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CONTINUUM LIMIT OF THE DISCRETE NONLINEAR KLEIN-GORDON
EQUATION

QUENTIN CHAULEUR

ABsTrRACT. We study the convergence of solutions of the discrete nonlinear Klein-Gordon equa-
tion on an infinite lattice in the continuum limit, using recent tools developed in the context of
nonlinear discrete dispersive equations. Our approach relies in particular on the use of bilinear
estimates of the Shannon interpolation alongside controls on the growth of discrete Sobolev norms
of the solution. We conclude by giving perspectives on uniform dispersive estimates for nonlinear
waves on lattices.

We consider the discrete nonlinear Klein-Gordon equation
(DNLKG) Ofu— Apu+u+ |uftu=0

on a lattice hZ? of step size h > 0 with initial condition u(0) = uo and d;u(0) = u;. Here

d
he; — hej) — 2
Ahu( ): 2 ’U,(G,‘F 6]) +u(ha2 6]) U(a)7 a € th’

Jj=1

denotes the usual discrete Laplace operator which accounts for nearest neighbor interactions, with
(6]‘)1§jgd the canonical basis on R%. We restrict our attention to the dimensional cases 1 < d < 3.

Nonlinear waves in lattices [22] has received a lot of interest since the seminal investigation of
Fermi, Pasta and Ulam [11] on the FPUT model alongside the development of soliton theory and
integrable systems such as the Toda lattice [34] or the Ablowitz-Laddik equation [1]. Discrete Klein-
Gordon equations also naturally arise in the physics literature in order to describe Fluxon dynamics
in one dimension parallel array of Josephson junctions [35], or as a model for local denaturation of
DNA [30]. Equation (DNLKG) enjoys the following energy conservation law

1 1
(1) E(t) = 310wulLz + 5 ||VhUHL2 +35 || ull7 o 7llu ||’f£+1 = E(0).
Our analysis will be performed on a particular set of parameters p and d satisfying
1<p ford=1,2,
(param) 1<p<3 for d = 3,

which will imply from energy conservation the uniform bound ||(u, yu)|| 1«2 < Ca with respect
both to the time ¢ > 0 and the size of the lattice h > 0, a feature that we will extensively use
throughout this work. In particular, we will be interested in the limit h — 0 of equation (DNLKG),
usually referred as the continuum limit. From this perspective, equation (DNLKG) can also be seen
as a finite difference scheme for the numerical simulation of the well-known nonlinear Klein-Gordon
equation

(NLKG) 0o~ Ao+ o +[oP o =0,
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and one can reasonably ask in which framework and at which rate solutions of the discrete equation
(DNLKG) converge to the ones of the continuous equation (NLKG). We briefly recall that equation
(NLKG) is a fundamental model in mathematical physics and has been extensively studied in a
large amount of literatures. It has been used as the equation of classical neutral scalar mesons,
but also to study bosonic phases in massive stars in connection with Bose-Einstein condensation
[28]. Tt also appears as a superfluid model to describe the creation and dynamics of quantized
vortices in galaxies [27]. We finally mention its link with nonlinear Schrédinger equations in the
non-relativistic regime [26, 25].

Other the past ten years, there have been many recent advances in the study of the continuum
limit for dispersive equations since the work of Kirkpatrick, Lenzmann and Staffilani [24], where the
authors show the L? weak convergence of solutions of the discrete nonlinear Schrédinger equation
(DNLS) in the continuum limit. The L? strong convergence of such solutions were then achieved
by Hong and Yang in [16] alongside precise convergence rates in h, a result which was recently
extended by Choi and Aceves [9] to the fractional nonlinear Schrédinger equation. However, to
the best of the author’s knowledge, no results are known for the continuum limit of the discrete
nonlinear Klein Gordon, which is the main purpose of this paper.

This work follows from the conference CJC-MA which held in CentraleSupelec in September
2023, during which the author presented his recent study on discrete nonlinear Schrédinger equa-
tions [6], and announced that the strategy developed in this paper can be used for other dispersive
equations. Note that contrary to this prior work, no uniform dispersive properties such as Strichartz
estimates are used throughout the forthcoming proof, and comments about this feature will be de-
veloped at the end of this paper.

This paper is organized as follows. In section 1, we give some notations for discrete functional
analysis and we state our main result Theorem 1. Section 2 is devoted to the proof of uniform
bounds on the growth of discrete Sobolev norms of solutions to (DNLKG), and Theorem 1 is then
proven in section 3. We conclude this work with section 4, where we survey recent advances in
nonlinear dispersive lattice equations and give perspectives.

1. DISCRETE FRAMEWORK AND MAIN RESULT

We denote respectively by LP(hZ?), for 1 < p < oo, and L>(hZ?) (or sometimes more compactly
L7 and L§° in mathematical mode) the discrete Lebesgue spaces induced by the norms

lgll7, = k" > lg(@)l” and gL = sup lg(a)l.

a€hZd achz?
One can also define the forward discrete gradient
gla+ he;) — gla) T
Vijg(a) = ]1 , Vi = (V:,p cee V;d>

for any a € hZ%, as well as the discrete gradient

gla+ he;) — gla — hej)
h

The discrete Fourier transform of a function g € L?(hZ?) and its inversion formula are given by

GO =h Y gla)e ™™ and gla) = /Tda@ew-sdg

d
et (2m)

Vi,jg(a) = . Vi=(Vhua,.. ~7vh,d)T-



CONTINUUM LIMIT OF THE DISCRETE NONLINEAR KLEIN-GORDON EQUATION 3

for ¢ € T¢ =R?/ (22Z%) and a € hZ?, defining an isometry from L?(hZ?) to L?(T{). One can also
define discrete Sobolev spaces H*®(hZ?) (or H}) for any s € R with the norm

d 2 s
1 4 & heg _
ol = g [, (1478 s (552) ) ratorae
h j=1

In order to compare discrete and continuous functions, we need to define a projection operator
on the grid and an interpolation operator to lift a discrete function on the continuous space. We

denote the mean projection
1
mola) = 7 [ Ly PO

272

for all @ € hZ%. We also define the Shannon interpolation of a function u : L?(hZ?) — C by
Spu=F! (111-;1&) ,

which allows to extend a discrete function into a real function whose Fourier transform is compactly
supported in ']I‘fl, and where F defined by

Fi©) = | f@e ™ ide

for all £ € R? denotes the usual Fourier transform on R?. We now state our main result:

Theorem 1. Let s € N* with (p,d) satisfying (param). Let ¢ € C(R; H*+Y2(R%)) be the unique
solution of (NLKG) with initial condition (¢g, ¢1) € H*T2(R?) x H*TH(R?), and let u be the unique
solution of (DNLKG) with initial condition (ug,u1) = (7p¢o, Thd1). Then

(p—1)
[Shu(t) — ()| e ray < CheBITTSug — ol ars (ray,

where B and C are constants depending on d, p, s and ||(¢o, d1)| s+2(ra)x me+1(r4) -

2. GROWTH OF DISCRETE SOBOLEV NORMS

In this section we adapt the strategy of Pampu [29] to infer upper bounds on the growth in time
of Sobolev norms for the nonlinear Klein-Gordon equation to our discrete setting. This proof relies
on the use of modified energies, a strategy that have proved useful in various contexts and which
have very little dependence on the underlying geometry of the problem, making it very appealing
from the discrete point of view. Note that this strategy was already used by the author for the
discrete nonlinear Schrédinger [6], inspired by the work of Planchon, Tzvetkov and Visciglia [31].

Let T > 0, and (u, 0u) € C([0,T]; H? x H}!) be the solution of equation (DNLKG) with initial
condition (ug,u;) € H? x H}. We give all the following proves in dimension d = 2 with 1 < p < o0,
but the same arguments work in the three dimensional case d = 3 (which is actually performed in
[29]) with nonlinearity 1 < p < 3 relying on the Sobolev embedding H }1L C L} forall 1 < ¢ <6.
Note also that the proof is a bit simpler in the case d = 1, as we have H} C L{°.

In view of equation (DNLKG) and conservation of energy (1) alongside discrete Sobolev embed-
dings, we see that 9?u € C([0,T]; L?) and that

@ 020 — Aull gz < C
where C'= C(d, E(0)) > 0. We now define the modified energy

3) £(t) = 3 (I0Fud3; + 195 0(t)2; + o))
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for all ¢ € [0, T]. In particular differentiating with respect to time we infer that
d
—&
dt

Now integrating in time between 0 and T', we get by Hélder’s inequality that

(t) = —(Oe(|ul"~ ), Ofu)n.

T T
E(T) - £(0) < / S fulP Y oyul |02l < / 1P~ aaem |9pul] 20 |0 2
0 hZ4 0 Ly, " "

for any small > 0 yet to be fixed. Then from interpolation in discrete Lebesgue spaces alongside
discrete Sobolev embedding H} C L for all ¢ > 1, we get that

ST = I 2 2
&(T) - £(0) S/O 1l s2em oy 10eull 2™ Ocull 73 1107 ullcz S TllOull oo gy 105wl e 22,
Lh K Lh

so denoting € = 2n(n+ 1)/(2 + n) > 0 as small as needed, we infer in view of (3) that

(4) ET)—E0)<T sup E() = .
t€[0,T)

This last equation will be useful to prove the following bound on the growth of the H ,% x H ,{—norm
of (u,dyu), using the equivalence between the H? x H}! norm of (u,d;u) and &(t).

Proposition 1. Let (u,dyu) be solution to (DNLKG) with (ug,u1) € H? x H}, then for alle > 0,
(1+7T) ifd=1,
1 .
sup 1w, Opu) ()l z sy S Q A +T)T== ifd=2,
te[0,T
(1+T)5%  ifd=3.

Proof. As before, we restrain the proof to the two-dimensional case d = 2, the cases d = 1 and
d =3 (with 1 < p < 3) being proven similarly. Let first write that thanks to equation (2),

E(t) < N107u(t) = Au(t)l|72 + 1 (w, Beu) ()17 gy < C + [I(w, Opw) ) T2 g -
On the other hand, for all 7 € (0,1) and small n > 0, we infer thanks to equation (4) that
11, ) () ey 10 D) () + AR5 + V7 Do)

< C+2||0wu(r) — AU(T)”%% + 2&(7)

< C+2£(0)+Ct sup 5(75)1;6
tel0,7]
< O+ 2/ (u, 0u) (O) [ F2 gz + C7 sup (1w, Be) (1)1 1557 1
h h tE[O,T] R h

where the constants C' and C are independents of 7. In particular, for 0 < 7 < 7, small enough
such that Crg < 1, we get from previous estimate that
sup |[(u, 3yu) () |32 2 < 201(w, Q) (0) [ 2 g + C,
te[o,‘l’(}] h h h h
which gives that

1+e

1t 000) (70) 22y < 2010 0u)(0) 53,y + € (1 11400, 00 0) 2,1y )
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2

We know remark that denoting a, = 1 + [|(u, 0su)(n70) |52 1
h h

the sequence (o, )n>0 satisfies

—4—n
that a1 < 20y, + Cai 2 | which leads by induction that «, < C’né, or rewriting in terms of
(u, Opu) that

1
sup ||(u, Q) ()| 2y < C(L+T)75
t€[0,T]
which ends the proof for d = 2. O

To estimate higher discrete Sobolev norms H ,’f“ x HF for k > 2, one can define the higher
modified energies

1
Eut) = 5 (108 u(t) 3, + 195 0Fu(t)|2; + 10ku(d)2;)
which enjoys the same way that
d _
(0 = = (jul"~ u), OF .

However, as in proof of [29, Proposition 5], one can show by induction on k that for any dimension
1<d<3(withl<p<3ifd=3),

5k(T) - gk(O) <T sup 5;€(t) ,
te[0,T)

[N

which is a better estimate than equation (4) and leads to the following result:

Proposition 2. Let (u,d;u) be solution to (DNLKG) with (ug,u1) € Hy™ x Hf for k > 2, then
sup 100, 000) Ol iy £ (014

. , ,

)

Proof. The proof follows the exact same lines as the one given through [29, Section 4] as no dispser-
sive estimates are used throughout the proof. O

3. STRONG CONVERGENCE IN THE CONTINUUM LIMIT

From Duhamel’s formula, denoting K}, (t) = % and Kj,(t) = cos(ty/T — Ay,), we write

u(t) = Kh(t)uo — Kp(t)uy — /0 Kp(t—71) (|u|p*1u) (r)dr

for any u solution of (DNLKG), and analogous formulas hold for K (t), K (t) and ¢(t) solution of
(NLKG) following the notations from [12, 13]. We will decompose our analysis on the following
integrals

I Shu(t) = S0ty < 50 (1) — (D)ol sy + ISnEn (s — K (1) e e

4 [0 = KOS (1) ()] .

(5) - s 1) ) = (1800 S )|

H# (R9)

Hs(RY)

[ s Si) ()= (7 10) 0
To(t) + Jo(t) + Ja(t) + Ja(t) + Js(t).
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3.1. The linear flow. It is quite direct (see for instance [16, Lemma 5.1|) that for ¢ € H*(R?),
Imnellz: S l@llms, which is known as the boundedness property of the discretization 7. We now
deal with the error made by consequently projecting then interpolating a function ¢, as it may not
be explicitly written in the literature.

Lemma 1. Let s >0 and ¢ € L*(R?), then for all £ € T¢,
d
_— - (hE;
() = Fole) [T sine (%52
j=1

Proof. From inverse Fourier transform property we compute that for all a € hZ¢,

_ 1 ix-& _ 1 ia- a : .
Thep(a) = (27Th)d/a+[—g,g[d /Rde Fp(§)déda = o) /Rde 5fgo(£)j1;[151nc (h&;/2) dE.

On the other hand we know that
1 PP
Iy f(a) = @) /’]I‘d " CTI, £(€)dE,
h

which gives the result. O
Estimates on J; and Jo will be a direct consequence of the following statement:
Proposition 3. Let uy = mpo9 and uy = w1, then for all s >0,
1S K (t)uo—K (£)doll = < Ch(148)||poll o+ and || ShEn(t)ur—K ()]s < Ch(1+t)|| 1| g
Proof. We focus on the first estimate, as the second one can be proved similarly. We write that
IShEn(tyuo = K (8)ollme < SnBn(t)uo — K ()Spuol m + | K (t)(Shuo — do)llzs =t L (t) + Ix(t).
As cos and /1 + - are 1-Lipschitz and as |% Z;lzl sin(h€;/2)? — |€?] < h2¢* for € € TY,

2

[0 (&)[7dg

d

4 ([ h&N?
cos | t 1+ﬁ =lsm<2]> —cos(ty/1 4+ [€]?)

J

ner = [ a+iePy

2\s+2
sew [ aleprletimeras [ O (o) ag

€<= Tin{lg>=) (1+ €17)?
< en? / (14 [6P)2 @ (€)1 de + 12 / (14 1€[2)7+ @ e) [ de.
€ Tin{lel> 25}

which gives the first bound as ||ug|| HEt? < |l¢ol| gs+2- Now note that from Lemma 1,

T
<=

ISk omup = el = [ (1167 [md© = 7] ae+ [ (+1R) IFFOF ag

RI\TS

2
d

H sinc (h&;/2) — 1

j=1

1 2 s+2
e+ /Rd\'ﬂ*d <(1++|£||£|)2)2 ‘ff(§)|2d€

Skt /T (P IFFEI g + bt / (14 [€[2) 2 |Fp(6) de.

h RI\T¢

< [, iy iErel

h
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as |H;-l:1 sinc(h€;/2) — 1| < h?[€|? so for I we directly get that

I(t) < [|Snuo — doll s < 1|l oll sz,
which gives the result as h < 1. O

3.2. Linear flow on the nonlinearity. To estimate J3, we temporary denote F = |u(7)|P~1u(7),
so that

J3(t) § /0 (||ShKh(T)(F - WhShF)”Hs + ||(ShKh(T)7Th - K(T))ShFHHs)dT = Id(t) + I4(t).

A bound on I can be directly derived using Proposition 3, so that
t

t
) Sh [ @+ Pl gedr Sh [ @)l adr
0 v 0

as s +2>d/2 since 1 < d < 3. On the other hand, as ||Sn¢|lns < [|¢|lm; (see [6, Lemma 5]),

/ ||Kh —WhShF)”Hde / ||F—7ThShFHHadT
and from Lemma 1 we know that whShu(f) =u(§) H?:l sinc(hg;/2) so by Jensen inequality
h§ ) s A ) d 2
. nSj _ . .
B(0* S G /0 /T d ;sm ( : ) Fo)| |1 jl;[lsmc(hSJ /2)| dedr

< h4/ |\F\|§Is+2d7<h4/ o2, 27

as [£]? < % 2?21 7= sin(h&;/2)? for all £ € T{. Combining the bounds on I3 and I4, we get that

t

(6) Ja(t) S h/ L+ D)l er2dr S AL+ t) Y
0

using Proposition 2 since s € N* so s +2 > 3.

3.3. Aliasing and Gronwall argument. A straightforward bound on J, can be derive the exact
same way as in [6, Section 5.2|, which relies on the bilinear estimate satisfies by the Shannon
interpolation [6, Proposition 6] stating that for f, g € H°(hZ9) with § > % and for 0 < s < 4, we
have

1Sh(f9) — SnfSngllers < h°~°(1Snf |15 |Sngll -

This directly gives in our setting (using Proposition 2) that

t t
(7) Ja(t) Sh* | Spu(m)ferdr SB[ a0 pedr S R (1 + 1)
0 0 i,

Turning now to .Js, using the well-known identity || f[P~*f — |g[P~ g| <p (1f] + [g])P7Hf — g| we
can write that for all 7 € (0,¢),

(180l Su) (1) = () ()| S (IS0l + 1000 I424s) 1Swu() = ()
as s+2>d/2, so

(8) Ja(t) S/O (1+ )P VISpu(r) = ¢(7)| -dr.
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Using respectively the bounds on J; and J; from Proposition 3, as well as the ones on J3 (6), on
Jy (7) and on Js (8) in estimate (5), we get the result of Theorem 1 by Gronwall lemma. Note
that the polynomial terms (1 + ¢)® for any « > 0 can absorbed by the exponentially growing term

B+ taking a larger constant B > 0.

4. DECAY ESTIMATES FOR DISCRETE WAVE EQUATIONS

One may wonder if it would be possible to obtain continuum limit properties such has Theorem 1
for more general cases, for instance in the cubic case p = 3 in the three-dimensional case d = 3,
which appears as a limiting case in Proposition 1. In order to follow the proof of [29], this would
require the use of Strichartz estimates so one can trade space regularity for time integrability in
Holder’s inequality application to estimate equation (4). It is now a standard argument since the
work of Keel and Tao [21] that Strichartz estimates are deduced from a bounded L*-estimate of
the associated linear semi-group (usually derived from conservation laws) alongside a time decay
estimate of the L>-norm of such linear flow. In fact, the derivation of decay estimates for discrete
dispersive equations has drawn some attention through the last decades, and we survey some of
these results in a unified framework.

4.1. Dispersive estimates on lattices. Consider a discrete dispersion relation of the form

d

4 . (h&\?
wp(§) = m2+h2jz_;sm<2£])

kel
2

associated to the linear flow Uy, (t) = exp(—it(m? — Aj)?%). This covers several interesting models:

e The case m = 0 and a = 1 corresponds to the discrete wave equation.
e The case m = 0 and a = 2 corresponds to the discrete Schrédinger equation.
e The case m = 1 and o = 1 corresponds to the discrete Klein-Gordon equation.

The evolution of an initial state ¢ of discrete Fourier transform » under the linear flow Up(t) is
given by the oscillatory integral

(9) I(t,a,n) = / o€ tn (@) ¢)de.
Ty

for any a € hZ?. In the case of the Schrédinger flow, as performed in the seminal work of Stefanov
and Kevrekidis [33], one can separate variables in order to reduce the problem to the d = 1 case,
and an application of the well-known Van der Corput lemma gives that

(10) €4 e sy < ol vz
[th] 3

for any initial data ¢ € L'(hZ?), which is proven to be sharp [18]. Such a dispersive estimate has
to be compared with the usual decay in =% in the continuous free case on RZ. It displays a weaker
dispersion estimate than the continuous case, a pathological behavior induced by critical points and
a lack of convexity of the symbol of the discrete operator Ay,.

From now on we fix h = 1 to introduce the forthcoming results, and we denote £>(Z%) =
L*(hZ%) in order to match the notations of these papers. One-dimensional decay of the discrete
Klein-Gordon flow was also derived in [33] from the same techniques, which can be written as

CitVI=AL 1
lle™ V1= 30| oo (z) S

|t|% ”QD”Ll(Z)'
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However, wave dispersion relations (for o # 2) fail to have this separation-of-variables property,
leading to more involved analysis as dimension increases. Back in 1998, Schultz proved in his
breakthrough work [32] that for the discrete wave equation in dimensions d = 2, 3,

e YRR oo 2y < C(1 + [t])73,
e YRR oo 3y < C(1 + [t])7F,

where C = C(n) > 0, a result that have only been very recently extended to the fourth dimensional
case d = 4 in [3] which states the sharp bound

—i — -3
e =B oo 20y < C(1 + [£])~ % Tog(2 + [£]),

where the proof relies on the analysis of Newton polyhedra. For the discrete Klein-Gordon equation,
Borovyk and Goldberg proved in [4] that in dimension d = 2,

e VBN | oo 22y < C(1+ |t])F,

a result which was extended a few years later by Cuenin and Ikromov [10]
||€—it\/1—A,L
||€—it\/1—A;L

pozsy < C(1+ [t]) 75,
eozy < C(1+ [t))7% log(2 + [t]),

so that in dimension 3 and 4 the discrete Klein-Gordon and wave equations share the same decay
rates, whereas in the two-dimensional setting d = 2 the dispersion of the wave flow is a bit slower
than the one of the Klein-Gordon equation.
For higher dimensions d > 5, the Klein-Gordon flow is conjectured in [10] to decay as
2d+1

le™ VA2 [ poo zay < C(L+[t)) ™75 log(2 + [¢)) 4,

whereas the wave flow is conjectured in [3] to behave like

eV An | o (zay < C(1 + L)~

4.2. Uniform Strichartz estimates for the discrete Klein-Gordon equation. Decay esti-
mates of Section 4.1 are inherently not uniform with respect to the mesh size h > 0, making them
a priori useless in the study of the continuum limits of such discrete systems as h — 0.

Several works of Ignat and Zuazua for the discrete Schrodinger equation [19, 20] and Audiard [2]
for the discrete critical Korteweg-de Vries use Fourier filtering methods alongside two-grid algorithm
in order to remove the bad behavior frequencies from the discrete operator Aj,. This strategy
allows to recover modified Strichartz estimates which are uniform with respect to h, that can be
described as follows in the Schrodinger setting: denote by II; the piecewise linear extension operator
IT, : L2(4hZ%) — L2(hZ%), then one recovers that

itAp,

e ﬁh¢4h||L;?(R;Lr(th)) < C(dﬂ")Hﬁh@MHL?(th)

for all p*" € L?(4hZ?) and h > 0, and for any set of Schridinger admissible pairs

2 d d

7+7:77 QSanSOOa (Qar7d)7£(27oov2)'

q T 2
Such kind of strategy was also used by Killip Ouyang Visan and Wu [23] in the study of the
continuum limit of the Ablowitz-Ladik model, where frequency-localized Strichartz estimates [23,

Proposition 4.3] were also derived in order to infer compactness on low-regularity discrete solutions.
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Another approach was recently considered by Hong and Yang in [17], where the authors showed
that such h-dependence in equation (10) can be removed paying fractional derivatives on the right
hand side of Strichartz estimates, which compensates the lattice resonances. The proof relies on
harmonic analysis tools such as Littlewood-Paley inequality, Calderon-Zygmund theory and the
Hoérmander-Mikhlin theorem adapted on the discrete setting. This implies a uniform Strichartz
estimate of the form

itA
(11) e ol Ly S llell 1
H,l
for any set of discrete Schrodinger-admissible pairs (q,r) satisfying

(12) g—l—g:g, 2<q,r<oo, (gq,rd) #(2,00,3).

Note that this kind of discrete Strichartz estimates with loss were also recently proved by Choi and
Aceves [9] for fractional-type discrete Schrodinger equations in the two-dimensional case, and are
of course reminiscent of the situation occurring on compact manifolds like in the seminal work of
Burq Gérard and Tzevtkov [5].

To the best of the author’s knowledge, no such techniques have yet been used in order to de-
rive uniform Strichartz estimates for the multidimensional discrete Klein-Gordon equation. In the
following we elaborate on this point. Making the change of variables

£ t a
(13) 5’_>E7 T=g, V=
in (9), one is reduce to estimate the oscillatory integral

e L GE

for any v € R? in the limit 7 — oo, where ¢ € C°(R?) and @, (&) = v - £ — 4, (£) with

d
(&) = \[h2+2 3 cos(s,)
j=1
denoting the dispersion relation. Note that in the two-dimensional case, on the lattice Z? (with
h = 1), the work [4] provide a decay rate in 7~ for |Jo, ,c|. However, at the limit A — 0 we observe
that v, tends to the dispersion relation of the discrete wave equation, which would suggest a slower
decay rate in 773 of the oscillatory integral in view of [32]. Comments on this pathological behavior

are also given in [4, Section 2.2], but not from a continuum limit perspective, and we suggest the
following conjecture:

Conjecture 1. For any ¢ € C°(RY),

sup |Ja,.c| < C(O)(1+[r])~5.
vERd
Assuming Conjecture 1, one can derive uniform Strichartz estimates for (DNLKG) for d = 2 the
following way. Let ¢ : R? — [0, 1] be a smooth even compactly supported function such that 1 = 1
for £ € [-m, 7% and ¢ = 0 for € € RY\ [—2m, 27]%. Let n(¢) := v(|¢]) — ¥(2|¢]). We then define for
dyadic integers N € 2% the Littlewood-Paley projections given by

Py =F 1y (%) F.
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Since ¢ € T¢, Py is a smooth projector onto the set T4 < |¢| < 22, and the (Py)y resolves the
identity
Y Py =1d.

Note that the sum has an upper bound as hf = O4(1). Denoting
Kt7N,h(a) =1 (tv a, 77(h : /N)) s

we infer that
le="V1I=2r Pyl nge = 1K nn * @llog < 1Ko nonllzllellz

by Young’s inequality. Making the change of variable (13) we get that K,y n(a) = h™%Js, /N,
so from Conjecture 1 we write that

Cn(-/N)),_ 2 N\E
1wl < SO o8 < o (M) g,
which implies as d = 2 that

4
I N\3 o
e tmpth”LZ@gC(ﬁ) 1t 2 llell

for any ¢ € L'(hZ?) and N < 1. Once such a bound has been obtained, it is then straightforward
to derive the Strichartz estimates for the linear evolution by averaging in ¢ and N ,see for instance
[9, Remark 3.4]. In fact, denoting Uy, (t) = e~®*V1=2r and defining as in [7, p.1127]

~ N2t
where Py = P2+ Py + Pan, we can show that (ﬁN(t))teR satisfies the hypothesis of [21, Theorem
1.2] which implies that

N 5(3-%) 4(3-1)
0@ Pxelismeyy S (X)) IPwelo = [Py IV4G Dl apzm),
Squaring on both side and summing over N < 1, this gives that

2

4(1_ 1
10 Oells@eg S | X N0 OPNols@rr | S| D IPMIVAEE g2,
N<1 N<1

4(1_1
SNVREGE g e,

Nl=

which would finally provides in our case a uniform Strichartz estimate with loss of the form

—itv/1=Ay,
(14) le "ellug@irpaey < Ca@nllel 2 .

in view of the admissible condition (12). Note that this estimate still give a gain of regularity
compared to the trivial estimate induced by the Sobolev embedding H®(hZ?) C L"(hZ?) with
a =1—2/r, which would imply a He (hZ%)-norm in the right hand side of estimate (14) in view
of (12).

To conclude this monograph, we point out that uniform discrete Strichartz with loss can also
be derived on compact sets, which is in agreement with effective numerical simulations. Adapting
the work of Vega [36] on the discrete setting, these kind of estimates were derived for the discrete
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Schrédinger flow on the discrete torus T in [14] or in a large box limit in dimension d = 2,3 in [15],
and very recently for the discrete fractional Schrédinger equation on T}, in [8]. Note that contrary
to those on hZ? [16], these discrete Strichartz on compact sets are not proved to be optimal or not

yet.
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(1]
2]
(3]
[4]
(5]
(6]
(7]
(8]
(9]
10]
(11]
(12]
(13]
(14]
15]
[16]

[17]
(18]

[19]
[20]

[21]
22]

23]

[24]

REFERENCES

M. J. ABLowitz AND J. F. LaDpIK, Nonlinear differential-difference equations, J. Mathematical Phys., 16
(1975), pp. 598-603.

C. AupIARD, Dispersive schemes for the critical Korteweg-de Vries equation, Math. Models Methods Appl.
Sci., 23 (2013), pp. 2603-2646.

C. Bi1, J. CHENG, AND B. Hua, The wave equation on lattices and oscillatory integrals, 2023. Preprint, archived
at https://arxiv.org/abs/2312.04130v2.

V. Borovyk AND M. GoLDBERG, The Klein-Gordon equation on Z? and the quantum harmonic lattice, J.
Math. Pures Appl. (9), 107 (2017), pp. 667-696.

N. Burq, P. GErarD, AND N. TzVETKOV, Strichartz inequalities and the nonlinear Schrédinger equation on
compact manifolds, Amer. J. Math., 126 (2004), pp. 569-605.

Q. CHAULEUR, Growth of Sobolev norms and strong convergence for the discrete nonlinear Schrédinger equation,
Nonlinear Analysis, 242 (2024), p. 113517.

Y. Cuo, T. Ozawa, anD S. Xia, Remarks on some dispersive estimates, Commun. Pure Appl. Anal., 10
(2011), pp. 1121-1128.

B. CHo1, Periodic fractional discrete mnonlinear Schrédinger equation and modulational instability, 2024.
Preprint, archived at https://arxiv.org/abs/2401.13152.

B. Cuot aND A. AckvEes, Continuum limit of 2D fractional nonlinear Schrodinger equation, J. Evol. Equ., 23
(2023), pp. Paper No. 30, 35.

J.-C. CuenIN aND I. A. Ikromov, Sharp time decay estimates for the discrete Klein-Gordon equation, Non-
linearity, 34 (2021), pp. 7938-7962.

E. Ferwmi, J. Pasta, anp S. Urawm, Studies of nonlinear problems. I. Nonlin. Wave Motion, Proc. Summer
Sem. Potsdam (New York) 1972, 143-156 (1974)., 1974.

J. GINIBRE AND G. VELO, The global Cauchy problem for the nonlinear Klein-Gordon equation, Math. Z., 189
(1985), pp. 487-505.

, The global Cauchy problem for the nonlinear Klein-Gordon equation. II, Ann. Inst. H. Poincaré Anal.
Non Linéaire, 6 (1989), pp. 15-35.

Y. Hong, C. Kwak, S. NakaMURA, AND C. YANG, Finite difference scheme for two-dimensional periodic
nonlinear Schrédinger equations, J. Evol. Equ., 21 (2021), pp. 391-418.

Y. Hong, C. Kwak, anD C. YaNG, On the continuum limit for the discrete nonlinear Schrodinger equation
on a large finite cubic lattice, Nonlinear Anal., 227 (2023), pp. Paper No. 113171, 26.

Y. Hong anDp C. YaNG, Strong convergence for discrete nonlinear Schrodinger equations in the continuum
limgt, STAM J. Math. Anal., 51 (2019), pp. 1297-1320.

, Uniform Strichartz estimates on the lattice, Discrete Contin. Dyn. Syst., 39 (2019), pp. 3239-3264.

L. I. IaNAT, Fully discrete schemes for the Schrédinger equation. Dispersive properties, Math. Models Methods
Appl. Sci., 17 (2007), pp. 567-591.

L. I. IenaT AND E. Zuazua, Numerical dispersive schemes for the nonlinear Schrodinger equation, STAM J.
Numer. Anal., 47 (2009), pp. 1366-1390.

, Convergence rates for dispersive approximation schemes to nonlinear Schrodinger equations, J. Math.
Pures Appl. (9), 98 (2012), pp. 479-517.

M. KeeL aND T. Tao, Endpoint Strichartz estimates, Amer. J. Math., 120 (1998), pp. 955-980.

P. G. KeEVREKIDIS, Non-linear waves in lattices: past, present, future, IMA J. Appl. Math., 76 (2011), pp. 389—
423.

R. KiLuip, Z. Ouvang, M. VisaNn, anND L. Wu, Continuum limit for the Ablowitz-Ladik system, Nonlinearity,
36 (2023), pp. 3751-3775.

K. KirkpPAaTRICK, E. LENZMANN, AND G. STAFFILANI, On the continuum limit for discrete NLS with long-range
lattice interactions, Comm. Math. Phys., 317 (2013), pp. 563-591.



https://arxiv.org/abs/2312.04130v2
https://arxiv.org/abs/2401.13152

25]
[26]

27

CONTINUUM LIMIT OF THE DISCRETE NONLINEAR KLEIN-GORDON EQUATION 13

S. MacHiHARA, K. NakaNisHI, AND T. Ozawa, Nonrelativistic limit in the energy space for nonlinear Klein-
Gordon equations, Math. Ann., 322 (2002), pp. 603-621.

N. Masmoupt AND K. NakanisHI, From nonlinear Klein-Gordon equation to a system of coupled nonlinear
Schrodinger equations, Math. Ann., 324 (2002), pp. 359-389.

N. J. MAUSER, Y. ZHANG, AND X. ZHAO, On the rotating nonlinear Klein-Gordon equation: nonrelativistic
limit and numerical methods, Multiscale Model. Simul., 18 (2020), pp. 999-1024.

[28] E. MEcias, M. J. TEIXEIRA, V. S. TIMOTEO, AND A. DEPPMAN, Nonlinear Klein-Gordon equation and the

Bose-FEinstein condensation, European Physical Journal Plus, 137 (2022).

[29] A. B. Pampu, On the growth of the Sobolev morms for the nonlinear Klein-Gordon equation, J. Dynam.

Differential Equations, 33 (2021), pp. 817-832.

[30] M. PEyrRArRD AND A. R. BisHop, Statistical mechanics of a nonlinear model for DNA denaturation, Phys.

Rev. Lett., 62 (1989), pp. 2755-2758.

[31] F. PrancHoN, N. TzveErkov, AND N. VisciGLiA, On the growth of Sobolev norms for NLS on 2- and 3-

dimensional manifolds, Anal. PDE, 10 (2017), pp. 1123-1147.

[32] P. Scuurrz, The wave equation on the lattice in two and three dimensions, Comm. Pure Appl. Math., 51

(1998), pp. 663-695.

[33] A. StEFaANOV AND P. G. KEVREKIDIS, Asymptotic behaviour of small solutions for the discrete nonlinear

Schrodinger and Klein-Gordon equations, Nonlinearity, 18 (2005), pp. 1841-1857.

[34] M. Topba, Theory of nonlinear lattices, vol. 20 of Springer Series in Solid-State Sciences, Springer-Verlag, Berlin,

second ed., 1989.

[35] A. V. Ustinov, M. CiriLLO, AND B. A. MALOMED, Fluzon dynamics in one-dimensional Josephson-junction

arrays, Phys. Rev. B, 47 (1993), pp. 8357-8360.

[36] L. VEGA, Restriction theorems and the Schrédinger multiplier on the torus, in Partial differential equations

with minimal smoothness and applications (Chicago, IL, 1990), vol. 42 of IMA Vol. Math. Appl., Springer, New
York, 1992, pp. 199-211.

INRIA LitLe, Univ LiLLE & LABORATOIRE PauL PAINLEVE, CNRS UMR 8524 LiLLE, CITE SCIENTIFIQUE,

59655 VILLENEUVE-D’AscqQ, FRANCE.



	1. Discrete framework and main result
	2. Growth of discrete Sobolev norms
	3. Strong convergence in the continuum limit
	3.1. The linear flow
	3.2. Linear flow on the nonlinearity
	3.3. Aliasing and Gronwall argument

	4. Decay estimates for discrete wave equations
	4.1. Dispersive estimates on lattices
	4.2. Uniform Strichartz estimates for the discrete Klein-Gordon equation
	Acknowledgements

	References

