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Abstract: We reduce the complex mechanics of an Intrinsic Localized Mode (ILM) on an
infinite monodirectional nonlinear coupled oscillator array. By using Hamiltonian Mechanics,
we derive two systems — a simple case when only the position of the ILM is allowed to vary, and
the more complex case where both position and amplitude are allowed to change with time.
We arrive at a systems of nonlinear equations of motion. For the position-only system, the
dynamics are determined solely by the level sets of the Hamiltonian. The four-variable system
has a richer structure. We also analyze the effect of a defect, or an impurity, on the motion of
the ILM within our framework.

Key Words: Intrinsic Localized Modes, nano resonator, Hamiltonian Mechanics



1. Introduction
The existence of the oscillatory phenomenon called Intrinsic Localized Mode (ILM) has been demon-

strated in many coupled systems of oscillators, as early as 1958 [1], and rediscovered in anharmonic
pure crystals, as reported in the seminal papers [15,22]. Since their initial discovery, ILMs have been
found in a wide variety of physical and simulated structures, having a variety of nonlinearities; e.g
linear oscillator lattices with cubic or quartic terms in the Hamiltonian [8]. Many different forms of
ILM have been developed and investigated, such as ‘twisted un/staggered modes’ [11] and ‘bright
compact breathers’ [10]. Scientists have used a plethora of simulated and physical experiments to
investigate ILMs, including: micromechanical coupled oscillator arrays [5,12,13,16-19,21]; biaxial
antiferromagnets [20]; 2D coupled oscillator arrays [4]; and coupled arrays of ring oscillators [9]. A
more exhaustive historical treatment of the development of ILM can be found in the introduciton to
[18].

The nonlinear arrays used for generating ILMs are typically mathematically treated by the Klein-
Gordon equations, which are cubic second order ordinary differential equations. A variety of methods
are used to deal with these equations, including full numerical simulations [17], and reduced models
such as Invariant-Manifold method [5]. Other models have been used to treat nonlinear oscillators,
using analytical techniques like multiple-scales method [7].

The goal of this paper is to describe an ILM by low-dimensional dynamics, mimicking deformation
of the shape and position of the real ILM. Preliminary investigations performed by this method have
been published by the authors in [14]. We shall follow the paradigm of variational methods [3] that has
been applied to various problems stemming from Hamiltonian mechanics; in particular, we will use
the minimal action principle. Starting from what is now the canonical set of equations for a nonlinear
oscillator, the Klein-Gordon equations, we will assert a symmetric alternating exponential form for an
ILM on an infinite array, and derive simplified equations which characterize the amplitude, velocity,
and generalized momenta of the ILM.

This paper is organized as follows. In Section 2, we describe the setup and assumptions for the
derivation of the model. Section 3 derives a reduction from an infinite dimensional system to a two-
variable system, described by velocity and momentum of the ILM; in parallel fashion, Section 4 derives

a model with four variables, as velocity, amplitude, and momenta. The conclusion follows in Section
5.

2. Model

In order to understand ILM dynamics, we derive and simulate a reduced system. Our goal is to derive

a consistent, low-dimensional approximation to the dynamics. The order of the reduced system will be
proportional to the number of ILMs, rather than the number of oscillators for the full systems. In our
derivation, we assume an infinite array of oscillators (as opposed to periodic boundary conditions); one
direction of deflection; and no dissipation in the system. The rate of change of the shape and position
are assumed to be slow as compared with the frequency of ILM motion. Frequently throughout the
literature, dissipation is neglected, see e.g. [5,17]. Moreover, simulations and experiments of over
150 oscillators have been conducted, e.g. [17], with ILM amplitude dropoff sufficiently high such that
approximation by an infinite array is justified.

A given state of the array is described by a vector of deformations u,,, n =...,—2,—1,0,1,2..., and
the corresponding velocities ,,. We choose the particular form for the ILM as a symmetric alternating
exponential; see Fig. 1. The form of this exponential approximates numerically determined ILM
shapes, such as those in [5,12]. More precisely, let us take the form of the ILM (1) to be alternating
with n, and centered at the point z, which is not necessarily an integer, having peak amplitude A.
Let no(x) = floor(x) denote the floor of x. In what follows, we will drop the dependence of ny on
x in the formulas to keep the expressions as manageable as possible; the dependence ng(z) is always
assumed. Assume further that the ILM has temporal period 27 /w, and the “sharpness” of the ILM is
described by the exponent A. The meanings of parameters and variables are summarized in Table I.

un = Aexp(—A|z(t) — n|)(—1)" sin(wt) . (1)



Table I. Symbol Interpretation

Symbol Interpretation

oy Linear restoration

Qs Linear nearest-neighbor coupling
51 Cubic restoration force

B2 Cubic nearest-neighbor coupling

A Peak amplitude

T Center of ILM

U, Deflection of oscillator

A Sharpness of ILM

w Temporal Period

ng Oscillator immediately left of x

We use potential and kinetic energies of the array corresponding to a form of the Klein-Gordon
equations, given by P and K; see e.g. [15,22] and following papers.

o0

P = Z %(mu% + ag(up — up_1)?) + i(ﬁlufl + Bo(uy — Un_1)), (2)

The system is Hamiltonian, with H = K+P. However, right now we are more interested in describing
the Lagrangian approach, where the motion comes from minimizing the action

58:6/(/6—73)(175:0. (4)

We will proceed by substituting ILM form (1) into (2,3) and subsequently into the action S =
f (IC — P)dt, and derive the reduced action that depends on the few parameters only, namely, on
(z,%) and, eventually, on (x,4, A, A). Low-dimensionality will be achieved by averaging out the
quickly oscillating terms.

3. Two Variable Model

In this section, A is taken to be a constant in (1), and only the position z is allowed to vary with

time. In Section 4, we will allow both x(¢) and A(¢) which will lead to substantially more complex
equations; the case of z-dependence only is considered as the logical first step.

3.1 Derivation
Kinetic Energy The kinetic energy is computed from the expression (3) by observing that the
time derivative u,, is given by

Uy, = (—1)"Aexp(—A|n — z|) (—wsin(wt) + A cos(wt) sign(n — z) ) (5)

Substitution of (5) into (3) yields,

L 5 2 _ A N . 2\2
K= 3 nzz_oo Uy, = 5 _Ooexp(—2)\(x —n))(—wsinwt + A cos(wt)(—1) &)
2 )
T 2;1 exp(—2A(n — x))(—wsinwt + A cos(wt) =)~ .
no

Recognizing the geometric sum,
d/\m

> e =T (6)

n=—oo
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Fig. 1. ILM form. The horizontal axes correspond to the spatial and tem-
poral dimension, the ILM being a decaying alternating exponential spatially,
and periodic temporally. The center of the ILM is not necessarily an integer,
and the peak may lie between oscillators.

we then get,

A2 2z —
K= 5> (w2 sin? wt + 2w sin wt cos wt + A2 cos? wt j:2) exi)(_ ex;():(t—2;\l)0))
A? exp(—2X(no + 1 —x))

+ 9 (w2 sin? wt — 2w sin wt cos wt + A% cos? wt iZ) 1 —exp(—2A)

Computing the long-term integral in the action and dividing, for convenience, by the length of the time
interval, we see that the expressions involving each of sin® wt, cos®wt, and sinwt coswt are averaged
over one period of oscillation as follows:

1, 1
—/ sin“wtdt - =, T — o0,
T /) 2
I 1
—/ cos“wtdt - =, T — o0,
T J, 2

1 T
/ sinwtcoswtdt -0, T —o00.
T Jo

Therefore, we get the averaged kinetic energy K

w+ 2 S 2) Y (z)
—2X(z—mno) —2A(no+1-z)) ._ ;-2
/ Kdt — 5 T eoon (e +e ) &= (7)

Potential Energy We derive the equations for the potential energy in similar fashion. First we
will substitute the ILM form (1) into (2), and then simplify the equations.



P :% (alh + aolhs) + L (517/’3 + P2Us) ®)

U = Zun’ UQ—Z( —Up—1)?, 9)

Us :Zui, Uy = Z(un —up_1)t.

Again, geometric sums appearing as in (6) may be simplified. Defining the corresponding averages

1
Ui: lim T/L{ldt,, 221,,4

T—o00
we get
N et S ot — A A ene) o 2A(net1—a)
uy = A% cos”wt Y exp(—2A|n — x|) =y e +e . (10)
—e
Us = Z(un —uy_1)? = A? cos? wtz (exp(—2AIn — z|) — exp(—2A|n — 1 — z|))?

—2X(z—no) —2X(no+1—=z) —2X(z—no) —2X(no+2—2x)
:A2<e +e Y +e e_/\>

1—e2 1—e—27 (11)

The equation for Us is derived by direct analogy to the equation U; (10):

At t
U3 — Zu - (iose ("i ) (674)\(m7n0) + 674)\(n0+17$)> (12)
3A4 4A ~ e )
— —4X(z—no) —4X(no+1—1)
ST e (e +e ) . (13)

Finally, the calculation of Uy is similar to that of Uy (11), except that there are a few extra multi-
plicative factors and additive terms.

oo
Uy = Z(un —up_1)t, (14)
—o0
344 6—4)\(:c—n0) + 6—4)\(n0+1—x)
S ),
where the o terms are,
—4X(z—no) —4X(no+2—1)
_y€ e A\ - _
o= 1—e 4 +e* [ —eax  t¢ Aem2Almotl =) (16)
—4A($—’I’LQ) —4)\(n0+2—x)
_ —20¢ 22 € —2)
op=e¢e TR +e TR +e 7, (17)
—4X(z—mng) —4X(no+2—2x)
_ay € (& _ _
. =€ 3A —— + 63)\ =" te 3>\62)\(n0+1 x) ) (18)

Finally, we pull out A from each of the U;, merge the remnants of the U, into appropriate us, p4 and
combine them into the new time-averaged potential energy P:

P =A%y + A*py . (19)

Defect A defect in the array of pillars, introduced to mimic molecule attachment to a nano scale
crystal array, can be introduced into this system easily. For demonstration, we defect parameter a;.



Suppose the defect occurs on pillar kg, so that at pillar kg, &1 = a1 + ap; then we simply have an
additive term to IP. Therefore, in the presence of a defect,

A2
D= 7(1[)672)\@7]%‘ , (20)
and we can redefine,
P—-P+D. (21)

Hamiltonian Mechanics Next, we write the Lagrangian £ for the simplified two dimensional
System:

L=K-P,=¢(z) = —P. (22)

Then we define the canonical variable, or generalized momentum P,, as

oL .
inverting = t=PF, /9.

Going through the Legendre transform, we get the Hamiltonian H:
H=1P,—L,

H:%Rﬁw+P. (23)

The equations of motion for the two-variable system are then,

oM . OH
= op T

(24)
The role of dissipation We shall make a note here about the dissipation which plays a crucial
role in the long-term behaviour of a realistic physical system. Realistic numbers in the literature
[2] yield the force of dissipation on the k-th oscillator as ~ iy, where v ~ 104, One could try
to insert the averaging ansatz (1) directly into the total dissipation rate ), —~u3 and compute the
dissipation force; however, in our opinion, such approach is inconsistent. A correct way would be to
use the ansatz (1) in the Euler-Lagrange equations obtained from the Lagrangian (4) and proceeding
with the averaging. Note that this approach, amounting to averaging the equations of motion after
computing the Euler-Lagrange equation, is quite different — and more complex — than the method
presented here, where the averaging is done directly in the Lagrangian before computing the Euler-
Lagrange equations. While it is possible to proceed using the first method, one would need to be
consistent and use the direct averaging of each term in the equations of motion rather than averaging
the Lagrangian. We shall not follow this approach here, as it does not allow the canonical formalism
developed above.

3.2 Results

To examine the dynamics of this system, rather than solving ODE system (24) directly, we look at
the energy landscape. Indeed, H is conserved in time, as %(H) = 0. Hence, the level sets of H indicate
paths in (z, P,)-space through time. An example of such level sets is given in Figure 2. There are
periodic orbits appearing in the bottom of the energy wells, seen in dark blue, and escaping trajectories
further up the walls, seen in yellow and red. These are the only two types of trajectories appearing
as level sets, so the dynamics of this system is rather minimal, and is topologically equivalent to that
of a simple pendulum.

The inclusion of defect in the system serves to deform the energy landscape by lowering or raising

the boundary between local minima, depending on the sign of the defect. If the defect lowers the
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Fig. 2. Level sets, for the two variable system, of H (23), which is conserved.
Trajectories are either oscillatory about a local minimum, or escaping. Defects
lower or raise the boundary between minimal energy states, strengthening pin-
ning, or allowing travel between multiple pillars.

parameter, it will permit movement of the ILM between pillars and possible capture into a potential
well from an exponentially small measure (as a function of the distance z). Alternatively, the defect
that raises the energy values will facilitate an escape from the bounded trajectories of the potential
well.

While this simple two-dimensional system does demonstrate some interesting features like traveling
ILMs and capture of ILMs, it is too simplistic to accurately describe complex dynamics of ILMs exhib-
ited by physical systems. Most notably, ILMs in experiment and simulation never remain stationary
with constant amplitude, nor do they travel at averaged constant speed with constant amplitude. On
the contrary, experimentally observed ILMs have finite lifetime, and the amplitude tends to vary with
time. Moreover, a general agreement [6] seems to be that it is impossible for an ILM to propagate
with a constant speed. Thus, the results of this simplistic model are inconsistent with current knowl-
edge about ILM and an improvement of the model must be sought. Such an improvement is achieved
below by allowing the amplitude A to depend on time. This increases the number of variables in the
reduced system from two to four and permits much richer behaviour of ILMs, which is closer to the
one observed in numerical simulations for the full system and experiments.

4. Four Dimensional Model

4.1 Derivation

The four-dimensional model accounts for change in both the amplitude A of the ILM, as well as its
peak position . Whereas the two variable model was too simple to allow complicated dynamics, our

4D system will be much more realistic.

Kinetic Energy Still working with (1) for the ILM form, but with x = z(t), A = A(t), we have a
new expression for the velocity of each pillar:

Up = (A coswt — Awsinwt + AAsign(n — ) cos wt) (=1)re A==l (25)
e~ 2AIn—x| . .
= i = e — (w2A2 + A2 4 A2)23 4 2 A)sign(n — m)Ax') : (26)

after averaging the time functions. Substituting (26) into K, we get



_1 3 _ 242 2 212:2 - —2X|n—x|g —
2; _452( A%+ A% + A%N% )+A/\Aw e sign(n — ), (27)

— 00

with the shorthand,

E2 _ 6—2)\(n0+1—1’) + 6—2)\(.1’—71,0)’ (28)
EQ _ 672)\(n0+171') _ 672)\(17710) , (29)
€ =1— e (30)

We turn our attention to the the sum in (27). As long as z is not an integer, this expression may be
written as

> 1
E— Ze*”‘”*”sign(n )= : (672)\(no+17z) _ 672,\(zfno+1)) +sign(ng — z)e- @) (31)
2

— 00

E has a discontinuity at x = ng, when the ILM is centered at a pillar; this occurs at a set of measure
0, so we disregard it, and hereafter assume E = F5/&;. Therefore, we write the final expression for
our kinetic energy:

ks

K=1 (A2 + A% + >\2A23':2> + AA)\xE (32)
4 &2
1 E2 12 )\ A E2 2 AN A2w2 E2
=-——A + ="EAx + —. 33
4 & 4 52 2 4 & (33)

Potential Energy The potential energy P for the four dimensional reduced system is the same as
PP for the two variable system, as in (8, 19).

Hamiltonian Mechanics We first write the Langrangian

L=K-P, or (34)
L= 5 AQ%# + AF3Ai — cgA? — ¢4 A*, (35)
where we have defined E, NE, \E
Flz%, F, = 2%, FgZT. (36)
= 42£E2 b+ 2D e~ 2Na— K| (37)
C4 = Uy . (38)

Hamilton’s Equations allow the introduction of canonical variables (P,, P4) that are dual to (x, A)
through

oL ,
Py =— =F,A+ AFsi. 39
A 9A 1 3T ( )
P, = %ﬁ, = A’Fyi 4+ AF3A. (40)
X

Inverting these expressions, i.e., solving for (i, A) in (40,39) and denoting, for simplicity, A = F} F —
F2, we obtain
A= (FQPA —A"'R3P,), (41)

= ——(—AT'F3Ps + AT2F\P,). (42)

I>\Hl>\



The determinant A is written explicitly as

o N s s A o
A=FF—-F; =——(E5—LE5) = e (43)
483 3
Using the Legendre Transform,
we can now define the Hamiltonian H as follows,
1 ([ F F
H=x (;pj + A*271P§ — AngPAPx) + g A% 4 ¢y A% (45)

Armed with H, we can derive the equations of motion for the canonically transformed system.
It is interesting to note that the Hamiltonian H is conserved during the motion, providing a useful
check of the numerics; however, because of the four-dimensionality of the system, the conservation of
the Hamiltonian alone is not sufficient to derive the solutions, in contrast to two-dimensional system
(z, P;). The canonical equations of motion are:

. OH . OH
= —— = —— 4
Fe=—%e PA=9a (46)
OH . OH
= —, A=_—"=. 4
T op, 9P, (47)
More explicitly, we write the canonical equations of motion for (x, A, P, P4) as follows:
. 1 18F2 2 18F1 22 8F3 1 2802 4864
Po=——(=—=P ———AT*P; — — A" "P,P, A—= + A — ] | 4
(A (2 oz 2720z T Oz 4 T % T B (48)
: Fy 350 F3 o 3
Py =— —KA P: + KA PyP, +2Aco +4A%¢ | (49)
. Fl -2 FS —1
= —AT°P, — A "Py,
&=x A A (50)
i F2 F3 —1
A= ZPy—CAP,. (51)

4.2 Results

Initial coding of (48 - 51) resulted in ODE which frequently encountered a run-time singularity due to
the attractive fixed point A = 0. To allow us to pass near the A = 0 singularity, we rescale time from
t into 7 as dt = APdr, where p is the lowest power which removes negative powers from the ODEs; in
our case, p = 3. Essentially, we are rescaling by values of the variable for which there is a singularity,
so that as we approach the ‘bad’ value, time slows down. After a simulation has concluded, we return
to normal time by performing the integration

t:/o AP(T)dr. (52)

In all cases, we could continue the simulation until 7 = oo (or arbitrarily large), in the case when the
solution hits the singularity at A = 0, it occurs in finite time ¢ty = fooo A3(7)d7. The solutions are
then plotted with A = A(¢) and = = z(t), with ¢ computed parametrically from 7 using (52).

Figure 3 shows a suite of simulations of (48 - 51) with identical parameters such as starting values
of A(0) ete, except the initial position of the ILM zy = x(0). Ten initial conditions are presented
here, with the emphasis of interpretation being on diverging paths that seem initially similar. The
ILMs oscillate several times, and wander across the array. The ILMs starting from zo = {—3, 1,1, 3}
represent those whose initial condition is symmetric with respect to the pillar at which they start.
This ILM form is the same as that found in e.g. [5], and is known to be a stable ILM. In contrast, those
simulations here which start in between pillars, represent the anti-symmetric ILM, and are known to
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Fig. 3. Four-variable reduced system, simulations of 10 initial conditions. In
the absence of defect, the interval of initial conditions between zog = 0 and
2o = 1 would be perfectly symmetrical; in this plot, a -5% defect at pillar
0 causes a breaking in symmetry. ILMs which have similar initial position,
translated by one unit, have similar trajectories at first, before diverging.

be unstable — hence, they die relatively quickly, as the initial amplitude dissipates into momenta until
the ILM vanishes.

In Figure 4 is a set of simulations for which the initial position is held constant, and instead the two
parameters P, (t = 0) and A are varied. Increasing the initial value of the dual variable P, gives the
ILM an initial “push”, so it tends to move further along the array. In contrast, increasing the value
of A seems to increase the amount of time it takes the ILM to diverge from its initial position. This
features mimic the general behaviour observed in full simulations of ILMs, for example, propagation
of ILMs through arrays.

Another interesting feature of the model is that we do not get a constant speed motion of ILMs,
even in an approximate or average sense. Most motions we have observed consists of almost piecewise
short “patches” of almost constant velocities, when ILM moves with one speed, then changes abruptly
to another speed etc.. Note that there is no analytic solution with & =const since the right-hand sides
of the equations (48-51) explicitly depends on z, so a solution with constant speed must be thought in
approximate sense only. That jittery and complex behaviour of ILMs conforms to current literature
[6], but more studies are definitely needed for quantitative comparisons.

5. Conclusions

In this paper, we have demonstrated that a reduction of high-dimensional system of coupled oscillators
to low-dimensional system based on the reduced description of ILMs results in an interesting and
realistic low-dimensional Hamiltonian system of ODEs. We demonstrated that the minimum number
of variables to observe interesting behaviour is four, two being the position and the amplitude of ILM

and the other two the corresponding canonical momenta. A question naturally arises whether one
needs to increase the complexity to improve the model of ODEs even further. While it is true that
increasing the number of variables per ILM description does (probably) add more realistic features,
we believe that real progress can be achieved now by keeping the model we have derived for an
individual ILM and, at the same time, increasing the number of ILMs. Of particular interest is the
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Fig. 4. Four-variable simulations of reduced ILM dynamics. The color of the
lines indicates ILM amplitude. Top: In the vertical axis is an exploration of the
dual variable in the system, P,. Each simulation started from the same point
on the array, at x = 0.25. Increasing the initial value of P, pushes the ILM in
the positive direction on the array. Bottom: Varying the value of parameter A
alters how quickly the ILM diverges from its initial position, with higher values
leaving the ILM in place for longer.

influence of defects and appearance of new ILMs. An analytical description of defect’s influence can
be constructed here, much like the one outlined in the previous section.

We discussed solutions, conservation laws due to the Hamiltonian structure and the application of
averaging principle. We believe that this work opens some interesting possibilities for constructing
low-dimensional models of ILM motion and the corresponding (almost) analytical description of the
influence of defects on ILMs.

Finally, we will briefly say how the ILMs are affected by defects in this model. An analytical
description of defect’s influence can be constructed here, much like the one outlined in the previous
section. Note, however, that we enforce the number of ILMs to be constant, so new ILMs cannot
be born out of interactions with defects. It would be interesting to see if one can generalize this
model to account for birth of ILMs, for example, by placing several of “ghost” ILMs with very small



amplitudes.

One obstacle in the path of multi-ILM description lies in the fact that A = 0 is a singularity in
equations. Several methods can be derived to deal with that singularity. For example, one can locally
use the variable B = AP for some power p > 0 and make a continuum transition through A = 0.
Unfortunately, this introduces singularities in other equations, so a careful analysis through scaled
time must be undertaken. Another option is to introduce a small ad-hoc term in the A equation
preventing A(¢) from reaching the singular point A = 0. The right choice of such a term which will
not affect the motion away from A = 0 is rather tricky and will be undertaken in future work.

Another interesting direction will be to extend the results of this system to two-dimensional oscil-
lations of pillars as described in [2]. We believe that such a system, which must necessarily involve
involving six canonical variables (one position z and two amplitudes A and B for out-of-plane and
in-plane oscillations, and the corresponding momenta), should provide a consistent low-dimensional
description of ILM behaviour.
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