TRAVELING WAVES IN PERIODIC METRIC GRAPHS
VIA SPATIAL DYNAMICS
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ABSTRACT. The purpose of this work is to introduce a concept of traveling waves in the set-
ting of periodic metric graphs. It is known that the nonlinear Schrédinger (NLS) equation
on periodic metric graphs can be reduced asymptotically on long but finite time intervals
to the homogeneous NLS equation, which admits traveling solitary wave solutions. In order
to address persistence of such traveling waves beyond finite time intervals, we formulate
the existence problem for traveling waves via spatial dynamics. There exist no spatially
decaying (solitary) waves because of an infinite-dimensional center manifold in the spatial
dynamics formulation. Existence of traveling modulating pulse solutions which are soli-
tary waves with small oscillatory tails at very long distances from the pulse core is proven
by using a local center-saddle manifold. We show that the variational formulation fails
to capture existence of such modulating pulse solutions even in the singular limit of zero
wave speeds where true (standing) solitary waves exist. Propagation of a traveling solitary
wave and formation of a small oscillatory tail outside the pulse core is shown in numerical
simulations of the NLS equation on the periodic graph.
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1. INTRODUCTION

Traveling waves in nonlinear models have been widely studied due to their important
applications in physics, chemistry, and biology.

If the nonlinear model is formulated as a partial differential equation (PDE) for u(t,x) :
R x R — R in time ¢ and spatial coordinate x, then traveling waves are solutions of the
form wu(t,x) = ¢(x — ct), where c is the wave speed and ¢(x) : R — R is the wave profile
satisfying an ordinary differential equation (see e.g. [1]).

If the nonlinear model is formulated as a lattice differential equation (LDE) for {u;(t)};ez :
R — R” in time ¢ on the lattice Z, then traveling waves are solutions of the form w;(t) =
¢(hj — ct), where h is the lattice spacing, c¢ is the wave speed, and ¢ : R — R is the wave
profile satisfying a differential advance-delay equation (see e.g. [21]).

In the context of traveling modulating pulses in spatially homogeneous systems or stand-
ing modulating pulses in spatially periodic systems, solutions of nonlinear PDEs have
been considered in the form u(t,z) = ¢(xz — ct,z), where ¢ is periodic with respect to
x and spatially decaying with respect to & = x — ¢t with ¢ being the wave speed (see e.g.
[11, 12, 17, 24]). Methods of spatial dynamics have been used to construct modulating
pulse solutions which decay to oscillatory tails of sufficiently small amplitude. Traveling
modulating pulses in spatially periodic systems involve three spatial scales and solutions are
written in the form u(t, x) = ¢(&, 2, x), where ¢ is periodic with respect to z and z = kx — ot
and spatially decaying with respect to £ = x — ¢t with k being the spatial wave number, o
being the temporal wave number, and ¢ being the wave speed [6].

The purpose of this work is to introduce a concept of traveling waves in a nonlinear PDE
posed on a periodic metric graph. For the sake of simplicity, we consider the focusing cubic
nonlinear Schrédinger equation (NLS). In the setting of metric graphs, the NLS equation
has been widely studied due to many applications in quantum communications and optics,
see the surveys [8, 14].

1.1. Formulation of the evolution model. Let I' be a periodic graph written in the

form
I=@Pr..

nez
where each cell T, is identical to others for n € Z. For the particular necklace graph shown
in Figure 1, I';, includes a line segment I, o of length L; and two semi-circles I',, ; & I'), _
each of length Ls. If the period of I' is normalized to 27, then L, + Ly = 27 whereas
I and I', 4 are identified isometrically with the intervals I, = [27n,2mn + L] and
[n,i = [27m + Ll, 271'(71 + 1)]

a0

FIGURE 1. Schematic representation of a necklace graph.

Let ¢(t,z) : R x I' — C be the wave function defined piecewise with components 1), o
on I, and components v, + on I, ; subject to the following Neumann-Kirchhoff (NK)
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boundary conditions at each vertex point:

(1 1) Z/}mo(t, 2mn + Ll) = wn,Jr(t, 2mn + Ll) = wm,(t, 2mn + Ll);
' Outhno(t, 2mn + Ly) = Opthy 4 (¢, 270 + L) + Opthn — (t, 270 + Ly),

and

(1.2) {wnﬁ(’@ 2m(n+1)) = ¥n-(t,27(n + 1)) = Ynyr0(t, 2m(n + 1)),

Outhn4-(t, 21 (n 4 1)) + Optfn (£, 27 (n + 1)) = Oxthnar0(t, 27 (n + 1)).
The focusing cubic NLS equation can be written in the normalized form:
(1.3) i0) + 02 + 2P =0, Y(t,r) :RxT — C.

Standing time-periodic and spatially decaying wave solutions of the NLS equation on
metric graphs have been considered in many details in the recent literature, see [14] for a
survey. For the necklace graph, the NLS equation (1.3) on I' was reduced to homogeneous
NLS and Dirac equations on the real line R by using homogenization methods in [10]. This
gives a finite-time approximation of the standing time-periodic and spatially decaying waves
by the solitary wave solutions of the NLS and Dirac equations. Methods of discrete spatial
dynamics were used in [25] to obtain the standing wave solutions directly due to separation
of the variables t € R and x € I". Furthermore, variational methods were developed to study
the standing wave solutions as minimizers of energy functionals, see e.g. [7, 22]. Standing
waves in the limit of large energies were also studied by using asymptotic methods in [3].
Extension of the existence results for standing time-periodic waves in the nonlinear Klein—
Gordon equation on the necklace graph can be found in [18].

Traveling long waves were considered by using the homogenization of the regularized
Boussinesq equation on the periodic graph I" within the validity of the KdV (Korteweg—de
Vries) approximation [9]. However, the variables t € R and = € T' are not separated for
traveling waves and hence it is not clear how to formulate the existence problem for such
traveling wave solutions. This problem is addressed in our work.

1.2. Main results. In order to introduce the main results, we recall the Floquet—Bloch
spectral theory for the operator —92 on L*(T") (see [10, 25] and earlier works [15, 16, 20]).
The spectrum of —9? in L*(T) is purely continuous and can be recovered with the Bloch
eigenfunctions

(1.4) w(z) =e“fl,x), fll,x)=fl,x+2r)=fl+1,2)” ({,z)ERxXT,

where f(¢,z) = f(¢,z+ 27) can be written in the component form as f,(¢,z) = fo1(¢,x+
27) for x € T',,. The Bloch eigenfunctions are found from solutions of the spectral problem

(1.5) —(0p + i) f(l,z) =w(O)f(l,z), ({,x) € R x Ty
subject to the boundary conditions

{fO(ﬁv Ll) = f+(£a Ll) = f—(ga Ll)v

(16) (00 +10)fo(0, L) = (00 +i0)f+ (6, L) + (0 +i0) (6, 1),
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and

(w7 {W’ 2m) = f_(L.27) = f(£.0),

(O +0) f1(0,27) 4+ (0 +il) f_ (£, 27) = (O, + il) fo (¢, 0),

where I’y is the basic cell of the periodic graph I'. By the spectral theorem, the spectrum
of —9% in L*(T") is given by the union of the spectral bands

(1.8) o(=02) = [ J{wn(0) : B},

meN
where B := [—1,3) is the so-called Brillouin zone, to which (w,,) might be restricted by
periodicity.

The homogenization result from [10] can be stated as follows. Pick my € N and ¢y € B
and assume that wy,(ly) # wp,(lo) for every m # my. For every Cy > 0 and Ty > 0, there
exists g9 > 0 and C' > 0 such that for all solutions A € C*(R, H*(R)) of the homogeneous
NLS equation

ooy
o Cor M

(1.9) i0r A + ;w;’m(eo)a;fl +2v]AIPA = 0,
satisfying
sup JA(T,)lms < Co
Te[0,To)
and for all € € (0,¢g), there are solutions ¢ € C°([0, Ty/e?], L>=(T')) of the NLS equation
(1.3) satisfying
(1.10) sup  sup [(t, x) — cA(%, e(x — ct)) fimy (Lo, )0 Wmo )| < C3/2)
t€[0,Tp/e?] z€l’
where ¢ = w), (o).

The focusing cubic NLS equation (1.9) on the real line R admits a family of traveling sech-
soliton solutions if w);, (£y) > 0 since v > 0. By (1.10) if the initial data for (0,-) € L>(I")
is close to the family of traveling sech-solitons, the solution of the NLS equation (1.3) on
the periodic graph I' is approximated by the traveling solitary waves on long but finite time
intervals. The following two main questions are addressed in this work:

e Can we define the traveling wave solutions on the periodic graph I" for all times?
e Do the traveling waves remain spatially decaying for all times?

For the first question, if we think of the traveling wave reductions of the NLS equation
(1.3) on the periodic graph I', we can try substitutions of the form of either ¥(t,z) =
U(x — ct,x) or Y(t,x) = Y(t,x — ct). However, these solution forms mix up the boundary
conditions (1.1) and (1.2) which are no longer defined at the time-independent points of the
spatial line. Therefore, these solution forms do not express the concept of traveling waves
which move across the periodic graph I' with a constant propagation speed.

As the main results of our paper, we give a positive answer to the first question and a
generally negative answer to the second question. We define traveling waves by using the
spatial dynamics formulation of the NLS equation (1.3) on the periodic graph I'. Then, we
study the linearized system near the zero equilibrium and show that there exist infinitely
many purely imaginary eigenvalues of the linearized system which correspond to the center
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manifold of the spatial dynamical system. As a result, no true spatially decaying solutions to
zero (homoclinic orbits) exist generally at the intersection of stable and unstable manifolds
of the spatial dynamical system. The best approximation of the spatially decaying traveling
wave solutions are traveling modulating pulses with small oscillatory tails far away from
the pulse center, similarly to the traveling modulating pulses in a spatially periodic PDE
studied in [6] and similarly to the homoclinic orbits in a temporally periodic LDE studied
in [5]. Such solutions are identified in the following theorem.

Theorem 1. Pick my € N and {y € B with w;, ({y) > 0 and define
{ao = —wmo (£o) + Loy (1)

Cop = w;no (fo)
Assume that the set of purely imaginary roots A € iR of the characteristic equations
00 + icoA + wp(—iA) =0, meN,

admit only simple nonzero roots, with the exception of a double zero root for m = mqg and
¢ ={y. For every Ny > 0, there ezist g > 0 and Cy > 0 such that for every ¢ € (0,¢q), the
NLS equation (1.3) admits a traveling wave solution of the form

Un(t,z) = ¢(x — ct,x — 27n)e'", o x):RxTy—C
with 0 = 0y + €2, ¢ = ¢y and ¢ satisfying
sup sup |@(&, z) — e A(€€) fmy (Lo, 2)e™%| < Coe?,

fE[*NoE_l,N()E_l] z€lg

where A € H*®(R) is a solution of the stationary homogeneous NLS equation

o Hfmo<€07 ')HL4 (To)
”fmo(goa ')||L2 (To) .

We note that the stationary NLS equation (1.11) is a traveling wave reduction of the
time-dependent NLS equation (1.9), hence the sech-solitons of the NLS equation (1.9) give
the leading-order approximation of the traveling wave solutions of the NLS equation (1.3)
on the periodic graph I'. These solutions do not decay to zero for |£| > Nye™! but approach
the oscillatory remainder term.

The main novelty and significance of this work is not the proof of Theorem 1 but rather
the definition and analysis of the existence problem for traveling waves on periodic metric
graphs. If the periodic graph I' is replaced by a ladder graph shown in Figure 2, then
the spatial dynamical system has exact solutions for traveling solitary waves, due to the
additional symmetry of the ladder graph. This gives one example where the oscillatory tails
far away from the pulse center are identically zero in Theorem 1.

(1.11) (o) A" — A+ 29|A]PA =0,

2 mo(

FIGURE 2. Schematic representation of a ladder graph.



6 S. LE COZ, D. PELINOVSKY, AND G. SCHNEIDER

1.3. Organization of the paper. In Section 2, we give the spatial dynamics formulation
of the existence problem for traveling waves of the NLS equation (1.3) on the necklace graph
I' of Figure 1. In the homogeneous case with Ly = 0, this formulation admits exact traveling
sech-soliton solutions, as we show in Appendix A. In the general case, the spatial dynamical
system can be formulated variationally but, as we show in Appendix B, no minimizers of
the energy functional exist even in the singular limit of zero wave speed where the true
standing solitary waves exist.

Section 3 contains the analysis of the linearized system at the zero solution. We show that
the linearized system admits infinite-dimensional center, stable, and unstable manifolds. Bi-
furcations of small traveling waves are identified from the existence and splitting of double
eigenvalues off the imaginary axis. However, the presence of infinitely many purely imag-
inary eigenvalues suggests that the traveling modulating pulse solutions generally exhibit
small oscillatory tails at very long distances from the pulse core.

Bifurcations of traveling modulating pulses are studied in Section 4, where we formally
derive the stationary NLS equation (1.11) and construct a local center-stable manifold
of the spatial dynamical system satisfying the reversibility constraints. Estimates on the
center-stable manifold justify the approximation bound formulated in Theorem 1.

Section 5 illustrates the robustness of traveling solitary waves with the help of numerical
simulations of the initial-value problem for the NLS equation (1.3). We do observe the small
oscillatory tails outside the pulse core but their amplitude is small if the parameters of the
traveling waves are close to the bifurcation threshold.

Section 6 gives the analysis of the traveling waves for the ladder graph in Figure 2, where
the spatial dynamical system admits exact solutions for true traveling solitary waves. We
show that the spatial dynamical system also admits other bifurcations but no true solitary
waves generally exist for other bifurcations due to the same reason as for the necklace graph
in Figure 1.

2. SPATIAL DYNAMICS FORMULATION

To define the traveling wave solutions for the NLS equation (1.3), we first reset the wave
function as an infinite-dimensional vector on a fixed spatial domain. In other words, we
replace ¢, (t,z — 2mn) for x € ', and n € Z by ¢, (t, z), where the new component v, (¢, x)
is now defined for (¢,z) € R x 'y, with I’y being the basic cell of the periodic graph T.
Traveling waves are solutions of the form:

2.1 Un(t, ) = s (t + 2wt 6_12”71", teR, xely,
_l’_

with the two parameters given by the propagation speed ¢ # 0 and the frequency o € R.
The reason why the solution form (2.1) expresses the concept of traveling waves is that
the same profile is repeated at each site n € Z of the lattice with some time delay 27c™!
between the two adjacent sites and with rotation of the complex phase. Solutions of the
form (2.1) are equivalent to the traveling wave reduction:

(2.2) Un(t,z) = ¢(2mn — ct,x)e",  ¢(&,2) : R x Ty — C.
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The NLS equation (1.3) for the traveling wave solutions of the form (2.2) can be rewritten
in the equivalent form

(2.3) —icOep + 020+ 2|¢[*p = 0¢p, ¢(&,x) : Rx Ty — C,

where ¢(&, -) consists of the component ¢q(&, -) defined on [0, L;] and the components ¢ (&, -)
defined on [L;, 27| subject to the boundary conditions:

(2.4) Go(€.Ln) = 64(6, L) = 6_(&, L),
0z00(€, Ln) = 8204 (€, Ln) + 0pp— (€, L),

and

(2.5) oy (&,2m) = d_(&,2m) = ¢o(§ + 27,0),
: Or 1 (€, 2m) + 029 (&, 27) = Oppo(§ + 27, 0).

Boundary conditions (2.4)—(2.5) follows from (1.1)—(1.2) for the solutions of the form (2.2).
The system of equations (2.3) is nonlocal because the boundary conditions (2.5) at the
end points x = 0 and x = 27 are related with the 27 shift with respect to the variable
¢ € R. In particular, the operator 92 in L*(Ty) equipped with the boundary conditions
(2.4) and (2.5) cannot be defined independently of £ € R.
In order to obtain a local formulation of the spatial dynamical system, we introduce the
substitution

(2.6) ¢, x) =€ +x,7), ¢ x)  RxTy—C.
The NLS equation (2.3) with the substitution (2.6) is rewritten in the equivalent form:
(2.7) —icOe ¢ + (O + 02)%¢ + 2|00 = 0,

which yields the spatial dynamical system in the form:

d ($\ U]
(2.8) & (n) = (_aggg 20,7 + icii + 0p — 2|<5|2¢~5) ’

where (¢, z) := ed(&, ). The boundary conditions (2.4) and (2.5) with the substitution
(2.6) are rewritten in the following form:

&0(57 Ll) = (Z;+(€7L1> = (5*(57 L1)7
(2.9) M0(§, L) = 11+(€, L) = 11-(§, L), i
8&:¢0(§7 Ll) + ﬁﬂ(ga Ll) = 8w¢+(£a Ll) + ﬁ-i-(ga Ll) + ax¢—(§v Ll) + ﬁ—(gv Ll)a

and

Qg—i-(ga 27T) = 95—(57 27T) = éO(& 0)7
(210) {77 (€ 27) = (€, 27) = (£, 0), ]
a:c¢+(£> 27T) + ﬁ+(£> 27T) + ax¢— (5? 27T) + 77— (5? 27T) = az¢0(€a 0) + 770(57 O)a

where we have translated £ by 27 in (2.10). Compared to (2.5), the boundary conditions
(2.10) are defined independently of £ € R.
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The operators 82 and id, in (2.8) act on ¢ and 7 respectively, which satisfy the boundary
conditions (2.9) and (2.10). We define

H = {(o, s 1) € H'(0, Lul) x H'([Ly, 2n)) x HY(Ly,27])} € L2(Ty)
subject to the boundary conditions

(2.11) fo(L1) =4 (L1) = n-(L1),  74(27m) =7-(2m) = 70(0).
We define HZy as

Hiyg 1= { (9o, 64 6-) € HA([0, Li]) x HA([Ly,2n)) x H((Ly,2n)) } € HE

subject to the continuity conditions of H{, at the vertex points for (¢~50, éJr,(E,) and the
following two conditions:

(2.12) Ozdo(L1) = To(L1) = 0upi(L1) + Dp—(Ln),
(2.13) 0,04 (27) + 0,6 (2m) = Bu9(0) — 70(0),
where (7o, 74,7%-) € Hg. The subspaces Hyy, H¢ of L?(Tg) are suitable domains for the

self-adjoint operators (92,id,) acting on (¢,7) in the spatial dynamics formulation (2.8).
Hence, the phase space for the spatial dynamical system (2.8) is given by

(2.14) D= {(di): D€ Hi 7eHL}.

The mapping R 3 £ — (¢,7)(&, ) € D for the solutions of the system (2.8) defines a curve
in the phase space D. The traveling solitary wave with the profile gzg(f ,x) corresponds to
a homoclinic orbit connecting the trivial equilibrium state (0,0) as & — +oo. However,
such traveling solitary wave solutions do not generally exist in the spatial dynamical system
(2.8), as we show in Section 3 from the analysis of the linearization at (0,0).

We conclude this section with two remarks. First, if Ly = 27 and Ly = 0, the vertex
conditions (2.9) and (2.10) are equivalent to the periodicity conditions so that Hyy = Hp,,
and H} = H;er. As we show in Appendix A, there exists an exact traveling sech-soliton
solution to the spatial dynamical system (2.8) in this periodic case.

Second, the spatial NLS equation (2.7) can be formulated variationally as the Euler—
Lagrange equation of the following action functional

1
215)  Aoule)i= [ (10k+ 000l ~ el 4 olol + 5elitee - p0ip))
XF()

However, as we show in Appendix B, this variational formulation is not useful even for ¢ = 0
because the infimum of the quadratic part of A, is not achieved under the constraint of
fixed [p, p, l¢|'déda.

Standing wave solutions of the NLS equation (1.3) on the periodic graph I" were obtained
in [7] from minimization of the energy E subject to fixed mass @), where

(2.16) Ble)i= [ (0uf = lol!) do. Q) = [ o

Alternatively, the standing wave solutions can be obtained from minimization of E(yp) +
0@Q(¢) on the Nehari manifold (see [22]). Unfortunately, the variational techniques used to
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obtain the existence of standing waves with the functionals in (2.16) do not extend to the
functional A, .(¢) given by (2.15).

The reason for the failure of the variational formulation (2.15) is clear from the solution
form (2.1) since the limit ¢ — 0 appears to be a singular limit for the traveling wave
solutions of the form (2.2). If ¢ # 0, we are looking for a smooth solution (¢,7) € C'(R, D)
of the spatial dynamical system (2.8). However, the solution in the form (2.2) with ¢ =0
needs not to be smooth and can be expressed in the separable form as v, (¢, x) = ¢,e'" with
¢ € CZ obtained from the discrete map in [25]. This situation is very similar to the LDEs,
where the standing wave solutions satisfy the discrete maps and need not to be smooth,
whereas the traveling wave solutions satisfy the differential advance-delay equations and
need to be smooth. The limit of vanishing wave speed appears also as the singular limit of

the differential advance-delay equations, see [19] and [13, 23].

3. LINEAR THEORY

The following proposition summarizes the state-of-art on the spectral theory for the
spectral problem (1.5) with boundary conditions (1.6) and (1.7).

Proposition 3.1. There ezists a sequence of eigenvalues {wp (£) }men in the spectral problem
(1.5) with the boundary conditions (1.6) and (1.7) such that

wn(l) = wn(L+1), (eR, meN.

The sequence consists of two subsequencies. The first one at {w%)(ﬂ)}meN with

2,2
). Tm

(3.1) wd = 2

corresponds to the flat bands which are independent of ¢ € R. The second one at {wg) () }men
is defined by roots of the characteristic equation:

(3.2) 9 cos(2my/w) — cos(2(m — Ly)v/w) — 8cos(27l) = 0,
where we have used Ly + Lo = 2.

Proof. Tt is more efficient computationally (see, e.g., [25]) to obtain the two subsequencies
of eigenvalues {w,,(¢) };nen in the original variable w(x) satisfying the system of differential
equations

w”(z) + ww(x) =0, rel.

For the first subsequence of eigenvalues, we have the reduction

n € 7.

wWpo(z) =0, x € [2mn,2mn + L4,
(3.3) ’
wn,-‘r(x) = _wn,—(‘r)a S [27TTL + le 27T(n + 1)]a

The solution of w”(z) + ww(z) = 0 satisfying the boundary conditions (1.1) and (1.2) is
given by

wp.+(7) = +a, sin Vw(z — 2mn — Ly)
with arbitrary {a, },ez and uniquely defined w in the set {%}m@\]. This yields the first
subsequence of eigenvalues (3.1) for the flat (¢-independent) bands.
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For the second subsequence of eigenvalues, we have the reduction
(3.4) Wy 4+ () = w,—(x), € [2nn+ Ly,2m(n+ 1)), n ez
with the corresponding solution
{wmo(x) = a, cos w(x — 2mn) + by, sin w(x — 27n), x € [2mn, 2n + Lq],
Wn 1 (2) = ¢p cos Jw(x — 2mn — Ly) + dy sin yJw(z — 27n — Ly), x € [2nn+ Ly, 27(n + 1)].

The boundary conditions define the monodromy matrix
Ap41 _ Qp,
(i22) = ().

(3.5) M(w) = cosy/wly  siny/wly cosv/wly sin y/wlLy

: W)=\ _2sin VwLy 2cosy/wly ) \ —0.5siny/wlL; 0.5cos\/wlLy/"

Since det M (w) = 1, eigenvalues pu of M(w) (called Floquet multipliers) are found from
roots of the quadratic equations:

where

p? — ptrM(w) +1=0,
where .
trM (w) = 2 cos /wlycos wl; — 3 sin v/wLs sin v/wL;.
By using p = ezf”[, where ¢ € R is the Bloch wave number in the wave function represen-
tation w(z) = €@ f(¢, ), we find the second subsequence of eigenvalues from roots of the
characteristic equation (3.2). O

Example 3.1. Two particular cases of the spectral theory in Proposition 3.1 are given by
o In the symmetric case Ly = Ly = w, we obtain from (3.2):

(3.6) 9 cos(2my/w) — 1 — 8cos(2ml) = 0.
e [n the homogeneous case Ly = 2w, Ly = 0, we obtain from (3.2):
(3.7) cos(2my/w) — cos(2ml) = 0.
The sequence of eigenvalues {wg) (€) }men can be equivalently represented as {w,(f) (0) }rez
with
(3.8) w2(l) = (k+0? (eB, keZ
where B = [—%, %) At the same time, wi) = oo as Lo — 0, hence the sequence of

flat bands {wg)(K)}meN is not relevant for the homogeneous case.

Adopting the spectral theory for the operator —9? on L?*(T'), we can obtain solutions of
the linearization of the spatial dynamical system (2.8) at the trivial equilibrium (0,0). A
perturbation (¢, () of (0,0) in variables (¢, 7) satisfies the linearized system

d (e) _ ¢
(3.9) d¢ <C) - <—8§gp — 20,C +icC + crgo) '

The following lemma gives eigenvalues of the linearized system (3.9).
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Lemma 3.1. Solutions of the linearized system (3.9) can be written in the separated form
p(&,2) = Mp(x), (&) = M((x)

with (, CA) € D, where D is given by (2.14) and X are roots of the characteristic equations

(3.10) o+ icA + wp(—iA) =0, meN,

with wy,(€), m € N being extended in ¢ € C from roots of the characteristic equations (3.2).

Proof. Using é’ = A\¢ from the first equation in system (3.9), we rewrite the second equation
in system (3.9) as the spectral problem:

(3.11) 0P +icAp — (0p + N = 0.

By comparing (2.9)—(2.10) with (1.6)—(1.7) and using the Bloch eigenfunctions f(¢, z) with
properties in (1.4) and (1.5), we find the correspondence:

(3.12) A=il,  p= fu(—i)2),

which reduces the spectral problem (3.11) to the characteristic equations (3.10). O

3.1. Bifurcation of double imaginary eigenvalues. Among eigenvalues A of Lemma
3.1, we will be particularly interested in the double eigenvalues on iR, which split away
from iR, when a point (o, ¢) deviates from the bifurcation point (o, co).

Definition 3.1. We say that (09, co) is the bifurcation point if one of the characteristic
equations (5.10) admits a double eigenvalue Ao = ily for some by € B = [—3,3) and
mgy € N.

The following lemma relates (o, ¢o) t0 W, (fo) and its derivative and gives the criterion
that the double eigenvalue splits transversely to iR when o # oy.

Lemma 3.2. Let (0¢,cy) be the bifurcation point for some {y € B and mo € N. Then, we
have

(3.13) {ao — g (€9) + Lot (C0),

Cop = w7/710 (&))
Assume that wy, (o) # 0. Then, there are € > 0 and C > 0 such that there exist two simple

roots A1 2 € C of the characteristic equation (3.10) with m = mg and Re(A1) > 0 > Re()\z)
such that

(3.14) |A12 — il < C/|o — o0, sgn(wy, (£o)) (o — ag) € (0,¢).

Proof. For every flat band W) = %, the characteristic equation (3.10) is linear in A and
2

admits only one simple root on ¢R. Hence, we consider the non-flat band wﬁf) of Proposition
3.1. From the assumption that A = i/, is a double root of (3.10) at (0, co), we get

oo — ngo + wm0<€0) = 0,
Co — w;no(ﬁo) = O,
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which yields (3.13). If w;,, (fo) # 0, Ao = iy is exactly the double root of (3.10) for m = my.
Expanding (3.10) for m = mg in powers of A — il and o — o for ¢ = ¢ yields:

o — o — S (o)A — il)? + O((A — ily)*) = 0,

2 Mo
which yields (3.14) for small and nonzero |0 — 7). O

Example 3.2. In the homogeneous case of Ly = 2w and Ly = 0, the bands are given by
(3.8). For simplicity, let us assume that co € (—1,1) so that £y := ¢ € B and the bifurcation
happens at the lowest band wy(€) = (* for k = 0. Then, we get the quadratic equation
(3.15) o +ich — M\ =0,

which admit two roots at

ic V4o —c?
)\1 9 = — + —
’ 2 2
2
The roots are double at 0 = 0o = 2 for any ¢ = ¢o € (—1,1) and satisfy (5.14) for every
o > og since wj(ly) =2 > 0. Note that co = 20y and og = —€23 + 203 = (% are in agreement

with (3.13).

3.2. Numerical approximation of eigenvalues. For each m € N, the roots of the char-
acteristic equation (3.10) with w,, defined from the trace equation (3.2) can be either ob-
tained explicitly in the homogeneous case L; = 27 and Ly = 0, or obtained numerically.

In the homogeneous case L; = 2w, Ly = 0, if we use (3.8) to re-enumerate the sequence
of spectral bands, then the eigenvalues A can be computed from (3.10) explicitly as

2
(3.16) Azi(%—k)i\/a—chrck, kel

The obtained eigenvalues are shown on Figure 3 for ¢ = 0.5 and o = 0.25¢2 + ¢ with
¢ = 0.1. The pair of eigenvalues for £ = 0 is shown by blue dots. These are the bifurcating
eigenvalues in Example 3.2. All other roots are either on the purely imaginary axis in the
upper half-plane for £ > 1 or as symmetric complex pairs in the lower-half plane for £ < —1.

Several options are possible to obtain the roots numerically for L; # 27. One may
calculate the zero level curves for the real and imaginary parts, and find the eigenvalues at
the intersection points. Alternatively, one may proceed by continuation from the limiting
homogeneous case. In the latter case, the procedure is the following.

First, given K € N, we compute a set of eigenvalues (Ag)k:h,, i for the homogeneous
case L1 = 2m and Ly = 0. Given N € N and Ly € (0,27), Ly = 27 — Ly, we divide the
intervals [Ly, 2] and [0, Ly] in N parts by setting L = 27 — n(2m — L1)/N, Ly = nLy/N
for n = 0,...,N. Then we compute iteratively the eigenvalues (A})x—1,. x corresponding
to (LY, L%) by solving at each n > 1 the eigenvalue equation (3.10) using the software root
solver (typically fsolve in Matlab or Python), where the initial guess for the eigenvalues is
obtained at the step n— 1. Choosing N large enough ensures the ability of the algorithm to
follow the eigenvalues. Whenever two roots collide on the imaginary axis, the initial guess
is given by eigenvalues perturbed off the imaginary axis on the negative and positive sides.

The outcome of the two numerical approaches are in perfect agreement. They are rep-
resented on Figure 4. Compared to Figure 3, some roots in the upper half-plane are also
complex-valued (symmetrically about the imaginary axis).
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Ly =2m, Ly =0, 0 =0.1625, c= 0.5
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Ficure 3. Eigenvalues A in the homogeneous case L; = 27 and Ly, = 0.
Blue dots show the pair of eigenvalues bifurcating from the origin for £ = 0

2
and o > T

Ly =3.142, 0 = 0.1625, c = 0.5
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64 % eigenvalues obtained by continuation
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FIGURE 4. Numerical calculations of eigenvalues obtained from the charac-

teristic equations (3.10) for Ly = Ly = 7 by the two different numerical ap-

proaches.
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FIGURE 5. Real (left) and imaginary (right) parts of two pairs of eigenvalues
coalescing in the parameter continuation in Ly with Ly = 27 — L;.

When we continue the eigenvalues from L; = 27w, Ly = 0 in Figure 3 to Ly = Ly = 7
in Figure 4, we observe that eigenvalues starting on the imaginary axis might coalesce and
thereby leave the imaginary axis. We made a focus on two of these collisions in Figure 5.
We observe that eigenvalues leave the imaginary axis after collision, but also return to the
axis for a larger length L;.

Following a similar numerical procedure, we also have investigated the evolution of eigen-
values A when o varies. For the sake of a better visualization, we made the study in the
case L = 37” and Ly = 7 rather than when L; = L, = 7 where bifurcating eigenvalues are
very close to one another. We have chosen to fix ¢ = 0.5 and to vary ¢ from 0.05 to 0.075
(in such a way to remain close to ¢?/4 and to isolate the candidate for the first bifurcation.
The outcome is shown in Figure 6 (top).

We observe that two bifurcations occur for three eigenvalues located close to each other.
To have a better understanding of the phenomenon, we have plotted the evolution of the
real and imaginary parts of the eigenvalues involved in Figure 6 (bottom) with respect to
o. For the first bifurcation, two complex eigenvalues coalesce and split along the imaginary
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4
0.6
37 ¥
L
~ 27 = 0.4 1
< o
0.2 1
N * !
-1 . : — 0.0 +— . : : :
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0.050 0.055 0.060 0.065 0.070 0.075 0.050 0.055 0.060 0.065 0.070 0.075
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FIGURE 6. Top: Eigenvalues A when ¢ = 0.5 and ¢ varies from 0.05 (dots)
to 0.075 (stars) (larger picture on the left, zoomed picture on the right). Bot-
tom: volution of the real (left) and imaginary (right) parts of the bifurcating
eigenvalues with respect to o.

axis. For the second bifurcation, one of these two imaginary eigenvalues and the third
imaginary eigenvalue coalesce and split off the imaginary axis.
4. BIFURCATIONS OF TRAVELING MODULATING PULSES

In this section, we develop analysis of the spatial dynamical system~(2.8) and give the
proof of Theorem 1. Let us rewrite (2.8) in variables (u,r) instead of (¢,7) as

d (u r
(4.1) aé <r) - (_agu — 20,7 +icr + ou — 2IU|2U> ’

where (u,r) € D satisfy the boundary conditions (2.9) and (2.10) on I'y. For simplification
of computations, we can rewrite the system of two equations (4.1) with ¢ = o + £? and
c = ¢y as a scalar second-order equation:

(4.2) — (0 + 0¢)*u + icoOeu + oou + *u — 2Ju)*u = 0.
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Both symmetries of the spectral problem on the necklace graph I" in (3.3) and (3.4) are
invariant with respect to the time evolution of the scalar equation (4.2). Hence we only
consider solutions satisfying the symmetry condition in (3.4), for which only eigenfunctions

for the spectral bands {wg) (€)}men in Proposition 3.1 are relevant and the flat spectral

bands {w (£)}men can be ignored.
We shall add the following assumption for the derivation of the normal form and for the
justification analysis.

Assumption 4.1. Pick my € N and ly € B with w;, (o) > 0 and define

co = Wy, (o).
Assume that the set of purely imaginary roots A € iR of the characteristic equations
(4.4) 00 + icoA + W (—iXN) =0, m e N,
admit only simple roots, with the exception of the double root A = ily for m = my.

Formal derivation of the normal form is given in Section 4.1. Justification of the normal
form can be found in Section 4.2.

4.1. Formal derivation of the normal form. By differentiating the spectral problem
(1.5) in £ at £y, we obtain for m = my:

(45) = (Bt i) g (lor 2) = (o) fnallor ),
— (0 + 100)?0p frng (Lo, ) — 2i(0s + 140 fimo (Lo, T) =
Wino (€0) 0t fimg (Lo, ) + Wy, (o) fimo (Lo, ),
— (0 +100)?0; fino (Lo, @) — 4i(0y + i€0) Ot fing (Lo, T) + 2 fimg (Lo, )
= Wing (€007 fing (Lo, ) + 2610 (€0)e fing (Lo, ) + Wiy (£o) fimo (€0, ),

thanks to smoothness of the band function wy,,(¢) and the Bloch function f(¢,x). Let us

equip the Hilbert space L?*(T'y) with the standard inner product (-,-). By taking the inner
product of (4.6) and (4.7) with f,,, (¢, -) and using (4.5), we obtain

—22((&5 + iﬁo)fmo(goj ')7 fmo (607 ))
||fmo(£07 )H%?

(4.6)

(4.7)

(48) w;no (ﬁo) =

and

Lo ) =1

9 mo

. 2Z<(8x + Z[O)affmo (‘807 ')7 fm()(gO; )> =+ w;n0(£0)<a€fmo (607 ')7 fmo (607 >>
[ frmo (o, ) 172
We adopt Assumption 4.1 for the bifurcation point (g, cy) of Lemma 3.2 and let £ > 0

be a small parameter which defines the perturbation of ¢ = oy + 2. The normal form for
the bifurcation at (0, ¢o) is derived by using the following formal expansion:

(4.9)

(4.10) u=cu, + 52uQ + 53U3 + €4R€,
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where the leading-order term is written in the separable form

(4.11) ui(€,z) = A(sﬁ)ewogfmo (bo, ),

with the amplitude A(£€) to be determined. We substitute (4.10) into (4.2) to get equations
for uy and wug in powers of €2 and 3. This gives the leading-order approximation for the
bifurcation provided that the remainder term R, is bounded in L*(R x I') for sufficiently
small € > 0. The remainder term is to be estimated in Section 4.2.

Substitution of (4.10) into (4.2) yields

3 [—(Gx + 85)2’&1 + i008§ul + Ooul]
+ 62 [—(% + 85)2u2 + i0085UQ + O'Oug]
+ 53 [—(&g + 65)2U3 + iCQ@gUg, + opUuz + U1 — 2]u1|2u1} + 0(54) =0

The order of O(¢) is satisfied by (4.11) thanks to the definition of oy in (4.3) and the spectral
problem (4.5). The order of O(¢?) yields the linear inhomogeneous equation

- (8x + 85)2162 + iCOa§U2 + ogus

(4.12) = A'(2€)€e" 20, frno (o, T) + 2ilo fny (Lo, ) — i€ frno (Lo, )] -
The solution at the leading-order is given in the separable form:
(4.13) uy (€, ) = —i A (€)™ 0y frny (4o, ),

thanks to the definition of (0¢,¢p) in (4.3) and the derivative equation (4.6). Finally, the
order of O(&?) yields the linear inhomogeneous equation

— (8z + 85)2U3 + Z.C()agu;g + ooUs
(414) = A//(gg)eiéoﬁ [fmo (507 CL’) - Qiawaffmo <£07 J}) + 2EOa€fmo (€0a I) - cOaéfmo (607 {L’)]
- A(gé)eifoﬁfmo (607 CL’) + 2‘A(€£)|2A(€€)€Mog|fmo (607 $)|2fm0 (607 $)

By using the second derivative equation (4.7), we represent the solution in the form:

(115) us(6,2) = 5 A0 008 o b, ) + (€, )

and rewrite the linear inhomogeneous equation (4.14) at the leading order in the equivalent
form:

1 )
(416) - (a:v + 85)2113 + i0085ﬂ3 + 0'0@3 = 5&);:10 (60)14”(55)62605]07,10 (fo, ZE)

— A(e€)€™* fing (€0, ) + 2| A(6) P A(€)€™ | fing (€0, 7) *fimg (€0, 7).

By Fredholm’s theorem, a solution w3(&,-) exists in Hgy(To) for £ € R if and only if the
right-hand side is orthogonal to e*¢ f,, (£y, ), which is the generator of the kernel of the
linear operator at the left-hand-side of (4.16). Projecting the right-hand side of (4.16) to
eos £ (Lo, ) leads to the normal form equation

mo 4 )" 44
! ! (KO)A// — A + 27’A|2A = 07 = Hf ( 0 )HL (To)

2 0 ||f’m0<£07')||%2(1—‘0)
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If the solvability condition (4.17) is satisfied, there exists a solution 3(,-) € Hgx(To) to
the linear inhomogeneous equation (4.16) up to the leading order in the separable form

(4.18) tg(€,2) = 2| A(e€) P A(€) e  h(z),
where h(x) is the solution of the linear inhomogeneous equation
(419) _(aﬂc + Z€0)2h — Wmy (fo)h = |fm0 (an x)’2fmo (607 ZL’) - 7fm0(€07 x)

The solution h € HZi (To) to (4.19) is uniquely defined under the orthogonality condition
<h7 fm0<£07 )> = O

Remark 4.1. The main outcome of the normal form equation (4.17) is that a homoclinic
orbit exists for wy, (o) > 0 since v > 0. If the bifurcation of complex eigenvalues in
Lemma 3.2 occurs for o < og with wy, (b)) < 0, then a homoclinic orbit does not exist
for o < oy since the cubic nonlinear term in the normal form equation (4.17) does not
change the sign, whereas the two linear terms change the sign. This gives a criterion to
distinguish bifurcations which lead to traveling modulating pulses from those which do not
lead to traveling modulating pulses.

Example 4.1. Consider the two splittings of double eigenvalues shown in Figure 6 for
L, = 37“ and Ly = 5. When o s increased, the first splitting shows the transition from the
complex to purely imaginary eigenvalues, hence wy, (£y) < 0 for this case with no homoclinic
orbits from the normal form equation (4.17). On the other hand, the second splitting shows
the transition from purely imaginary to complex eigenvalues, hence w), (fy) > 0 for this case
with a homoclinic orbit from the normal form equation (4.17). Note that for Ly = 27 and
Ly = 0, only the latter bifurcation is possible according to Example 3.2 since wy, (€y) > 0

holds in the homogeneous case.

4.2. Justification of the normal form. Based on the formal derivation of the normal
form (4.17) in Section 4.1, we adopt the orthogonal decomposition

(4'20) u(f, .T) = geifof [A€<85>fm0<£07 x) + 0(57 I)] ) <U(£> ')7 fmo(g()? )> =0,
where A, and v are to be determined. The scalar equation (4.2) is rewritten in the equivalent
form:
(4.21)  [L£ — wmy(lo)] v + [y, (bo) — 2(0r + ily)] Dev — Dfv
= EA; [2(@; + Z[())fmo — Z'OJ;nO (Eo)fmo]
+ 52Agfmo +¢&? [2|A€fmo + U|2 - 1} (Asfmo + U)a
where £ := —(0, + ily)? is the Schrodinger operator considered in L?*(T'y) with the domain

in H3(Ty). We complete the scalar equation (4.21) with the projection equation to f,,
given by

(4.22) —2(%@3331), Jmo) = 52(14/&/ — A fmo H%Q + 252<’A€fmo + v|2<A€fmo +0), fmo)

where we have used (4.8) to remove the O(g) term. We are now ready to proceed with
analysis of the system (4.21) and (4.22) which gives the proof of Theorem 1.
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4.2.1. Near-identity transformations. It follows from (4.13) that the near-identity transfor-
mation given by

(4.23) v(€, ) = —ieAL(=€) {azfmo (tg, ) — 0T mor Smo)

1 fmo 172

where © satisfies the orthogonality condition (0(&, ), fim, (4o, )) = 0, transforms (4.22) into

1 " "
52 (éwmo(go)As - AE) Hfm()H%? + 2€2<|A€fmo + U|2(A€fm0 + U)v fm0>

d , . .
(4.24) = —2d—€<8xv, frmo)s

where we have used (4.9) to simplify the O(g?) term. Truncation of v in the last term
of the left-hand side of (4.24) and ¥ in the right-hand-side of (4.24) yields formally the
normal-form equation (4.17).

Transformation (4.23) removes the O(¢) terms in equation (4.21) and satisfies the con-
straint (v(§,-), fm,(lo,-)) = 0. Furthermore, it follows from (4.15) and (4.18) that the
second near-identity transformation

(OF fmo» Smo)

1
6(&,1’) = _56214',6/(85) 8{”2fm0(€07x) - ”fm0||%2

(4.25) + 2| A () PA(€)h(x) + 0(€, @),

with h solving (4.19) and ¢ satisfying the orthogonality condition (0(£,-), fm,(fo,-)) = 0
removes the O(¢?) terms in equation (4.21) and satisfies the constraint (v(E, ), fim, (o, ")) =
0.

After the near-identity transformations (4.23) and (4.25), the right-hand-side of equation
(4.21) truncated at v = 0 is of the formal order of O(&3). Hence, we rewrite equation (4.21)
in the abstract form:

(£ — Wiy (o)) v + [itwn,, (bo) — 2(0y + ilo)] Ocv — DFv
(4.26) =—c?v+3H +2N(v),

where we dropped the tilde notations for v and introduced the non-homogeneous term H
and the nonlinear term N (v) with the following properties.

fmo (607 ) + @(57 I)?

fmo (607 )

Lemma 4.1. Assume that A, is a smooth homoclinic orbit in the variable £ such that

(427 sup (14L(20) + |A(e0)| + |42(=€)) < Co < o
Then, H and N(v) in (4.26) satisfy the bounds

(4.28) IH (& ) mz, < C (AL (€8] + |AT(€)])
and

IN(W)(E& Mz, < C(1A(6)] + AL + [AZED [[0(€, )z, (1 + [[0(€, )z, )
(420) 4 CloE e
where C' > 0 is a generic constant which only depends on Cy in (4.27).
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Proof. Bounds (4.28) and (4.29) follow by substituting (4.23) and (4.25) into equation (4.21)
since all terms containing A, are written in the product form of functions of £€ and x, where
functions of £ are smooth and functions of = belong to Hiy (). O

4.2.2. Construction of a local stable-center manifold. By Lemma 3.1, the left-hand-side of
equation (4.26) can be solved as a linear superposition of normal modes:

(4.30) v(& )= Y k() fml—id, @),

AREA\{ilo}

where A denotes the set of admissible values of A from roots of the characteristic equations
(4.4) at the bifurcation point (o,c¢) = (09, co) for some w,,(—i\) found from roots of the
characteristic equation (3.2). The double root A\ = ify which exists by Lemma 3.2 is excluded
from the decomposition (4.30) since the corresponding mode is included in the A. term of
the decomposition (4.20).

We further define the decomposition

A={ilp} UAN.UA;UA,,

where A, includes roots with Re(\) = 0, A includes roots with Re(\) < 0, and A, includes
roots with Re(\) > 0. By Assumption 4.1, all roots in A, are simple.
Let us use the decomposition (4.30) to represent the solution of the initial-value problem

(4.31) [£ — Wing (Lo)Jv + [iw),, (€o) — 2(8y + ily)]Dcv — Dgv = 0,
| (v, 0v)]e=0 = a,
as v(£) = S(§)a, where the dependence of z is dropped to make notations easy. Restrictions

of S(€) to A5, are then denoted as S. s, (§), respectively. Assumption 4.1 can be rewritten
in the form used for construction of the local stable-center manifold.

Assumption 4.2. There exists K > 0 such that

1Se( 2y <K, §ER,
1S5l 2 pmz,e <K, £20,
15w 2z, < K, & <0.

NK —

The local center-stable manifold is given by the following lemma.

Lemma 4.2. Assume that A. is a smooth homoclinic orbit satisfying

2 4
(432) sup Y40 (e)] + & [ S 1AV g)lde < G < o,
S R =0

with a constant Cy independent of € > 0 and that Assumption 4.2 is satisfied. For every
No > 0, there exist eg > 0 and C > 0 such that for every e € (0,eq), there exists a solution
to (4.26) satisfying

(433) wp o€l <O sup [9ev(E. g, < O

56[0,]\/0671] 56[0,]\706*1]
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Proof. Let Il. 5, be projection operators defined by the restriction of S(§) to A.,. Hence,
we write ves4(€,-) = Hesuv(€,+). By using Assumption 4.2, we obtain the local center-
stable manifold in components v 5. (&, ) € Hik(To) from solutions of the following system
of integral equations, which follow from (4.26):

3

UC(§7 ) = SC(&)a + /0 Sc(f - 5/) [_527%(5/7 ) + 63H0H(€/7 ) + €2HCN<U(€/7 ))} d£/7
o

Us(§7 ) = Ss(g)b - /5 Ss(g - 5,) [_SQUs(fla ) + 53H5H(€/7 ) + E2HSN(U<€/’ ))} dgla

o
vu(§,0) = — /5 Su(§ = ¢ [_€2Uu(§/’ )+ 53HuH(§/7 )+ 52HuN(U(§,7 ))] dg’,

where & := Npe~! and the parameters a := (v.(0,), %v.(0,-)) € Hix(To) x Hix(To),
b = [Ss(&0)] " (vs(&os ), Ocvs (&0, +)) € Hix(To) X Hix(To) are at our disposal.

By using the bounds (4.28) and (4.29) of Lemma 4.1, the bounds of Assumption 4.2, and
Gronwall’s inequality, we obtain estimates for the solutions of the integral equations:

o
sup [v(&; ) lmz, < K (||61||H§IK +ollaz, + 530/ (JAZ (e8] + |AZ"(e€D)]) dﬁ')

ée[ozgo] 0

o
+fﬁ((mmHN&NM@)(1+CA (4.0 + A6 + AL

£€[0,80]
+ 2 KC&|v(E, ), -
Since 2§y = Ny is small and the bound (4.32) is assumed, the restriction
lallug, + Iblluz,, < Coe?

implies the first bound in (4.33). The second bound in (4.33) follows from the fact that
H(&,x) in (4.26) is written as a sum of products of functions of £ and x. Hence, the
derivative of v(,-) in & is one order smaller in powers of ¢. O

4.2.3. Finding a homoclinic orbit under the reversibility constraint. We impose the following
reversibility constraints on the solutions of the spatial dynamical system (4.1):

(4.34) Im(u)(0, z9) = 0, Re(r)(0, z9) = 0,
or equivalently, the constraint on solutions of the scalar equation (4.2):
(435) Il’Il('LL) (07 Io) = 07 GgRe(u) (07 370) = OJ

where z¢ € {%Lh L+ %Lg} is a point of symmetry of I" located in the basic cell I'g. The
reversibility constraint (4.34) picks the specific symmetric solutions of (4.1) satisfying

(4.36) {(u,r) €C'(R,D): {;H;Ef))f:f fﬁ _ ;U; : :EZ((?:)(S:? - Z)o)), } ’
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or equivalently,

1 2 . Im(u)(_gv Lo — {L’) = _Im(u)(§7 T — [Eo)7
(4.37) {u € C'(R, Hy) : {8§Re(u)(—£,:c0 ) = —ORe(w) (.2 — 10) } :

If the solution u(&, z) satisfies (4.37) and A.(£) belongs to

._ 1y . ) (A (=€) = —Im(A)(E),
(4.38) Xp = {A € CL(R) : {R6<A)(_§) _ Re(A)E) }

then the decomposition (4.20) implies that v(&, z) satisfies (4.37) because the eigenfunction
w(, x) = ™8 f(ly, x) satisfies the reversibility constraint w(—¢, zo — z) = w(&, x — x¢).

Both equations (4.21) and (4.22) inherit the same reversion symmetry (4.37) and (4.38),
respectively. Moreover, for any given A, € H*°(R) satisfying (4.32), we can use the cut-off
operators as in [6] to cut the support of A on [0,&y] and construct the solution of Lemma
4.2 satisfying the symmetry (4.37). With this decomposition, we perform the final step of
obtaining solutions of the projection equation (4.22).

Lemma 4.3. Let us define the mapping A. — v. € CY(R, H3x(To)) by the solution of
Lemma 4.2 extended from [0, &] to [—&o, &o] according to the reversion constraint (4.37) and
concatanated by any arbitrary smooth function bounded on (—oo, —&|U|xg,00). Then, there
exists a smooth homoclinic solution A. to (4.22) satisfying (4.32) and (4.38). Moreover,
there is e-independent constant C > 0 such that ||A. — A||p~ < Ce, where A is a smooth
homoclinic orbit of the normal form equation (4.17) satisfying (4.38).

Proof. Due to the first near-identity transformation (4.23), the projection equation (4.22)
is transformed to the form (4.24) with the leading order given by the normal form equation
(4.17). If wy, (€o) > 0, then there exists a smooth homoclinic orbit A € H*(R) satisfying
the reversion symmetry (4.38). The normal form equation (4.24) is set for A. € H*(R) on
the real line R. The linearized operator at the leading-order term A € H*(R) is a diagonal
composition of two Schrodinger operators

1

L1 = =5l ()07 +1— 63| AP,
1

Lo = = e, ()32 +1 - 29|AP,

with the kernels Ker(£,) = span(A’) and Ker(£_) = span(A) in H*(R). Both eigenvectors
of the kernel do not belong to Xpg, hence restricting the space H?(R) by the two symmetries
in (4.37) leads to an invertible linearized operator. The implicit function theorem implies
that there is a unique solution A. € H?(R) of the normal form equation (4.24) satisfying
the reversion symmetry (4.38). The bound ||A. — Al|«~ < Ce for some C' > 0 follows from
the bound (4.33) on the remainder terms v and v in (4.24). Furthermore, bootstrapping
of solutions of equations (4.21) and (4.22) with polynomial vector fields yields smooth
solutions v € O™ (R, Hk(Ty)) and A. € H>(R). Since A, is a smooth homoclinic orbit of
the perturbed equation (4.24), then the bound (4.32) is satisfied. O
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5. NUMERICAL SIMULATIONS

In this section, we present numerical simulations which illustrate the phenomenon of
traveling waves on the periodic necklace graph. The simulation have been performed with
the help of Grafidi, a Python library devoted to the numerical simulation on quantum graphs
with finite differences. The library and its use are described in [4]. For simplicity, we ran the
simulations in the case Ly = Ly = m, where some parameter values are explicitely available
and do not need to be numerically approximated. We consider (0, ) at the bifurcation
point (4.3) for the corresponding ¢y. Given ¢g, we find ¢y from the equation w'({y) = ¢
(which is easy if w’ is known explicitly). For the case ¢y = 0.5, we find ¢y ~ 0.3437067837
and og ~ 0.0742138336. From this value we obtain by direct calculations

wih (o) = 0.2229344892.

To ensure that the amplitude profile is scattered among a sufficiently large number of
cells, we choose ¢ sufficiently small, e.g. ¢ = 0.01. The necklace is created using the Grafidi
library. The number of cells has to be finite and we need to decide how many cells we
include in the necklace, and what type of boundary conditions are used at the border of the
necklace. For the later, we choose to use Dirichlet boundary conditions, and arrange the
number of cells to be sufficiently large so that this choice does not impact the computed
behavior. To fix the number of cells, we use the following rule. We first fix a number of cell
no which is such that, when our initial data is centered on the cell I',,, its value on the cell
Iy is close to machine precision (i.e. 107! in pratice). The envelope is constructed with a
solution A to the truncated normal form equation (4.17). Hence A satisfies

2

Alex)| < Ce™= 1l )= [ ——|

for some C' > 0. Note that we are at initial time ¢ = 0, therefore £ = v — ¢t = . The main
order in the expansion (4.10) is euy, where u, is given by (4.11). Based on the formula for
u1, to be close to machine precision corresponds to having

— —16
ce~=mll < 10719,

1 10716
|| > ——1In :
ER £

Since each cell has a length of 27, we chose ng such that

1 1016
No > — In .
2meR €

With the values previously chosen for ¢, and ¢, we can take

i.e., to have |z| such that

In addition, we have to take into account the fact that the solution will be traveling along
the necklace. To this aim, we introduce a number of cells n; corresponding to the number
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of cells covered by the solution during the simulation time 7". Since the speed of the wave
solution is given by ¢y and the length of a cell is 27, we choose

> —.
= 2m
Finally, the total number of cells in the necklace is chosen to be
2710 + n.

The Grafidi library is then used to construct the graph. Due to the large number of cells,
we keep the average number of points per interval relatively small and chose to work with
an average of 30 points per edge. The initial data for the evolution is chosen as in (4.11)
(with ¢t = 0, for which £ =z — ¢t = z).

To simulate the nonlinear Schrodinger evolution on the necklace graph, we use a classical
Strang splitting scheme. The idea is to split the equation in two parts, the linear part,
which is

100 + 0% = 0,
and the nonlinear part
The advantage of the splitting scheme is that the nonlinear part can be solved explicitly.
Given a time step d;, the splitting scheme is given by

1 . n
s = exp (109" [?)
¢n+% — 77Z}n+1/3 . (5t8£ wrﬂr%;w’rﬂré) 7

2 2
) wnJrg.

In practice, we chose the time step 6; = 0.01. The implementation in the framework of
graphs with the Grafidi library is described in more details in [4]. To keep the computation
time reasonable, we performed the simulation on a time 7' = 1/¢ = 100.

The outcome of the simulation can be observed in Figure 7, where we see the pulse
propagating along the necklace. The center of mass and the distance between the computed
solution and the leading-order approximation cu; in (4.11) are represented in Figure 8.

wn-l—l = exp (25,5 ‘wnJr%

6. THE LADDER GRAPH

Let I" be the graph in the shape of a ladder shown in Figure 2, where the length of the
rungs is denoted by L, and the length of a side rail section between two rungs is denoted
by Ls. The periodicity cell I'y of the ladder graph I' can be considered to be formed by
two side rail sections I'p s + connected by a rung I'y,, with similar notations on the other
cells (I'y)nez. Given n € Z, the two rail sections on I'), are identified with the interval
[nLs, (n + 1)Lg] while the rung is identified with [—L, /2, L, /2].

The set of edges formed by (I', 54 )nez and I'y,, can be denoted by I's + and I',. Both
I+ and I's _ are isometric to the real line R. The parts of a function ¢(x) : I' — C can be
denoted with similar notations, e.g. s+ denotes the part of the function ¢ on I'; + and ¥,
denotes the part of the function ¢ on T',.
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FIGURE 7. Snapshots of the traveling wave along the necklace at initial,
middle and final simulation times
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FIGURE 8. Left: plot of the center of mass, in comparison between theory
and experiment. Right: plot of the L? and L norms of the difference between
the numerical solution and the leading-order approximation u; in (4.11).

Bloch eigenfunctions can be introduced by using (1.4) from solutions of the spectral
problem (1.5) with the corresponding Neumann—Kirchhoff boundary conditions at the ver-
tex points. The spectral bands are represented in Figure 9 for L, = L, = 1. The blue
lines correspond to the bands with the symmetric eigenfunctions satisfying w, y = ws_ and
the orange lines correspond to the bands with the anti-symmetric eigenfunctions satisfying
ws + = —ws _. The green lines denote the flat bands which only exist for a rational ratio of
L, and L,.
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For the case Ly = L, = 1, expressions for the spectral bands are explicit. The spectral
bands for the symmetric eigenfunctions are given by
w(l) = (£arccos (2cos(f) — 1) + 2kn)?, keZ, (e [—g, g] :
The spectral bands for the anti-symmetric eigenfunctions are given by
w(l) = (arccos (1 +2cos(0)) + kr)*, keZ, (e |:—7T, —g} U [g,w] ,
augmented with the lowest band at

w(f) = — (arccosh (1 + 2cos(?)))?, le [—g, g] :
The flat bands are located at w = (2k + 1)?7? for integers k > 0.
Spectral bands for the ladder, L, =1, L, =1

100 { \

801

60 -

3

401

20 A

. \_/

-3 7'2 —'1 (') i 2 3

FIGURE 9. Spectral bands for the ladder graph. The blue lines are for
the bands for the symmetric eigenfunctions, the orange lines for the anti-
symmetric eigenfunctions, and the green lines for the flat bands.

A bifurcation for w = 0 and ¢ = 0 is very special for the ladder graph, compared to
the necklace graph. The corresponding eigenfunction (1.4) with ¢y = 0 is constant on I
However, if ¢s 4 = 15— and 0,1, = 0, then the NLS equation (1.3) on the ladder graph T’
folds into two identical copies of the scalar NLS equation on the real line R for ¢, and v, —
since I's . and I' _ are isometric to the real line R. As a result, not only the standing wave
solution is available explicitly but also it continues as the traveling wave solution given by

(6.1) Yuy(t,x) =t (t2) =" p(z—ct),  ¢lx)=e"y]o - CZQSech ( V7 %290) 7

where o > % and ¢ € R are arbitrary parameters. The traveling wave is symmetrically

placed on the two side rails of I', whereas the value on the rungs of I' are constants given
by the values at their vertices:

(6.2) G (t,2) = 76 ((n+ D)L, — ct).
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The function ¢ in (6.1) and (6.2) is clearly a traveling wave solution of the NLS equation
(1.3) on the ladder graph I" propagating at speed c along the graph I'. The spatial dynamical
system (2.8) for the traveling waves (2.2) also has an infinite-dimensional center manifold
due to resonances with other spectral bands in Figure 9. However, there exists an invariant
reduction to the two-dimensional subspace isolated from the stable, unstable, and the rest
of the center manifold. This special situation is very similar to the homogeneous limit of
the necklace graph in Appendix A.

For any other bifurcation on the ladder graph with w # 0 and ¢ # 0, the eigenfunction
(1.4) is no longer constant on I',. In this case, there is no reduction of the NLS equation
(1.3) on the ladder graph I' to the NLS equation on the real line R. Bifurcating standing
wave solutions are not available explicitly and bifurcating traveling wave solutions generally
have small oscillatory tails due to the infinite-dimensional center manifold of the spatial
dynamical system.

APPENDIX A. TRAVELING WAVES IN THE HOMOGENEOUS CASE

For the necklace graph in the homogeneous case with L; = 27 and Ly = 0, the boundary
conditions (2.9) and (2.10) are simply the periodic boundary conditions for ¢ = ¢, and
1 = 7. The phase space D of the spatial dynamical system (2.8) is then given by

(A.1) 2»:{@ﬁy éeﬂg,ﬁe&;}

In this case, traveling waves in the spatial dynamical system (2.8) coincide with traveling
waves of the focusing NLS equation on the line R, according to the following proposition.

Proposition A.1. The spatial dynamical system (2.8) with Ly = 21 and Ly = 0 admits a

T, in fact, in the explicit form

(A2) &@zéﬁw—éwm<a—§9,ﬁ@:&@.

The translational parameters of the homoclinic orbits are uniquely chosen to satisfy the

reversibility constraints: Im(¢)(0) = 0 and Re(77)(0) = 0.

smooth homoclinic orbit for every o >

Proof. We use the Fourier basis in D, given by (A.1), and decompose the solution in the
form:

(A.3) o(6,) = S un(©)e™, (&, x) = 3 r(&)e”.

keZ keZ
The spatial dynamical system (2.8) is now rewritten in the form

(A.4) @ﬁ:Aw%+<0),

where
- U L 0 1
Wk = (rk> ’ Ay = (k2 +o —2ik +ic)

Ny = -2 E Ufey Ukoo Uy +-kg—k »
k1€Z

and
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Since
(A5)  Nilx, =0, keZ\{0}, at X;:= {{wk}kez L =0, ke Z\{O}},

the system (A.4) admits the invariant reduction in Xy, for which it reduces to the second-
order system:

(A.6) d% (Zﬁj) = (2 zlc) (7;3) N <2luOO|2uO) ’

which is equivalent to the scalar second-order equation

(A7) ug (€) — icug(€) — ouo(€) + 2[uo(€)[*uo(€) = 0.
This is the stationary NLS equation on the real line with the exact solution (A.2) for

the homoclinic orbit, uniquely selected by the reversibility constraints: Im(¢)(0) = 0 and
Re(77)(0) = 0. The homoclinic orbit exists for o > %. O
Remark A.1. The homoclinic orbit of Proposition A.1 bifurcates at o = % for o > %,
in agreement with Example 3.2. In addition to the bifurcating eigenvalues (blue dots in
Figure 3), there exist infinitely many eigenvalues on the imaginary axis (see Figure 3)
which generally result in the small oscillatory tails. However, due to the existence of the
invariant reduction on Xg, see (A.5), there exists a true solitary wave solution with zero
oscillatory tails given by Proposition 3.2. The invariant reduction on Xy is broken on the
necklace graph T with Ly # 27w and Ly # 0, for which the small nonzero oscillatory tails
generally exist.

APPENDIX B. VARIATIONAL FORMULATION

Minimization techniques are a classical tool to obtain the existence of standing wave pro-
files of the NLS equations (see e.g. [2]). On the contrary, as was mentioned in Section 2,
existence of solutions of the spatial NLS equation (2.7) is not easily obtained via minimiza-
tion. Indeed, it turns out that the classical minimization problems used to get a critical
point of the action functional A, ., defined in (2.15), degenerate in the present setting, even
when ¢ = 0. We illustrate this fact with the following result, in which we consider mini-
mization of the quadratic part of A, over a potential part. We have generalized here the
cubic nonlinearity to a super-linear power nonlinearity. Minimization fails due to the lack
of control of the quadratic part over the potential norm. In other words, in comparison to
the classical case, what is missing here is a Gagliardo-Nirenberg type inequality.

Proposition B.1. Let p > 1 and o > 0. Define the space H by
H= {90 € Hl(R xTo)N CO(R X 1;0) co(&, L) = (&, L), vo(&,0) = @i(&, 27)} .

The infimum of the constrained variational problem

(B.1) inf {/R ) (](8£+81)S0|2_|_g|@’2) déd - /R ) lp|Ptdédr = 1}

pEH

1s 0 and it is not achieved.
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Proof. To show that the minimization problem (B.1) does not admit a solution, we construct
a sequence of functions (¢, )neny C H such that

/ lpu [P dédr = 1, / (1(0¢ + 0u)ul® + olnl?) dédz — 0 as n — oo,
RxTg RxTo

and (@y, )nen does not admit a limit in H. We will use a separation of variable technique. Let
f € HY(R) and g € HL(Ty). The function g on Iy is identified with its three components
(90, 9+, 9-) defined on [0,27]. We extend (go,g+,9-) to R by periodicity and denote the
corresponding function on I' also by g. We define ¢ € H by

p(& x) = f(§)g(€ — ).

By construction, ¢ satisfies

| et - ( / |f|p+1ds) ( |g|p+1dx),
RxTy R 1)
| tebss - ( / |f|2d£) ( / !ngx).
RxTg R To
Moreover, we have

(O + 0u)p(&, ) = f/(€) - g(§ — ) + f(§) - g (€ — ) = (&) - g'(§ —2) = (&) - 9(§ — ).
Therefore

O + 0, )o|?dédx = (&) - — 2)2dédx = "12d 2dx | .
/MO'(“ Yolde /Molf(f) g(¢ — o) e (/R|f| 5)(/F0|g| )

Let g € HL(T) be fixed and define p,v > 0 by

gllze+roy = s NlgllLae) = v-

Consider the partial minimization problem

feH (R)

min {/R ) (10 + 02> + olep]?) déda -

o€ 0) = £(6) - (e — o), / ol dsir =1}

As g is fixed, using the notation previously introduced, this problem might be rewritten as

i Lo ([ [1rac) s [ireae= ol

This problem is well-known [2] to admit for any 1 < p < oo a unique positive even minimizer,
which is constructed with the classical ground state @), i.e.

06 = ((w;)ﬁ)pilsech (<p— ) ﬁs)%

and is given by
pQ

fut =
g QLo+ (r)
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The value of the minimum is then given by

2
([P o [150rd) = (4) (||Q'||%2(R> +01QIExe)
R R 2

_ ||g||L2(F0 HQ||p+1
g1l o+1.ro) FrE
where we have used ||Q'[|72) + o[ Q|72 = HQH%L(R) for the ground state @ in the last
equality. The construction of a minimizing sequence for the original problem is reduced by
using the separation of variables to the search for a sequence of functions (g, )nen € HL(To)

such that

lim gnllL2(ro)
1 —_—

n—00 HgnHLP+1 (T'o)

Such a sequence can easily be constructed, taking e.g. a function g : I' — R compactly

=0.

supported in [0, L;] and considering g,(x) = n#+Tg(nx), n € N. This concludes the proof.
U
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