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Abstract

In this paper, we consider the following lattice Schrédinger equations

ign (t) = tanm(na + ) (t) + €(gnr1(t) + dn-1(t)) + 60a () ]gn (8)*"*an (1),

with « satisfying a certain Diophantine condition, z € R/Z and 7 = 1 or 2, where
vn(t) is a spatial localized real bounded potential (i.e. |v,(t)| < Ce=?I"l). We prove
that the growth of H' norm of the solution {g, (t)}nez is at most logarithmic if the
initial data {g,(0)}nez € H! for € sufficiently small and a.e. z fixed.

Furthermore, suppose the linear equation has a time quasi-periodic potential, i.e.,

ign (1) = tanm(na + 2)qn(t) + e(qni1(t) + gno1(t)) + 00, (6° + tw)qn(t),

then the linear equation can be reduced to an autonomous equation for a.e. x and
most values of the frequency vectors w if € and § are sufficiently small.

Keywords: Tangent potential. Birkhoff normal form. Reducibility.

1 Introduction and statement of main results

The diffusion for a class of lattice Schrodinger equations with time-dependent linear
or nonlinear perturbation has been studied for several years. This problem falls within
the same general category of bounds on the higher Sobolev norms (H! or beyond) for
the continuum nonlinear Hamiltonian PDE in a compact domain, e.g., a circle or a finite
interval with Dirichlet boundary conditions, see e.g., [B1]. (Recall that typically the L?(¢?)
norm is conserved, so the H' norm is the first non-trivial norm to consider.)

In previous papers [BW1, BW2, WZ], the following random Schrédinger equations
under perturbation were considered,

ign = pngn + 5(Qn+1 + Qn—l) + 5nW(t)an (1'1)
idn = tnGn + €(@nt1 + Gn-1) + Onlgn|*qn, (1.2)

where {g,(t)}nez are complex variables in ¢2(Z) for each t € [0,40oc), the dot over g,
denotes the partial derivative with respect to t, u, are independent randomly chosen vari-
ables in [0, 1] (uniform distribution), 6,, decay with n fast and W(t) is quasi-periodic in ¢
with a Diophantine ! frequency. Spectral properties of the Schrédinger operator and the

e

(ke w)|1 > |I;y\f” YO #£ k € Z°, (1.3)



dynamical localized phenomenons of g, (t) were studied in those papers.

In this paper, we focus on a different model, where pu,, are chosen to be the tangent
potential. Indeed, we consider the one-dimensional discrete equations

ign(t) = tanm(na 4+ )qn(t) + (gnr1(t) + gn-1(t)) + dvp(t)gn(t), (1.4)
ig, (t) = tan w(na 4 ) qn (t) 4+ (qni1(t) + gu_1(t)) + 60, (t)|gn()|?an(t), (1.5)

where n € Z, v € T! = R/Z and « satisfies Diophantine condition. Moreover, the potential
{Un (t) }nEZ satisfies
on ()] < Ce?M, - p > 0. (1.6)

We are mainly interested in two topics about equations (1.4) and (1.5). We will discuss
them separately in the following two subsections.

1.1 Growth of Soblev Norm

First, we are going to study the time evolution of the above equations, more precisely, to

bound the norm )
(S + ) ga®)P)?

NezZ

in terms of ¢t as t — +oo for the initial condition

> 1+ )] (0)P =1 (1.7)

NezZ

The expression in (1.8) is sometimes called the diffusion norm. The ¢2(i.e., HY) norm
S ez lan]? is a conserved quantity for (1.4) and (1.5)(see (5.2) in the Appendix). The
initial condition (1.7) shows the concentration on the lower modes ¢, at ¢ = 0, with
|n| not too large. The diffusion norm (1.8) measures the propagation into higher ones,
Gn, |n| > 1. If one interprets n as an index of Fourier series, then (1.8) is the equivalent
of H' norm for continuous nonlinear Schrédinger equations (NLS) on a circle. So in fact
one could also pursue higher moments:

N

lalle = { > (1+ [n*)ga(0)?}, (1.8)

nez

for p > 1, which correspond to HP norms.

We have the following bound on the diffusion norm (1.8) for equations (1.4) and (1.5).

Theorem 1 Let § be a fixed positive number, a be a fized Diophantine numbe and x € T
satisfy na+x # %—i—k for anyn,k € Z. Suppose that v, (t) satisfies the decay condition (1.6)
with p > 0 fized. There exists g = eo(a, z, p) sufficiently small such that if 0 < |e| < ey,

with some v > 0 and ¢ > d,then the vector w € R? is said to be a Diophantine vector of type (7v,0o).
Here (-,-) denotes the inner product on R¢, | - |; is the distance on T' and |k| = |ki| + --- + |ka|. If
w = (a,1) € R? is Diophantine, we say « is Diophantine.



then for any p > 1 and § > 0, the solutions {qn(t)}nez for (1.4) and (1.5) with initial
condition

1
190 [ grow10 = (D (1 + [n2r ) g, (0)]2)* =1
nez
will satisfy the following estimate:
> [nPlaa(D) < € + Cllogt) 27+, (1.9)

nez
where the positive constant C = C(a, x, 6, €, p,p, ) is independent of t .

The linear equation
gy (t) = tan(na + ) qn(t) + €(gnr1(t) + gn-1(t)),n € Z (1.10)

is called the Maryland model(see Appendix for more details about the Maryland model),
which corresponds to 6 = 0 in (1.4) or (1.5). The equation (1.10) corresponds to the
1-body approximation to the many body problem in the study of electron conduction. In
the many body cases, one needs to take into account the interactions among electrons,
which is a hard problem. In Maryland model, interaction is approximated by the tangent
potential and diffusion is obstructed by proving A. L., i.e., the existence of a complete set
of £? eigenfunctions which are well localized (actually uniformly localized) with respect to
the canonical basis of Z.

In this paper, we consider (1.10) perturbed by bounded, localized (in space), time-
dependent terms 6vy,(t)g, (linear case) or 6v,,(t)|qn|?q, (nonlinear case). Respectively, (1.4)
and (1.5). In these perturbated cases, spectral theory for linear operator is no longer
available. However, we are still interested in the persistence of A.L. with perturbations.

Considering the nonlinear case first, Geng and Zhao [GZ] have constructed time quasi-
periodic solutions to the standard nonlinear Schrédinger equation on Z':

iG, (t) = tan m(no 4 2)qn (t) + (gna1 (t) + qu_1(t)) + 6|qn|*qn, (1.11)

which corresponds to v, (t) = 1 for all n in (1.5). The desired soloution survived on a set of
(z, ) with positive measure and for a corresponding appropriate set of small initial data
with compact support. Clearly such initial data are a subset of ¢, satisfying (1.7). The
present theorem is an attempt to address the growth of Sobolev norm for more generic
initial data.

However, we have no idea for the Soblev bound for the standard equation (1.11) without
any decay condition. Decay condition (1.6) is crucial for the proof of Theorem 1. A similar
artificial decay condition appears in [BW2] when bounding the Soblev norm for nonlinear
random Schrodinger equation (1.2). Bourgain and Wang proved in [BW2] that ||¢|
grows more slowly than the polynomial of ¢ with any positive degree under the assumption
6, < g/|n|* for ¢ sufficiently small and A sufficiently large, compared with the logarithmic
growth (1.9) under the exponentially-decay condition (1.6) in (1.5). We need to point out
that the same strategy used in Theorem 1 is sufficient to prove polynomial growth in (1.5)
under the weaker decay condition |v,(¢)| < 1/|n|4.

The soblev norm growth of the solution to the standard nonlinear Schrédinger equa-
tion with either random or general quasi-periodic potential remains largely open. [WZ]



proved the so-called long time Anderson localization for the nonlinear random Schrodinger
equation for arbitrary ¢2 initial data. The term ‘long time’ indicates that the diffusion
remains small only between long enough but limited time interval. Few results were known
about the turely long time behavior of the solution.

In the present paper, we recast the Schrédinger equation as infinite-dimensional Hamil-
tonian equations of motion and uses Birkhoff normal form type transformations. However,
the proof of Theorem 1 is unlike [BW2] nor [GZ]. We do not need a series of symplectic
changes to get a better normal form but only one change. Even the multiplier § need not
to be small in comparison with [BW2, GZ]. In [BW2], symplectic transforms were make
to construct energy barriers centered at some ng € Z,ng > 1 of width logng, where the
terms responsible for mode propagation are small. In [GZ], the KAM scheme for infinite
Hamiltonian PDE was developed to construct finite dimensional invariant torus. Both of
them need to deal with small divisor problem and remove the resonant frequencies.

The proof of the present theorem relies strongly on the localization result for the Mary-
land model due to Bellissard, Lima and Scoppola [BLS]. According to [BLS](see Theorem
4 in Appendix), under the assumption of Theorem 1, we make a symplectic transform

from HP*5" to HP(for any p > 1 and § > 0) to render the Hamiltonian (2.4) into a
normal form amenable to the proof. The main feature of this normal form, to be spelt
out completely in (2.7) is that the mode propagation terms decay fast along the diagonal
direction. In the following two sections, we shall show the structure of the transformed
Hamiltonian and then calculate the growth of Sobolev norm(1.9) directly from the new
Hamiltonian(2.7). Then (1.9) will be a consequence of the bound of the unitary transfor-
mation. We note that in those two sections, linear case (1.4) and nonlinear case (1.5) will
be treated together, no essential difference is involved.

1.2 Reducibility for Linear Equation

For linear equation (1.4), we want to proceed further. Indeed, we can consider a more
general linear equation under time-dependent perturbations, i.e.,

i¢y = tanm(na + x)qn + €(Gng1 + n-1) + IV(t)@)n, n € Z, (1.12)
where V(t) : £2(Z) — ¢%(Z) is a bounded operator for any ¢ € [0, +00), defined by
(V(t)Q)n = Z Umn(t)Qma n ez, (113)
MmeEZ

for each ¢ = (gn)nez € £ with the coefficients vy, (t) satisfying
[Umn ()] < CemPmlFinl) =y 5, (1.14)

In Section 2, we will see that the Hamiltonian associated to (1.12) can be treated in the
same way as the Hamiltonian associated to (1.4). Consequently, the diffusion bound (1.9)
remains correct for (1.12).

A more special case is

U (£) = { “E)t)’ Z ; Z Ym,n € Z, (1.15)



which corresponds to equation

i¢p, = tanm(no + z)gn + £(qnt1 + gn-1) + 6v(t)gn, n € Z. (1.16)

This equation can also be transformed to an explicitly solvable one
1Qn(t) = (Qn + 60(1)Qn(t), n € Z. (1.17)

The corresponding Hamiltonian is completely diagonal and there is no interaction between
different modes(i.e., Qp, Qm,n # m). Thus,

1R = 1QO) |z

and
gz < Cllg(O)[|gr,  VE> 0. (1.18)

The reason we are interested in the linear case (1.4) is not only the above generalization
but also the following reducibility result: if the time-dependence on t of the potential
Umn(t) is quasi-periodic, then the linear Schrodinger equation with such potential can be
reduced to an autonomous equation for most values of the frequency vector.

To be precise, we study the following time quasi-periodic Schrédinger equation:

i¢, = tanm(no + z)qn + €(gnt1 + qn-1) + 0 Z Vi (W) @, M € Z, (1.19)
meEZ
where w = (wq, - -, wyq) € T¢
To proceed further, we assume v, (01,--+,04) = vmn(0) are functions on the d-

dimensional torus T¢ = R?/Z¢, and the frequency vector w is regarded as a parameter
chosen from O = {y € R?: |y| < 1} € R? . The function v,,,(#;w) is C'-smooth in (6, w)
and is analytic in 0 for any m,n € Z. For some R > 0, v, (0) can be extended analytically
in 8 to the domain

T% ={z= (21, -, 24) €CY2%: |S2| <R, i=1,---,d}.

We have the following reducibility result for (1.19).

Theorem 2 Suppose that vy, in (1.19) satisfies
v (et)] < e PmHD 50,

Let « be a fixed Diophantine number, x € T satisfies no + x # % + k for any n,k € Z.
For e = e(a, z, p) sufficiently small, there exists 6o = do(e,d, R) > 0, such that the non-
autonomous equation (1.19) can be analytically reduced to an autonomous equation.

More precisely, for any 0 < § < dg(e,d, R), there exists a Cantor set Oz C T%, such
that for any w € Og, 6 € T?, there exists a complex linear isomorphism ®(0) = ®(wt; )
in the space (>(Z) with the following properties:



(T1) ®(0) = ®(wt;4) is analytic in 6 € T% and depends smoothly on w;
(T2) ®(0) transforms equation (1.19) into an autonomous system of the form

iQn(t) = (KQ)n(t) = 2uQu(t) +6 D AnnQu(t), Q1) = ®(wi)q(?t), (1.20)

mezZ

here K is a Hermitian operator depending smoothly on w but independent of t, and {2, }nez
are of the form Q(na + ) 2;
(T3) ®,Q, A, Os meet the estimates

1®(6) — Id||,> < B9,
[Q2(na + x) — tanm(na + 2)|[supr) < Cé,
| Apn| < Ce™ 9P maz{ml.Inl},

meS(Td — Oé) < C6",

where C' > 0,k > 0 depend only on d, R and 8 depends on d, R,w.

Remark 1.1 The linear operators in the right hand side of linear Hamiltonian equation-
s (1.19) and (1.20) are complex linear Hermitian transformations. So the flow-maps of
these equations are complex linear, symplectic and unitary. The conjugating transforma-
tions U(0) are complex linear. It can be shown that they also are symplectic. Hence, they
are unitary. So the conjugations respect all structures, preserved by Eqs. (1.19) and (1.20).

The motivation for studying (1.19) comes from questions of Anderson localization for
non-linear Schrodinger equations (see e.g., [DS, FSW] for random model), which in turn
is a approximation to the many body problem mentioned earlier.

On the other hand, we remark that linear Schrodinger equations with time-dependent
potential in the form

igtu = Au+ V(t,z)u, u(t,z) € L2(T?) (1.21)
is considered more extensively in the continuum medium. For details, see e.g. [B1, B2, W1,
W2, EK, N]. The problem of growth of solutions for the linear Schrédinger equation with
time quasi-periodic and with smooth bounded potentials was considered by J. Bourgain
in [B1, B2], respectively. In [B1], it was shown that for a Diophantine frequency vector w
Sobolev norms of any solution for (1.21) grow with ¢ at most logarithmically, while results
of [B2] imply that for any w each Sobolev norm grows slower than any positive degree of t.
Wang has strengthened the result of [B2] on the circle in [W1]. In contrast, it was proven
by Nersesyanin in [N] that with the additional assumption that the time dependence is
random, the Sobolev norms are unbounded with probability 1.

Eliasson and Kuksin have specified these results for ‘typical’ vectors w in any dimen-
sion. In [EK], it was shown that the Sobolev norms of solutions for Eq. (1.21) remain
bounded in time, provided that the frequency vector w is ‘typical’. Wang [W2] proved the
norms of the solutions may stay bounded also in the opposite case when w is ‘completely

2Q)(2) is a period 1 meromorphic function on Dr = {z € C : |3z| < R}. See details in the Appendix.



resonant’ for Eq. (1.21) where d =1 and w = 1.

However, in the discrete case, there are very few results on the bound of Soblev norms.
At present, it seems difficult to completely understand the long time behavior of the
solutions for lattice PDEs with generic intial value. Only the nonlinear random model was
treated in few articles. Bourgain and Wang [BW1] have studied the discrete case with
random potential and time quasi-periodic perturbation(i.e.,(1.1)). They proved that the
displacement of the wave front is uniform in ¢, i.e., for any v > 0, there exists N such that

sup Y an(t)|* < (1.22)
¢ In|>N

compared with the standard nonlinear case in [WZ] where the displacement of the wave
front IV can not be uniformly bounded in ¢, which is believed to be the true behavior of
the nonlinear equation. Bourgain and Wang got the desired dynamical behavior of the
solution from the spectral property of the so-called quasi energy operator

K= —i%+5A+V+W(t)
acting on £2(Z) x L*(T%). See more related work in [H1, SW, YK] about the quasi energy
operator and the quantum stability.

We need to point out that the growth of Sobolev norm in (1.1) can not be derived
from (1.22) directly, since the relation between v and N in (1.22) was not specified from
the spectral theory in [BW1]. While dealing with the tangent model (1.4) in this paper,
though in Theorem 1 we get logt bound of the Sobolev norm with no more specific condi-
tion on the time dependence, we have no idea of the spectral property of the quasi energy
operator nor such diffusion tail estimate as in (1.22).

Theorem 1 and 2 of this paper is an attemp to address more dynamical results(long
time behavior and stability) for general discrete quasi-periodic Schrédinger equation. We
shall focus on the model with tangent potential. Our results extend automatically to a class
of quasiperiodic functions P constructed by Bellissard, Lima and Scoppola (see [BLS] for
precise definition of class P). The class P has singularities, containing the tangent model
and the spectrum of the corresponding Schrodinger operator has been studied extensively.
Our aim is to generalize the results to general quasi-periodic Schrodinger operator(e.g.,
the almost Mathieu operator with cosine potential). The ideas and techniques needed
for general quasi-periodic potential might be more involved and distinct from the random
model. The linear operator theory for quasi-periodic case is more difficult and the theory
is far less developed than for the random case since, among other reasons, quasiperiodicity
does not allow for nice perturbations. When we deal with the discrete nonlinear quasi-
periodic Schrodinger equations, the small-divisor problem does not only come from the
linear part but also from the nonlinear interaction. See [J] for more comparison between
random Schrodinger operator and quasi-periodic one. The literature [J] also contains the
most extensive results about linear random and quasi-periodic Schrédinger operators. As
we have mentioned above, there are many open problems related to these two models(as
well as their nonlinear version), there is still a long way to go to truly understand any of



the problems.

The rest of this paper is organized as follows. We transform (1.4) and (1.5) into new
forms via the change of coordinates in [BLS] in Section 2. Then we shall complete the
proof of Theorem 1 in Section 3 based on the special structure of the transformed system.
In section 4 we derive Theorem 2 from an abstract KAM theorem in [GZ] and will discuss
more details. Section 5 is regarded as an appendix, in which we prove the £2 conservation
law and present Localization results for the Maryland model in [BLS].

2 Structure of the Transformed Hamiltonians and Analysis
of the Symplectic Transformation

In this section, we use the transformation in [BLS] to render equations (1.4) and
(1.5) into a new form amenable to the proof of Theorem 1. Recall from Section 1, the
Schrédinger equation:

ig, = tanm(na + x)qn + €(gnr1 + gn-1) + 5vn(t)"Jn|2772Qn (2.1)

where 7 = 1 in the linear case (1.4) and 7 = 2 in the nonlinear case (1.5). Here « is a
fixed Diophantine number, = satisfies that na + x # % +k for any n,k € Z and 0 < e <« 1.
The potential vy, (t) satisfies the condition

|on ()] < e=1"! (2.2)

with p > 0 fixed. As mentioned in Section 1, (2.2) (previously (1.6)) is crucial for the
transformation below.
Equation (2.1) can be recast as infinite-dimensional Hamiltonian equations of motion

o0H

n

with canonical variables (¢, q) and the Hamiltonian

H(q,q) = Z tan m(no + x)|‘]n‘2+5 Z(Qn+1+Qn—1)Cjn+5 Z Un(t)‘QHFT, T=1,2. (24)
nez nez nez

As mentioned in Section 1, we use the complete set of ¢? eigenfunctions for Maryland
model to obstruct energy transfer from low to high modes. This obstruction is achieved
by controlling the truncated sum of higher modes

Z ‘%1’27 ng > 17 (25)

[n|>no

which in turn enables us to control the sum

> InlPlgal?. (2.6)

nez

We construct a unitary transformation U : £ — ¢% by the set of eigenfunctions and do
coordinates change ¢ = UQ. Then I' = (U, U) will be sympletic.



Since the eigenfunctions are uniformly localized, the decay property (2.2) is preserved
in some sense and the transformation U are bounded on H!. Through I, H in (2.4) is
transformed into H' = H o I" of the form:

H'(Q,Q) =Y M|Qnl> + 0P (Q,Q), (2.7)

nez

where {€Q, }nez are the eigenvalues of the linear operator according to the Maryland model,
and

= > PL.(t)QmQn whenT =1, (2.8)
m,nez
P(Q,Q) = Z P/ijk(t)QanQij when 7 = 2, (2.9)
m,n,j,kEZ
satisfying
[Py ()] < 5= domartiniml), (2.10)
Plnin()] < 5~ apmaz{|nffml |l [k[} (2.11)

We state the above assertions about Hamiltonian (2.4) as the following Lemma:

Lemma 2.1 Let « be a fixed Diophantine number, x € T satisfy that na+x # %—H{: for any
n,k € Z and 6, p be fixed positive numbers. Suppose that v, (t) in (2.4) satisfies the decay
condition (2.2). Then for e = e(a, z, p) sufficiently small, there exist a unitary operator U
and a corresponding symplectic transformation T' = (U,U) such that the Hamiltonian H
in (2.4) is transformed into H' = H o T in (2.7), satisfying decay properties (2.10) when
T7=1and (2.11) when T = 2.

U, U* preserve (?> norm. Moreover, for any p > 1 and B > 0, U, U* are bounded

operators from HPEE 40 H?, i.e.,
1UQlle = 1Qllez, U qllez = llglle2,

1UQlus < CIQN 20, U7 gl < Cllall . 200, (2.12)

where the constant C' depends on o, x, p but is independent of t.

Proof: Let
Hy = Ztanw(na—i—x)\an +eY (Gt + tn=1)n; (2.13)
nez nez
where « is a fixed Diophantine number, and x € T satisfies that na 4+ x # % + k for any
n,k € Z. According to Theorem 4 in the Appendix, given any positive p,,, for sufficiently
small ¢, there exists a unitary operator U = Uy, : £2(Z) — ¢?(Z)(independent of t),
such that under the coordinate change

)= UQi(t), nez (2.14)
JEZ
Hj is transformed into
Hy(Q,Q) = > |@Qn (1)), (2.15)
nez



where {Q;(t)}jez € ¢ is the new coordinate and U,; is the (n,j) matrix element of U
satisfying A
|Un]| < e_Pu|n_]|' (216)

Applying the coordinate change (2.14) to H = Hy + 0P in (2.4), where

P=3 v =12 (2.17)
nez
one gets immediately that
H'(Q.Q) =Y %lQu* + 6P (Q,Q). (2.18)
nez

When 7 =1 in (2.17),
P = Z Un (t)qnGn,

nez
then

P'=Pol'=PUQUQ) = Y va®)( X UnjQ;)( X UnQr)

nez JEZ kez

= 3 (X on)UnTk) Qi Q1

J,k€Z NEL

= 3 PhQiQn (2.19)

k€L

where B
e =2 () UnjUni. (2.20)

nez

Considering the decay condition (2.2), (2.16) for v, (t) and U, and assuming |j| > |k| > 0,
we have

|Pl] < Ze—plnle—puln—jle—puln—kl

nez
< Ze—ﬂlnle—puln—jl
nez
< Z e Plnl g=puln—jl Z e—PInlg=puln—jl
In—j|> 13l In—jl<igl
< e_Pul%l Z e—p\n\+6—p%‘ E: e—0In—jl
In—j>1 In—il<'g
_O.
< Be P|J|’

where pg = %min{pu,p} > (0. Take p, = p, then pg > p/4.
The same computation can be applied to the nonlinear case. Indeed, when 7 = 2 in
(2.17),

P = Z Un(ﬂQn@nQn‘jm
nez

10



then

P(Q,Q)
7.k, lme

7 MNEZL
/

= Y PlunQiQeQiQum.

7,k I mEZ

Suppose that |j| > |k| > |I] > |m/|, then

‘ klm| < Z|Un(t)Un]UnkUnlUnm|

nez

< Ze—plnle—puln—jle—puln—kle—ﬂuln—l\e—pu\n—m\
nez

< Ze*plnle*pulnﬁ'l
nez

< 5e*iPUL

Since U and U* are unitary, the ¢? conservation is obvious. The H! boundness (2.12)
follows immediately from (2.16):

(Shrwanr)’ = (ST vmer)’

nez nez JEZ
1
< (S (Shrerniigu))’
ne€L  jEZ
< 3 (X et )
JEZ nEL
< G Y1051
JEZ
1 1
< (L UPIQE) (L ms)”
JEL jEzZ
1
< C(lPTIR)
JEL

10U < 1UQle + (3 10 Q)E)* < 1@l + CIIQ ez <2000

nez

Thus Lemma 2.1 is proved. u

3 Growth of Soblev Norm and Proof of Theorem 1

In the previous section, the Hamiltonian H in (2.4) is transformed into H’ in (2.7) with
decay properties (2.10) and (2.11) when 7 = 1 and 7 = 2 respectively. Now we are ready

11



to calculate the growth of H! norm of the solution {Q,,(t)}nez associated to Hamiltonian
equations of motion

. OH'
iQn === neci 3.1
Q=2 (3.1)
We only deal with the case P’ in (2.8) with decay condition (2.10), i.e.,
H'(Q.Q) =Y |Qul*+3 > Prp(t)QumQn, (3-2)
nez m,nez
with )
| P (8)] < e7apmectinbiml} o > o, (3-3)

The nonlinear case (2.9) can be proved in a similar way and will be discussed later.

For convenience, we omit the prime in (3.1)-(3.3) when we state the following result.

Lemma 3.1 Suppose that Py, (t) in (3.2) satisfies (3.3), then the solution {Qn(t)}nez of
(3.1) satisfies that
32
> InP7IQn( < Cy(1+ (o)), (3.4)
nez

provided that the initial value Q(0) = {Qn(0) }nez € HP with ||Q(0)||g» < C. The constant
C) is independent of t.

Proof: For some sg(t) € N large enough( 2°°(*) ~ logt, which will be specified later),
we do the following partition to P with respect to every s € N, s > so(t):

P(Q; Q) = Z Pmn(t)Qan = Z Pmn(t)Qan + Z Pmn(t)Qany

m,neE”Z m,n€L m,n€z

|m|,|n|<28 mazx{|m|,|n|}>23
(3.5)
and use A° and B to denote the two parts respectively,
A® = Z Prn(t)QmQ@Q, and B®:= Z Prn () Qm Q.
i nl<2s ma{lm o)} 22
Then we estimate the derivative of the the truncated sum:
d .- -
dt Z |Qn(t)’2 = Z QnQn + QnQ,
23<‘n|§2s+1 2S<|n|§25+1
1 0H - OH
= T Z a@ Qn - 8@ Qn (3'6)
2s<|n|<2s+1 n n
Notice that indices of terms in the sum A® are all less than 2°, which implies
0A? 0A®
— = =0 (3.7)
0Qn  0Qn

12



for |n| > 2% and s > sp, so only terms in B* contribute to (3.6) and according to the decay
property (3.3) we have that

d
LY P
25 <|n|<25+1
S Z Pmn (t)Qan - Z an (t)Qan
28 <Tn |n§62ZS +1 28 <T|r:«: \nge QZS +1
< 2 Z e—inmaw{lnhlml}|Qm||Qn|
23;{;,7;;“
< 2 ) e mitD|Q,)|Q.
m,ne€z
|n|>28
< 2 ) e w3 ems Q|
nez mEZ
|n|>28
< dem16PY (3.8)

Let 5 = de~ 1672 and integrate (3.8) in ¢, we obtain

S RumP < Y 1Qu(0)] +est (3.9)

25<|n|<2s+1 25<|n|<2s+1

and

> InlPl@n® Y. > IlTlenP

|n|>2%0 5250 25<|n|<2s+1

< D @THPe.oP
§>50 25<|n|<25+1
< 3@ Y Qu(0)P 4 Y (27 et
5250 25<|n|<25+1 $>50
< 4d Y InPIRRO)P + Yo (27 Pet (3.10)
5280 25<|n|<2s+1 s>50
< Cp(1 +te3:P20), (3.11)

Note that from (3.10) to (3.11) we use the initial condition [|Q(0)|z» < C and the super-
expotential convergence of €5 in (3.8). Meanwhile,

Yo nFlRu@F < 4 Y |Qu(t)

|n|<2%0 |n|<2%0
< 4PN T Qn () (3.12)
nez
= 470 1Qn(0))? (3.13)
nez
e (3.14)
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From (3.12) to (3.14), the 2 conservation law and the initial condition are used again.
Now take 2°0 to be about 3—p2 log t, one finally gets the bound

s 32
S nlga(t)2 < 4700 + Cy(1 + te5720) < Gy (14 (= logt)*). (3.15)
nez 1%
|
Remark 3.1 In the nonlinear case (2.9) where
m,n,j,kEZ
the only difference lies in the estimates of & D05 <|n|<2sH |Qn (). Actually, we have
d 9 _ _
25<|n|§25+1 m,n,j,k.EZ
maz{|ml,|n|,|j],|k|}>2%
< 4 Z e*ip-(lmlﬂnlﬂjlﬂkl)‘QmHQn”Qk”Qﬂ
m,n,j,kEL
maz{|ml,|n|,|j],|k|}>2%
< 16 m%
Proof of Theorem 1: Consider the lattice equation
i, = tan7(na + )gn + £(qni1 + quo1) + 0vn(®)|gn| rqn, T=1,2 (3.16)

with initial condition
1
laO) [z = (D (14 [P H) g (0)]2)* = 1.
Nnez

Fix a,z, p as needed in Lemma 2.1, U = U, , is the unitary operator given by Lemma
2.1. Let ¢ = UQ), then

QO 152 = IU"4(O)] 140 < Clla(O)|gpirvs < €, C = Cla, ¢, p).

H

and the transformed Hamilton equations of Q(¢) satisfies the decay condition in Lemma
3.1. By Lemma 3.1,

148 32
> PP QU < Cpp (14 (S log ) ).
nez P
Therefore,

32
> lan () < la(Olfs = [VQOIrs < CHIQUIE,,, 13a < Cp (145 Togt) r+147),
nez

where C), 3 is the constant depending on o, x,9,¢,p, 8 only. [ |
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4 Proof of the reducibility result

In this section, we drive Theorem 2 from a KAM theory in [GZ].(See related KAM scheme
in [GVYi, Y].) In order to prove Theorem 2, firstly we re-interpret Eq. (1.19) as an
autonomous Hamiltonian system in an extended phase-space:

ZR = TdR X (Cd X 62(2) X EQ(Z) = {(9,[, q, Q)}a

where
T = {0 = (61, --,0,) € Cz?: |36;| < R, i=1,---,d}.

The symplectic structure on Zg corresponds to the Hamiltonian equations of motion:

OH —p_od _, -9 (4.1)

1Qn:ai(jn7 *W*% 00’

with the Hamilton function

H(0,1,q,q) = (w, 1)+ > tanw(z +na)|gal* + €Y (ths1+ @-1)Tn+6 Y Vimn(0)gmn,

nez nez m,nez
(4.2)
which is analytic in Z. Here, the coefficients v, () satisfy that

[0mn(8)] < Cem (mlind (4.3)

with some p > 0. The first two equations of (4.1) are independent of I and are equivalent
to equation (1.19).

As we have done in Lemma 2.1, given x € T satisfying that na + x # % + k for any
n,k € Z, let the Diophantine number « and the positive number p in (4.3) be fixed and let
e = e(a, x, p) be sufficiently small. Let I' = (U,U) be the symplectic transformation given
in Lemma 2.1. Then through (¢, ) = (Uq’,Ug’) the Hamiltonian (4.2) can be transformed
into H', where

H' = (w,I)+ Z Qn’qﬂz +0 Z Prin(0) 4, (4.4)
nez m,nez
with

Pron(0) = > 0ju(0)UjimUnn
J,lez

We have known that vy, () is analytic in T%. Expand v, () further into Fourier
series with respect to the basis {2™(F0}, 4.
vﬂ(G) = Z 627ri<k’6>1)jlk Vil eZ
kezd
with
”U]'lk| < e_R|k|||,Ujl(9)||sup(’H“112)7 VJ,Z €Z, Vk € Zd

Omit the prime in (4.4) for convenience, then we have

HY0,1,4.9) = (., 1)+ > Qlaal* +6 Y P * g4, (4.5)
nez kezd
m,neEL
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where
Pk = Z UjlkUijln-

JlEZ

satisfying that

1
| Prss| < e~ 1pmazdlnliml} =R -y p ez vk e 74,

In [GZ], Geng and Zhao have studied nonlinear Hamiltonian perturbations of infinite-
dimensional linear systems generated by the nonlinear Schrédinger equation:

ign = tanﬂ'(na + x)Qn + 5(‘]n+1 + Qn—l) + 5|Qn‘QQn~

Results of that work can be applied to the perturbed Hamiltonian H? in (4.5). Let
D*(R,r) denote the domain

{0,1,4,0) : q € *(2),Y e”™jg,|* < r,|S0| < R, |I| < r?}.
nez

Results of [GZ] imply the following assertions concerning Hamiltonian H? (4.5) and The-
orem 2 follows directly.

Theorem 3 Consider the Hamiltonian HS, in (4.5). There is 6o > 0 such that for every
0 < 6 < &, there exists a Borel set O5 C T, satisfying that

mes(T? — O5) < Ko*

for some 0 < k < 1, such that for all w € Og the following holds:
There exists an analytic symplectic diffeomorphism ® : D°(R/2,7/2) — D°(R,r),
which is analytic in 6 and Cf, smooth in w such that HS o ® equals (modulo a constant)

(W, 1)+ > QP +6 Y ApnQunQn == H), (4.6)

nez m,nez

where the coefficients A, are independent of 6 and satisfy
| Apn| < e 10Pmaz{inliml} (4.7)
The transformation ® = (O, g, Py, P1) satisfies
1@ — Idgll 2 + |®g — Idg| + |®1 — Ids| < B0

for all (q,q,0,1) € D°(R/2,7/2) 3. The positive constants &y, k, K depend on d, R,r, while
B also depends on w.

3] lle2 denotes the operator norm on £2 and | - | denotes the sup norm on C¢
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Remark 4.1 In [EK], the reduced system have a special form where the matriz element
A of the non-diagonal operator A satisfies Ay = 0 if |m| # |n|. As a corollary of the
reducibility result, the Sobolev norm of the solution q(t) stays bounded.

In the present model, however, we can not get such uniform bound(w.r.t. time t) of
the the Sobolev norm of the solution. Omne reason is that the separation property of the
normal frequencies of the discrete tangent model is worse than the separation property of
the continous model in [EK]. More precisely, the spectrum of Schédinger operator with
tangent potential is dense pure point with the gap condition

g
Qp — Q| > ———
’ n m‘_‘m_n’,r-?

with the lower bound goes to 0 as |m —n| — oco. While in [EK] the spectrum of the linear
operator is n? and |m? — n%| > 1, m # n. Therefore, the normal form here in each KAM
step can not be diagonalized nor can be as simple as that in [EK].

Remark 4.2 The assertions of the theorem follow from Theorem 2 in [GZ] with slight
modification. That theorem deals with perturbations of integrable infinite-dimensional
Hamiltonian systems of a rather general form. Since the perturbation here is indepen-
dent of I, quadratic in q and we use w as interior parameter instead of outer parameter &,
not all conditions (A1)—(AG6) for the KAM theory in [GZ] are needed here, what is more,
the vector w stays constant during the transformations.

Remark 4.3 Applying Geng and Zhao’s KAM scheme directly, exponentially decay weight
p in (4.7) would shrink to zero instead of the positive weight 1—10,0. However, the perturbation
here is independent of 1 and quadratic in q, which guarantees the exponential weight p
reduces slower than the general case, e.g. p/4” at the v step . Hence the exponential
weight in the final state is no less than

o= 0/ > 1o

vEN

which is the needed result.

5 Appendix: ¢* conservation and Localization results for
Maryland model

Proposition 1 (/2 conservation) Let
iGn = Qun + (ns1 + gn-1) + fults [an]*)an, n €2, (5.1)

where €, 0, are real and fn(t, |q.|?) are real functions of t and |q,|? then

> la®)? = lan(0). (5.2)

nez nez

Consequently, let f,, be v, (t) or v, (t)|qn|? as in (1.4) and (1.5), (5.2) hold.
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Proof: After computing the derivative of the £2 norm directly, one has

d

ia Z ‘Qn(t)P = iz‘in@z?LQnijn
nez nez
= Z(QnQn +e(@nt1 + @n-1) + fadn)dn
nez
- Z Gn(QnGn + €(Gn+1 + Gn—1) + fndn)
nez
= £ Z (Qn—l—l + Qn—l) qn — € Z 4n ((jn-l—l + Cjn—l)
neZ neZ
= 0.

In what follows, we state the conclusion Bellissard, Lima and Scoppola have proved in
[BLS] for the Maryland model.

Firstly, let us introduce some necessary notations.

Given R > 0, for each x € R/Z, we are concerned about the spectrum of the linear
operator L, : £2(Z") — (*(Z") by

(LoY)(n) :=tanw(x +n-w)Y(n) +e(AY)(n), nez’, (5.3)

where (Ay)(n) := 3,,_nj=1 ¥(m) denotes the discrete laplace on Z".
Let Hp denote the set of period-one holomorphic bounded functions on the complex
region
Dr:={2€C:|3z] < R}

equipped with the sup-norm
1fllr = sup |f(2)],

ZEDR

and let Pr denote the set of period-one meromorphic functions f on Dg such that there
is a constant ¢ > 0 with with

|f(z) = f(z—a)| > clal1, Va€R, VzeDg, (5.4)

where | - |; is defined as in (1.3). Then |f|g is defined as the biggest possible value of ¢ in
(5.4). It is obvious the function f(z) = tan 7z belongs to Pg for any R > 0, with |f|r > 1.

For R,r > 0 and w € R” satisfying the Diophantine condition (1.3), we denote by U%, ,
the Banach *-algebra of kernels m = {m(z,n)}nezu’zeDR where for each n € Z, the map
z +— m(z,n) belongs to Hr(or Pgr), and

Imlz, := sup > [m(z,n)le"™
2€Dgr nezy

is finite. (We need to exclude a subset of Dr with measure zero in the case that m(-,n) €
Pr and there is some poles in Dpr.) The x-algebraic structure is defined by

(m; -mo)(z,n) := Z m(z,)ma(z — lw,n — 1),
lezv
m*(z,n) := m(z—nw,—n).
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Then the norm is defined by

| = max {mg . [lm*[|%,}-

For example, if g € Hr(or g € Pr) then g can be considered as an element of Ug -, by
putting:
g(z,n) == g(2)dn0.

Such a kernel is called diagonal. If e € Z”, u. is the kernel
Ue(z,m) = Ope.
One can easily see that ug is an identity and
U ue = ueu, =ug, VeeZ”.

The Laplace kernel is then given by

A= Zue.

le|=1

A canonical set of representations of U . in ?%(2") is given by

1L (m)¢](n) = Y m(z —nw,l —n)(l),

lezv

where ¢ € (?(Z"), 2 € Dr and m € Up - Actually, II,(m) can be seen as an infinite
matrix, with its matrix elements [II,(m)];; = m(z — lw, k —1).

In this set-up, the Schrodinger operator given by (5.3) can be seen as the operator
IT,(eA + V). For the sake of completeness, we restate the theorem of Bellissard-Lima—
Scoppola in [BLS] as follows:

Theorem 4 (Theorem 1 of Bellissard—Lima—Scoppola [BLS]) Given R > 0, r > 0,
and w € RY satisfying the diophantine condition:

jw-nli > —— with 5 >0, 0 > v, Y0 #nez". (5.5)

]

If V € Pg, there is a positive constant €., depending on R,r,v,0 and |V|g, such that if
m € Up ., and |m|g, < e, there exists an invertible element u € Uf . and V € P, /5 with

1. u(V+mputl=V,
2. max(|[u— 1| g2, /2, [0 = 1| /2, /2) < Kilml|r,,
3.V =V eHpgp and ||V = V(g < Ko|mlre, [Vlg > 1V|s.

If in addition m + V is self-adjoint, then u is unitary and V = V*.
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Now we take V(z) = tanmz € Pr and II,(m) = eA. The theorem is applicable to the
Maryland model provided e||A|| g, < ec. Since u € Uy, ., the infinite matrix U = II;(u)
has off-diagonal decay, i.e. the matrix elements U, ,, satisfy

|Um,n| = !u(:n — nw,m — n)‘ < e—r|m—n\

for each (m,n) € Z” x Z. Thus with all parameters needed above fixed, U = II,(u) will
be the unitary operator needed in Lemma 2.1 for a.e. x € R/Z.
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