arXiv:1605.05521v2 [math.DS] 13 Sep 2017

Homoclinic Points of 2-D and 4-D Maps via the
Parametrization Method

Keywords:

Stavros Anastassiou!, Tassos Bountis'? and Arnd Backer3*

LCenter of Research and Applications of Nonlinear Systems (CRANS),

University of Patras, Department of Mathematics,

GR-26500 Rion, Greece

2Department of Mathematics,School of Science and Technology,

Nazarbayev University, Kabanbay-batyr, 53, 010000 Astana, Kazakhstan
3Technische Universitéit Dresden,

Institut fiir Theoretische Physik and Center for Dynamics, 01062 Dresden, Germany
4Max-Planck-Institut fiir Physik komplexer Systeme, Nothnitzer Strasse 38,

01187 Dresden, Germany

E-mail: SAnastassiou@gmail.com

Abstract.

An interesting problem in solid state physics is to compute discrete breather
solutions in N coupled 1-dimensional Hamiltonian particle chains and investigate
the richness of their interactions. One way to do this is to compute the homoclinic
intersections of invariant manifolds of a saddle point located at the origin of a class
of 2N—dimensional invertible maps. In this paper we apply the parametrization
method to express these manifolds analytically as series expansions and compute
their intersections numerically to high precision. We first carry out this procedure
for a 2-dimensional (2-D) family of generalized Hénon maps (N = 1), prove the
existence of a hyperbolic set in the non-dissipative case and show that it is directly
connected to the existence of a homoclinic orbit at the origin. Introducing dissipation
we demonstrate that a homoclinic tangency occurs beyond which the homoclinic
intersection disappears. Proceeding to N' = 2, we use the same approach to accurately
determine the homoclinic intersections of the invariant manifolds of a saddle point at
the origin of a 4-D map consisting of two coupled 2-D cubic Hénon maps. For small
values of the coupling we determine the homoclinic intersection, which ceases to exist
once a certain amount of dissipation is present. We discuss an application of our results
to the study of discrete breathers in two linearly coupled 1-dimensional particle chains
with nearest—neighbor interactions and a Klein-Gordon on site potential.

invariant manifolds, polynomial Hénon maps, parametrization method,

discrete breathers
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1. Introduction

An important topic in the study of the dynamics of 1-dimensional lattices (or chains)
of nonlinearly interacting particles is their ability to support under rather general
conditions a very interesting type of localized oscillations called discrete breathers (see
[31,, Chpt. 7], [26]). These solutions simply execute periodic motion and involve one or
more central particles that carry most of the energy, while all others in their immediate
vicinity have amplitudes that vanish exponentially as the index of the particle n goes to
+00 or —oo. Take for example the so—called Klein-Gordon system of ordinary differential
equations written in the form

tip = =V (Un) + @ (Ups1 — 2Up + Up_1) , V(z) = %KxQ + ixﬂ‘, (1)
where u,, for —oo < n < 0o is the amplitude of the n-th particle, a > 0 is a parameter
indicating the strength of coupling between nearest neighbors, and V'(z) is the on-site
potential with primes denoting differentiation with respect to the argument of V' (x).

To construct such a discrete breather solution one may insert a Fourier series

un(t) = Y An(k) exp(ikwyt) (2)

k=—00

in the equations of motion (II), where wy is the frequency of the breather. Setting the
terms proportional to the same exponential equal to zero one obtains the system of
equations

—EwiAn(k) = a (Ana (k) = 24, (F) + Ay (B) = KA, (k) — Z Ap (k1) An (ko) An(ks3),

k1,k2,ks3
(3)
where ki + ko + k3 = k,Vk, n € Z. This equation defines an infinite-dimensional
mapping in the space of Fourier coefficients A, (k). Time-periodicity is ensured by the
Fourier basis functions exp (ikwyt), while spatial localization requires that A, (k) — 0
exponentially as [n| — oco.
If we want to construct a breather solution one can start from its lowest order
approximation by substituting u, (t) = 2A4,,(1) cos(wyt) in () and obtain a 2-dimensional
map for the largest coefficient A, (1) = A,(—1) = A, as follows

—ngn :Oé(An+1 _2An+An—1) —KAn —3142, (4)
which may be written in the form
1 3
App1=—An 1 + - (2+ K —wp) A, + EAEL : (5)

If we now define x,, = A,, and y,, = A,_; the mapping (B]) takes the 2-dimensional
(2-D) form

3
Tptl = —Yn + CIn + axfw (63“)

Yn+1 = Ty (6b)
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where C' = (2 + K — w})/a. This mapping is area-preserving (and also symplectic)
since the determinant of its Jacobian is unity for all x, and y,. The above approach
has proved quite useful in the past and has led to a wide variety of interesting results
concerning the computation and dynamics of breathers and multibreathers in a large
family of 1-dimensional Hamiltonian lattices [14] [15 [16]. To our knowledge, such a
study has not yet been carried out for coupled Hamiltonian chains of this type.

Breather solutions of the original chain () by definition must have large values of
|Ay| for small n = 0,£1,4£2, ..., while A, — 0 as n — +oo. This implies that these
amplitudes can be identified as homoclinic orbits lying at the intersections of stable
and unstable manifolds of the origin, which if hyperbolic is necessarily a saddle point of
the map ([@l). For any homoclinic intersection point, its orbit under forward (backward)
iteration along the stable (unstable) manifold asymptotically converges to the origin.
Thus the requirement that A, — 0 as n — Foo is fulfilled at the outset. To locate such
homoclinic orbits accurately, one must be able to write down precise expressions for the
curves representing these manifolds and compute their points of intersection.

The purpose of this paper is twofold: First, we develop and apply the
parametrization method to compute intersections of invariant stable and unstable
manifolds of a certain class of 2-D and 4-D invertible maps. These are the types
of maps used to obtain the largest coefficients A,, and B, in the Fourier expansion of
the n—th particle of two coupled chains. So far, such 2-D maps have been successfully
used to obtain such A, approximation for 1-D Hamiltonian particle chains with Klein-
Gordon on-site potential (see [I4] [I5] 16, [17]). Second, we locate the coordinates of
the homoclinic points of such mappings, along with the critical value of the dissipation
parameter for which homoclinic intersections no longer exist. The accuracy of our
computations of homoclinic points of 4-D maps is very encouraging, as an application
of these techniques to coupled 1D particle chains is now possible.

The success of this approach in studying the existence of breathers relies on
the fact that breather computation is achieved by using rapidly convergent Newton
schemes to compute the breathers as simple periodic orbits of a Hamiltonian system
of differential equations. As is well-known, this crucially relies on having an accurate
first approximation. This is why the knowledge of the first Fourier coefficients from
the homoclinic orbits of the corresponding maps is so useful. Indeed, higher Fourier
coefficients are not needed, since they are obtained through the convergence of the
Newton method to the exact breather solution.

The paper is structured as follows: First, in section 2, we introduce the 2-D
mapping of interest here and prove its hyperbolic behavior for the symplectic case.
In section [ we explain the idea of the parametrization method and how we use it to
obtain power series for the manifold equations. In section 4 we solve these equations
numerically and obtain the homoclinic intersections for a cubic map of the form ().
Finally, in section [, we apply our approach to a 4-D map with cubic nonlinearities and
compute manifold intersections for various parameter values, commenting also on the
accuracy limitations encountered by our numerical algorithms in this process. We close
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with our concluding remarks in section [0l

2. Hyperbolicity in a Family of 2—Dimensional Hénon Maps

2.1. Generalized Hénon maps

Nearly 45 years ago the French astronomer Michel Hénon introduced a 2-D mapping of
the plane onto itself with the simple form [2]

h:R*— R?* h(z,y) = (1+y— ax® br), (7)

which exhibits very interesting phenomena related to chaos, bifurcations and strange
attractors for different values of its parameters a > 0 and |b| < 1. In fact, the occurrence
of some of the most important properties of ([7]) have been related to the transition from
simple dynamics to hyperbolicity (see e.g. [4, [5, [12]). This implies that there are dense
sets of chaotic orbits lying at the intersections of invariant manifolds of unstable (saddle)
fixed points and periodic orbits [§].

Nowadays, however, it is more common to consider instead of () its conjugate
expression

he : R* = R? h(x,y) = (y, —bx +a — y*), (8)

which is more convenient to generalize both in form as well as number of dimensions, as
described for example in [I1] and [24]. Thus, let us consider the family of generalized
Hénon maps of the plane onto itself defined by

H:R* = R? H(w,y) = (y,—07 +p(y)), (9)

where p(y) is a univariate polynomial. This class is of particular importance as any
polynomial mapping of the plane having a polynomial inverse (i.e. any member of the
2-D affine Cremona group) is either a composition of mappings of the form (@), or
possesses trivial dynamics [6].

The main properties of the generalized Hénon family (@) are the following: First,
the inverse of H(xz,y) is explicitly given as H (z,y) = (—%y + %p(m),a:). Moreover, if
the polynomial p(y) is odd, the mapping H (z,y) is symmetric under the transformation
o(x,y) = (—x,—y), which implies Hoo = go H(z,y). For § = 1 the mapping H (z,y) is
a symplectomorphism (or symplectic map), as it preserves the natural symplectic form
of the plane, dx Ady. In addition, H is also differentially conjugate to its inverse, since,
if we define p(z,y) = (y, ), it follows that H o p = po H~! holds. As a consequence, in
the symplectic case, invariant sets of H(z,y) are related to invariant sets of H~! by the
transformation p.

Generalized Hénon maps have attracted a lot of attention in the literature. For
example, in [I3] the dynamics of H(z,y) is studied, where p(y) is a polynomial of third
degree, while in [22] bifurcations of homoclinic tangencies are considered, involving
intersections of invariant manifolds, for a mapping that has many similarities with ({3
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above. Furthermore, we note that in [27] sufficient conditions are given for hyperbolicity
in generalized Hénon maps for arbitrary polynomials p(y).

In the present work we study a class of maps (9) that corresponds to the choice
of a cubic polynomial p(y) and generalize our results to the case of 4-D maps, as dis-
cussed in section [I] in connection with applications to discrete breathers in systems of
1-dimensional Hamiltonian particle chains [311 [14, [15] 16].

2.2. The 2-dimensional cubic map

Let us focus now on the dynamics of the recurrence relation:
Aps1 = cA, — 0A,_ + 343, (10)

which follows from (&) by a simple rescaling of the Fourier coefficients, while a
parameter 0 < 6 < 1 has been introduced to account for dissipation effects. Setting
A,_1 =z, A, =1y, we define the following cubic map of the plane z,y onto itself

fiR* =R (z,y) = (y, =07 + cy + 3y°), (11)
which corresponds to the generalized Hénon map (@) for p(y) = cy + 3y3. Its inverse is
given by

Nz, y) = Co— 1y+ §:£3 x|. (12)
’ ) o 6

For 6 = 1 the mapping f is a symplectomorphism and is invariant under the symmetry
o(x,y) = (—x,—y), i.e. the relation f oo = oo f holds.

2.3. Existence of a hyperbolic set in the symplectic case 6 = 1

The generalized Hénon map is known to have rich dynamics. In fact, in [27] the existence
of hyperbolic sets for such maps has been proven for a wide range of parameter values.

2.1 Definition. Let g : M — M be a diffeomorphism and A a compact subset of M,
invariant under this diffeomorphism. A is said to be a hyperbolic set for ¢ if Vo € A the
following is true:
(i) T.M = E¢ & EY,
(i) dog(ER") = B,
(111) ||d:cg < )‘7 ||dxg_1|E§|| < ,u_1> for0 <A<1< K
These conditions imply that the tangent space of M at every point of A is the direct

B3

sum of two subspaces ES and E} which are invariant under the action of the differential
of g. Moreover on these subspaces the differential acts as a contraction and dilation,
respectively.

In what follows we will be interested in the diffeomorphism f defined by
equation (III) for the particular choice of ¢ = —g which yields a saddle point at the
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origin and will be kept fixed in the remainder of this paper. This choice is pictorially
convenient, since ¢ values in that range produce large scale manifolds that are clearly
visible in the figures. Let us now demonstrate the existence of a hyperbolic set for this
system:

2.2 Proposition. Let [ be the diffeomorphism (), with ¢ = —g and 6 = 1. Then,
there exists a hyperbolic set A on which f is topologically conjugate to the two-sided
shift on three symbols. Moreover, A consists of all those points whose orbits are bounded
under successive iterations of ([IIl).

Proof. The proof utilizes theorem 3.3 of [27]. However, since it is not directly applicable
to f, we first perform a coordinate change by defining hy, ho : R?* — R? as hy(z,y) =
(1a,y) and ho(z,y) = (z,Ly). Then, f is left-right equivalent to f : R* — R?, defined
by f(z,y) = (y, =6z + a3y — 2ay), that is, hy o f = f o hy. Note that this is nothing
more than a coordinate transformation of both the domain of definition and the image
of f, so, qualitatively, the behavior of f remains unchanged.

Let us now set a = 5 in this example. Following the notation used in [27], we notice
that f is of the form f(x,y) = (y, —6z + p(y)), where p(y) = 375(y® — y/30) = 375g(y),
with g(y) = y® — 4/30. Determining the roots of g(y) as a; = —1//30, ay =0, as =
1/v/30, we consider the intervals V; = (—1.03,-0.149), V, = (-0.05,0.05), V5 =
(0.149,1.03). Having thus chosen the neighborhoods of the map that are of interest,
it is easy to verify that all conditions required for the application of Theorem 3.3 in [27]
are satisfied, therefore the proposition holds. O

Figure [ shows the first few steps of the construction of the hyperbolic set for the
above map f.

(a) | | (b) N © [, | |

-0.5 00 , 05 -0.5 00 , 05 -0.5 00 , 05

Figure 1. (a) The square @ = [—1/2,1/2] x[-1/2,1/2]. (b) The area within the three
vertical strips represents all points in the set @ N f (Q) generated after one forward
iteration of all points of Q. (c¢) The points of @) that are still inside @ after one forward
and one backward iteration of the map lie in the intersection of the vertical strips of
(b) and the horizontal strips shown here. This set, fﬁl(Q) NN f(Q), represents the
first step in the construction of the hyperbolic set of f .
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Hyperbolic sets persist for small perturbations of the mapping, thus we expect to
find hyperbolic behavior of f for other values of § as well. In later sections we show
that the hyperbolic set established by the above proposition owes its existence to a
transverse homoclinic point of f. Then we shall follow the intersections of the invariant
manifolds of f emanating from the origin to locate the critical value . < 1 at which
these manifolds are tangent to each other. This means that for § < d. homoclinic orbits
no longer exist and the chaotic behavior of the map about the origin disappears [7]. To
determine the invariant manifolds and compute their intersections, we make use of the
so—called parametrization method, which we now briefly outline.

3. Overview of the Parametrization Method

Let f : R® — R™ denote a C'* diffeomorphism, having a hyperbolic fixed point at p € R"™.
Assume that E? is the eigenspace of d,,f : R — R", corresponding to eigenvalues that
have norm less than one. The stable manifold theorem [3] asserts that the stable set of
p, W3(p) == {x € R" | lim,,—, 1o f"(z) = p}, is a smooth immersed submanifold of R",
tangent to £® at p (an analogous statement holds for the unstable manifold of p).

Knowing how these two manifolds evolve in the phase space of the map offers
crucial insight in the dynamics of the diffeomorphism f. Consequently, a number of
methods have been developed to compute and visualize these manifolds. see [21] for
a survey of these methods and more recently [29] for the 2-D case. Here we choose
the parametrization method for the computation of such manifolds, which presents a
number of advantages (see [20] for more details).

Let us now demonstrate how to compute stable (and unstable) invariant manifolds
using the parametrization method. This method offers a simple and straightforward
procedure for computing invariant manifolds of vector fields and diffeomorphisms as
explained in detail in [I8] 19, 20]. In fact, its applications go far beyond the topics we
examine in this paper (see [23] [32], [33] 40, 28] [42] and references therein, for applications
in a wide variety of problems).

The parametrization method builds on the following fact: Under the assumptions
imposed on the diffeomorphism f, there exists a C'™ injective immersion S : E® — R",
such that:

(a) S(p) = p,

(b) the derivative of S at p is the inclusion map E® — R", and

(c) foS=So f° where f* stands for the restriction of d,f to E®.

This version of the stable manifold theorem may be found in [1], and the immersion S
is to be thought of as the parametrization of W3(p), considered as a submanifold of R™.

Central to the implementation of the parametrization method is the equation

foS=S5of, (13)

which from now on we shall call the defining equation of the stable manifold. Here f
stands for the diffeomorphism of interest, while f* represents its linear part determined
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by the stable eigenvalues of the fixed point. S denotes the parametrization of the
invariant manifold that we wish to compute.

To proceed with this computation, we first need to expand the map S as a power
series. Inserting this power series into the defining equation, we shall arrive at relations
giving the coefficients of terms of degree n as a function of coefficients of terms of lower
degree. What is especially convenient here is the fact that these relations are linear
and are thus easily solved, provided all coefficients of lower order terms are given (for a
specific application see section 4.1).

Making use of the facts (a) and (b) above, one immediately finds that the constant
terms of the power series are none other than the coordinates of the fixed point p, while
the coefficients of the linear terms are given by the eigenvectors of the stable eigenvalues.
Thus, solving a set of linear equations as explained above, we may compute one by one
the coefficients of our power series up to arbitrary (but finite) order. This series does
indeed converge under mild assumptions on f, as explained in detail in [20].

In a completely analogous way the unstable manifold of p can also be computed.
To accomplish this one simply has to replace f* in the defining equation (I3]) by f*,
that is, the restriction of d,f onto the unstable subspace E" of p. From here on, the
procedure explained above is employed in precisely the same way to provide us with a
parametrizion of the unstable manifold of p.

Let us now apply this technique to construct the invariant manifolds of the cubic
2-D diffeomorphism of interest here.

4. Invariant manifolds for the cubic diffeomorphism of the plane

Returning to the cubic mapping given in equation (II), let us note that it possesses

three fixed points: The first one is the origin and exists for all parameter values, while

there are also two symmetric ones, with coordinates (ﬂ: ‘/1\_/?6, i‘/1\7§+6). Focusing at

the (0,0) fixed point, we first determine the eigenvalues of the linearized map

%(c— 02—45),%<c+m>, (14)

and proceed to study its invariant manifolds, beginning with the § = 1 case and
continuing with 0 < 1, where f becomes dissipative. Our purpose is to locate the
homoclinic points which are part of the hyperbolic set of f. In fact, it suffices to locate
the primary one at which the manifolds first meet, since it “generates”, under repeated
application of f and f~!, all other points of the associated homoclinic orbit.

4.1 Definition. [9] Let p € W*(0,0) N W™"(0,0), and denote by S[(0,0), p| the segment
of W*(0,0) with endpoints (0,0) and p and by U[(0,0), p] the segment of W"(0,0) with
endpoints (0,0) and p. The point p is called a primary (homoclinic) intersection (point)
if S[(0,0), p] intersects U[(0,0), p] only at the points p and (0, 0).

As before, to fix ideas we set ¢ = —5/2 and proceed in what follows with the
computation of the primary intersection points for f, using the parametrization method.



Homoclinic Points of 2-D and 4-D Maps via the Parametrization Method 9

4.1. The symplectic case 6 = 1

Since ¢ = —5/2 and § = 1, the eigenvalues of the origin are A, = —2 and \; = —1/2 with
normalized eigenvectors (—1/v/5,2/+/5) and (—2/+/5,1/4/5). The origin is therefore a
saddle, with a 1-dimensional stable and a 1-dimensional unstable manifold, which we
now proceed to determine.

Let SU: R — R? be the parametrization of the unstable manifold emanating from
the origin expressed by the expansion

+oo +o0
SU(t) = (Z ant",y bnt"> . (15)
n=0 n=0
The defining equation of this manifold becomes

f(S%(t) = 5™(Aut) (16)

so that in the case of our 2-D map we obtain

400 +o0
> bt S
n=0 n=0

+o0 +o0 +o00 3 = 400 (17)
53t oS bt 43 <Z bnt") S b
n=0 n=0 n=0 n=0
This gives, after equating terms of the same power of ¢, the following system
—\'a, + by =0 (18a)
—da, + (c + 9h2 — )\ﬁ) by, = Sp_1, (18Db)

where s,_; is defined by

n—1 n—1 1
Sp—1 ‘= -3 (Z bgbn_jbj + Z Z bn—ibi—jbj) . (19)
j=1

i=1 j=0

The above is a linear system of equations for the coefficients a,, b, of the power series,
whose zero-th order terms (ag, by) are both zero since they represent the coordinates of
the fixed point at the origin. The first order terms (ay, b;) on the other hand are simply
the coordinates of the unstable eigenvector. Thus, we are now ready to compute the
constants a,, b, for every, finite, value of n > 1.

To perform the numerical computation of S"(¢) we first truncate the series up to
a polynomial P"(t) of degree N which is evaluated using Horner’s method. Still this
polynomial will only be a good approximation of the unstable manifold for a restricted
range of values of t. The range of validity can be quantified as follows:

4.2 Definition. Let ¢ > 0. Define 7 > 0 to be an e-radius of validity of the polynomial
approximation P"(t) of S"(t) if max,e(—, - ||f o P'(t) — P*(Aut)|| < €.
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Figure 2. Plot of the error E(t) = ||f o P"(t) — P"(A\yt)|| for different degrees N of
the polynomial for 6 = 1.0. This shows that with 100 coefficients and ¢ up to 1.5 the
error is below 2 - 10714,

Using this prescription, we shall keep terms up to order N = 34 of our series, for
which we numerically obtain that 7 = 0.75 provides an e-radius of validity, when we
choose € = 10715, see figure 2l For t > 7 the error strongly increases. As also shown in
this figure, increasing the order to N = 100 we can go as far as 7 = 1.5 for ¢ = 2- 10714,
which turns out to be sufficient for accurately locating the primary (and all subsequent)
homoclinic intersections, as explained below. Note, that in the definition of the error
determining the e-radius of validity, the difference between points at A,t is considered.
Thus, for practical purposes we may assume that the parametrization method provides
satisfactory results up to A,7.

To obtain an equally good polynomial approximation P5(t) for the stable manifold
W#(0,0) of the origin, we repeat the above steps, replacing A, with the stable eigenvalue
As in equation (@), and proceed to solve for the coefficients of the parametrization of the
manifold. First, we replace the coefficients of the first order terms with the coordinates
of the stable eigenvector. Actually, in the § = 1 case one may exploit the fact that
f is differentially conjugate to its inverse under p(x,y) = (y,x), and obtain its stable
manifold as the image of its unstable manifold under p.

This symmetry is directly reflected in the coefficients of the polynomials of the
parametrization method:

4.3 Lemma. Let SU(t) = (3,2 ant™, Y% bat™) be a parametrization of the unstable
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manifold at the origin of the symplectomorphism f above. Then a parametrization of
the stable manifold of f at the origin is S%(t) = (3_125 bat™, Y20 ant™).

Proof. Following from the system of equations (I8) with § = 1 and by = 0, the
coefficients a,, b, of S"(t) satisfy the following system of equations

— Aap 4 by = 0 (20)
— ay, + (C— )\n _3zzbn zbz ]b]7 (21)
i=1 7=0
Let us mnow suppose that S5(t) = (32720 C.t", 372 D,t") represents the

parametrization of the stable manifold of the origin. Note that, since f is a
symplectomorphism, the stable eigenvalue A equals A\;!. Clearly, the coefficients C,,, D,
satisfy the following system:

- \NC,+D,=0 (22)

7

—Cp+4(c=A"D _—3ZZDn :Di_;D;. (23)

i=1 7=0

We claim that C,, = b,, D, = a,. Indeed it follows from (22]) that:

which is equivalent with (20), while from ([23)) we get

n—1 1
~Cut(e=A)Dy = =333 DyiDiyD, (252)
i=1 j=0
1 n—1 1
& —Cu+(c— V)D" = =3) > DuiDiD; (25b)
u i=1 7=0
1 n—1 1
& —by + (c— V)an = - 32 Zan—iai—jaa‘ (25¢)
u i=1 j=0
) ) or Wb e
AR a leo)\nznl ZJ)\J
S ) 3 S (25¢)
i=1 j=0
leading us back to ([2I). Thus, C,, = b, and D,, = a, as claimed. =

So, either by solving the defining equation, or making use of [Lemma 4.3 we arrive
at a polynomial P3(t) of degree N = 34, which is a satisfactory approximation of the
stable manifold S%(t), in the sense of [Definition 4.2l and with the same radius of validity.
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0.75 0.75
Y Y
0.00 . 0.00 | .
—0.75 ! —0.75 L
—0.75 0.00 x 0.75 —0.75 0.00 x 0.75
Figure 3. (a) Stable (blue) and unstable (red) manifolds computed using the
parametrization method for § = 1. The inset shows a magnification around the primary
homoclinic intersection at (z",y") ~ (0.54527107, —0.54527107) which is indicated by
a cross. (b) Regular orbits (red curves) around the periodic points of period 2 (black
triangle) and several irregular orbits (blue dots) escaping via the homoclinic tangle.
Now, since the polynomial curve P" : [—7, 7] — R? provides a good approximation

of the local unstable manifold of the origin, we may iterate it using the mapping f to
produce an approximation of the unstable manifold. The same holds for P5(t), from
which the corresponding stable manifold W* can be obtained by iteratively applying
.

Figure B(a) shows the stable and unstable manifolds of the origin for 6 = 1. To
obtain this plot, the parametrization method was used up to t = t,,,x With t,.c = 0.42.
For example, for the unstable manifold, the segment obtained for ¢ € [tmax/Au; tmax)
is iterated up to 6 times using f and then the corresponding segment of the stable
manifold was obtained by symmetry. Note that, as the fixed point is inverse hyperbolic,
one obtains alternatingly segments lying in the second and fourth quadrant.

Since a homoclinic point of transverse intersection between the stable and unstable
manifolds exists, the Birkhoff-Smale theorem can be invoked to guarantee the existence
of an infinity of transverse intersections, a phenomenon known as homoclinic chaos
[8]. This explains the scattered points shown in the phase space of the mapping at
9 = 1, plotted in figure B[b), where several orbits started in the region close to the
hyperbolic fixed point at the origin eventually escape to infinity after a few iterations
via the homoclinic tangle. Some elliptic periodic orbits as well as tori encircling the
stable period—2 points in the 2nd and 4th quadrant are also shown.
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4.2. Homoclinic intersections

We now wish to compute an approximation of the homoclinic intersection, i.e. the point
(2", y") at which W3(0,0) and W1(0,0) intersect transversely. This means, that there
are natural numbers n,, ns, along with t,, t; € R such that f™(P"(t,)) = f~"(P%(ts)) =
(x",y"). Furthermore, since the intersection is transversal, the vectors 8%[ fre(PY(ty))
and a% f7"(P5(t)) are independent.

To evaluate such homoclinic points, we define the map ® : R x R — R2? as
O (ty, ts) = f™(P"(tw)) — f~™(P5(ts)) and search for its zeros. One solution, of course,
is the point (¢,,ts) = (0,0) corresponding to the origin. Non-trivial roots (¢, ts) of this
map for (ny,ns) € N x N correspond to transverse homoclinic points of the mapping
f. Validated computations can now be used to analytically prove the existence of such
solutions for fixed parameter values, as described in [32] 40, [36]. Here however, we are
more interested in accurately obtaining these solutions, while permitting the parameters
to vary, until they no longer exist. Note that this is also the subject of reference [41],
where the authors mention the possibility of applying the parametrization method, along
with their technique, to obtain computer—assisted proofs of transversal intersections of
manifolds. Here we proceed as described below.

To determine the homoclinic intersections for a sequence of decreasing values of
0 it is convenient to start from an already computed homoclinic intersection at one ¢
value and use the corresponding (t,,ts) as a starting point for finding the solution of
O(t,,ts) = (0,0) for a slightly smaller §. If no solution is found, the step size is reduced,
so that effectively a bisection in ¢ is performed, approximating the critical value ¢, for
which no homoclinics exist.

To determine the non—trivial roots of ® it turns out to be particularly convenient to
use polynomials of degree N = 100 as, under these circumstances, the range for ¢, ts can
be extended to [—1.6, 1.6] while the manifolds are still computed with sufficient accuracy,
namely with |E(t)| < 4-107'*. Thus, we do not have to worry about the possibility of
non-intersecting segments, noting also that segments of each manifold get mapped to
the other quadrant across (0,0) due to the inverse hyperbolicity of the fixed point. For
d = 1.0, for example, we obtain a zero of ®(t,,ts) for (t,,ts) ~ (1.5849, —1.5849) and
ny = ng = 0. This means that the manifolds can be represented up to the homoclinic
point with high enough accuracy, using the parametrization method, while no additional
application of the mapping f or its inverse is necessary. The corresponding homoclinic
point is located at (2%, y*) = (0.545271067753899, —0.545271067753900). The fact that
both t, +t; = 0 and 2" 4+ y® = 0 within our numerical accuracy is already a good test
of the quality of the numerically determined homoclinic point, particularly because the
symmetry of the mapping for 6 = 1.0 has not been used in the computations.

To test the accuracy of the computed homoclinic intersection (z",y") we determine
the distance d,, of f"(a",y") from the origin for both positive and negative n. For
positive n the iterates of the homoclinic point approach the origin along the stable
manifold W?#, while, for negative n the approach is along the unstable manifold W".
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Figure 4. Plot of the distance d,, of the iterates f™(z, y") from the origin. Note that
the iterates of our computed homoclinic point (z", ") pass by the origin but stay away

from it by an amount that provides a measure of the inaccuracy of the calculation. (a)
d =1.0 and (b) 6 = 0.9714375.

Any inaccuracy of the determined homoclinic intersection point (including additional
round-off errors when applying f™) implies that d,, eventually will increase again. This
means that the inaccurate orbit will depart again from the origin along W" for positive
n and along W?* for negative n. The smallest distance to the origin thus gives a measure
of the inaccuracy of the numerically determined homoclinic intersections, see figure [f(a)
for 6 = 1.0 and (b) for 6 < 1.

So far we have relied on a graphical verification that the homoclinic intersection
is actually transversal, i.e. that the vectors %f”“(Pu(tu)) and a% s (P5(ts)) are
independent. Due to the parametrization this can be easily checked by computing
the determinant of the vectors Df"“a%l(P“(tu)) and Df_"sa%(Ps(ts)) for n, = ng = 0.
This is shown in figure Bl With decreasing § the determinant becomes smaller which
means that the area spanned by the two tangent vectors becomes smaller and smaller
until it becomes zeros at J.. The plot at figure [ behaves like /0 — .. This suggests
that at the critical parameter value d. the tangency of the stable and unstable manifolds
is quadratic, which is a manifestation of the genericity of their intersection. A fit to
a\/d — 0, gives for the critical parameter §, = 0.9713965579.

4.8. Homoclinic tangency: the 6 ~ 0.971397 case

Let us now follow the primary homoclinic intersection of the two manifolds as we
decrease 6. Numerically we find a solution of ®(¢,,%s) = (0,0) as long as § € [J., 1] with
0. = 0.971397, meaning that below this d. homoclinic orbits no longer exist. Indeed, for
d < d. we do not obtain zeros of ®(t,,t;) with the required accuracy, i.e. components of
|®(ty,ts)| become larger than 107'°. Figure B(b) shows the corresponding distances d,,
for 0 = d. and demonstrates that the numerically determined homoclinic intersection is
of comparable accuracy as in the case § = 1.0.

For the above mentioned value of § = §. we compute the invariant manifolds using
the parametrization method (followed by iterating the local manifolds). The result is
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Figure 5. Plot of the determinant of the two vectors tangent to the stable and unstable
manifolds at the homoclinic point, as a function of §. The determinant is zero below
the critical parameter value d., while it tends to zero in a manner implying a quadratic
tangency at this point. The red line is a fit to ay/d — de.

shown in figure Bl(a) and visually confirms that this is approximately the parameter at
which the manifolds become tangent. For even smaller 6 = 0.96 one clearly finds that
the stable and unstable manifold no longer intersect, as seen in figure [6(b).

We now turn our attention to linearly coupled 2-D mappings of the type studied
above. Our objective is to calculate efficiently and accurately primary homoclinic orbits
in the phase space of 4-D maps approximating breathers in coupled Hamiltonian chains.

0.75 : 0.75 :
(a) (b)

0.00 4 000 F —_— -

N NN

—0.75 . —0.75 .
—0.75 0.00 z 0.75 —0.75 0.00 x 0.75

Figure 6. (a) Tangency of the stable and unstable manifolds shown at § = 0.971397.
(b) For § = 0.96 the stable and unstable manifolds no longer intersect.
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We wish to find out how computationally demanding is this task, and compare the results
with analogous findings in the 2-D case.

5. Two coupled cubic systems

To investigate breather interactions in two linearly coupled chains of 1-dimensional
Hamiltonian systems, the approach discussed in the introduction leads to the
identification of homoclinic orbits of a 4-D map of the form:

Apy1 — Ay + 04,1 =3A3 4+ b(A, — B,) (26a)
Bpy1—¢B, +6B,_1 =3B —b(A, — B,). (26b)

where A,, and B,, are the leading terms of the Fourier coefficients corresponding to the
discrete breathers in the first and second chain respectively. Setting A, 1 = x1, A, =
Y1, Bn_1 = z3, B, = 12, we define the mapping f : R* — R*

Y1
cyp — 0y + 3y3 + b(y1 —

f(il?1>?/1,932>y2): yyl ' s (yl yz) ) (27)
2

cys — 0w + 3y — b(y1 — ya)
which is a diffeomorphism with inverse f~! : R* — R* given by

H(c+b)wy + 323 — bry — 1)
T1
L((c+ b)xa + 323 — bay — ya)
)

SN @y, g1, 0, 2) = (28)

This map possesses a number of fixed points. However, we are only interested in the
origin, which must be a saddle fixed point as in the 2-dimensional case. Thus, we choose
parameter values for which the origin of the above 4-D map possesses a 2—dimensional
stable manifold, and a 2-dimensional unstable manifold, corresponding to pairs of real
eigenvalues with |A; 2| > 1 and |A34| < 1 respectively.

Let us suppose that S" : R? — R* is the parametrization of the unstable manifold
of the origin, corresponding to the eigenvalues Ay, \o. If

400 400 +oo 400 +oo 400 +oo 400
S (u,v) = E g ay™u"v™, E g ay"u"v™, E g ay"u"v™, E g ay"u"v™
n=0 m=0 n=0 m=0 n=0 m=0 n=0 m=0

(29)
represents its power—series expansion, where a™, i € {1,2,3,4}, are coefficients of the
mononomials u"v™, the defining equation of the manifold becomes

foS%u,v) = S%(Au, Av). (30)
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The left-hand side of this equation reads

Zanm n,m

> i
(c+b)> afmumv™ 52 pm "vm+3<zanm " m) —bz ST
while the rig;mhand side equals
> armAAL ™
nf a" AU ™
nf g AU |
nf ay AT U™

where by > we denote double summation over n and m ranging from 0 to co.
Equating now, as before, terms of the same degree, we arrive at the following system
of equations for the coefficients

—MAPa™ + af™ = 0, (31a)
n m k l
—6ay™ + (c+ b= MAas™ —baf™ = =33 N> ay ey ey (31D)
k=0 1=0 i=0 j=0

—ATATGR™ g™ = (), (31c)

m k
—bay™ — 6a5™ + (c+ b= MAag" =—3> "y Y

k=0 =0 i=0 j

3

a —k,m—I k i,0— jaz{j (Bld)

MN

Il
=)

Note that the sums on the right side contain terms of the form o™, i € {2,4},
as well. Although these terms should be isolated and transferred to the left side of the
equations, we prefer to write them more “compactly” in the above form.

Cumbersome as they may seem, these equations are again linear with respect to the
unknown a], and may be solved immediately provided the terms of lower degree are
known. The above equations will be crucially used in what follows to locate homoclinic
points of the 4-D map f.

5.1. Error estimates for the parametrization of the manifolds

To study the 4-D map (27)) we shall start from the uncoupled case b = 0, 6 = 1,
and continue with the coupled case for small positive values of b. In this study, we
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Figure 7. Evaluation of the error function E(r,6) vs. r for the parametrization
method for different values of § and (a) b = 0.0, N = 34, (b) b = 0.0, N = 50, (c)
b=0.1, N =34, and (d) b= 0.1, N = 50. Note how the accuracy of 10715 extends to
longer segments of the manifolds as IV increases.

set b = 0.1 and continue the homoclinic intersections for o < 1 until they completely
disappear. The question is whether these intersections persist as robustly as they do
in the 2-dimensional case. To find out, we shall first consider an error estimate for the
polynomial approximation of the series representing the (un)stable manifold.

Let us, therefore, define an analogous error function as in the 2-dimensional case

E:[-2,2] x [-2,2] > R, E(u,v) =|f o P%(u,v) — P"(A\u, A0)||, (32)

where P" stands for the polynomial approximation of the unstable manifold, consider
polar coordinates (u,v) = (rcos,rsinf) and plot |E(r,0)| as a function of r € [0, 2],
for various values of 6, see figure [7l

We first observe that, for all b € [0,0.1], keeping terms up to order 50 in the
polynomial representation P" of the unstable manifold yields a region of validity with
r = 1 corresponding to an error magnitude of order 107'°. An analogous statement
holds for the stable manifold as well. We thus keep the interval r € [0, 1] as the domain
of definition of our approximations P"(uy,v,) and P*(us, vs). Our aim is to locate non-
trivial zeros of the mapping

D (U, Oy, Ug, Vs) = f (P (g, v0)) — [ (P®(us, v5))- (33)

Note, that as we will be using a sufficiently high order for the polynomials P" and P,
the homoclinic intersections already occur for values of u,, vy, us, vs < 1.16 when using
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ny = ng = 0. As in the 2-D case we assume that the parametrization method provides
accurate results for this slightly extended range.

5.2. Homoclinic points for b =0

For b = 0 our system reduces to two uncoupled 2-D maps of the form studied in
previous sections. Thus the geometry in phase space is given by the direct product
of two independent maps in (z1,y1) and (z2,y2). In each of these 2-D maps the
origin is a fixed point and (z°,y°) = (£1/v/6, F1/4/6) are the coordinates of an elliptic
periodic point of period 2. This implies that for b = 0 the 4-D map has: (i) The
origin (x1, y1, 2, y2) = (0,0,0,0) as a hyperbolic-hyperbolic fixed point, (ii) two elliptic-
hyperbolic period-2 orbits at (x1,y1,xe,y2) = (£2°, £¢°,0,0) and (z1,y1,T2,Y2) =
(0,0, %2 +y°), (iii) two elliptic-elliptic period-2 orbits, one at (fx°, +y°, £x°, +y°)
and another at (£z°, £y°, Fy°, Fy°).

In order to visualize the regular dynamics occurring in the 4-dimensional phase
space we use a 3—dimensional phase space slice [35]. As a convenient condition for

Figure 8. Homoclinic intersection shown by a small cyan sphere on the left part of the
figure in the uncoupled case b = 0. Shown are the 2—dimensional stable and unstable
manifolds as projections onto (z1,22,y1) space, with ys encoded in color. The black
dots show some regular tori in a 3-dimensional phase space slice representation. For
a rotating view see http://www.comp-phys.tu-dresden.de/supp/.
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determining our slice we set y3 = y°, since it includes the domain surrounding one point
of each elliptic-elliptic orbit of period 2. Whenever a point (1, y1, T2, y2) of a trajectory
fulfills the slice condition |ys — y3| < 10~ the remaining coordinates (z1,y,z2) are
shown in a 3-D plot.

Figure[§shows for the uncoupled case several regular orbits (black dots) surrounding
the points of the elliptic-elliptic orbit of period 2. The 2-dimensional manifolds W* and
W have been computed using the parametrization method. They are embedded in the
4—dimensional phase-space and shown as projections onto (x1,xs,%1). The projected
coordinate ys is encoded in color. Thus a homoclinic intersection of W* and W™ occurs
at an intersection of the two surfaces, if and only if at the same point the color, i.e.
the yo coordinate, also agrees. This point is indicated by a small cyan sphere on the
left side of figure 8l In this case, the coordinates of the homoclinic points are given by
(x", 4", 0,0) and (0,0, 2%, y"), where (2", y") are the coordinates of the homoclinic point
of the corresponding 2-D mapping studied in section [l

5.3. Homoclinic points for b > 0

In order to determine the homoclinic intersection for different parameters b and ¢ we
start from the uncoupled case b = 0, 6 = 1 and follow the homoclinic intersections
with increasing b until b = 0.1. Numerically it is convenient to use the homoclinic
intersection, described by the parameters (uy, vy, us, vs), at one value of b as a starting
point for finding the new root at a slightly different value for b. Subsequently, after we
have found the homoclinic intersection at b = 0.1 with § = 1, we fix b = 0.1 and proceed
to determine intersections at lower values of 9.

It turns out that the last intersection of the manifolds, at homoclinic tangency,
occurs at about § = 0.99601, which is considerably larger (closer to the conservative case)
than in the single 2-D map. To test the accuracy of our computations we again consider
the distance d,, of f™(2%, 2 2, yl) from the origin for both positive and negative n, see
figure @ for 6 = 0.997. Interestingly enough, the magnitude of the observed minimal
distance is comparable to the results for the 2-D case.

Analogously to the 2-D case, we calculated the determinant of the tangent vectors
provided by the parametrization method at the homoclinic points, as a function of
5. Similarly to figure [l the determinant approaches zero like /d — 0., which is a
manifestation of the quadratic tangency of the invariant manifolds for = ..

Figure [I0 shows a visualization of the two-dimensional manifolds W* and W" as
projections onto (1, xs2,y1) with yo encoded in color. The homoclinic intersection at
(21, Y1, T2, y2) = (0.46521450, —0.49858860, —0.08725131, 0.08972831) corresponds to an
intersection of the manifolds in (z1, x9,y1) and simultaneously in o, which means that
the colors corresponding to the y, coordinate also agree. This point is indicated by
a small cyan sphere at the left part of the figure. While both the above conditions
hold for the example in figure [I0], the illustration for b = 0.1 and 6 = 0.99 in figure [11]
clearly shows that while the two manifolds intersect at several points in the projection
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Figure 9. Plot of the distance d, to the origin of iterates f"(z, 3 ob, y}) of
numerically determined homoclinic intersection of the 4-D map for b = 0.1 and
0 =0.997.

onto (z1, s, Y1), the corresponding ys coordinates are different, as can be deduced from
the different colors of the manifolds at their intersections in the projection. Thus the
homoclinic intersection ceases to exist very quickly as d decreases from 1 for fixed b = 0.1.

Note, that the parametrization method is not only numerically convenient to
compute the homoclinic intersections of the 2-D manifolds, but also for their
visualization.  In contrast to computing the manifolds based on the linearized
dynamics and application of the mapping, a simple two-dimensional uniform grid in the
parametrization variables (uy,v,) and (ug,vs), respectively, leads to a well structured
representation of the 2—D manifolds embedded in the 4-D phase space whose projection

Y2

~o0.61 [ 0.54

Figure 10. Stable and unstable manifolds computed using the parametrization
method for the 4-D map for b = 0.1 and § = 0.997. A primary homoclinic intersection
point is shown by a cyan sphere on the left side of the map. For a rotating view see
http: //www.comp-phys.tu-dresden.de/supp/.
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Y2

Figure 11. Stable and unstable manifolds computed using the parametrization
method for the 4-D map for b = 0.1 and § = 0.99. No homoclinic intersection is
found. For a rotating view see http://www.comp-phys.tu-dresden.de/supp/.

can be visualized in a straightforward way. Thus, for obtaining the manifolds shown in
figures 8 [0, and [I1] no further application of the map or its inverse is necessary. Note,
however, that this would be required if we were to show more lobes, as for the used
order of polynomials the approximation by the parametrization method is only accurate
until a little beyond the homoclinic intersection.

6. Conclusions

In this paper we studied 2-D and 4-D polynomial maps arising in the approximate
evaluation of the amplitudes of discrete breathers in single and double 1-dimensional
Hamitonian lattices. We began with a 2-D map, which belongs to the generalized
Hénon family, and computed its invariant manifolds using convergent series expansions
derived by the parametrization method. We used parameter values at which tranversal
intersections of the invariant manifolds of a saddle point at the origin are expected to
occur, and followed these intersections until they disappeared by homoclinic tangency.
Thus, we were able to verify independently the validity of these results by direct
iteration, showing that at the identified parameters the points we were following cease
to converge to the origin.

We then turned our attention to a 4-D map, obtained from two coupled 2-D maps
of the previous form, resulting from two linearly coupled 1-dimensional Hamiltonian
particle chains. Again we used the parametrization method to solve a system of
linear equations and obtain the invariant manifolds of the saddle at the origin. Using
continuation methods, we showed that despite the more complicated calculations,
homoclinic orbits can be located without great difficulty and with comparable accuracy
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as in the 2-D map case. The validity of our findings was checked again by finding
parameter values at which homoclinic orbits disappear through a tangency of the
corresponding manifolds. What is remarkable, both in the 2-D and in the 4-D case
it was possible to accurately locate homoclinic points just using the parametrization
method without any additional application of the mapping or its inverse.

Regarding other potential applications of our techniques, it would be very
interesting to use them to approximate discrete breathers in coupled 1-dimensional
Hamiltonian lattices, for which to our knowledge no results are available. Furthermore,
the potential use of this approach to problems described by vector fields (and even
p.d.e.’s) is worth exploring, in view of the effectiveness of the parametrization method
in locating special solutions.

Moreover, higher—dimensional maps are interesting by themselves as they are known
to arise in various physical applications like e.g. in the case of colliding particle beams of
high energy accelerators, where the corresponding equations often appear in polynomial
form (see e.g. [10, 25]). Recently, we have started looking into a number of potential
applications of our methods to physical problems such as those mentioned above and
results are expected in future publications.
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