogy=fog.

Clearly, f, — f uniformly on compacts. To see that g, — ¢ uniformly on compacts, it suffices
to show H(f”)_l - f_lu < 1 for n € N. Note that
oo

fulz =) = /;2 FW)n(z — £ —y)dy < /:2 F@)gn(z — 3 —y)dy = f(x).
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If we choose x := f~!(y) for arbitrary y € R and apply (fn)f1 to both sides of the above
inequality, we get f~1(y) — % < (fn) Y (y). Similarly, f~(y) + % > (fn) ! (y) holds so that

the estimate H( fa) 7= £ < 4 is shown. Letting Fi(s) = sfu(s) = Ji fa(o) do, by (6:39)

we have

Falan(®)) = Fulan(t0) = [ a0 e = [, 09

For n — oo, the desired result follows. ]

End of Paper







APPENDIX A

THE METHOD OF THE GENERALIZED NEHARI MANIFOLD

A.1. INTRODUCTION AND MAIN RESULT

In this chapter, we discuss the generalized Nehari manifold and the corresponding variational
method. This method can be used to find critical points of functionals with indefinite linear
part and superlinear, signed nonlinearities. We use it to find breather solutions in Chapter
To the best of our knowledge, this method is originally due to Pankov [74] and was later
explored systematically by Szulkin and Weth [94], who also gave the method its name. The
motivation for our report is twofold: first, we present a slightly generalized setting that is
adapted to our use case, and second we want to give a simple self-contained proof. Our
arguments often follow ideas of [94].

To motivate the method of the generalized Nehari manifold, let us introduce the typical setting
in which it is used. On our domain of interest, a measure space €2, we seek solutions to the
semilinear equation

Lu= f(x,u) for € Q, u(x) €R, (A.1)
where £: D(£) C L?(;R) — L?(Q;R) is a self-adjoint linear operator and f: Q x R — R is

the nonlinearity satisfying f(z,0) = 0. One may think of £ as the self-adjoint realization of a
formal symmetric operator with suitable boundary conditions.

Assuming L?(Q;R) is separable, by the spectral theorem (cf. [77]) there exists a projection-
valued measure P(.) on R such that £ = [ AdPy. With this, we define the quadratic form ¢,
associated to £ by

qc(u,v) :/R)\d<P)\U,U>L2(Q)

for
u,v € H = {u € L*(4;R): /\)\\ d(Pru, u) 210y < oo}.
R

If we additionally assume 0 € 0ess(L£), then 0 is not an accumulation point of ¢(£) and
therefore the formula

(,0) = [ (Loy () + A (Pt 0)

defines a complete inner product on H. We next define three orthogonal projections on H by
ut = Pty = Po,00)s u® = Py = Proyu, u =P u= P _you,

which give rise to an orthogonal decomposition H = Ht @ H®H ™. Importantly, for u € D(L)
and v € H we have (Lu,v) 2oy = qc(u,v) = ((P* — P7)u, v) which naturally leads to the
definition that v € ‘H with

(P = P )u,0) = /Q f (@, u)p da (A.2)
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for all ¢ € H is a weak solution to (A.l). Setting

F(z,s) = /Osf(ac,a) do, I(u):= /QF(:L‘,u(x))d:L‘, J(u) = %||’LL+H2 - %Hu_H2 — I(u)

we see that (A.2)) is the Euler-Lagrange-equation of the energy functional J. All nontrivial
critical points of J lie on the set

M= {u e H\{0}: J'(u)lrussoan- = 0},
which is called the generalized Nehari manifold.

The method of generalized Nehari manifold, which we present next, attempts to extract a
critical point of J by finding a minimizer of J|r¢. In general, it only shows existence of a
Cerami sequence (see Definition for J, but not existence of a nonzero critical point. In
order to obtain a critical point from the Cerami sequence, one needs further assumptions on
the nonlinearity I. For example, in [94, Theorem 35] the authors assume complete continuity
of I'. In Chapter [2| we also consider noncompact asymptotically periodic nonlinearities and
employ concentration-compactness arguments to conclude existence.

Theorem A.1.1. Let Q be a measure space and for some 2 < p, < p* < 00 we assume

(AA.1) The domain H is a real Hilbert space that admits an orthogonal decomposition
H =H" & H & H such that HT # {0} and dimH® < oco. We denote the
decomposition of u € H by v = ut +u® +u~.

2 ere exists a bounded embedding H — LP~ N . Moreover, if uy, — u in H,

AA.2) Th bounded embedding H — LP+(Q) N LP"(Q). M. if H
then (uy) converges pointwise a.e. to u along a subsequence.

(AA3) F(z,s) = [§ f(z,0)do where f: @ x R — R satisfies

(i) f is a Carathéodory function, i.e., f(x, ) is continuous for a.e. x € 0 and
f(-,s) is measurable for all s € R.
(i) |f(z,9)] < |s/Pt + |s["" " uniformly in x € Q and s € R.

(iii) s+ f(x,s)/|s| is strictly increasing on R with limits 00 as s — +oo for all

x € €.
Then there exists a Cerami sequence for J in H at level ¢ := glf/l J(u) >0, where
Loy 1, 2
Tw) = Sl P = Sl | - /QF(gc,u(x))dx. (A.3)

Remark A.1.2.

e In Theorem we do not explicitly assume that # is the form domain of a selfadjoint
operator £, as motivated in the introduction. A critical point u of (A.3]) solves

T W e
(") = (u07) = | Fu@)pla) de
for ¢ € H, or equivalently
R(PT — P )u=uf(z,u)

in H' where R: H — H' denotes the Riesz isomorphism and ¢ is the adjoint of the
embedding H < LP+ N LP". Here the operator R(P* — P~) generalizes the the weak
formulation of L.

o We do not distinguish between v € H and its image under the embedding of [(AA.2)]

The second part of |(AA.2)|is fulfilled for example if €2 is a separable locally compact
space and the embedding H — LP(£2) is locally compact for some p € [p,, p*].
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A.2. PROOF OF MAIN RESULT

We work under the assumptions of Theorem Let us first investigate the nonlinearity

= /QF(:U, u(x)) dz

Lemma A.2.1. We have I € C*(H;[0,00)) with I(0) = 0, I'(u) = o(||lul) as u — 0.
Moreover, I is weakly lower semicontinuous and satisfies the weak Ambrosetti-Rabinowitz

condition 0 < 2I(u) < I'(u)[u] for u e H\ {0}.

Proof. Assumption allows us to estimate |F(xz, s)| < |s[”* 4 |s|’", so the embedding
(AA.2)[ shows that I is well-defined. By standard arguments (cf. e.g. [86]) one can show that
I is continuously differentiable with derivative given by

— [ e u@)h(z) do
Q
for u, h € H. Using|(AA.3)| once more, we estimate

" *—1
@) = 1 @ Wl poemrery S W@ peor e S |lul” | lul”
( )~ (p+)

—1 *_1 —1 1
= Jlullp: ™+ flullp " < llull® 7+ [ful” o({lull)

(»*)

as u — 0.

Next, for s # 0 we have

x,s L f(z,0s
F(Sg ):/0 f(e’se Y96 (A.4)

and hence 0 < F(z,s) < s? 01 @0 df = $sf(z,s). The Ambrosetti-Rabinowitz condition
follows immediately from this. 7(0) = 0 is clear by definition. Lastly, f(z, -) is increasing by
(AA.3)| (iii), so F(z, -) is convex and therefore I is weakly lower semicontinuous. O

Lemma A.2.2. Let A C H\{0} be weakly compact. Then I(su)/s*> — 0o as s — oo uniformly
inue A.

Proof. Assume for a contradiction that there exist s, > 0, u,, € H \ {0} with s, — co and
u, — u # 0 such that I(s,u,)/s? is bounded. By we may assume that u, — u
pointwise a.e. Using equation and assumption [(AA.3), for x € 2 we see that %
is increasing in s on (0, 00) and decreasing on (—oo,0) with limit co at s — +o0o. Fatou’s
Lemma yields

I F
lim inf (Sn;m) > [ liminf M dx > / 00l 201 do = 00
n—00 Sy Q n—o0 Sn Q
a contradiction. ]

Let us now focus on J, where the following partition of H will be fundamental for the
description of M.

Definition A.2.3. For u € H\ (H° ® H™), set H(u) = (0,00)u ® H® ® H~. Note that
H(u) = H(pry +H) and we have the partition H \ (H° ® H™) = Uycg+ H(v) where ST =
{veH" : ||v|| =1} is the unit sphere in H*.
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In the following four lemmas, we show that there exists an isomorphism m: ST — M satisfying
the identity M NH(v) = {m(v)}.

Lemma A.2.4. There exists 6 > 0 such that sup,ey) J(u) > 6 for allv € ST.

Proof. We have
1 1, _
J(w) = 3t = S I+ o(lull®)

as v — 0 in H by Lemma |A.2.1, Thus for small r > 0 and arbitrary v € ST, we have

T2
SUDyep(v) J (1) > J(rv) > Hro|* = . ©
Lemma A.2.5. Let (u,) € H be an unbounded sequence on which J(uy) is bounded from

+
below. Then (HZ—Z”) has no accumulation points.

Proof. Set vy, = ”Z—Z” and s, == ||uy||. We first show v, — 0 in H. If this were false, then up
to a subsequence we have v, — v # 0. Now

inf,en J (un) < J(uy)

2
n

I(snvp) .

2
Sh

1 2 1, _ 2
= st - S -

2
s 8%

as n — oo due to Lemma applied to the weakly compact set {v,,v: n € N}, a contra-
diction. So indeed v, — 0, and vY — 0 follows since H° is finite-dimensional. From the above
inequality we further have

21 (spvp) n 2J (up,

) 2
2 52 > |lvn [|I” +0+0(1)

o |* = llow |I° +
which together with 1 = ||v,||* = Hvﬂ[||2+Hv;||2+o(1) shows 1 > ||v) || > %+o(1). Combined

with v;7 — 0 it follows that (v;) has no accumulation points. O

Lemma A.2.6. For anyv e ST, I3y attains its mazimum.

Proof. Let (u,) be a maximizing sequence for J|y,). Then the bounded sequence (%) lies

in the one-dimensional space Ru, and therefore it has accumulation points. By Lemma [A-2.5]
the sequence (uy,) is bounded.

Therefore we have u, — wu up to a subsequence. From lower semicontinuity of I (see
Lemma [A.2.1]) and of the norm we obtain

J(u) > lim J(up) >0 >0,

n—oo

where the last estimate is due to Lemma Clearly u € H(v) holds, and since J < 0 on
HY & H™ = H(v) \ H(v) we necessarily have u € H(v), hence u is a maximizer. O

Lemma A.2.7. Forv € ST, any nonzero critical point of J\H(U) is a strict mazximizer.
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Proof. Denote the critical point by v € H(v) \ {0}, and let (1 + s)u +w € H(v) with s > —1
and w € H° & H~. We calculate

J((1+ s)u+ w)
= 3+ 82t = (4 s)u” +w [P = 11+ s)u+w)
= gl 7+ @t s ) = TP = T s+ )T+ (s = gw|f
—I(1+s)u+w)
= J(u) + T @)(s + FIu+ (1+ )] - §[w]?
+ I(u) + I'(u)[(s + %)u + 1+ s)w —I((1+ s)u+ w).
So it suffices to show the inequality
I((1+ s)u+w) > I(u) + I'(w)[(s + £ )u + (1 + s)w),
with strict inequality for w = 0 and s,u # 0. This follows from the pointwise estimate
F(z,14 s)u+w) > F(z,u) + f(x,u)[(s + %)u + (1 + s)w] (A.5)

for x € Q, s € (=1,00), u,w € R, again with strict inequality for w = 0 and s,u # 0. We
fix v and w. If w = 0 we have F'(z,w) > 0 so that (A.5]) holds. Thus we may assume u # 0.
For large s, (A.5]) is true since F' grows superquadratically in s. Inserting s = —1, ({A.5|) also

holds since F(z,w) >0 > F(z,u) — 5 f(z,u)u by Lemma and its proof. If (A.5) were
false for some s, then the minimum of the difference

Fz, (14 s)u+w) — F(z,u) — f(z,u)[(s + 5)u+ (1 + s)w]
is attained at some s € (—1,00). Taking the derivative w.r.t s we find
flz, A+ s)u+w)u = f(z,u)((1 + s)u+ w).

By strict monotonicity of % either (1) z == (1+s)u+w=0or (2) z=wu hold or (3) u
and z have opposite signs.

If 2z =wu # 0, using w = —su we calculate
Fla,a)(s+ 5+ (1 + s)w] = =% f(z, u)u <0,

where the last inequality is strict for s # 0. If z = 0 or uz < 0 (and u # 0), we use
F(z,u) — 3 f(z,u)u < 0 and f(z,u)u > 0 to estimate

F(w,2) > 0> (F(z,u) — 1 f(z,u)u) — B flo wyu+ (14 5) f (@, 0)2
= F(a,u) + f(z,u)[(s + 5 )u+ (1 + s)w]. O

Definition A.2.8. Foru € H\ (H°®©H™), let m(u) € H(u) denote the unique mazimizer of
Iy, of Lemmas|A.2.6 and [A.2.7,

Remark A.2.9. Note that m(u) € M. Since H(u) = H(ﬁ), m is uniquely determined by
its restriction to the sphere S*. Moreover, m|g+: ST — M is a bijection by Lemma
since we have M = {u EH\N(H ®H): uis CP of J]H(u)}.
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Lemma A.2.10. m: H\ (H°® H™) — M is continuous.

+
Proof. Let u,, — u be a convergent sequence in H\ (H°®H ). We write v,, := ﬁ, vi= ”Ziu
and m(up) = Spvp + Wy, m(u) = sv + w with s,,5 > 0 and w,,w € H* & H".
1 m(u’ﬂ)+ — Sn u'rt : .
In particular, Tmund] = TGl ot | is bounded and converges along a subsequence since

u — ut # 0. By Lemmas |A.2.4 and [A.2.5] the sequence (m(uy,)) is bounded.

Up to a subsequence, which we again denote by index n, we therefore have s, — sx, w, — wy
for some s, > 0, w, € H° ® H~. Using Definition and weak lower semicontinuity of the
norm and I, we obtain

J(sv 4+ w) > J(s4v + wy)

1 1., .9
=l D P - r
1, 1. TP
> sy — = limsup||w, ||” — limsup I(s,v, + wy,)
2 2 nooo n—o0
> lim inf J(s,v, + wy)
n—oo

> liminf J(sv, + w)
n—oo
= J(sv+ w).
We have equality everywhere, and from the first (in)equality and uniqueness of the maximizer
we get s, = s,w, = w. The second (in)equality implies ||w, || = limsup,,_,|lw,, || which
combined with w,, — wy shows w,, — w; . As H" is finite-dimensional, we also have w — w?.

In total we have shown m(u,) — m(u) up to a subsequence. By considering subsequences of
subsequences, convergence of the full sequence follows. O

To conclude the proof, we apply Ekeland’s variational principle to £ = J o m. We first
investigate .

Lemma A.2.11. The map E = Jom: H\ (H°®@H™) — R is continuously differentiable with

B (w)[h] = Wﬂm(umm (A.6)

forue H\ (HO°®H™) and h € H.

Proof. By Lemmas|A.2.1land [A.2.10, the right-hand side of is continuous, so it suffices
to show that E is differentiable with derivative given by (A.6). So we fix u € H\ (H° & H ™)
and for small h € H we write m(u + h) = s, (u + h) + wy, with s, > 0, w, € HO ®H~. By
Lemma we have m(u + h) — m(u), i.e., s, — sp and wp — wp as h — 0 in H. Then,
using the definition of m we estimate

E(u+h) — E(u) = J(sp(u+ h) +wp) — J(sou + wo)
< J(sp(u+ h) +wp) — J(spu+ wp,)
= J' (sp(u+ Oph) + wp)[sph]
= s0J" (sou + wo)[h] + o(||h]|)

as h — 0 with some 6, € [0,1], and similarly we get

E(u—l— h) - E(u) > J(So(u-l- h) +w0) - J(80u+w0)
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= JI(S()(U + Ohh) + wo)[SOh]
= SoJ/(S()’u + wo)[h] + O(Hh”)

The claim follows from this since

e

= H(sou + w@"‘H = SOHU+H' O

Proof of Theorem|A.1.1. By Lemmas|A.2.4/and [A.2.11] Ekeland’s variational principle (cf. [86])
shows there exists a minimizing Palais-Smale sequence v, € S* for E|g+ with (E|g+) (vy) — 0.
Since E'(vy)[vn] = 0, we have E'(v,) — 0. As

Slm(on) 7 = Jom(w)) = 6> 0

by Lemma [m(vn)*| is bounded from below by v/25, and hence (A.6)) shows that
up, == m(vy,) is a Cerami sequence for J with J(u,) — infg+ E = infrg J = c. O






APPENDIX B

TwO BANACH SPACES AND THEIR PROPERTIES

B.1. VECTOR-VALUED L%-SPACES

This section consists of |41, Appendix A].
Following [35], we give a definition of the Hilbert space L?(u) appearing in Section where

1 is an increasing matrix-valued function.

Definition B.1.1. We call a function pu: R — C¥*% increasing if u(y) — pu(z) is Hermitian
and positive semidefinite for all y > x.

Lemma B.1.2. Let p: R — C%4 be increasing. Then the coefficients wi; are locally of
bounded variation, and hence there exist C-valued measures v;;, defined on the bounded Borel
subsets of R, which are o-additive for sets with bounded union, such that

/SOdMijZ/SOdVij
R R

for all ¢ € C.(R). Here, the left-hand side is a Riemann-Stieltjes integral.

Proof. By positive semidefiniteness, for y > x we have

A

|1ij (y) — pij ()| < \/ (pii(y) — pia(2)) (kg (y) — w5 ()
< 5 (mii(y) — pii(x) + pgi(y) — pgi ().
Since p;; and pu;; are increasing, it follows that
i3l 0 = $0is8) = piala) + s 6) = mij(a)) < oo,

Existence of the measure v;; then follows from the Riesz-Markov-Kakutani representation
theorem, see |79, Theorem 6.19]. O

Definition B.1.3. Let u: R — C%™9 be increasing, v;j be the measures from Lemma
and f: R — C? be Borel measurable. Let v be a o-finite Borel measure on R such that all Vij
are absolutely continuous with respect to v. Then define

— —dv;;
2 . .
910 = [ ATy = [ (5752 ) v
where we used Finstein summation convention and % is the Radon-Nikodym derivative.

Remark B.1.4. By [35, Lemma XIIL.5.7], the matrix (ddulij ); ; is positive semidefinite v-almost
everywhere. Hence, the last integrand above is nonnegative and therefore the integral exists
in [0, 00]. Note that such v always exists and that the L?(u)-norm does not depend on the

choice of v. One can for example take v(FE) = sup,,cy Zgj:ﬂyij\(E N [—n,n]).
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Definition B.1.5. Define L%(1) as the quotient space of {f: R — C? meas. | ||fHL2(#) < 00}

modulo {f: R — C% meas. | 1fllr2¢u) = 0} By (35, Theorem XIII.5.10], L?(p) is a Hilbert
space with inner product

(f9) 12 —/fzg] dpij(A) = /(fl Jd%]>d1/.

Remark B.1.6. Multiplication with matrix-valued functions need not be well-defined on
L?(p). Consider for example

(A=A 22 (1 0
so that ||f||%2(“) = ol fi — fo|?dA. In particular, (g,¢)" = 0 in L?(y) for arbitrary measurable

-
M(g,9)"| ()

multiplication with scalar-valued measurable functions m: R — C is well-defined, and in
addition [mf]| () < sup,cglm(@)] - ]2, holds.

g, whereas ‘ = 2||g[2(r) need not be zero, nor finite. On the other hand,

B.2. FRACTIONAL SOBOLEV SPACES ON THE TORUS

In this section we collected the results of [73, Appendix B| and [71, Appendix A] on the
fractional Sobolev-Slobodeckij space W*P(T) of differentiability order s € [0,00) and inte-
grability order p € [1,00]. We discuss their embedding properties as well as relations to the
fractional Laplacian when p = 2. These results are presented in a form that is sufficient for
our applications.

Definition B.2.1. For s € (0,1) and p € [1,00), we set

[f() = fE+R)P
Ry = // |h|1+sp dhdt

1 Bysmcry = 1A oy + [Py
WoP(T) = { f € LP(T): [flypemin) < o0}

We also set WOP(T) = LP(T) and W*>°(T) = C*(T). For s > 1 and p € [1,00] we set
WeP(T) = {u e Wllp(T): ulsl € WS_LSJ’p(T)} where WLsIP(T) is the classical Sobolev
space. Lastly, we write H(T) = W*2(T).

Remark B.2.2. For 0 > 0 and h € T we set

Ko(h) =T |h+KkT|""77.
keZ

This allows us to write

Ws,, //Ksp )f() = f(t+ h)[P dhdt.

We denote by d the metric on T, i.e., d(t,7) = minfew@]f—ﬂ. Note that Ky (h) ~ d(0,h)~1~
holds uniformly in h.
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Remark B.2.3. Let us show that piecewise constant functions lie in H*(T) precisely for
s < % For simplicity, we consider the function f = 19y on T = R/9z. We calculate the
W#P(T)-seminorm of f for s >0, p € [1,00) as

[f];gvep('ﬂ* //de //d$y1+spdydz

2 jl{y<x+1} ]l{y>x+1}
= + dyd
2// y—x)ltse - (242 —y)ltsp e

B 28p/o [(y—i)”

1 1 1 1
:7/ 0+ — —2dx
2sp Jo (1 —x)%P = %P

_{oo7 p > 1
- 2§p(1 2 2) sp < 1.

Setting p = 2, we verify the claim.

2
dx
x+1

z+1 1
+ -
1 {(2 +x—y)P

B.2.1. EMBEDDINGS BETWEEN FRACTIONAL SOBOLEV SPACES

Let us note that the fractional Gagliardo-Nirenberg inequality of Lemma as well as the
Sobolev embeddings of Lemmas [B.2.5] and [B.2.6] hold on the torus.

Lemma B.2.4. Let s;,s2 € [0,1), 6§ € (0,1), P1,p2 € [1,00] and s = 0s1 + (1 — 0)sa,
_ 0
L2810 Then || fllyencey S I rm oy I ema zy Bolds.

Lemma B.2.5. Let s1,82 € (0,1),p1,p2 € [1,00] with s3 < s1 and p% — 59 > p% — 51 with
strict inequality for sip1 = 1. Then || fllysama(ry S | fllysion(ry holds.

Lemma B.2.6. W!+5P(T) — C’l’s*%(T) for s € (0,1),p € (1,00) with sp > 1.

Proof of Lemmas to[B.2.6l We first remark that all results hold if W*?(T) is replaced
by W#P(I) where I is a bounded interval. This space is defined by

WP (T) = {f e LP(1): [flwen(r) = (//'fy'li;)'pd dy>" < oo}

for s € (0,1), 1 < p < 00, and W (I) = C*(I), WOP(I) = L*(I).

Indeed, on intervals the Gagliardo-Nirenberg inequality holds by [16]. Also on intervals we
have from [69] that WP (I) < L%(I) for % = p% — 51 if sypp < 1, WSLPY(]) — L9(I) for
1 <g<ooif syp1 =1, and that W*PH(]) — C*(I) for —a = p% — 51 if syp1 > 1. From these
properties we obtain Lemma (on intervals), and we can deduce the Sobolev embedding

of Lemma (on intervals) by applying the Gagliardo-Nirenberg inequality.

Then, the statements of Lemmas to follow from the results on intervals since the
norms || f{lyysp(ry and || fllyspo,2r)) are equivalent for periodic f. O

Lastly, we consider the composition with a Hélder continuous function as a map between
fractional Sobolev spaces.
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Lemma B.2.7. Let g: R — R be r-Hélder continuous. Then the map
WoP(T) — WP/ (T),u s gou
is well-defined for s € [0,1) and p € [1,00).

Proof. By assumption, there exists C' > 0 such that |g(z) — g(y)| < C|z — y|” holds for all
z,y € R. First, let uw € LP(T). Then

o)y = [latu®)" de <277 [ (Ig(u(®) = @) + g0 ) dt

< or/rt / (CPrlu@)P + 1g(0) /") dt = 22/ (CP/|[ully, oy + TIg(O)P"),
T

so g(u) € LP/"(T). Now let u € W*P(T) with s € (0,1). Then

p/r
oy = [ [ 2= s,

Cp/r\u( —u(tz)\ /r
// RO dty dty = CP'"[u ]WSP(T) ]

B.2.2. THE FRACTIONAL LAPLACIAN

We first show that the fractional Laplacian |9;|°f = F~![|wk|* fi] can be expressed using a
singular integral.

Lemma B.2.8. Let s € (0,2) and f € CYY(T). Then

L F(t) C/2f ft+h)— f(t—h)dh

|h|1+8

_ /TKs(h)(Zf(t) — f(t+h) = f(t—h))dh
holds where

-1
1_ a2
Com ([ ) e k=T
R N

kEZ

For a proof see |78, Theorem 2.5] where the case T' = 27 is discussedﬂ. In [78] a principal
value formulation is used which can be avoided by using the above symmetric representation,
as discussed in [69, Lemma 3.2].

Related to Lemma is the fact that the seminorm [f]y..2(y) coincides with [[[0;]° f|l, up
to a constant, and in particular that W*2(T) = H*(T).

Lemma B.2.9. Let s € (0,1) and uw € H*(T). Then

1100 ull 22y = Cosul3rezr / / Kos(B)|f(t) — f(t + B2 dhdt

holds.

!The constant in |78, Theorem 2.5] has a typo: o needs to be replaced by 2. Then the constant in [78]
coincides with Cs up to a factor of 2.
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This can be shown in the same way as [69, Proposition 3.4]. Formally, it follows from
Lemma (with 2s instead of s) by multiplying the identity with f and then integrating.

Additionally, the following version of the Kenig-Ponce-Vega inequality (cf. [48]) holds on the
torus.

Lemma B.2.10. Let f,g € C(T), s € (0,2), s1,82 € (0,1) with s < s1 + s2, and p,p1,p2 €
[1, 00| with % = p% + /p%. Then

110:°(f9) — flO g — 9’8t|sf||Lp(1r) S [f]wmm(qr) [Q]WS%PQ(T)
holds.

Proof. We only consider the case p1,ps < co. Using Lemma we write
0:°(f9) (1) — F(D)IO*g(t) — g()[Oe]” £ (2)
= /TKs(h)(Qf(t)g(t) — f(t+h)g(t+h)— f(t = h)g(t — h))dh

) [ K.(0)(29(8) = glt +h) = g(t — ) b

—mw/memﬂw—f@+m—f@—mnm
= = [ K.((F(0) = F(E+ M) {g(t) = glt + )+ (F(8) = £t = W)(g(®) = g(t = 1)) db

z—qéK;hftff@+MMm0fmﬁHmdh

Now let r =1 — % +s5s—51—5< }%. Using Holder’s inequality twice, we estimate

| [ K £+ m)(ote) - gt + 1)) an

L (T)

< [IE110) = £+ Dllg(®) = gt + 1)l ry db
= lon- memem<omrﬂ> £+ Wllg(®) = gt + 1)l oz

S t + h S t + h/
1p1 L1 (TT) i/ 2p2 |f )| L2 (TT)
= [flwsrm (T) [9lyyss.s (T)
where we also used that
1 IS IS NN
Ko (h)d(0,h)" = d(0,h) ™= = d(0,h) 71 72 = /R, (h) %/ Kap(h). O

Lastly, we make the following observation on derivatives of time-antiperiodic functions. The
proof, which follows via the Fourier transform from the fact that the zero Fourier mode
vanishes, is omitted.

Lemma B.2.11. Let the function v € L*(T) be %—antipem’odic in time. Then for any s > 0
and o € R we have

1 ag ag
||U||L2(1r) = EH@\SUHL?(T) and thus |0 U||L2(T) < — |07

L2(T)’
If furthermore Fi[v] = 0 for |k| < K, then these estimates can be improved to

| . i 1
[oll L2y < WH@\ V2 and (1870l L2(ry <

< — ‘ |U+s
(Kw)

L2 (1)’
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