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Abstract: We justify the use of the lattice equation (the discrete nonlinear Schrodinger
equation) for the tight-binding approximation of stationary localized solutions in the
context of a continuous nonlinear elliptic problem with a periodic potential. We rely on
properties of the Floquet band-gap spectrum and the Fourier—Bloch decomposition for
a linear Schrodinger operator with a periodic potential. Solutions of the nonlinear ellip-
tic problem are represented in terms of Wannier functions and the problem is reduced,
using elliptic theory, to a set of nonlinear algebraic equations solvable with the Implicit
Function Theorem. Our analysis is developed for a class of piecewise-constant periodic
potentials with disjoint spectral bands, which reduce, in a singular limit, to a periodic
sequence of infinite walls of a non-zero width. The discrete nonlinear Schrédinger equa-
tion is applied to classify localized solutions of the Gross—Pitaevskii equation with a
periodic potential.

1. Introduction

Recent experimental and theoretical works on Bose-Einstein condensates in optical lat-
tices [ 18], coherent structures in photorefractive lattices [3], and gap solitons in photonic
crystals [22] have stimulated a new wave of interest in localized solutions of the nonlinear
elliptic problem with a periodic potential

—¢"(X) + V(0)$(x) +0lp(0)*d(x) = wh(x), Vx €R, (1.1)

where ¢ : R > C decays to zero sufficiently fast as [x| — oo, V : R +— R is a bounded
2m-periodic function, 0 = =1 is normalized, and w is a free parameter. Solutions of
the nonlinear elliptic problem (1.1) correspond to stationary (time-periodic) solutions
of Hamiltonian dynamical systems such as the Gross—Pitaevskii equation.

Localized solutions ¢ (x) of the elliptic problem (1.1) in energy space H I(R) have
been proved to exist for w in every bounded gap in the spectrum of the linear Schrodinger
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operator L = —8)% + V(x), as well as in the semi-infinite gap for 0 = —1 [13]. It is,
however, desired to obtain more precise information on classification and properties of
localized solutions. The number of branches of localized solutions, counted modulo a
discrete group of translations with a 27 -multiple period, is infinite even in one dimen-
sion, and the solutions can be classified, for instance, by the number of peaks in different
wells of the periodic potentials. To approximate the solution shape by analytic functions
or numerically, various asymptotic reductions of the nonlinear elliptic problem (1.1)
have been used [14]. The asymptotic reductions are formally derived for bifurcations
of small-amplitude localized solutions from the zero solution ¢ = 0. Recent rigor-
ous results on these bifurcations include justification of the time-dependent nonlinear
Schodinger equation for pulses near a band edge of the spectrum of L [2], analysis of
the coupled nonlinear Schodinger equations for a finite-amplitude two-dimensional sep-
arable potential [6], and justification of the coupled-mode system for a small-amplitude
one-dimensional potential [17].

This paper addresses the tight-binding approximation of localized solutions outside
a narrow band in the spectrum of L. Although the tight-binding approximation has been
used by physicists for a long time, it was only recently that this approximation was for-
malized by means of Wannier function decompositions [1]. The rigorous analysis of the
“averaged procedure” announced in [1] as Ref. [15] appears not to have been written.
Moreover, as we show in this paper, one of the claims of [1] (the coupled lattice equations
(12) for inter-band interactions) cannot be verified in the context of the nonlinear elliptic
problem (1.1).

Our main goal here is to prove that, when the potential V (x) is represented by a
periodic piecewise-constant sequence of large walls of a non-zero width, a localized
solution ¢ (x) of the nonlinear elliptic problem (1.1) on x € R is a linear transform of a
localized sequence {¢,} on n € Z satisfying the lattice equation

& (Pust + Gu1) + 0 |du|*dp = Qby. Vn € Z, (1.2)

where « is constant and €2 is a new parameter related to the parameter w. The sequence
{én}nez represents a small-amplitude solution ¢(x) of the nonlinear elliptic prob-
lem (1.1) in the sense that ¢, corresponds to ¢ (x) for the value of x in the n well
of the periodic potential V (x). The precise statement of our main theorem can be found
in Sect. 4 of our article.

Besides the formal analysis in [1], justification of the lattice equation (1.2) for the
nonlinear elliptic problem (1.1) seems not to have been carried out in the literature.
Nevertheless, our work has two recent counterparts in the theory of nonlinear parabolic
systems. These works are relevant as time-independent solutions of nonlinear parabolic
systems satisfy nonlinear elliptic equations. In particular, the stationary solutions of a
nonlinear heat equation satisfy the second-order elliptic problem (1.1).

The scalar nonlinear heat equation with a periodic diffusive term was considered
in [21] and the convergence of the global solutions of the continuous partial differen-
tial equation to the global solutions of a lattice differential equation is proven with the
Fourier—Bloch analysis. Although the Wannier functions are never mentioned in [21],
modifications of these functions (suitable for the Shannon sampling and interpolation
theory [24]) are implicitly constructed in Lemma 2.5 of [21]. The lattice differential
equation describes dynamics on the invariant infinite-dimensional manifold of the non-
linear heat equation.

If the dynamics is stationary (time-independent), this center manifold corresponds
directly to the nonlinear elliptic problem (1.1), which we consider here. Unfortunately,
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our methods can not be extended to Hamiltonian dynamical systems such as the Gross—
Pitaevskii equation, since the center manifold of nonlinear dispersive wave equations
does not give typically any reduction of the problem. This is the main reason why we
limit our consideration to the stationary solutions of the Gross—Pitaevskii equation.

A more general system of reaction—diffusion equations was considered in [25] and the
lattice differential equations were derived to describe dynamics of an infinite sequence of
interacting pulses which are located far apart from each other (see also [5] for analysis of
a periodic sequence of interacting pulses). The infinite sequence of equally spaced pulses
introduces an effective periodic potential in the linearization of the reaction—diffusion
equations, which explains the similarity between the two problems. However, the
Fourier—Bloch theory cannot be used for strongly nonlinear non-equally spaced pulses.
As a result, direct methods of projections in exponentially weighted spaces are applied
in [25] to catch a weak tail—tail interaction of neighboring pulses. Similar analysis of the
pulse tail—tail interaction was earlier developed for a finite sequence of nonlinear pulses
in the reaction—diffusion systems [20].

Our paper is structured as follows. The spectral theory of operators with periodic
potentials and the related Fourier—Bloch decomposition are reviewed in Sect. 2. The
Wannier functions are introduced and studied in Sect. 3. The main theorem is formu-
lated in Sect. 4 after the analysis of piecewise-constant potentials, which reduce, in a
singular limit, to a periodic sequence of infinite walls of a non-zero width. The main theo-
rem is proved in Sect. 5 using elliptic theory and the Wannier decomposition. Examples
of localized solutions of the lattice equation (1.2) are given in Sect. 6. Other exam-
ples of periodic potentials with similar properties are discussed in Sect. 7. Extensions
of analysis for multi-dimensional elliptic problems with a separable periodic potential
are developed in Sect. 8. Appendix A reviews the Shannon decomposition which is an
alternative to the Wannier decomposition. Appendices B and C give proofs of impor-
tant technical lemmas about the spectrum of the Schrédinger operator with a periodic
piecewise—constant potential. Appendix D describes a relationship between the lattice
equation (1.2) and the Poincaré map for the second-order equation (1.1).

Notations and basic facts. In what follows, we consider scalar complex-valued func-
tions # on R in the Sobolev space H”(R) for an integer m > 0 equipped with the
squared norm

m
el 3y gy = Z/R|aj§u(x)|2dx, (1.3)
k=0

and complex-valued vectors u for sequences {u,},cz in the weighted spaces [ C} (Z) and
152 (Z) for q, s = 0 equipped with the norms

Il z) = DA +n) P unl, 817 = D (1 +0D) ual. (1.4)
nez l nez

Furthermore, we use the space of bounded continuous functions Cg(R) and recall
Sobolev’s embeddings

i i} 1
gy < CrONullsy: Nl <Cals. Dl ) Ys>35. ¥q=0. (L)

for some constants Ci(s), Ca2(s, g) > 0. We also recall that the Sobolev space H*(R)
forms a Banach algebra for s > % such that
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1
Vu,ve H'R) 1 |uvllgs@y < CONullgs®lvllasmy, Vs> 3
for some constant C(s) > 0. Wedenote N ={1,2,3,...} C Zand T = [—%, %] CR.

2. Review of Spectral Theory

We consider the Schrodinger operator L = —8)% + V (x) with a real-valued, bounded and
2m-periodic function V with respect to x € R. The operator L is defined for functions
in C°(R). It is extended to a self-adjoint operator which maps continuously H 2(R) to
L*(R).

By Theorem XIIL.100 on p. 309 in [19], if V € L2

per(R), then the spectrum of
L = —8)% +V(x)in Lz(R), denoted by o (L), is real, purely continuous, and consists of
the union of spectral bands. According to Floquet analysis (see Sects. 6.4, 6.6 and 6.7 in
[7]), for each fixed k € T, where T = [—%, %], there exists a Bloch function u; (x; k) =
ek (x; k) corresponding to the eigenvalue wj (k), such that w; (x +2m; k) = wy(x; k).
The band function wy (k) and the periodic function wy (x; k) for a fixed k € T correspond
to the /™ eigenvalue—eigenvector pair of the operator L; = —8)% — 2ikd + k> + V(x),
so that

Liwi(x; k) = wp(k)w;(x; k), or, equivalently, Luj(x; k) = wj(k)u;(x; k). (2.1)

The Bloch functions are uniquely defined up to a scalar multiplication factor. We shall
assume that the amplitude factors of the Bloch functions are normalized by the orthog-
onality relations

/ up(x, k)iiy (x, k'ydx = 8 p8(k — k'), VI,I' €N, Vk,k' €T, (2.2)
R

where §; ; is the Kronecker symbol and § (k) is the Dirac delta function in the sense of dis-
tributions. In addition, if u; (x; k) is a Bloch function for wy; (k), then u; (x; —k) = u;(x; k)
can be chosen as a Bloch function for w;(—k) = w;(k) = w;(k), to normalize uniquely
the phase factors of the Bloch functions. Similar normalization was used recently for
construction of Bloch functions in [12].

Proposition 1. IfV € Lger (R), then there exists a unitary Fourier—Bloch transformation

T : L>(R) — [*(N, L*(T)) given by
Vo e L*R): ¢(k)=T¢, ¢i(k) = /R (i (y; k)dy, VIeN, VkeT. (2.3)
The inverse transformation is given by

Vo € PN, LX(T)) : ¢(x)=T '¢ = Z/ d1(uy(x; k)dk, Vx e R. (2.4)
leN T

Proof. The statement follows by Theorems XII1.97 and XIII1.98 on pp. 303-304 in [19],
which prove orthogonality and completeness of the set of Bloch functions {i;(x; k)} on
! € Nand k € T. The orthogonality relations are given by (2.2), while the completeness
relation can be written in the form

Z/ wi(x, Kiag(x'; kydk = 8(x — x'), Vx,x' €R, (2.5)
T
leN

where 6 (x) is again the Dirac delta function in the sense of distributions. O
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Let E; for a fixed [ € N be the invariant closed subspace of L%(R) associated with
the [t spectral band of o (L). Then,

Vo € E; C LP(R): ¢(x) =/ b1 (kKyuy (x; k)dk, (2.6)
T

where dA)l (k) is defined by the integral in (2.3). According to the Fourier—Bloch decom-
position (2.3)—(2.4), the space L%(R) is decomposed into a direct sum of invariant closed
bounded subspaces @;cNE;. The Fourier—Bloch decomposition can be used for repre-
sentation of classical solutions of partial differential equations with periodic coefficients
[2,6]. This decomposition is, however, inconvenient for a reduction of a continuous PDE
problem to a lattice problem. Other decompositions, such as the Wannier and Shannon
decompositions, are found to be more useful in the recent works [1] and [21], respec-
tively. Properties of the Wannier functions are described in the next section, while the
Shannon functions are reviewed in Appendix A.

3. Properties of the Wannier Functions

Since the band function wy (k) and the Bloch function u; (x; k) are periodic with respect
tok € T for any [ € N, we represent them by the Fourier series

wr(k) =" ™™, wieik) =D i ()™, VI eN, VkeT, (3.1)
nez nez

where the inverse transformation is
Oln= / w1 (ke Rk, dy , (x) = / u(x; ke gk, Vi eN, VneZ. (32)
T T

Since w; (k) = w;(k) = wj(—k) and u;(x; k) = u;(x; —k) forany k € T and any [ € N,
the coefficients of the Fourier series (3.1) satisfy the constraints

Oln = Olion = Qp—n () =l1a(x), VneZ, VIeN, VxeR. (3.3)

In particular, the functions #; ,(x) are always real-valued. Since u;(x + 27w;k) =
uy(x; k)e’znk forany x € R, k € T, and [ € N, we obtain another constraint on
the functions #; , (x):

U p(x) =ty p—1(x —27) = 7, 0(x — 27n), VneZ, VleN, Vx e R. (3.4)

By substituting the Fourier series representation (3.1) into the linear problem (2.1),
we obtain a system of equations for the set of functions {ii; , (x)},ez and coefficients
{&1.n}nez forafixedl € N:

=], (@) + V@i () = Y byl @), Vn € L. (3.5)
n'eZ
We shall now make rigorous the formal representations above.

Definition 1. The functions in the set {i; ,(x)} forn € Z and 1 € N are called the
Wannier functions.
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Assumption 1. Let V be a real-valued, piecewise-continuous and 27 -periodic function
with respect to x € R. Assume that the spectrum of L = —83 + V(x) consists of the
union of disjoint spectral bands.

Proposition 2. Let V satisfy Assumption 1. There exists a unitary transformation W :
L*(R) — I>(N x Z) given by

Vo e LXR): ¢=Wé, ¢, :/ ha()p(x)dx, VIeN, YneZ. (3.6)
R

The inverse transformation is given by

Vo e PNXZ): ¢) =W 'g=D > guiunx). YxeR (37

leN neZ

Moreover, there exists n; > 0 and C; > 0 for a fixed | € N, such that
it (x)| < Cre =271 v e 7, Vx € R. (3.8)

Proof. We need to prove that the set of Wannier functions of Definition 1 forms an
orthonormal basis in L?(R) according to the orthogonality relation

/ A1 (X)lp  (X)dx = 8 p8ps VI,I €N, Vn,n' €Z (3.9
R

and the completeness relation

DD @i () =8(x —x'), Vx,x' €R. (3.10)

1eN neZ

The orthogonality relation (3.9) for the Wannier functions follows from the orthogonality
relation (2.2) for the Bloch functions

/ 1. (X) iy (x)dx = / / / wy (e k)ity (s ke 2K =km g qi’ dx
R RJTJT
=8 / / S(k' — k)e' k' =m grax’
TJT
=3y /T PR e = 6118,

after the integrationsinx € Randk, k' € T are interchanged. Similarly, the completeness
relation (3.10) for the Wannier functions follows from the completeness relation (2.5)
for the Bloch functions

.0 (X (X)) = wp (s k)it (x'; k)e' 2 * =R greai!
> S =3 [ [

[eN neZ [eN neZ
=> / / w (s k)it (s k) D e E R gy
leN TJT nez

= > [ wsskrin's ok = 5x 2,
T

leN
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where we have used the well-known orthogonality relation

D) = 5k — k), Vk. K €T.
nez

The Wannier decomposition (3.6)—(3.7) follows by the standard theory of orthonor-
mal bases in LZ(R). It remains to show that the function Uy n(x) for any I € N and
n € Z is uniformly and absolutely bounded with respect to x € R by an exponentially
decaying function centered at x = 2wn. By Theorem XIII.95 on p.301 in [19], if the
potential V satisfies Assumption 1, the band function w;(k) and the Bloch function
up(x; k) = wy(x; k)e'™ are analytic on k € (—%, 0) U (0, %) and are continued ana-
lytically along a Riemann surface near k = 0 and k = j:%. Let us consider a rectangle
Dy, with vertices (—% 0), (% O), (% im), (—% im) in the domain of analyticity of
u;(x; k). By using the Cauchy complex integration, we obtain the identity

O:j{ u;(x;k)dk:/ul(x;k)dk—/ul(x;k+im)dk
aD T T

n

+/2 . (up(x; k) —uj(x; k — 1)) dk.

2

The last integral is zero due to the periodicity of u;(x; k) with period 1 in k. As a result,
we obtain a uniform upper bound for the Wannier function i; o (x):

00| = ‘/ uz(mk)dk) _ ‘/ ul(x;knm)dk‘
T T

= ‘/ wl(x;k+im)eikx_"’xdk < Cre7 " Vx>0,
T

where C; = sup,. Dy, |w; (x; k)|. A similar computation extends the bound for x < 0.
The decay bound (3.8) follows from the relation (3.4). O

Remark 1. The class of piecewise-continuous potentials with disjoint spectral bands pro-
vides a sufficient condition for existence of the unitary transformation (3.6)—(3.7) and
the exponential decay (3.8). More general potentials are expected to exist for which
Proposition 2 remains valid. Moreover, we do not need in our analysis the assumption
that all spectral bands are disjoint. It is sufficient for the exponential decay of functions
{110 (x)}nez for a fixed I € N that the particular "™ band is disjoint from the rest of the
spectrum of L.

Remark 2. Since the transformation @ — w+wg, V(x) — V(x) + wy leaves the elliptic
problem (1.1) invariant, we will assume without loss of generality that V (x) is bounded
from below. For convenience, we choose V(x) > 0, Vx € R. Then, o (L) > 0.

Lemma 1. Let qS be represented by the set ofvectors {(]SI}IGN, where (]Slfor afixedl € N
is represented by the set of elements {¢; n}nez- Ifq) € l1 (N, I1(Z)), then ¢ =W~ 1¢ S
H'(R).
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Proof. We use the triangle inequality

I3l < D D 1bralldnallmy = D ol gy D 161l

leN neZ leN nez

and the fact that || f|l 1 gy < (1 + L)"? f|l;2, for any f € Dom(L), since L =

—33 + V(x) and V(x) > 0. By using the integral representation (3.2) and the orthogo-
nality relations (3.9), we obtain

1A+ 1) i 01175 ) = /R fiy,0(x) (1 + L)y o (x)dx

=///ﬁl(x;k/)(l+L)u1(x;k)dkdk/dx=/ (1 + ay (k)) dk.
RJTJT T

By Theorem 4.2.3 on p. 57 of [7], there are k-independent constants C1 > 0 such that
C_I> <|wy(k)| < C4l?, VIleN, VkeT. (3.11)

As a result,

191l 1y < € DA+ 11l = Clblli . 2y

leN nez

forsome C > 0. O

Lemma 2. If(il € IY(Z) for a fixed | € N and ¢(x) = > nez Prnlil n(x), then ¢
belongs to the invariant closed subspace E; C L*(R). Moreover, ¢ € H'(R), such that
the function ¢ is bounded, continuous, and decaying to zero as |x| — o0.

Proof. By Lemma 1, we observe that if (751 e 11(Z) and ¢(x) = ZneZ 1.1 5 (x), then
¢ € HY\(R). By Sobolev’s embedding (1.5), we obtain that ¢ € cY b (R) and ¢(x) decays
to zeroas |x| — oo. By the orthogonality property (3.9) and since ||¢,||12(Z) < ||¢l||ll(Z),
it follows that ¢ € E; C L*(R). O

Remark 3. If i; , (x) satisfies the exponential decay (3.8) for a fixed I € N, direct com-
putations show that ¢ € Cg (R), i.e.

1 < D Igrallia ()] < C1 D Igrale ™" < Clligyllnz), Vx € R.

nez nez

Lemma 3. If ii; , (x) satisfies the exponential decay (3.8) for a fixedl € N and |¢; | <
Cr" uniformly onn € 7 for some C >0 and 0<r <1, then ¢ (x) = > nez Drntts n(x)
decays to zero exponentially fast as |x| — oo.

Proof. 1t is sufficient to prove that |¢p (2mrm)| < Cg™ uniformly on m > 0 for some
C > 0and 0 < g < 1. A similar analysis applies to m < 0. Using the decay bound
(3.8) with C; = C and n; = n, we obtain that

o m
-2 —2.
|¢(2nm)|56(2|¢z,m+n|e T4 Grmnle "
n=1 n=0
o0

+ e—Znnm z |¢l’_n|e—2nnn) . Vm > 0.

n=1
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Since r < 1, ¢ 2™ < 1 and re 2™ < 1, the first sum is bounded by Cr™, while the
third sum is bounded by C3¢~2"""_ The second sum is bounded by

m 1— m+1

P
— —_ — r - ’
P =l =2mn o = 2mm I=p >
m o ml=—p

r p I_P—l ’ p>1a

p<l1,

where pr = ¢~ If p < 1, the sum is bounded by Cor™.If p > 1, the sum is bounded
by Cpe=27"" All three terms decay to zero exponentially fast as m — co. O

Remark 4. The Fourier series (3.1) for the Bloch function u;(x; k) is an example of the
Wannier decomposition over the basis {ii; ,(x)},ez for a fixed I € N with the explicit
representation

d(xX) = ui(x; k), ¢ = e,

This decomposition corresponds to the case when ‘;51 ¢ 1'(Z)and ¢ ¢ E; C L*(R).

4. Main Results

We shall now describe our main example of the potential function V (x) which enables
us to reduce the continuous elliptic problem (1.1) to the lattice equation (1.2). The
potential function transforms, in a singular limit, to a sequence of infinite walls of a
non-zero width. Since Proposition 2 is established only for bounded potentials, we need
to show that the main properties of the Wannier functions such as the exponential decay
(3.8) hold also in the singular limit. To do so, we develop analysis of the one-dimensional
Schrodinger operator in Appendices B and C.

Assumption 2. Let V be given by a piecewise-constant function V (x) = bon x € (0, a)
and V(x) = 0on x € (a,2n) for fixed 0 < a < 2w and b = 1/82 > 0, periodically
continued with period 2.

Figure 1 sholws the potential function V (x) defined by Assumption 2 with @ = 7 and
b=4(s=3).

Lemma 4. Let V satisfy Assumption 2. For any fixed ly € N, there exist e¢, (o, wo, cf,

¢y > 0, such that, for any ¢ € [0, g¢), the band functions of the operator L = —8)% +V(x)
satisfy the properties

(1) (band separation) min inf |e;(k) — &yy.0] = o, 4.1)
vIeN\{lo} VkeT
(ii) (band boundness) |@1y.0] < wo, 4.2)

. .. . . _ _a A _a ~ _2a
(iii) (tight-binding approximation) ¢ ge” ¢ <|wy 1| chse e, |wiy,nl 562826 e,

4.3)
where n > 2.

Proof. The proof of the lemma is given in Appendix B. O
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-1 L L L
-5 (] 5 10
X

Fig. 1. The potential function V (x) witha =7 and b =4

3
2<
1t
o(L)
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) 5 10 15 0 5 10 15
(0] (O]

Fig. 2. Left: The trace of the monodromy matrix A versus w for the potential function V (x) with a = 7 and
b = 4. Right: The corresponding band-gap structure of the spectrum o (L)

Figure 2 illustrates properties (4.1)—(4.3) of Lemma 4 for the potential function V (x)
with a = 7 and b = 4. The left panel shows the behavior of the trace of the monodromy
matrix A versus w. The right panel shows the spectral bands defined by the intervals
with |tr(A)| < 2. The first two bands are narrow for this value of b = 1 /82, according
to the tight-binding approximation.

Lemma 5. Let V (x) satisfy Assumption 2. For any fixed ly € N, there exists gy, Co, C >0,
such that, for any ¢ € [0, &¢), the Wannier functions of the operator L = —83 + V(x)
satisfy the properties:
(i) (compact support) lig,.0(x) — dig(x)| < Coe, Vx €[0,2n], (4.4)
(i) (exponential decay) |dgy,0(0)| < Ce"e %, 4.5)
Vx € [2nn, —2n(n —1)]
URan,2n(n+1)], neN,
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-5 0 5 10

Fig. 3. The Wannier functions #; o(x) for / = 1 (left) and [ = 2 (right). The solid lines show the Wannier
functions for » = 4 and b = 16. The dashed lines show the limiting function (4.6)

where

R 0, Vx € [0, a],
o(x) = (4.6)

x/2\7/1§7a sin Z0EZT=0 vy € [a, 27].

Proof. The proof of the lemma is given in Appendix C. O

Figure 3 illustrates properties (4.4)—(4.5) of Lemma 5 for the potential function V (x)
witha = 7 and b = 4, 16. The left and right panels show the Wannier functions i o (x)
and 712 o (x), respectively. The two functions were computed by using the integral repre-
sentation (3.2) and the numerical approximations of the corresponding Bloch functions.
The dashed line shows the limiting function (4.6).

Let us sketch a formal derivation of the lattice equation (1.2) from the continuous
nonlinear problem (1.1) by using the Wannier function decomposition for a particular l(t)h

band. Let V satisfy Assumption 2 and denote . = ce~ ¢ . Fix lp e N letw = @jy,0+ 182,
and consider the substitution

12
p@) = (%) (@) +pP (). @) = D Puiityn(x), 4.7)
nez

where 8 = ||1210’0||i4 ®) and v is orthogonal to Ej, C L?(R). Using the ODE system

(3.5), we find that ¥ (x) satisfies the inhomogeneous system

1
() + VO () = pg0 ¥ () = —— D D Dtn G + bum) g1 (x)

neZ meN
+Q (p(x) + pr(x)) — %I(ﬂ(x) + Y ()7 () + pyr (x)) . (4.8)
Since ¥ € Dom(L) and ¢ L E;), where L = —3)% + V(x), then (i, ,, LY) =

0 for all n € Z. As a result, the projection equations for components of the vector
d=0(..,0-2,0-1, %0, P1, P2, ...) satisfy the system
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1 . o -
; Z Wiy, m (Pn+m + Gn—m) + E Z Kn,nl,nz,n3¢n1¢n2¢n3

meN (n1,n2,n3)

— Q¢ — %Rn@, V), VnelZ, (4.9)

where

Kn,nl,nz,ng :/ ﬁlo,n(x)ﬁlo,nl (x)’:ilo,nz (x)ﬁlo,m (x)dx, Vn,ni,ny,n3e?Z, (4.10)
R

and
Ba@ ) = [ 1,000 [l + 10 (0P G010
Y (1)) — |(p(x)|2<p(x)] dx, VnelZ. @.11)
By Lemma 4(iii), ¢« = % is uniformly bounded and nonzero for small © > O,
while % = O(u) for all m > 2. By Lemma 5(). Knnun = B = It 0l g,

is uniformly bounded and nonzero for small © > 0. By Lemma 5(i), Ky ny,n0,n3 =
(0] (/L'"l_”|+|”2_”‘+|"3_”|+‘"2_”1 [+ln3—ny |+‘”3_"2|) forall ny, ny, n3 # n. If system (4.9) is
formally truncated at the leading-order terms as . — 0, it becomes the lattice equa-
tion (1.2). We can now formulate the main result of our article.

Theorem 1. Let V satisfy Assumption 2. Fix ly € N and denote @ = ce”t. Assume
that there exists a solution ¢ € IY(Z) of the lattice equation (1.2) with a = 1,1/ 1
and a fixed Q such that the linearized equation at ¢ has one-dimensional kernel in

1"(Z) c 1>(Z) spanned by {i (7)0} and the rest of the spectrum is bounded away from zero.
There exist jug, C > 0, such that the nonlinear elliptic problem (1.1) with w = doy,,0+ 12

has a solution ¢ (x) in H'(R) with

1/2
0 .
VO < pu < po ’¢ - (5) > buiityn <cu’?, (4.12)
neZ H(R)
where f = ||ﬁ10,0||i4(R). Moreover, ¢ (x) decays to zero exponentially fast as |x| — oo

if {¢n} decays to zero exponentially fast as |n| — oo.

Remark 5. According to Theorem 1 in [13], there exists a bounded, continuous and
exponentially decaying solution ¢ in H'(R) if w is in a finite gap of the spectrum of L.
Not only do we recover this result but also we specify the asymptotic correspondence
between exponentially decaying solutions of the elliptic problem (1.1) and those of the
lattice equation (1.2). The correspondence can be used to classify the localized solutions
of these models by the number of pulses in different wells of the periodic potential V (x)
modulo a discrete group of translations with a 277 -multiple period. This classification is
explained in Remark 9 of Sect. 6.

Remark 6. We show in Appendix D that the lattice equation (1.2) occurs naturally as the
Poincaré map for the second-order equation (1.1) with a periodic coefficient. However,
the map we used to turn a sequence {¢ },c7 into a function ¢ (x) on x € R involves the
Wannier functions, whereas that to turn a sequence for Poincaré map iterations into a
function ¢ (x) involves evolution of the differential equation on [0, 277 ]. There is a map
between these two types of sequences but it is not a sitewise map.



Justification of the Lattice Equation for a Nonlinear Elliptic Problem 815

5. Proof of Theorem 1

. . . . . _a A~
Using the same scaling as in the previous section, namely u = ge™ ¢, @ = @y,,0 + U2

and ¢ = ‘/qu;(x), we rewrite the nonlinear elliptic problem (1.1) in the equivalent form

T 7 0 0% ) A
Lup=n (945 - Elfﬁl ¢) s Luy=—-0y+V(x) — a0, (6.1

where both V and @y, ¢ depend on ¢ and thus on . Let Ej, be an invariant subspace
of L?(R) associated with the l(‘)h spectral band of o (L). Using the Lyapunov—Schmidt

reduction theory, we decompose the solution in the form qg(x) = @(x) + uy (x), where
¢ € E, C LZ(R) and v € E lﬁ = L2(R)\Elo. Denote projection operators P :

L*R) + Ejyand Q = I — P : L’(R) > Elﬁ. Then, the bifurcation problem (5.1)
splits into a system of two equations

PLMP</)=M(9¢’—%P|¢+Mw|2(<p+wﬂ)), (5.2)

o

QL.QY = uSY = Z0lo+ uy (g + ). (5.3)
The proof of Theorem 1 is based on the following two lemmas that describe solutions
of system (5.2)—(5.3).

Lemma 6. Let Ds, C H'(R) be a ball of finite radius 8y centered at 0 € H'(R) and
let R;,, C R be an interval of small radius 1o centered at O € R. There exists a unique

smooth map Y, : Dgy X Ry, +— HY(R), such that Y (x) = ¥ (px)) solves Eq. (5.3)
and

YO0 < 1 < o, Vielm@ <80t 1Wlm@ < Collely - (5.4)
for some constant Cy > 0. Moreover, ¥ (x) decays exponentially as |x| — oo.
Proof. Let w = &y, 0. Since o ¢ J(El#) by Lemma 4(i), solutions ¢ (x) of the linear

inhomogeneous problem QL, Q¢ = f(x) with f € L%(R) belong to L*(R) uniformly
in ; € R because of the Fourier—Bloch decomposition (see Proposition 1)

pr) = > ﬂul(x; kydk, VxeR (5.5)
reini T wi (k) — w

and the Parseval identity

| fito)?
g = /T —OF ai

leN\{l

s? > / |k Pk < 2||f||L2(R), (5.6)

1eN\{lo}
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where the bound (4.1) has been used. Since V(x) > 0 and w > 0 according to Remark 2,
we multiply OL, Q¢ = f(x) by the function ¢ and integrate it with respect to x € R
to obtain

16" 72y + 1V 21725y < @l101175 g,
+(¢, NI < 0llBll72 g + 191 2@ 1 f 2@ (5.7)

where the Cauchy—Schwarz inequality has been used. Using the bound (5.6), we find
that

Il ®y < Cllf 2wy (5.8)

where C > 0is e-independent. Therefore, the operator Q L, Q is continuously invertible
and the inverse operator (QL 0)~! provides a continuous map from L*(R) to H'(R)
uniformly in w, such that

—1 ~
VO<pu<po: I1(QLuQ =) le@em® <C. (5.9)

where C > 0 is e-independent. Therefore, system (5.3) can be rewritten in the form

v =—%(QLMQ—MQ)*‘ Ol +uyr (o + p). (5.10)

Since H!(R) is a Banach algebra, the nonlinear operator acting on ¥ and given by the
right-hand-side of system (5.10) maps an element of H LR) to itself if ¢ € H LR).
The existence of the map v (x) = v, (¢(x)) with the desired bound (5.4) follows by
the Implicit Function Theorem. By elliptic theory, solution ¥ (x) of system (5.10) in
H'(R) decays exponentially as |[x| — co. O

Remark 7. One might have hoped that the operator (QL 0)~! provides a continuous
map from L?(R) to H>(R) uniformly in s, but we suspect this is false. Nevertheless,
we do obtain a bound

C _
1ellm2@ =~ 2@ = COVIu Nl 2wy

for a fixed v > 0 and some C(v) > 0, which may not be sharp. Indeed, this bound
follows from the bounds

16" 2@y < IVl 2@ +@l0lI72 @ + 1 2@

and [Vl 2wy < V2@l 2wy, Where [ V/2¢] 12, is uniformly bounded in & by
Il f1lL2(r)» thanks to the bounds (5.6) and (5.7).

Using the map in Lemma 6, we rewrite system (5.2) as a bifurcation equation for
P(x),

PL,Pp=p (Q<ﬂ - %le + (@) (¢ + m/m(w))) . (5.11)

Using the decomposition in Lemma 2, we represent solutions of (5.11) in the form

Vo € Ejy CLX(R) 1 @(x) = D $ulisy.n(x). (5.12)
nez
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We recall that ¢ € H LR) if tz e 1\(2). By Proposition 2, the orthogonal projections
of the bifurcation equation (5.11) result in the lattice equation (4.9), where 1 (x) =
Y. (¢(x)) is represented by the map with the bound (5.4) and ¢(x) is given by the
Wannier function decomposition (5.12).

Lemma 7. The lattice system (4.9) for vectors (3 is closed in vector space 1' (7). More-
over,

YO < < po. VIl <do: IR@. Wl < uDolldldy.  (5.13)
for some constant Dy > 0.

Proof. We shall prove that every term of the lattice system (4.9) maps [!(Z) to itself.
The first term is estimated as follows:

L - 1 . 1 . -
oz <= D 1@guliduw| < 180l @) 191 ).

neZn'€Z\{0}

where @, is the vector of elements {@y, ,} on n € Z\{0}. Since wy, (k) is analytically
extended along the Riemann surface on k € T (by Theorem XIII1.95 on p.301 in [19]),
we obtain that wy, € H*(T) for any s > 0 and, hence, @, € 1(z). By Lemma 4(iii),
we have ||@y, || 1z) < Cp for some C > 0 and small 1 > 0. The second term of the
lattice system (4.9) is estimated as follows:

- - o o - 3
IIK(¢)||11(Z)§EZ > Ko mns | i s Vs | < 2 Kol -

neZ (ny,nz,n3)

where Ko = Sup(,, n,.n3) ||f<,1,,n2,n3||ll(z) and f(mmm is the vector of elements
{Knn1,n0,n3} On 0 € Z. Because of the exponential decay (3.8) justified in Lemma 5(ii),
there exists a uniform bound

z liy,n(x)] < Cyy Ze—molx—an < Ay, Vx € R,
neZ neZ

for some Ay > 0. As a result, we obtain

-

1Ky g3 1z < Ao/]R 81,1, QO i,y O 21,5 (X) |dx
. P
< Aollurg.0llLoo®) ity 0ll72 g

uniformly in (n1, n2, n3). Since [z, 0l 1wy < 11+ L)Y 250l 2@y < (1+@5,0) "%
we have Ky < C for some C > 0 and sngall u > 0, thanks to Lemma 4(ii) and Sobolev’s
embedding. Finally, the vector field R(¢) of the lattice system (4.9) is estimated as fol-
lows:

IR(@)llj1z) < Ao /R \|<p<x> + 1Y (P P (9 (X) + P (9(x))) — lp(x) [P (x)| dx
< 1AoBollellz g 1V @)l 11 )
< nABoColl@ |31 ) < nA0BoCOlIBI} 7

for some By > 0, where we have used the property (1.6), the bound (5.4), and Lemma 2.
The last computation proves the desired bound (5.13) with Dy = AgBoCo. O
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Proof of Theorem 1. By Lemmas 4(iii) and 7, the first term of the lattice system (4.9)
can be rewritten in the form

1
;;}:@mm@Mm+¢kmw:awm4+mfo+uLA¢ux

meN

where o« = @j,,1/u is uniformly bounded and nonzero for & > 0 and

YO0 << o, VIdlng <80 IL@ Wlng < Dildlng,  (5.14)

for some constant D1 > 0. By Lemmas 5(ii) and 7, the second term of the lattice system
(4.9) can be rewritten in the form

Z Kn,nl,nz,n3¢n1¢_)n2¢n3 = G|¢n|2¢n + MQn(¢s M,

(n1,n2,n3)

where
YO << po. VIl <do: 1Q@. wlng) < Dalglly.  (5.15)

for some constant D> > (. As a result, we obtain the perturbed lattice system

o (¢n+l +¢n—l) +O—|¢n|2¢n - Q¢n = /LNn(J’a /'L)» Vn € Z, (516)

where the perturbation term satisfies the bound
VO < < po, VIdlizy <do: [IN@, Wz < Dldllnz, (5.17)

for some constant D > (. Assume that there exists a solution (730 € 1Y(Z) of the lattice
equation (1.2) witho = @y, / 1 and a fixed €2 such that the linearized equation at ¢, has
a one-dimensional kernel in /' (Z) C [*(Z) spanned by {i (730} and the rest of the spectrum
is bounded away from zero. This eigenmode is always present 0w1ng to the invariance
of the lattice equation (1.2) with respect to the gauge transformation ¢ — ¢e’9 Vo € R.
The perturbed lattice equation (5.16) is also invariant with respect to this transforma-
tion, since it is inherited from the properties of the nonlinear elliptic problem (1.1). Fix
6 uniquely by picking a ng € Z such that |(¢g),,| # 0 and requiring that

Im(@g)ny =0, Im(¢),, =0.

The vector field of the perturbed lattice equation (5.16) preserves the constraint
Im(¢),, = 0 by symmetry and it is closed in / Lz) c 12(Z), while the linearized
operator is continuously invertible under the constraint. By the Implicit Function Theo-
rem, there exists a smooth continuation of the solution $0 due to the perturbation terms
of the lattice equation (5.16) such that Im(¢),, = 0 and

VO <u<puo: ld— ol < Ch. (5.18)

for some C > 0. By Lemma 2, if a € 11(Z), then ¢(x) in the representation (5.12) is a
continuous bounded function of x € R, which decayg to zero as |x| — oo. By Lemma 3,
it decays to zero exponentially fast as |x| — oo if ¢ decays to zero exponentially fast
as |n| — oo. The same properties hold for ¥ (x) = ¥, (¢(x)), by Lemma 6, and thus to
the full solution ¢ (x). These arguments finish the proof of Theorem 1. O
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Remark 8. For the proof of Theorem 1, we used a different approach compared to [6,
17]. In these papers, we first formulated the elliptic problem with a periodic potential
in the Bloch (Fourier) space and then reduced a closed system of equations for the
Bloch—Fourier transform by using the Lyapunov—Schmidt reductions. One can think of
using the same strategy here, when a full (double-series) Wannier function decomposi-
tion is used to transform the elliptic problem to an algebraic system for coefficients of
the double series. We have avoided this approach since we do not know how to show
that the system of the nonlinear algebraic equations is closed in the space / } N, 1'(z)),

which would ensure that ¢ € H'(R).

6. Examples of Localized Solutions

We review examples of localized solutions of the lattice equation (1.2) which satisfy
the assumptions of Theorem 1. Following paper [11], these solutions can be efficiently
characterized in the anti-continuum limit where « is sufficiently small.

We recall that all localiZGid solutions {¢, },e7 of the lattice equation (1.2) are real-
valued (see, e.g., [15]). Let ¢ be a real-valued vector on n € 7Z and rewrite the lattice
equation (1.2) in the form

(R-002) du = @uar+4u-), VneZ (6.1)

The linearized equation at the real-valued solution a perturbed with the real-valued
vector ¥ is written in the form

(La¥) = (2=3067) Vo —a Wusi + Y1), Vn L. (6.2)

The nonlinear vector field of the lattice equation (6.1) maps 1(Z) to itself for any o € R.

If « = 0 and o = sign(£2), there exists a limiting solution of the lattice equation (6.1)
in the form

_ |0, Vn € Uy,

Pn = [i./|§2|, Vn € Uy, ©6.3)

where U, U U_ U Uy = Z. The spectrum of the linearized operator L evaluated at
the limiting solution (6.3) consists of two points o (Lg) = {—2£2, 2}, where eigenvalue
€2 has multiplicity dim(Up) and eigenvalue —2£2 has multiplicity dim(U;) + dim(U_).
If dim(U,) + dim(U_) < oo, the limiting solution (6.3) is in /' (Z) and the linearized
operator L, is continuously invertible in /! (Z) for any €2 7 0. By the Implicit Function
Theorem, there exists a unique smooth solution ¢, € [ 1(Z) of the lattice equation (1.2)
with || < ap and o = sign(£2), where oy > 0 is sufficiently small, and

¢ — dollnz) = Clal,

for some «-independent constant C > 0. Since the kernel of the linearization opera-
tor (6.2) is empty for sufficiently small «, the assumptions of Theorem 1 are satisfied
for real-valued solutions ¢ € ['(Z).



820 D. Pelinovsky, G. Schneider, R. S. MacKay

Remark 9. For sufficiently small values of «, all localized solutions of the lattice equa-
tion (6.1) can be classified by the configurations U, and U_ in the limiting solution
(6.3). Simply speaking, the limiting configuration indicates a finite number of nodes on
Z, where “up” and “down” pulses are placed. Using the bound (4.12) of Theorem 1, we
can transfer this information to the localized solution of the elliptic problem (1.1) since
eachn € Z with ¢, # 0 corresponds to the Wannier function &y, , (x) = i1y, 0(x —27n),
which is centered at the n™ potential well of V (x) and is exponentially decaying as
|x| — oo. Therefore, the limiting configuration (6.3) indicates the finite number of “up”
and “down” pulses placed in the corresponding wells of the periodic potential V.

Remark 10. Bifurcations of localized real-valued solutions may occur for larger values
of a, when the linearized operator (6.2) may admit a nontrivial kernel in /! (Z) c [ 2(z).
Theorem 1 does not hold at the bifurcation point but can be used to prove persistence of
solutions before and after the bifurcation point, provided that the linearized operator is
again invertible.

7. Examples of Potential Functions V

The main example of the potential function V in Assumption 2 can be extended to other
potential functions using semi-classical techniques [4,8]. This extension will not be pre-
sented here. We shall, however, review other examples of the potential function V, for
which the analysis of our paper can be applied immediately.

Example 1. Let V(x) = ¢8(x) on [—m, 7], periodically continued with the period 2.
The band function wy (k) for this example can be obtained from analysis of Appendix B
if a — 0 and ¢ = ab is fixed. The expression (B.3) for tr(A) simplifies in the limit
a — 0 to the form

tr(A) = 2 cos(Qm/w) + £ sin2r/w), 0 < w < 0. (7.1)

Jo
All bands have non-zero widths if ¢ is finite. Therefore, the delta-function potential (with
infinitesimal thickness of the walls) does not satisfy the tight-binding property (4.3) of
Lemma 4. In addition, the periodic potential V (x) is unbounded at x = 27n, Vn € Z
for any ¢ > 0.

Example 2. Let V(x + L) = V(x) be L-periodic, such that V(x) = bon x € (0, a) and
V(x) =0onx € (a, L). We show that this function is equivalent, in the limit L — oo,
to the potential function of Assumption 2 in the limit ¢ — 0. Let

—(2”2 =L Ve =eV@, ¢ =6@), w=ci
€= T), x_ﬁ, x)=€eV(Xx), o¢(x)=0¢KX), w=c¢cn.

Then, ¢ (x) and gﬂ(}?) solve
(=32 +V(@))Pp(x) = wp(x), (=32 + V(E)PF) = 0d(F),

respectively, while V(#) = bonk € (0,a) and V(X) = O on ¥ € (a,2mr) with
a = \/ea and b=b /€. For fixed 7 and b, the function V(%) is equivalent to the one in
Assumption 2. We note that the band separation property (4.1) of Lemma 4 is not satis-
fied for the function V (x) in the limit L — oo, since the distance between spectral bands
reduces as O(é). However, this property is satisfied for the rescaled function V (¥).
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Example 3. Let V(x) = % 2 (1 — cos x) be such that V(x) = 4 > + O(x*) near x = 0.
Accordlng to the asymptotic analysis in [23], the tight-binding property (4.3) of Lemma 4
is satisfied in the limit € — 0, while the exponentlally narrow spectral bands wy (k) con-

verge to eigenvalues of the parabolic potential = o ato = 21 L for all I € N. The
distance between different bands satisfies the bané separation property (4.1) and in fact,
diverges as ¢ — 0. We note, however, that the band-boundeness property (4.2) fails for
this example. However, it only affects the bound (4.12) and does not affect the lattice
equation (1.2) where the coefficient of the nonlinear term is scaled to unity.

‘We finish this section with remarks on the related works [21,25].

e The periodic piecewise-constant function a(x) in the operator L = —d,a(x)d, con-
sidered in [21] is similar to the main example of the potential function V (x) used
in Assumption 2. It provides both the separation of bands and the tight-banding
approximation with some modifications: (i) the lowest-order band does not satisfy
the property |y, 1| < @y,,0 but does satisfy the property |&y, m| < @j,,0 for any
|m| > 2 and (ii) the lowest-order band is separated from all other bands by a distance
diverging as € — O.

e Complicated projection analysis in the problem involving nonlinear pulses located
far away from each other [25] is partly explained in Example 2: the bands are not
separated from each other in the limit L — oo unless a rescaling to tilded variables
is applied.

8. Lattice Equations in Two and Three Dimensions

The results of our analysis were restricted to the space of one dimension since we have
used the Banach algebra property of H!(R) and the fact that (QL u 0)~! provides a
bounded map from L2(R) to H 1(R) uniformly in 4 > 0. According to Remark 7,
no uniform bound may exist from L2(R) to H(R). Nevertheless, thanks to the expo-
nential smallness of bounds (4.3) and (4.5) in Lemmas 4 and 5, we are still able to
extend results of our analysis to the nonlinear elliptic problem with a multi-dimensional
separable potential in the form

— V2o + W) +0|d|*p = wp, Vx € RY, (8.1)

where V? is the continuous d-dimensional Laplacian and W = Z?:] V(x;) is a sep-

arable potential with a bounded 27 -periodic function V : R > R. The Laplacian V2
can be replaced by VMV with an arbitrary positive-definite matrix M and the results
will remain the same. Equivalently, the period parallelogram of W can be arbitrary. For
the sake of simplicity, we restrict our attention to the case when M is the identity matrix
and W has period 27 in each coordinate. The lattice equation (1.2) is generalized in the
multi-dimensional setting in the form

d
D0 (Pnre; + bne;) + Oldul*n = by, ¥n € Z°, (8.2)
j=1

where (eq, ea, ..., eq) is a standard basis in 74 and (aq, an, ..., og) are constants. Our
main result is generalized as follows.
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Theorem 2. Let W = Z’;:l V(x}) be a separable potential, where V satisfies Assump-
tion 2. Fixly € N and denote n= ge” ¢ . Assume that there exists a solution ‘Zo el (Zd)
of the lattice equation (8.2) ford = 1,2,3 with a; = 6?)(10)_,,1/#, j=12,...,d,
and a fixed Q2 such that the linearized equation at (;50 has one-dimensional kernel in

1"(Z%) spanned by {i (_1;0} and the rest of the spectrum is bounded away from zero. Fix
v € (0, 1). There exist g, C(v) > 0 such that the nonlinear elliptic problem (8.1) with
w = wo + uS has a solution ¢ (x) in H*(R?) ford = 1, 2, 3 satisfying

12
" . _
VO <pu<po: |¢- (E) > ity <Cow’* (83)
neZd H2(RY)
d A ~ d ~ ~
where wy = ijla)(lo)j,o, Upy,n(x) = Hj:l M([O)j,nj(xj) and B = ||MIO,O||14(R01).

Moreover, ¢ (x) decays to zero exponentially fast as |x| — oo if {¢,} decays to zero
exponentially fast as |n| — oo.

Proof. We recall that the band and Bloch functions for the /™ spectral band of
Lg=—-V%+ Z?:l Vxj)withl = (I, b, ..., 1g) € N are represented by

d d
w:Za)[j(kj), U= Hulj(xj;kj), (8.4)
j= j=

where wj (k) and u;(x; k) are the band and Bloch functions of the operator L = —83 +
V(x) on x € R. By using the same scaling of variables, we derive system (5.1) and
split it into system (5.2)—(5.3) by using the orthogonal projections. Since p is expo-
nentially small in ¢, while the operator (QL MQ)_1 provides a map from L2(RY) to

H?*(R?) that diverges only algebraically in & (see Remark 7), there exists a unique map
Yyt HARY) x (0, o) = H*(RY), such that ¥ (x) = ¥, (¢(x)) and

VO < i < no, Vlglmm <80: IWlm@ <n/°Comliel g, (85

for a fixed v € (0, 1) and some constant Co(v) > 0. Therefore, we close the bifurcation
equation (5.11) using the Wannier function decomposition

d
Vo € Ejy C LPRY) : 9(0) = D dullign(x), iign(x) = [ | gy, (x). (8:6)
neZd Jj=1

As a result, we obtain the lattice equation (4.9) in 74 Since

710l g2 (ray < N21g.n |l g1 (e

for some C(d) > 0, we have

C(d) N B - N
lel 2@ < ——16ln@s < p VOC W)@l zay
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for the same v € (0, 1) and some C’(v) > 0. The lattice system (4.9) is closed in
! (Zd) by the same analysis as in Lemma 7 and, since H 2(IR“') is a Banach algebra for
d=1,2,3, we obtain

VO < i < po. Vidlnga <do: IR@, Wy < 1!~ DO} )
for some D(v) > 0. The rest of the proof repeats the proof of Theorem 1. O

Example 4. Complex-valued localized solutions of the lattice equation (8.2) in ll(Zd)
were constructed in the anti-continuum limit in [16] and [10] ford = 2 andd = 3
respectively. The method of Lyapunov—Schmidt reductions was used and all examples
considered in these papers were represented by isolated families of solutions with the
only free parameter due to the gauge invariance of the lattice equation (8.2). As a con-
sequence, the linearized equation at the complex-valued solution <7> perturbed with the
complex-valued vector ¥,

d
(La¥)y=(2 = 20160) Yo =092 00 = D &) (Viuse; +Vu—e;), Vn€Z', 87)
j=1

was shown to have one-dimensional kernel spanned by {i (Z} for any 0 < Z;{ZI loj| <o
sufficiently small. Therefore, the assumptions of Theorem 2 are satisfied and all solu-
tions of the lattice equation (8.2) obtained in [10, 16] persist as solutions of the nonlinear
elliptic problem (8.1).

A. Shannon Decomposition

We review here the Shannon decomposition, which is different from the Wannier decom-
position of Proposition 2. Fix / € N and assume that u;(0; k) # O for all k € T. Let us
define the set of functions {g, (x)},e7 according to the integrals

u (X; k) —i2mwkn
= [ — dk, Vx eR. A.l
gn) /T u(0:5)° ! (A-D
Since u; (x; k) = w;(x; k)e'**
from the integrals (A.1) that

, Where wy(x; k) is a 2w -periodic function in x, it follows

gn2nn’) = Sy Vn, n eZ.

Therefore, the set {g,(x)},c7 can be used for interpolation of a continuous complex-
valued function u(x) from its values {u, },c7 at the points x = 2 n. This construction
reminds us of the Shannon theory of sampling and interpolation (see review in [24]).

Definition 2. The functions of the set {g,(x)},cz are called the Shannon functions.

Proposition 3. Let V satisfy Assumption 1. Fix | € N and let E; be an invariant closed
subspace of L*>(R) associated to the I'" spectral band of o (L). There exists an isomor-
phism S : E; C L2*(R) — 12(Z) given by the sampling

Vo€ E,C L2(R): ¢ =8¢, ¢y =¢Q2rn) VneZ. (A2)

The inverse transformation is given by the interpolation

Vo cl2(Z): ¢(x)=8"'¢ = Z¢ng,,(x), Vx € R. (A.3)

neZ
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Proof. By Sobolev’s embeddings (1.5), there exists an n-independent constant C > 0
such that

|¢(2T[}’l)| = C”¢”H1([271n771,271n+71])7 Vn € Z.

Therefore,

115z, = D 18Qam* < C* D> 16151 nn2mnimy < C 10151 &) -
nez neZ

If € E; C L*(R), then ¢ € H'(R), so that the map S is uniformly bounded on
E; C L%(R). On the other hand, it follows from the Fourier—Bloch decomposition (2.6)
that

VoeE i ¢p=¢Qrn) = / b1 (kyuy 2rn; k)dk
T

= / ¢1(k)up (0; k)e' ™™ dk, Vn € Z.
T
Inverting this representation by the Fourier series theory, we obtain that

G ur(0; k) = D" e g,

nez

where u;(0; k) # 0 for all kK € T is assumed. As a result,

Vo € Er: p(x) = /T b1y (x; kydk =" dugn(x),

nez

provided that the integrals (A.1) for the Shannon functions {g, (x)},e7 converge abso-
lutely and uniformly on x € R. This property follows from the exponential decay of the
Shannon functions

lgn(x)| < Ce =27l yx e R,

for some C > 0 and n > 0, which is proved similarly to the decay property (3.8) for the
Wannier functions. 0O

By Sturm-Liouville theory, the assumption u;(0; k) > O for all k € T is satisfied
for the lowest spectral band with [ = 1. This assumption, however, may fail for some
higher-order spectral bands with [ > 1. Since our analysis is expected to work for any
! € N, we have avoided the Shannon decomposition and have used an equivalent Wannier
decomposition, which does not rely on the assumption above. Shannon functions were
applied to the justification of lattice equations for the lowest spectral band in [21].
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B. Proof of Lemma 4

Let L = —8)% + V(x), where V is given by Assumption 2. For any 0 < @ < b, the
solution ¢ (x) of the ODE L¢ = w¢ on [0, 2] is obtained explicitly in the form

#(0) cosh /b — wx + jb—% sinh /b — wx, Vx € [0, al,

PO =0 4 @) cos Jar — 27 + 28D in Jar(x — 27), Vx € [a, 27).

The continuity of ¢ (x) and ¢’ (x) across the jump point x = a leads to the 2-by-2 transfer
matrix

¢2n) = ang(0) +ang’(0),  ¢'(27) = a214(0) +ang’'(0), (B.2)

where the explicit expressions for {a;;}1<;, j<2 show that ajjaz; —ajpaz; = det(A) =1
and a1 + ax = tr(A) is given explicitly by

tr(A) = 2 cosh(av/'b — w) cos [(27r — a)ﬂ]

+ \/% sinh(av/b — w) sin [ 27 — a)V/o). (B.3)

This equation is valid for 0 < @ < b and it is analytically extended for @ > b to the
equation

tr(A) = 2cos(av/w — b) cos [(271 — a)ﬂ]

b—2w .
+m sin(a~/w — b) sin [(2n — a)\/a] . (B.4)

The band functions w;(k) enumerated by / € N and parameterized by k € T corre-
spond to the values of w in the interval |tr(A)| < 2. They are defined by the equation
tr(A) = 2cos(27k). In the limit ¢ — 0, where b = Elz, |tr(A)| is bounded near the

nl
2m—a

2
particular values w = ( ) forany!/ € N, such that the distance between the two con-

sequent values of w is finite. We shall rewrlte the algebraic equation tr(A) = 2 cos(2mk),

where tr(A) is given by (B.3) with b = = in the equivalent form:
28\/ o(l — &2w)

sin [27 — a)vow] + it O [@7 — a)Vw]

48\/0)(1 —&20) _a/1-20

1220

cos(2mk)

— 2 a 46([)
—(sin[(Zn—a)\/a]—zg—”l‘i(zlgzzw) [(2n—a>ﬂ) e (s

Ate = 0, all roots of the algebraic equation (B.5) are simple. By the Lyapunov—Schmidt
theory, the simple roots persist, and owing to the analyticity of the trigonometric func-
tions, they persist in the form

(k) = dr0(e) + D &"e™ % @1y () cos 2mh), (B.6)
neN
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where all parameters @ ,, are continuous functions of ¢, uniformly bounded in the limit
& — 0. In particular,

. (zh)? . 8(—1)!(x))?
wy0(e) = m +0(e), w1(e) = or—ay

Properties (4.1)—(4.3) follow from the representation (B.6) for sufficiently small ¢ > 0.

+0O(e), etc.

C. Proof of Lemma 5
Let us first rewrite the system of Eq. (3.5) in the form
Al A A A
— 07 o(x) + V()i 0(x) = D @pafia(x),  Vn €L (C.1)
nez

Consider the ODE (L — w)¢p = f(x) for L = —8)% + V(x) on [0, 2r]. The explicit
solution is

S0r)= AeTE 60 | g~ ma) _ 2\/18T Jee =20 8 rE)dE, Vx € [0, al,
C cos y/alx —a) + Dsina(x —a) — [[7 75 fE)de, Vx € [, 27],
(C2)

where (A, B, C, D) are arbitrary constants. Because of the property (3.4), the ODE above
corresponds to system (C.1) for o = @y, ¢ = ;0 and f = ZneZ\{O} @1l 0(x —

27n).Because @y, = O(e"e™ %) by the expansion (B.6), whereas 17 o (x) are uniformly
bounded in ¢, we have

sup | f(x)| < ee e (Fo+F), Fy= sup lio(x+2m)l,
x€l0,27] xel0,27]
F_ = sup |i;0(x —2m)]. (C.3)
x€[0,27]

Matching the two solutions at x = a for ¢ (x) and ¢’(x), we find that

A 1(C+—8“/6 D)+ ~¢A, B I(C e D)+ ~¢p
- cetA, B=-|C-— ce” ¢ B,
2 V1 =2 2 V1-¢&2w

where A and B are uniformly bounded in |¢| < &9. As ¢ — 0, the homogeneous solution

is bounded only if B = g™ B’, where B’ is a new parameter. This constraint results in
the relation

ol

e/
JV1—¢2w

where C is uniformly bounded in |¢| < &p. As a result, we rewrite the solution (C.2) in
the form

C = D+8€_%6,

5\/“70 1-¢2 ’O(x ) ,/1752&),.0)6
D#e + B'ge” € R Vx € [0, a] B
0 = V=&t +0(ce™¢).

Dsin/ay o (x—a)+Dx/$cosw/w1 o(x —a), Vx €la,2r]
(C4)
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The parameter D is fixed by the normalization condition ||iz; o | 2wy = 1, from which
the property (4.4) on [0, 2] is proved.

Consider now the same ODE (L — w)¢ = f(x) on [2r, 47 ]. The explicit solution
¢ = ¢ is now written in the form

$1(x) =
\/I 20

Ale (=27 — a)+Ble

v 1;5‘2&) (x—2m—a)
ja+27r -y 1’82’“

el W8l £ (£)dg, Vx € [27, 27 +al,

C] cos yJo(x — 27 — a) + Dy sin Jo(x — 27 —a) — f;on Smf‘x 5‘f(é)dé Vx €27 +a, 4].

We have

sup If(X)Ifee_?(1+ sup Ifu,o(X+4n)|),

x€[2m,4m] x€[0,27]

where we have used the bound (4.4). By matching the solution at x = 27 +a, we obtain
the constraints on parameters of the solution:

A 1(c oo D)+ -tA;, B 1(c _eo D)+ 4B
1=7 1 1 ge ¢Al, 1== 1— 1 ge ¢ Dby,
2 V1T —&2w 2 V1 —¢&2w

where A; and B are uniformly bounded in |¢|] < gp. Now we apply the continuity
conditions ¢ (27) = ¢1(27) and ¢'(27) = ¢|(27), which relate coefficients Ay and
By to D:

oo 1—2¢2 2e/w (1 —
Aje” T —8 sin [27 — a)vVw] + —8 (1 — £20)
2(1 — &2 — 262w
x cos [(2m — a)/o] ] +ee ¢t Fy,
aN 782111 1 a
Bje T -~ Dsin [@r — a)Vw]+ee7 <Gy,

2(1 — £2w)
where F| and G are uniformly bounded in |¢| < &g. If @ = @y, the second equation
implies that By = se*%Bi, such that

evo

Cl=—=D; + 86_%6’1,
V1 —&2w
where B{ and C~’1 are uniformly bounded in |¢| < &gp. Substituting the expansion (B.6)
into the algebraic equation (B.5), we find that, if ® = @; ¢, then A| = ¢ F} + O(sze_%).
Since F is linear with respect to C and C is linear with respect to B’, one can choose
B’ sothat F; =0 (86_%), after which

A1=0 (eze*%) , Ci=0 (sze*%) , D=0 (se*%) .
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Moreover, since

Fr= sup | o(x+27)=0 (ee_%) ,
x€[0,27]

itisalsoclearthat B’ = O (se* %) . This construction proves the bound (4.5) on [27, 47].

Continuing the ODE analysis on the intervals [27n, 27w (n + 1)] with n > 2, the bound
(4.5) is extended for any x € [27, 2w (n + 1)]. It is left for a reader’s exercise to use the
same method to prove the bound (4.5) for x < 0.

D. Poincaré Mappings

We review here the Poincaré map for the second-order equation (1.1) with a 2 -periodic
coefficient V, in comparison with the second-order difference equation (1.2). Denote
¢Qan) = ¢, and ¢’ 2wn) = Y, Yn € 7Z and consider the initial value problem for
the second-order equation (1.1) on the interval [27rn, 27t (n + 1)] for a fixed n € Z. By
the theorem on local existence and smoothness of solutions of the initial-value problem,
there exists a continuously differentiable solution ¢ (x) on [27rn, 27 (n + 1)] if the func-
tion V is piecewise continuous and &g := |¢, | + |V, | is sufficiently small. The Poincaré
map is then defined in the form

u,y =P(u,), u, = (f;" ) , YneZ, (D.1)

where P : C? — C? is a continuously differentiable function. On one hand, the differ-
ence map (D.1) is exactly equivalent to the second-order equation (1.1) with the periodic
function V. On the other hand, the Poincaré map P(u,,) is generally different from the
second-order difference equation (1.2). We will show that the Poincaré map (D.1) reduces
to the scalar equation (1.2) in the near-linear limit, when the cubic term |¢, |, is small
compared to the second-order difference term ¢+ + ¢,—1. This limit differs from the
domain of applicability of the lattice equation (1.2) justified in Theorem 1, where all
terms are considered to be of the same order.

In the linear theory, P(u,,) = Au,, where A is a monodromy matrix with the elements
a;j for 1 < i, j < 2. Since the Wronskian determinant of the second-order ODE (1.1)
is constant in x, the coefficients satisfy the constraint det(A) = ajjax — ajpaz; = 1.
Eliminating v, from the system (D.1) with P(u,) = Au,,, we obtain that

Dnt1 + Pn—1 = A(w) Py, Vn € Z, (D.2)

where A(w) = tr(A) = ajj + ax. The Floquet theory follows immediately from the
linear second-order map (D.2) since the spectral bands are found from solutions of the
equation A(w) = 2cos(2rk) for all k € T. It is proved in [7] that this equation admits
infinitely many solutions, which can be enumerated by the index / € N and ordered as
follows: w1 (k) < wa(k) <--- <awj(k) <--- forany k € T.

Consider the nonlinear Poincaré map (D.1) in the limit where the cubic terms are
small, i.e. when Sup, c(2,71. 27 (n+1)] (|¢(x)| + |¢’(x)|) := 4 is sufficiently small. Expand-
ing P(u,) into the Taylor series in u, and eliminating v, from the second equation by
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using the near-identity transformations, we obtain the perturbed second-order difference
map,
Dot + a1 — A@)bu =0 1190 *$n + 2180 st + $u1) + €307 Buet + Ba1)

+ a4 (|Pns1 |2 + |pn—1 |2)¢n + a5 ((/J_)n+l¢n71 + ¢n+ld_’n71)¢n
+Ol6(¢,%+1 + ¢,2,_1)<i_5n + a7¢n+l¢n—l(ﬁn

+ 8 (|Pns1 2 Pne1 +|dn—11>Gn—1)+ @9 (2,1 Pn1+ B2 1)

+a10(inst Pt +160-1$us)]|. Vn€Z, (D3

where (o, @2, . .., @1g) are some coefficients. The perturbed equation (D.3) contains all
cubic terms, which preserve the gauge invariance and reversibility of the original ODE
(1.1), such that if {¢,},c7, is a solution, then {¢,¢'?},c7 and {¢_, },7, are also solutions
for any 6 € R. The actual values of the coefficients of the cubic terms depend on the
potential function V. See [15] for analysis of localized solutions of the second-order
difference equation (D.3).

Proposition 4. Let {¢,,},c7 be a real-valued solution of the lattice equation (D.3) such
that || @|l;2(z, is small. There exists a near-identity transformation

bn = gn+0B@0) +0 (1815 (D.4)

which transforms the lattice equation (D.3) to the canonical form

Gut + 901 =A@y =A@, +0 (181%5) (D.5)

for some constants A(w) and B(w).

Proof. Let {¢, },c7 be a real-valued solution of the lattice equation (D.3), such that the
right-hand-side can be rewritten in the form

Bio: + Bad2 (Pnst + Pu1) + B3 (D21 + D2 )b + Badnsi bn—1$n
+B5(Pp 1+ Da_ 1) + Bebnr1Bn1 (Dns1 + Pu_1),

where B = a1, B2 = ao+a3, B3 = ag+ae, B4 = 2as+a7, f5s = ag and B = a9 +a .
Substituting the leading-order equation (D.2) to the terms above, we obtain

1 5 13 3
(ﬂl +ABy + §A (B3 + Ba) + §A /36) ®;
1 1 ) 3 3
+ (,35 - 3,36 ~3A (Bs — ,33)) (D41 +Dr_1)-

Using the near-identity transformation (D.4) with B(w) = f5 — % Be — ﬁ(ﬂzl —2B3),

we arrive to the canonical form (D.5) with A(w) = B + Ao+ A (B3 +Ba) + A3 o +
AB(w). O
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The canonical form (D.5) does not hold when the potential function V is defined by
Assumption 2 for sufficiently small €. In the lattice equation (1.2) justified by Theorem 1,
the cubic term ¢, |2¢n can not be considered to be small compared to the second-order
difference term ¢,,+1+¢,—1, which implies that A (w) in the canonical form (D.5) is large.
Compared to the Poincaré map (D.1), the Wannier decomposition replaces the second-
order equation by the lattice system with infinite coupling between lattice sites, which
is reduced asymptotically to the second-order difference map. Notice that the analysis
above implies that the lattice system for coefficients of the Wannier functions must be
satisfied exactly by the second-order Poincaré map (D.1) after a nonlocal transformation.
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