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Abstract. Asymptotic stability of small bound states in one dimension is proved in the frame-
work of a discrete nonlinear Schrédinger equation with septic and higher power-law nonlinearities
and an external potential supporting a simple isolated eigenvalue. The analysis relies on the dis-
persive decay estimates from Pelinovsky and Stefanov [J. Math. Phys., 49 (2008), 113501] and the
arguments of Mizumachi [J. Math. Kyoto Univ., 48 (2008), pp. 471-497] for a continuous nonlinear
Schrédinger equation in one dimension. Numerical simulations suggest that the actual decay rate of
perturbations near the asymptotically stable bound states is higher than the one used in the analysis.
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1. Introduction. Asymptotic stability of solitary waves in the context of con-
tinuous nonlinear Schrédinger equations in one, two, and three spatial dimensions was
considered in a number of recent works (see Cuccagna [4] for a review of literature).
Little is known, however, about asymptotic stability of solitary waves in the context
of discrete nonlinear Schrédinger (DNLS) equations.

Orbital stability of a global energy minimizer under a fixed mass constraint was
proved by Weinstein [27] for the DNLS equation with power nonlinearity

ity + Aguiy + |un|?Pu, =0, n ez

where Ay is a discrete Laplacian in d dimensions and p > 0. For p < % (subcritical
case), it is proved that the ground state of an arbitrary energy exists, whereas for
p> % (critical and supercritical cases), there is an energy threshold below which the
ground state does not exist.

Ground states of the DNLS equation with power-law nonlinearity correspond to
single-humped solitons, which are excited in numerical and physical experiments by
single-site initial data with sufficiently large amplitude [11]. Such experiments have
been physically realized in optical settings with both focusing [7] and defocusing [15]
nonlinearities. We would like to consider long-time dynamics of the ground states
and prove their asymptotic stability under some assumptions on the spectrum of the
linearized DNLS equation. From the beginning, we will work in the space of one
spatial dimension (d = 1) and in the presence of an external potential V. These
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specifications are motivated by physical applications (see, e.g., the recent work of [18]
and references therein for a relevant discussion). We hence write the main model in
the form

(1) ity = (= A+ Vi )un + y|un|*u,, n€Z,

where Au,, := upy1 — 2up + up—1 and ¥ = 1 (y = —1) for defocusing (focusing)
nonlinearity. Besides physical applications, the role of potential V' in our work can be
explained by looking at the differences between the recent works of Mizumachi [17] and
Cuccagna [5] for a continuous nonlinear Schrédinger equation in one dimension. Using
an external potential, Mizumachi proved asymptotic stability of small bound states
bifurcating from the lowest eigenvalue of the Schrédinger operator Hy = —0% + V
under some assumptions on the spectrum of Hy. He needed only spectral theory of
the self-adjoint operator Hy in L? since spectral projections and small nonlinear terms
were controlled in the corresponding norm. Pioneering works along the same lines are
attributed to Soffer and Weinstein [23, 24, 25], Pillet and Wayne [22], and Yau and
Tsai [28, 29, 30]. Compared to this approach, Cuccagna proved asymptotic stability
of nonlinear space-symmetric bound states in energy space of the continuous nonlinear
Schrédinger equation with V' = 0. He had to invoke the spectral theory of non—self-
adjoint operators arising in the linearization of the nonlinear Schrédinger equation,
following earlier works of Buslaev and Perelman [1, 2], Buslaev and Sulem [3], and
Gang and Sigal [8, 9].

Since our work is novel in the context of the DNLS equation, we would like
to simplify the spectral formalism and to focus on nonlinear analysis of asymptotic
stability. This is the main reason why we work with small bound states bifurcating
from the lowest eigenvalue of the discrete Schrédinger operator H = —A + V. We
will make use of the dispersive decay estimates obtained recently for operator H by
Stefanov and Kevrekidis [26] (for V' = 0), Komech, Kopylova, and Kunze [14] (for
compact V'), and Pelinovsky and Stefanov [21] (for decaying V). With more effort
and more elaborate analysis, our results can be generalized to large bound states with
or without potential V' under some restrictions on the spectrum of the non—self-adjoint
operator associated with linearization of the DNLS equation.

From a technical point of view, many previous works on asymptotic stability
of solitary waves in continuous nonlinear Schrédinger equations address critical and
supercritical cases, which in d = 1 correspond to p > 2. Subcritical nonlinearities were
addressed in this context only recently by Kirr and Zarnescu [12] and Kirr and Mizrak
[13]. Because the dispersive decay in the [*° norm is slower for the DNLS equation,
the critical power appears at p = 3 and the proof of asymptotic stability of discrete
solitons can be developed for p > 3. The most interesting case of the cubic DNLS
equation for p = 1 is excluded from our consideration. To prove asymptotic stability
of discrete solitons for p > 3, we extend the pointwise dispersive decay estimates from
[21] to Strichartz estimates, which allow us better control of the dispersive parts of the
solution. The nonlinear analysis follows the steps in the proof of asymptotic stability
of small bound states in the continuous nonlinear Schrédinger equation [17].

In addition to analytical results, we also approximate time evolution of small
bound states numerically in the DNLS equation (1) with p = 1,2,3. We not only
confirm the asymptotic stability of small bound states in all the cases but also find
that the actual decay rate of perturbations near the small bound state is faster than
the one used in our analytical arguments.

The article is organized as follows. The main result for p > 3 is formulated in
section 2. Linear estimates are derived in section 3. The proof of the main theorem is
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developed in section 4. Numerical illustrations for p = 1, 2, 3 are discussed in section 5.
Appendix A gives proofs of technical formulas used in section 3.

2. Preliminaries and the main result. In what follows, we use boldface no-
tation for vectors in discrete spaces [} and I2 on Z defined by their norms

1/2
[l = > (1 +n*)Plunl,  [ullz = <Z(1+n2)slunl2> :

neZ neEZ

Components of u are denoted by regular font, e.g., u,, for n € Z.
We shall make the following assumptions on the external potential V and on the
spectrum of the self-adjoint operator H = —A 4 V in [2.
(V1) V €1}, for a fixed o > 5.
(V2) V is generic in the sense that no solution %, of equation Hip, = 0 exists in
l%a for%<a§%.
(V3) V supports exactly one negative simple eigenvalue wy < 0 of H with an
eigenvector 1), € [ and no eigenvalues above 4.

Assumptions (V1)—(V3) are satisfied for the single-node potential with V,, = —4,, o
for any n € Z. This potential is known (see Appendix A in [14]) to have only
one negative simple eigenvalue at wy < 0, the continuous spectrum at [0, 4], and
no resonances at 0 and 4. Explicit computations show that the eigenvalue exists at
wo = 2 — /5 with the corresponding eigenvector

Yon=e"M neZ k=arcsinh(271).

The first two assumptions (V1) and (V2) are needed for the dispersive decay
estimates developed in [21]. The last assumption (V3) is needed for existence of a
family ¢(w) of real-valued decaying solutions of the stationary DNLS equation

(2) (=A + Va)dn(w) + 7977 (W) = won(w), n€Z,

near w = wg < 0. This is a standard local bifurcation of decaying solutions in a
system of infinitely many algebraic equations.

LEMMA 1 (local bifurcation of stationary solutions). Assume that V € I*° and
that H has a simple eigenvalue wy < 0 with a normalized eigenvector ¥, € 1> such
that |[1pgll2 = 1. Let € := w —wo, v = +1, and p > 3. There exist ¢ > 0 and
C > 0 such that for all w € |wo,wo + €p), there exists a unique real-valued solution
¢ (w) € C([wo,wo + €0),12) of the stationary DNLS equation (2) satisfying

1
€

1+1 < C€1+%'
1%oll;20+2 || 2

#(w) -

Moreover, ¢p(w) € C?((wo,wo + €0),1%) and ¢(w) decays exponentially to zero as
|n| = co.

Proof. Existence and uniqueness of the real-valued solution ¢(w) € C([wo,wo +
€0),1?) follows by the standard method of Lyapunov-Schmidt reductions [16]. C?
smoothness follows from the Implicit Function Theorem as the nonlinear vector field
{¢2+1}) 7 is C% near ¢ = 0 for p > % Exponential decay follows from the variational
method [20] (where p = 2 is specified without loss of generality). O
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Remark 1. Because of the exponential decay of ¢p(w) as [n| — oo, the solution
¢(w) exists in IZ for all o > 0. In addition, since ||¢;x < Cs|[p||;2, for any o > 1
the solution ¢(w) also exists in /1.

To work with solutions of the DNLS equation (1) for all ¢ € R starting with some
initial data at ¢ = 0, we need global well-posedness of the Cauchy problem for (1).

LEMMA 2 (global well-posedness). Fiz o > 0. For any ug € 12, there exists a
unique solution u(t) € C1(R,12) such that u(0) = ug and u(t) depends continuously
on up.

Proof. The proof is based on the contraction mapping arguments and Gronwall’s
inequality [19] because H is a bounded operator from [2 to (2 for any o > 0 and the
flux conservation equation

. d _ _ _
(3) ZE'“"P = Un(Un+1 + Un—1) — Un(Upt1 + Un—1)

gives the bounds on [[u(t)|;z for all t € R, 0

Remark 2. Global well-posedness holds also on R_ (and thus on R) since the
DNLS equation (1) is a reversible dynamical system. We shall work in the positive
time intervals only.

Equipped with the results above, we decompose a solution to the DNLS equation
(1) into a family of stationary solutions with time varying parameters and a radiation
part using the substitution

(4) u(t) = e 0 (pw(t) + 2(t)) ,

where (w,0) € R? represents a two-dimensional orbit of stationary solutions u(t) =
e~ 07wt g (w) (their time evolution will be specified later) and z(t) € C' (R, [2) solves
the time-evolution equation in the form

(5) iz =(H—w)z— (0 —w)(p(w) +2) — ibd,dw) + N(d(w) +2) — N(¢(w)),

where H = —A + V, [N(¥)], = Y[¢n|*P¥n, and 9,¢(w) € [? exists thanks to
Lemma 1. The linearized time evolution at the stationary solution ¢(w) involves
operators

L_.=H-w+W, Li=H-w+(2p+1)W,

where W,, = 7¢?P(w) and W decays exponentially as |n| — oo thanks to Lemma 1.
The linearized time evolution in variables v = Re(z) and w = Im(z) can be charac-
terized by the non—self-adjoint eigenvalue problem

(6) Liv=—-X\w, L_w=)\v.

Using Lemma 1, we derive the following result.

LEMMA 3 (double null subspace). For any € € (0,€), the linearized eigen-
value problem (6) admits a double zero eigenvalue with a one-dimensional kernel,
isolated from the rest of the spectrum. The generalized kernel is spanned by vectors

(0,(w)), (—0,d(w),0) € 12 satisfying
L_¢w)=0, Lid,dw)=eow).

Proof. By Lemma 1 in [21], operator H has the essential spectrum on [0, 4].
Because of the exponential decay of W as |n| — oo, the essential spectrum of L
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and L_ is shifted by —w > 0, so that the zero point in the spectrum of the linearized
eigenvalue problem (6) is isolated from the continuous spectrum and other isolated
eigenvalues for small € € (0,¢p). The geometric kernel of the linearized operator
L = diag(L4, L_) is one-dimensional since L_¢(w) = 0 is nothing but the stationary
DNLS equation (2), whereas L, has an empty kernel thanks to the perturbation
theory and Lemma 1. Indeed, for small € € (0, ¢g), we have

(tho, Lpg) = 2pye + O(e?) # 0.

By the perturbation theory, a simple zero eigenvalue of L for e = 0 becomes a positive
eigenvalue for ¢ > 0 (if v = +1). The second (generalized) eigenvector (—0,,¢(w),0)
is found by direct computation thanks to Lemma 1. It remains to show that the third
(generalized) eigenvector does not exist. If it does, it would satisfy the equation

L_wy=—0,¢(w).

However, by Lemma 1, we obtain

1d vt
(7) (D(w), 0.0W)) = 5[} = ———5 (1+0(e)) > 0
2 dw 242
2pH¢0H12p+2
for € € (0, ¢0). Therefore, no wq € % exists. O

We say that (v,w) € [? is symplectically orthogonal to the eigenvectors of the
generalized kernel if

(v,p(w)) =0, (w,du¢w)) =0,

where (u,v) := Y unw,. Under this condition, (v, w) € [? belongs to the invariant
subspace of the linearized problem (6) that complements its two-dimensional null
space.

To determine the time evolution of varying parameters (w,f) in the evolution
equation (5), we shall add the condition that z(t) is symplectically orthogonal to
the two-dimensional null subspace of the linearized problem (6). To normalize the
eigenvectors uniquely, we set

. IC
(8) Y= Tl Y2 Touew)ln

and require that

(9) <R6Z(t), ¢1> = (Imz(t), ¢2> =0.

By Lemma 1, both eigenvectors 1; and 1, are locally close to 1, the eigenvector of
H for eigenvalue wy, in any norm; that is, for any € € (0, ¢g), there exists C' > 0 such
that

(10) 1y — olliz + [y — Polliz < Ce.

Although the vector field of the time-evolution problem (5) does not lie in the or-
thogonal complement of 1), that is, in the absolutely continuous spectrum of H, the
difference is small for small € > 0. We shall prove that the conditions (9) define a
unique decomposition (4).

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 09/24/14 to 129.237.46.100. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

ASYMPTOTIC STABILITY IN THE DNLS EQUATIONS 2015

LEMMA 4 (decomposition). Fiz e € (0,ep). There exists 6 > 0 such that any
u € 12 satisfying

(11) u — d(wo + €)1z < e

can be uniquely decomposed by (4) and (9) with (w,0) € R? and z € [2. Moreover,
there exists C' > 0 such that

(12) lw—wo— €| < Cde, 0] <C5, |z < Ces.

The mapping u — (w,0,2) is a C* diffeomorphism.
Proof. We write the decomposition (4) in the form

(13) z=e" (u—¢wo+¢)) + (" Pwo + ) — pw)) -

First, we show that the constraints (9) give unique values of (w, #) satisfying bounds
(12) provided the bound (11) holds. To do so, we write w = wy + € + €2 with a new
parameter Q and rewrite (9) and (13) as a fixed-point problem F(2,6) = 0, where
F =F; + Fy : R? — R? is given by

_ | (8P cost -6 y)
Fu(8h,6) = [ ¢ sin 6, ) ’

(
(Re(u — ¢)e?® 1)) 1
( .

2200 = 5 n(u - ¢0)ei, 4y

Here ¢© := ¢p(wo + €), ¢V := p(wo + € + €9), and the factor ¢ % is included for
convenience. We note that F is C! in (£2,6) thanks to Lemma 1, F1(0,0) = 0, and
the Jacobian D(q ¢)F1(0,0) is given by

D= _67ﬁ+1 <aw¢(0)a §O)> 0
0 e 2 (¢, )y |

where 91") = 91 luwote and 9,6 = 8,¢(wo + €). Thanks to the bound (11) and
the normalization of 1, ,, there exists an (e, d)-independent constant Co > 0 such
that

[F2(2,0)[| < Cod ¥(2,0) € R®.
On the other hand, there exist e-independent constants C7, Ce > 0 such that

|Duy| = 5_%+15w|\¢(0)”z2 > (1,

— 102001z
100612

As a result, D is invertible for small ¢ > 0 independently of §. By the Implicit
Function Theorem, there exists a unique root of F(€2,60) = 0 near (0,0) for any u
satisfying (11) such that the first two bounds (12) are satisfied. Existence of a unique
z € [? and the third bound (12) follows from the representation (13) and the triangle
inequality. Since F(€2, ) depends linearly on u, the fixed point of F(Q,0) is C! with
respect to u, so that the mapping u + (w,,2) is a C* diffeomorphism. d

|Dog| =€ > (.
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Assuming (w,f) € C'(R,,R?) and using the decomposition (4), we define the
time evolution of (w, ) from the projections of the time-evolution equation (5) with
the symplectic orthogonality conditions (9). The resulting system is written in the
matrix-vector form

(14) Awa) | ;9 | =t

—w
where

_ <6wqb(w),1,b1> - <Rez,8w1/;1> (Imz, )
Alw,z) = [ (Imz, O,1b5) ($(w) + Rez, 1,) }

and

F(w,2) = { (ImN(¢p + z) — Wlmz, ;) }
’ (ReN(¢p + z) — N(¢p) — (2p + 1)WRez,v,) |

Using an elementary property for power functions, there exists C, > 0 such that
lla +b*"(a +b) — [a]*Pa| < Cp(|al[b] + [b]*"*1)  Va,be C.

As a result, we bound the vector fields of (5) and (14) by

(15)  IN((w) +2) - Nl < C (¢l + 21*)
and
2
(16) [£(w,2)l| < C > (@)~ 4112l + [l1e; 112>+ 1)
j=1

for some C' > 0, where the pointwise multiplication of vectors on Z is understood in
the sense of (|¢||¥])n = dntn. By Lemmas 1 and 4, A(w,z) is invertible for a small
z € 12 and a small € € (0, ¢g) so that solutions of system (14) enjoy the estimates

(17) o < Ce*w ([l |l [l + [llepallzl )
(18) 10 —w| < Ce 77 (1|12l + [[19p2 12|l )

1
for some C' > 0 uniformly in ||z||;2 < Cpe?» for some Cp > 0.

Remark 3. The estimates (17) and (18) show that if ||z]/;z < Cée for some
C > 0, then

(19) lw(t) — w(0)| < C§2e?, ‘9(75) —/Otw(t’)dt’ < Cé% VYt el0,T),

for any fixed T' > 0. These bounds are tighter than the bounds (12) of Lemma 4. They
become comparable with bounds (12) for larger time intervals [0, T], where T < %
for some Cy > 0. Our main task is to extend bounds (19) globally to T' = co.
Thanks to estimate (7), the stationary solution e~*“!¢(w) is orbitally stable for
a fixed w near wy [27], so that a trajectory u(t) of the DNLS equation (1) originating
from a point in a local neighborhood of solution ¢(w(0)) in Lemma 1 remains in a local
neighborhood of the solution orbit e=®® ¢ (w(t)) for all t € R, where time evolution
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of (w(t),8(t)) obeys system (14) and the remainder term z(t) = e®u(t) — p(w(t))
satisfies system (5). To prove the main result on asymptotic stability, we need to show
that w(t) approaches some woo € (wo,wo + €) as t — 0o, whereas the remainder term
z(t) decays to zero in {*° norm as t — co. Our main result is formulated as follows.

THEOREM 1 (asymptotic stability in the energy space). Assume (V1)-(V3), and
fity=+1andp > 3. Let ¢ > 0 and § > 0 be sufficiently small, and assume that
0(0) =0, w(0) =wo + ¢, and

[a(0) — ¢(wo + €)||2 < de.

Then, there exist 0o € R, we € (wo,wo + €0), (w,0) € CHR4,R?), and y(t) =
u(t) — e ?Wep(w(t)) € X := CY(R,,1?) N LO(R,, 1) such that u(t) solves the DNLS
equation (1) and

— 00

tlggo <9(t) _/0 w(s)ds) = b0, tlim w(t) = Weo,
lim u(t) — e (w(t)]i= = 0.

t—o0

Remark 4. The result remains true for the focusing case v = —1 with the only
difference being that the local bifurcation of Lemma 1 occurs in the domain (wo —
€0, wp]. Without loss of generality, we shall develop an analysis for the defocusing case
v = +1 only.

Theorem 1 is proved in section 4. To bound solutions of the time-evolution
problem (5) in the space X (intersected with some other spaces of technical nature),
we need some linear estimates, which are described in section 3.

3. Linear estimates. We need several types of linear estimates; each is designed
to control different nonlinear terms of the vector field of the evolution equation (5).
For notational convenience, we shall use L} and 2 to denote LP space on ¢ € [0,7]
and [9 space on n € Z, where T' > 0 is an arbitrary time including T' = co. We will
use spaces L¥1¢ and [¢ LY with the norm

T 1/p 1/q
|f|szz=</0 Ilf(t)lli’zdt) , ||f||lm=<2||fn||if> .

nez

The notation (n) = (1 + n?)'/? is used for the weights in I¢ norms. The constant
C > 0 is a generic constant, which may change from one line to another line.

3.1. Decay and Strichartz estimates. Under assumptions (V1)-(V2) on the
potential, the following result was proved in [21].

LEMMA 5 (dispersive decay estimates). Fiz o > 3 and assume (V1)-(V2).
There exists a constant C' > 0 depending on 'V such that

(20) [(n)=7e " P, .. (H)le% < CA+1) 32 (n) e,
(21) e Py (HE|| oo <C(AL+8)3IE]2

for allt € Ry, where P, . (H) is the projection to the absolutely continuous spectrum
of H.
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Remark 5. Unlike the continuous case, the upper bound (21) is nonsingular as
t — 0 because the discrete case always enjoys an estimate [|f[,. < ||z < [/f]];s .

Using Lemma 5 and Theorem 1.2 of Keel and Tao [10], the following corollary
transfers pointwise decay estimates into Strichartz estimates.

COROLLARY 1 (discrete Strichartz estimates). There ewxists a constant C' > 0
such that

(22) HeiitHPa-&(H)fHLfﬁl;zme;’QlE1 < C”f”l%’

<Clgllruz-
LI NLSeI2

(23) ‘ /0 it Pa.c.(H)g(s)ds

We say that (r,w) is a Strichartz pair if 2 < r,w < oo, and & + 2 < 1. For any
Strichartz pair (r,w), there exists 2 < w < w, so that %4— % = 1. It follows that there

is 7 € [0,1] such that
11 1 1
S i) =7z 1 2.
(F2) =7 (59) r0-n (02)

By the embedding I < [, the GagliardoNirenberg inequality (also known as the
log-convexity of the [P norms), and Young’s inequality, we have for all Strichartz pairs

24) Nfllzpiy < fllepue < UENT o £ < Ellngiee + 1l ez = €] Loroemgen -

3.2. Time averaged estimates. To control the evolution of the varying param-
eters (w,#), we derive additional time averaged estimates. Similar to the continuous
case, these estimates are needed only in one dimension, because the time decay pro-
vided by the Strichartz estimates is insufficient to guarantee time integrability of w(t)
and 0(t) —w(t) bounded from above by the estimates (17) and (18). Without the time
integrability of these quantities, the arguments on the decay of various norms of z(t)
satisfying the time-evolution problem (5) cannot be closed.

LEMMA 6. Fiz o > 5 and assume (V1) and (V2). There ezists a constant C > 0
depending on 'V such that

(25) [(n)=3/2e~ 1 p, . (H)fl[ioo 2 < C[fl12
(26) [ e P (E | < Ol Py
Ry "
t .
(27) \<n>” [ e | <l Fl s,
0 e L3
t
28 n)=7 | et Hp (H)F(s)ds < O||F|| ;1,2
(28) (n) Ll2
0 I>L?
t
(29) / c—i=9H p ()R (s)ds < ()T e
0 LS NLeI2 "

To proceed with the proof, let us set up a few notations. First, introduce the
perturbed resolvent Ry (A\) := (H — \)~! for A € C\[0,4]. We proved in [21, Theo-
rem 1] that for any fixed w € (0,4), there exists R‘jﬁ (w) = lim,} o R(w=i€) in the norm
of B(o,—0) for any 0 > 1, where B(o, —0) denotes the space of bounded operators
from 12 to 12 .
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Next, we recall the Cauchy formula for e®#
. 1 1 4
(30) e p, . (H) = —/ e "™ ImRy (w)dw = =— [ e ™[R (w) — R~ (w)] dw,
T Jo 2mi Jy

where the integral is understood in norm B(c, —c). We shall parameterize the interval
[0,4] by w =2 — 2cos(f) for 0 € [—m,7].
Let x0,x € C§° : xo+x =1 for all § € [—m, 7], so that

suppxo C [—6o, 00] U (—m, —m + ) U (7 — 6o, )
and
suppx C [00/2, 7 — 6p/2) U [—7 + 00/2, —00 /2],

where 0 < 6y < 7. Note that the support of x stays away from both 0 and 7.
Following Mizumachi [17], the proof of Lemma 6 relies on the following technical
lemma.

LEMMA 7. Assume (V1) and (V2). There exists a constant C > 0 such that

(31) sup IXBY (@)l 22 0.4) < ClE iz
ne

(32) sup 1)~ 2 x0 Ry ()£ 22, 0,9) < Ol iz
ne

The proof of Lemma 7 is developed in Appendix A. Using Lemma 7, we can now
prove Lemma 6.

Proof of Lemma 6. Let us first show (27), since it can be deduced from (20);
however, it can also be viewed (and proved) as a dual of (25) as well. Indeed, (27) is
equivalent to

< [IGlliy -

Lt

)77 [P (1) )70 Gs)ds

Let G = {gn(t)}» € [LL?. In order to separate the n variable from the ¢ variable,
write gn(s) = Y., On.noGno(s). By Minkowski’s inequality, the embedding I* < 1,
and the dispersive decay estimate (20) for any o > g, we have

t
(n)= / e Py (H)(1) ™" Y S Gna () ds
0 no

<0y
<CZ‘

il

t
‘/0 () =7 e I Py e (H) (1) ™7 g 12 1o (5) 1 ds

/t |gno (5)|ds
o (L+t—1s)3/2

where, in the last step, we have used the Hausdorff-Young inequality L' * L? — L2.

We show next that (26), (28), and (29) follow from (25). Indeed, (26) is simply
a dual of (25) and (26) is hence equivalent to (25). For (28), we apply the so-called
averaging principle, which tells us that to prove (28), it is sufficient to show it for

L?

<CY lgnollzz = ClIGl p2,
no

L?
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F(t) = 6(t — to)f, where f € [2 and §(¢ — tg) is Dirac’s delta-function. Therefore, we
obtain

t
<n>_g/ e—i(t—s)H5(8 —tg)Pa.c.(H)fds
0

I Lt
= |[(n) =7~ T Py (H)E e 12

= H<n>73/267i(t7t0)HPa.c.(H)le:fo

< C|flle,

where, in the last step, we have used (25).
For (29), we argue as follows. Define

TF(t) = /R e M= p (H)F(s)ds

e [ Ees)
=e P, . (H)f,

where f = [, e P, . (H)F(s)ds. By an application of the Strichartz estimate (22)
and subsequently (26), we obtain

ITF| Loienrz=iz < Cllflliz < ||<n>3/2F||l}lL%
< O(n)°Flliz 2 = Cll(n)*F| 232,

where, in the last two steps, we have used Holder’s inequality and the fact that (2
and L? commute. Now, by the Christ-Kiselev lemma (e.g., Theorem 1.2 in [10]),

we conclude that the estimate (29) applies to fot e~ t=)Hp . (H)F(s)ds, similar to
TF(t). To complete the proof of Lemma 7, it remains only to prove (25). Let us write

eiitHPa.c.(H) = XeiitHPa.c.(H) + XOeiitHPa.c.(H)'

Take a test function g(t) such that ||g[|;1 .2 = 1 and obtain

4
L / <XImRV(w)f,/eitwg(t)dt> dw‘
T 1Jo R n

4
gCA(W&&dﬂ@WWMW

< CIXBE (w)Ellise 12 (0,4 1€ll11 22 (0,4)-

‘(Xe*itha,c. (H)E, g(t))

n,t

By Plancherel’s theorem, [|gllin12(0,4) < [[8llixz2®) < lI8ll 22 = 1. Using (31), we
obtain

Ixe " Poc.(H)E|l o pp = sup |(xe™ ™ Poc(H)E.8(1)), | < Clfl.
o ”ng%szl ’
Similarly, using (32) instead of (31), one concludes
H (n)=32x0e "M P, .. (H)fH = sup ‘(Xoe*”HPa.c. (H)t.g(t)),,,
BPEE l(n)*/ gy 2=1
< O[]l -
Combining the two estimates, we obtain (25). a
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4. Proof of Theorem 1. Let y(t) = e *()z(t) and write the time-evolution
problem for y(¢) in the form

iy = Hy + g1 + g2 + 83,
where
g1 = (N(¢p+ye”) —N(p)) e ™™, go=—(0—w)pe ™, g5=—iwd,p(w)e .

Let Py = (-, %)%y, @ = (I — Py) = Pa.c.(H), and decompose the solution y(¢) into
two orthogonal parts

y(t) = a(t)tho +n(t),

where (n(t),¥) = 0 and a(t) = (y(t), ¥). The new coordinates a(t) and n(t) satisty
the time-evolution problem

{ ZCL = woa + <g, ¢0>,
in = Hn+Qg,

where g = 2?21 g;j. The time-evolution problem for 7(t) can be written in the
integral form

t
(33) n(t) = e Qn(o) i [ eI Qg(s)ds.
0
Fix ¢ > g, p > 3, and introduce the norms
My = HTIHL?z;oa My = HTI”L;’OIE“ M; = ||<n>*"n|\z;oLg,

3

t
m=w@m=ww,m=ww@maMFW—/ww
0 Lge

where the integration in time t is performed on an interval [0,7] for any 7" > 0
including 7' = co. Our goal is to show that & and § — w are in L}, while the norms
above satisfy an estimate of the form

My + My + Mz < C([y(0)[|iz + €' 7% (M; + My)?)

(34) + C (M + May)(e + M) + MEMZP ™+ (My + M)+,
(35) My + M5 < C(M2+M3+M4+M5)(€+M6),

(36) Mg < C> v (Ms + My)?,

(37) My < Ce' ™% (Ms + My)?,

where C' > 0 is T-independent and (¢, §) are fixed by the initial conditions
0(0) =0, w(0)=wo+e, and [ly(0)]pz < be?.

The estimates (34), (35), and (36) allow us to conclude, by elementary continuation
arguments, that

My + Ma + M + My + M5 < C|ly(0)];2 < Coe?
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and

< 5%
L

t
|w—wo — €L < CH€?, HH—/ w(s)ds
0

for any T € (0,00). By interpolation, a € L¢ so that y(¢) € L°([0,7T],1°). Note that
the second bounds agree with (19) of Remark 3.

Let us now take the opportunity to discuss the continuity of ¢t — (w(t), 8(t), z(t)).
First, by Lemma 2, we have that u(t) € C'(R,[?). Hence, by the decomposition
(4) we infer that z(t) € L>(Ry,1?). Once that is established, we have by (14) that
(W, 8—w) are locally bounded functions; hence (w, 6) are continuous. A re-examination
of (4) yields that z(t) is continuous as well. Furthermore, by the integral formulation
of system (14) and smallness of z(t), we thus have that (w, ) € C1([0,T],R?). Since
u=e'Dp(w(t)) +y(t) and u(t) € C'(R,1?), this implies that y(t) € C*([0,T],1?)
by uniqueness of the decomposition in Lemma 4.

Theorem 1 holds for T' = oo. In particular, since w(t) € Lj and [lw —wo —€[[Le <
C62€2, there exists woo 1= limy oo w(t) such that we € (wo,wo + €g). Similarly, since
0(t) — w(t) € L}, there exists 4 € R such that

Jim <9(t) _ /O tw(s)ds) 0.

In addition, since y(¢) € L5(R4,[°) and y € C(R4,[2°), then
. e o _
Tim [[u(®) — e~ PO (w(®) iz = Jim [y(®)]iz = 0.

Estimates for Mg and My. By the estimate (17), we have

T
. -1 — 40 o o
/ wldt < C 7 [{n) >y 2riee (10> %1 lLoorn + [1(n)* gl e
0
_1 —
< C77|(n) "yl 12
< Ce v (Ms + My)?,

where we have used the fact that 1, and 1, decay exponentially as |n| — co and
that [|w —w(0)|[zs is found to be small. As a result, we obtain

T
Me < / |W|dt < 062_%(M3 =+ M4)2.
0
Similarly, we also obtain that
T )
My < / 0 — wldt < Ce' ™5 (M3 + My)?.
0

Estimates for My and Ms. We use the projection formula a = (y,,) and
recall the orthogonality relation (9), so that

<Z7¢O> = <ReZ, 1»[;0 - ¢l> + 7;<IInZ7"pO - ¢2>

By Lemma 1 and definitions of 1, 5 in (8), we have

1(n)*? (g — 1 2)[liz < Clw — wol.
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If o > %, we obtain

My = [z, %0) 22 < [(Rez, ¥ — Y1) 12 + [[(Imz, ¢y — o) |2
< n) =272l 22 (110> (g — ) lzeiz + [1(2)*7 (g — o) || L2oi2 )
< CO{n) 7yl 2 llw — wollLze < C(Ms + Ma)(e + Me)

and, similarly,

Ms = |[(z,%¢) L3 < [[(Rez, g — 1) || + [[(Imz, 9y — s | Lo
<Nyllesee (1o — ®i)llpseiz + (Yo — o)l Lz ) < C(Ma + Ms)(e + M),

where we used the triangle inequality
[w = wol|Lge < [w(0) — wol + [Jw — w(0)[| g = € + M.

Estimates for Ms. The free solution in the integral equation (33) is estimated
by (25) for o > 3 as

1(m) =7 e~ Qn(0) 120 12 < l[(n)~*/ 2™ Qn(0) 150 12 < ClIn(0) 2.

Since w and f — w are L; thanks to the estimates above, we treat the terms of the
integral equation (33) with go and gg similarly. By (28), we obtain

t
)7 [ e Qg (s)as
0

I Lt

< C (lglluas + llgsllzis )

<C (Hé - w||L}H¢(W)HL§°z§ + ||@||L}||3w¢(w)||Lg°l%)
< Ce' "% (M + M),

On the other hand, using the bound (15) on the vector field g;, we estimate by (27)
and (28)

t
<7’L>7U/ efz(tfs)Hle(S)ds
0 i 2
< ()7 1o(@) [zl L2 + 121 | 1z

<C <|<n>_UY||l;OL§|<n>o|¢(w)|2p|L§°l}L

2p+1 2p+1 2p+1
+ a2 o8 + I gores )
t n t n
2p—1 2p+1
< C <(M3 + M4)(€ + Mﬁ) + MZMSP + ||n||ng+1l2(2p+1)) )
t n

where we have used the bounds
2p+1 2p—1
o258 < Nal 32 all2
and

()] (w)|*P |1y < Cllw — wol|Lse-
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To deal with the last term in the estimate, we note that, if p > 3, then ((2p + 1),

2(2p + 1)) is a Strichartz pair satisfying Til + m < 1. Bound (24) gives

[l vy < C (Il g + Imlliers ) = C(Ma + Ma).
Combining all previous inequalities, we have
My < C (IIn(0) iz + € (M + Ma)? + (Ms + Ma) (e + Mo)
FMEMZPY 4 (M + M2)2p+1) :

Estimates for M; and M. With the help of (22), the free solution is estimated
by

le™ " Qn(O) Lerze =iz < Cln(0)]lez.

With the help of (23), the nonlinear terms involving go 3 are estimated by

The nonlinear term involving g; is estimated by the sum of two computations thanks
to the bound (15). The first computation is completed with the help of (29),

t
/ efz(tfs)Hngﬁ(S)dS
0

< C (lgllug + llgsllziz )

LI NL5eI2

< Ce' =3 (M3 + My)2.

t
/O i1 Qb (w) 2]y |ds

< Cll(m)*d(w)* [yl 22z

< H<">3+U|¢(W)|2p||Lgolg||<”>7UY|\130L3
S C(M3 + M4)(€ + Mﬁ),

LSlenLgel2

whereas the second computation is completed with the help of (23),

2p+1
<Oy i < Clyl s e
t

t
H/ e—i(t—s)HQ|y|2p+ldS
0

LSlenLgel?

<c (J\ﬁMS?p*1 (M, + M2)2p+1) ,

if p > 3. We conclude that the estimates for M; and M, are the same as the one
for Ms.

5. Numerical results. We now add some numerical computations which illus-
trate the asymptotic stability result of Theorem 1. In particular, we shall obtain
numerically the rate at which the localized perturbations approach asymptotically to
the small bound state. One advantage of numerical computations is that they are
not limited to the case of p > 3 (which is the realm of our theoretical analysis above)
but can be extended to arbitrary p > 1. In what follows, we illustrate the results for
p = 1 (the cubic DNLS), p = 2 (the quintic DNLS), and p = 3 (the septic DNLS).

We use the same example of the single-node external potential with V,, = —dy 0,
n € Z, as in section 2. Solutions of the stationary DNLS equation (2) exist for w in a
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Fia. 1. Two profiles of the bound state of the stationary DNLS equation (2) for Vi, = —én.0,
p =1, and for w = —2 (solid line with circles) and w = —5 (dashed line with stars).

local neighborhood of the negative eigenvalue wy = 2 — /5 of H = —A + V. We shall
consider numerically the case v = —1, for which the stationary solution bifurcates to
the domain w < wy (Remark 4). Figure 1 illustrates the stationary solutions for p = 1
and two different values of w, showcasing its increased localization (decreasing width
and increasing amplitude), as w deviates from wy toward the negative domain.

In order to examine the dynamics of the DNLS equation (1), we consider single-
node initial data w,, = Aé, ¢ for any n € Z, with A = 0.75, and observe the temporal
dynamics of the solution u(t). The resulting dynamics involves the asymptotic re-
laxation of the localized perturbation into a small bound state after shedding some
“radiation.” This dynamics was found to be typical for all values of p = 1,2,3. In
Figure 2, upon suitable subtraction of the phase dynamics, we illustrate the approach
of the wave profile to its asymptotic form in the [°° norm. The asymptotic form is
obtained by running the numerical simulation for sufficiently long times, so that the
profile has relaxed to the stationary state. Using a fixed-point algorithm, we identify
the stationary state with the same [? norm (as the central portion of the lattice)
and confirm that the result of further temporal dynamics is essentially identical to
the stationary state. Subsequently the displayed [°° norm of the deviation from the
asymptotic profile is computed (locally, in the central portion of the lattice), appropri-
ately eliminating the phase by using the gauge invariance of the DNLS equation (1).

We have found from Figure 2 in the cases p = 3 (top panel), p = 2 (middle
panel), and p = 1 (bottom panel) that the approach to the stationary state follows
a power-law which is well approximated as o< t~3/2. The dashed line in all three
figures represents such a decay in each of the cases. We note that the decay rate
observed in numerical simulations of the DNLS equation (1) is faster than the decay
rate o< t~ /=¥ 1 > 0, in Theorem 1.

Appendix A. Proof of Lemma 7. For the proof of Lemma 7, we will have to
show both the “high frequency” estimate (31) and the “low frequency” estimate (32).
To simplify notation, we drop the boldface font for vectors on Z in the appendix.
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FIG. 2. Evolution for p =3 (top), 2 (middle), 1 (bottom) of |ju(t) — e~ 0™ ¢(weo)|| (computed
in the central portion of the lattice converging to the stationary state) as a function of time in a
log-log scale (solid) and comparison with a t=3/2 power law decay (dashed).
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A.1. Proof of (31). Recall the finite Born series representation of Ry,
(38) R(w) = Ro(w) — Ro(w)V Ro(w) + Ro(w)V R(w)V Ro(w),

which is basically nothing but the resolvent identity iterated twice. We have shown in
[21] that for the “sandwiched resolvent” Gy w(w) = URy (w)W, we have the bounds
(see estimate (33) in [21])

d
(39) w3 Gl + | 556 )] < CIUT W

oc[—m,m] 7,

for any fixed o > 2, where w = 2 — 2 cos(f).

For the three pieces arising from (38), similar arguments apply. Starting with the
free resolvent term, we have
2

4 T
+ 2 X i0|lm—n|
sup/xR wfndwngup/ - e fm| db
sup | X< Comp [ | 5
2 2
< Csup/ et + e~ myp dé.
neZJ|0|€[0o/2,m—00/2] ngn 17;11

Introducing the sequence

n L fm7 m > n,
(g )m'_{ 0, m<n,

we see that the last expression is simply C(||§%||2L2[90/2’ﬂ_90/2] +Hf—g"|\%2[90/27ﬂ_90/2]),
which is equal by Plancherel’s identity to

Cllg"ll7= + I1f = g"lI72 < 2C| flI7o-

For the second piece in (38), we use that || R (w) |1 L < C/sin(h) and |sin(8)| >
Cy on [0p/2,m — 0y /2] for some Cy > 0 to conclude

2
REW)VRE W) f|2- </L V|| RE (w) ful | b
Sup IR VA (@) fli300 < | aagy | 22 Wl @)l

nezZ
T 2
<OV sup / X | (BE (@) F)a] do,

by the triangle inequality. At this point, we have reduced the estimate to the previous
case, provided that V € 1.
For the third piece in (38), we make use of (39). We have, similar to the previous
estimate,
sup IXRG (w)V R (@) VRE (w) £ 172 0.4
= sup xRy (w)V RG ()| VI *sen(VIV* Ry (@) 123 0.

= sup IXRG (@)Gy, v /2ean() VIV Ry (@) 11172 (0,0)

< CIV I IIVI21 11V sup / NI(BE @) f)a a6,

—T

where, in the last inequality, we have again reduced the estimate to the first case.
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A.2. Proof of (32). We only consider the interval [—6p, 6] in the compact
support of xo(6) since the arguments for other intervals are similar. Following the
algorithm in [17] and the formalism in [21], we let ¥)*(6) be two linearly independent
solutions of

(40) ¢n+1 + 1/)n—l + (UJ - Z)wn = n¢na nc Z,

according to the boundary conditions |15 — e — 0 as n — +oo. Let ¥ (0) =
eTm9WE(9) for all n € Z. Using the Green function representation, we obtain

vi0) =1~ 1= e 20 ) v w (6),

2sin6‘ (

U (0) =

n

2sm6‘ ( em m)) Vin Wi (0).

The discrete Green function for the resolvent operators R*(w) has the kernel

_ 1 4 (01)1,,(0+) for n>m,
I T { ()

where 0_ = —64, _ € [0,7] for w € [0,4], and W(0) = W, ¢~] = ¢, —

U 1%, is the discrete Wronskian, which is independent of n € Z. We need to
estimate

||Xoij5(w)f||2L2 (0,4)

_ 2Xosm9d9 < Z Ul O (0) fn + Y (9)w$(9)fm> :

- m=—o00

We may assume that n > 1 for definiteness and split

n—1 n—1 -1 -1
D U@ fm =Y VO fmt D €t Y (V1) fin = LD+
m=—o0 m=0 m=—o0 m=—o0

and

o0

ST UEO =Y e+ S e (W (0) ~ 1) fn = La + I,
We are using the scattering theory from [21] to claim that

(41) sup  ([[E(0) 1= (z) + 1 (n) " TEO) |12 (2)) < 00,
0€[—00,00]
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where (n) = (14 n?)'/2. Then, we have

1/2 1/2

n—1 n—1
Ll < (D 1w, 0) Yol < CmPlf e,
m=0 m=0
-1 1/2 1 1/2
LI< | > W0 -1 > Al
<Cy|| Y Im—k[[Vi] £l
h=—eo 12,(2-)
. /2 ; 1/2 oo
< | D [95(0) -1 Solfal ) <G| Ik —m|[Vi I1£1l:2
m=n m=n I=m 12 (Z4)
for some C7,C3,Cs > 0. We note that
Z Im — k|| Vi < Z Im — k|| V| < G|Vl
h=meo 2.z k=meo 1h,(2-)

for some Cy > 0. Therefore, the brackets in I3 and I are bounded if V € I3 for
o> g Since Iy and I, are given by the discrete Fourier transform, Parseval’s equality
implies that

/ (12 + I2) d9 < Cu £

—T

for some Cy > 0. Using now the fact that |W(6)| > Wy and | sin 6| < Cp uniformly in
[—00, 00], the support of xo(#), and using the property (41), we obtain

X0 R (@) fll72 0,09 < C (1+ (0)* + (1)) (| FII,

which gives (32).

Acknowledgment. When the paper was essentially complete, we became aware
of a similar work of Cuccagna and Tarulli [6], where asymptotic stability of small
bound states of the DNLS equation (1) was proved for p > 3.
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