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Abstract

We develop a Melnikov method for volume-preserving maps that have normally
hyperbolic invariant sets with codimension-one invariant manifolds. The
Melnikov function is shown to be related to the flux of the perturbation through
the unperturbed invariant surface. As an example, we compute the Melnikov
function for a perturbation of a three-dimensional map that has a heteroclinic
connection between a pair of invariant circles. The intersection curves of the
manifolds are shown to undergo bifurcations in homology.
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1. Introduction

Volume-preserving maps on R? provide an interesting and nontrivial class of dynamical systems
and give perhaps the simplest, natural generalization to higher dimensions of the much-studied
class of area-preserving maps. They also arise in a number of applications such as the study
of the motion of Lagrangian tracers in incompressible fluids or of the structure of magnetic
field lines [1,2]. Experimental methods have only recently been developed that allow the
visualization of particle trajectories in three-dimensional fluids [3,4]. The infinite dimensional
group of volume-preserving diffeomorphisms is also at the core of the ambitious program to
reformulate hydrodynamics [5].

While some of the results for area-preserving maps generalize to the volume-preserving
case, the study of transport in such systems is still in its infancy [6—10]. The theory of transport
is based on dividing phase space into regions separated by partial barriers through which flux
can be measured. For the area-preserving case, the natural partial barriers are formed from
the stable and unstable manifolds of periodic orbits or cantori [11, 12]. Primary intersections
can be used to form resonance zones [13, 14]—regions of phase space that are bounded by
alternating stable and unstable segments joined at primary intersection points. Because the
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intersection points are primary, a resonance zone is bounded by a Jordan curve and has an exit
and an entry set [15]. The area of each of these sets is the geometric flux, the area leaving
the resonance zone each iteration of the map. The images of the exit and entry sets and their
intersections completely define the transport properties of the resonance zone [16].

Thus, the beginning of a generalization of this theory to higher dimensions is the study
of the intersections of codimension-one stable and unstable manifolds for volume-preserving
maps.

As is well-known, a transversal intersection of stable and unstable manifolds is associated
with the onset of chaos, giving rise to the construction of Smale horseshoes. A widely used
technique for detecting such intersections is the Melnikov method. Given a system with a
pair of saddles, and a heteroclinic or saddle connection between them, the Melnikov function
computes the rate at which the distance between the manifolds changes with a perturbation.
The integral of the Melnikov function between two neighbouring primary intersection points
is the first-order term in the geometric flux [17, 18].

Most applications of the method are for two-dimensional maps and flows [19-21], though
Melnikov methods were developed for three-dimensional incompressible flows in [22], for
symplectic maps in [23], and for general n-dimension diffeomorphisms in [24]. In this latter
case the invariant sets may be any normally hyperbolic sets.

For the case of maps, the analogue of the Melnikov integral is an infinite sum whose
domain is the unperturbed connection. As usual, a simple zero of this function corresponds to
a transverse intersection of the manifolds for the perturbed map. We developed a Melnikov
method for three-dimensional maps in [25] to study and classify intersections of stable and
unstable manifolds for fixed points.

In this paper, we generalize this method to the problem of detecting heteroclinic orbits
between a pair of normally hyperbolic invariant sets in volume-preserving maps on R"”. Our
application is to the case of invariant circles for a three-dimensional map.

To obtain a Melnikov function, we must define an appropriate measure of the distance
between a manifold and its perturbation. In [25], we used the cross product of a pair of tangent
vector fields to obtain this distance. Different versions of Melnikov’s method have used other
ways of measuring the splitting between the unperturbed separatrix and the perturbed one,
though naturally only the normal distance is well-defined in the codimension-one case. This is
appropriately measured using an adapted normal vector field or differential form. An adapted
normal is a normal field to the saddle connection that is invariant under the dynamics. If the
map is integrable, then the gradient of an integral can be used to construct the adapted normal,
but the concept applies more generally to nonintegrable systems.

We use the Melnikov function to construct the first-order flux-form, an (n — 1)-form whose
integral over a fundamental domain on the connection measures the first-order flux through the
connection. The fundamental domain is an annulus that generates the entire manifold upon
iteration. Since the map is volume-preserving, the net (algebraic) flux always vanishes, but
the one-way (geometric) flux gives a measure of the transport.

In [25], we introduced a family of volume-preserving maps that have a saddle connection
between a pair of fixed points. This family is obtained from a family of planar twist maps
with a saddle connection [26]. This family can be modified so that it has a pair of invariant
circles with a corresponding saddle connection. We perturb this family by composing it with
a near-identity, volume-preserving map, thus producing examples of volume-preserving maps
with transverse heteroclinic orbits.

We study the curves of zeros of the Melnikov function on a fundamental domain of
the unperturbed manifold. Using the map to identify the two boundaries, the fundamental
domain becomes a torus. Thus, the zeros of the Melnikov function can be characterized
by their homology on this torus. We show that as the parameters of the map are varied, the
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homology of these curves undergoes bifurcations, and that these bifurcations strongly influence
the geometric flux.

2. Basic definitions and properties

Suppose fy : R* — R" is a diffeomorphism on n-dimensional Euclidean space. Often, we
will assume that f preserves a volume-form €2, for example, the standard volume

Q=dx; Adx; A--- Adx,.

For this form, f is volume-preserving when it has unit Jacobian, det(Df) = 1.

A smooth perturbation of fj is a family of functions f, = f(:, ) such that f(-,0) = fj
and f(x, ¢) is smooth in both variables. We first define a vector field on R” that will be used
to measure the motion of an invariant manifold.

Definition (perturbation vector field). Given a perturbation f, of fy, define the vector field
X, for any point x € R" by

d
X (x) = [_fa(y)] . (1)
de y=£1)

Perturbation vector fields have some special properties. First, it is easy to see that X, is
independent of fj. Second, if one regards X, as a time dependent vector field (where time is
€), then y(¢) = f.(x) is the solution of the initial value problem

10 = %), y(0) = fo(x).

Thus, if we let F,; = f; o f;l, then F represents the flow of the nonautonomous vector
field X, [27, theorem 2.2.23]. When F' is volume-preserving, the vector field X, has zero
divergence with respect to the volume-form 2 [27, theorem 2.2.24].

It is often convenient to define a perturbed family by composing f; with an ¢ dependent

perturbation:

fe=(id+eP)o fo= fo+eP; o fo. )

In this case, the vector field is the first-order approximation to the perturbation, Xo(x) = Py(x).

2.1. Invariant manifolds

Suppose that f, has a family of invariant manifolds W, < R”". In this paper, we will assume
that W, is codimension-one, that is a surface. Our goal is to understand, at least to first-order,
the relation between the perturbation vector field and the way these invariant manifolds evolve
with e. Later, we will restrict ourselves to the case in which W, consists of pieces of stable
and unstable manifolds of some invariant set. When W, is a smooth graph over W, we can
define a map that is adapted to the ¢ parametrization.

Definition (adapted deformation). A map ¢ : Wy X (—&9, &9) — R”, is adapted to W, if
there is an gy > 0 such that

o ¢, = ¢ (-, €) is a diffeomorphism ¢, : Wy — W,, Ve € (—&g, €0);
o ¢o = ¢ (-,0) = idyy,

There is quite a bit of freedom in the choice of ¢; however, only the normal behaviour
is important for our application, since it measures the actual motion of W, with ¢, and this is
unique to lowest order.
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Proposition 1. Suppose ¢, and ¢, are two adapted deformations for a family of invariant
manifolds W,. Then

d ~ 0
|:8_¢s(x) - _¢£(x)] € TW.
& e e=0

Proof. Since both ¢, (x) and qsg (x) are points in W, the curve C,(x) = ¢, ! ((]3E (x)) isacurve
in W, parametrized by €, and Cy(x) = x. Thus, its derivative at zero is a tangent vector to Wj:

0
|:—C$] e T W.
de e=0

Thus, since @ (x) = ¢e(Ce(x)),

0 0 0
= a—¢s(Ce(X)) = —¢:(x)| + Dgo(x) [—CE(X)}
£ de de

0 ~
g(ps(x)

e=0 e=0 e=0 e=0

Since D¢y (x) = I, the identity matrix, this gives the promised result. |

We use this proposition to compute the Melnikov function in section 3. For this, we need to
measure the rate of change of an invariant manifold with respect to a perturbation—changes in
the tangent direction are unimportant. In order to measure the change in the normal direction,
we introduce the concepts of adapted normal vector fields and adapted forms.

2.2. Adapted normals

We measure the splitting by using a normal to the invariant manifold W, that throughout this
paper will be a codimension-one submanifold, i.e. a surface. To be useful, the normal field
should evolve in a precise way under the unperturbed map or, as we say, be ‘adapted’ to the
dynamics.

First, we recall some notation. Let v be a vector field, w a differential k-form, and f a
diffeomorphism. The pull-back operator f* acts on v to give

(f*0)(x) = (DF ) v (f(x))
and on w to give
(ffo)c (i, v2, ..., ) = @) (Df (X)v1, ..., Df(X)we).
The map f is volume-preserving with volume-form Q2 when f*Q = . Finally, the inner

product of v with w is defined as the (k — 1)-form i, = w (v, -, ..., ).

Definition (adapted normal field). Suppose that f : R" — R" is a diffeomorphism with a
codimension-one invariant surface W, and there is given an inner product ( , ) for vectors on
R". An adapted normal field is a smooth function n : W — R”" such that

e n(x) #Oforallx e W;
o 1(x) is normal to the surface for all x € W, that is n(x) € T, W*;
e for all vector fields Y : VW — R" we have that

. Y) =, f*Y). 3)
The geometry is shown in figure 1. Note that the pullback of a scalar function g : R” — R
is f*g(x) = g(f(x)); thus if we define Z(x) = f*Y (x), (3) is equivalent to
(n(x), Zx)) = (n(f(x)), Df (x)Z(x)).
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Figure 1. 7 is an adapted normal if the two rectangles shown have the same area.

Adapted normals can be thought of as a generalization of the gradient normal that one
gets from a first integral. Recall that the gradient of a smooth function J : R* — R is the
unique vector field, VJ, such that for all vector fields ¥ on R",

iydJ =dJ(Y) = (VJ, ). (4)

If f has a nondegenerate first integral, J = J o f, then equation (4) implies that f*(VJ,Y) =
(V(J o f), f*Y). Therefore, if the diffeomorphism f has a first integral J, then VJ is an
adapted vector field, provided it does not vanish on W.

If we are using the standard inner product on R", then we can characterize adapted normals
more concretely.

Proposition 2. Let n : W — R" be a smooth function defined on the invariant surface W,
and suppose {u,v) = u' - v is the standard inner product on R". Then n satisfies (3) for all
vector fields Y : W — R" if and only if, for all x € W

Df(x)'n(f(x)) = n(x).

In the general case WV is not defined as the level set of an invariant, and it is not easy to
show that an adapted normal field exists. However, when the map is volume-preserving and
we are given an appropriate parametrization of the invariant surface, an adapted normal vector
field can easily be constructed.

Lemma 3. Suppose that f : R* — R" preserves the volume-form 2, and has a smooth
codimension-one invariant surface W. Suppose k : R"™! — R" is a nondegenerate
parametrization of W with the property

fk(u)) = k(u+3), (5)
for some constant § € R"™'. Then the vector field n : W — R restricted to W defined by
(n, ) = QC, ok, Ok, ..., 0y, k) 6)

is an adapted vector field on W.

Proof. The nondegeneracy of the parametrization implies that n # 0 on the surface W.
Condition (5) implies that

Dyk(u+8) = Dy (f o k)(u) = Dy f (k(u)) Dyk(u),
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therefore, since f*Q2 = 2, we have
fH ), Y (k) = (n(f k), Y(f (k)
= Qpuy(Y(f(k)), 0y k(u+8), ..., 0y, k(u+3))
= Qruy(Y(f(k)), Df (k)3u, k(u), ..., Df (k)0y,  k(u))
= Q. (Df )Y (F k), 0 k), ..., B, k(w))
= (n(k), *Y)). O

Note that, in the previous lemma, a parametrization does not need to be a diffeomorphism,
we might use a covering map as well.

2.3. Adapted one-forms

An alternative concept to that of adapted vectors is that of adapted forms. The use of one
versus the other is mainly a question of taste, though differential forms can be used without
assuming an inner product.

Definition (adapted one-form). Suppose that f : R" — R" is a diffeomorphism. An adapted
one-form on an invariant surface W is a smooth function v : T,yR" — R such that

e v, is nondegenerate for all x € W.
e v, (v) =0forallv e T,W.
o ffu=v

Note that when v is an adapted one-form then for each x € W, ker(v,) = T, WV, but that
since v is nondegenerate, it will not be zero for vectors that are not tangent to VV. As before, we
note that if W is given as the level surface of an invariant function J, i.e. if J(f(x)) = J(x),
then an adapted one-form is easy to obtain: the one-form dJ is adapted provided only that J
has no critical points on WW. This follows because f*dJ =d(J o f) =dJ.

Given an inner product, (-, -), we can always associate a unique vector field, n, with a
form v, through ixyv = v(X) = (n, X). Here n : W — R”" is a smooth function. It is easy to
see that, if n is adapted, then v is also adapted. The converse is also true.

Proposition 4. Let n and v be related through
ixv={(n, X). N
Then n is an adapted normal if and only if v is an adapted form.
Using this with lemma 3 immediately implies the following corollary.
Corollary 5. Under the hypotheses of lemma 3,
v=Q(C, 0k, ..., 0, k) 8)

is an adapted one-form on W.

2.4. Example

Let f : R — R3 be the two parameter family of diffeomorphisms
e"(xcosf — ysinf)
fx,y,z2)=| e (xsind+ycosh) |,
524y +eg
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where T and 6 are constants. It is easy to see that f preserves the standard volume-form
Q = dx Ady Adz. In addition, f has an invariant surface given by

W = {(x, y,z) € R"\{0} : x* + y?> = 4zsinh(27)},

however, the ‘obvious’ function x2 + y2 —4zsinh(27) is not invariant. Instead, we parametrize
W with the function k : R? — R3 given by

e“Tcosv
k(u,v) = e“’sinv
(4sinh27)~ 1247

The function k is nondegenerate and satisfies
flk(u,v)) =k(u+1,v+0),

so that lemmas 3 and 5 apply. Using (8), we find that v = —27z(x dx + ydy — 2 sinh(27) dz)
an adapted form on W. In other words f*v = v and kerv, = T,W, as can be explicitly
verified. Also using (6), it is possible to show that

—2Tx2

n(x,y,z) = —2tyz
4tzsinh 21

is an adapted normal field on W. In other words, it satisfies Df (x)'n(f(x)) = n(x), for each
x € W. Note that v and 7 are related through ixv = (5, X).

3. Melnikov function

Suppose that the diffeomorphism f; has two compact, normally hyperbolic invariant sets p
and ¢ with codimension-one manifolds W* (p) and W*(g). We will suppose that p and g have
a saddle connection W: a component of the set W“(p)\ p that coincides with a component
of W?(q)\q. The topology of the saddle connection might be very complicated. We restrict
our attention to the cases in which the invariant manifolds are completely doubled (using the
terminology of [23]).

Upon perturbation, suppose that the corresponding invariant sets p, and ¢, of f, have a
stable manifold W; and unstable manifold W;. Then in our notation, the classical Melnikov
function is the smooth function M, : W — R on the saddle connection defined by

( 0
M,=v| —
ae
for a given adapted form v on W, and a given pair of adapted perturbations ¢; and ¢,
corresponding to the stable and unstable manifolds, respectively. Thus, M, measures the
relative ‘velocity’ of the manifolds as a function of . While M, appears to depend on the
choice of adapted perturbations, we will show that it does not.

A function similar to M, was used in [25], to study the topology of heteroclinic connections
of fixed points. Our purpose is to apply the method to the case of invariant circles, as illustrated
in figure 2.

(@ — ¢§)> ®

e=0

3.1. The fundamental iterative relation

The fundamental relation used in deriving the Melnikov function is an iteration formula
obtained by combining the definition of adapted one-form and proposition 1.



1580 H E Lomeli and J D Meiss

Figure 2. Two normally hyperbolic invariant circles C and C; with a saddle connection W.

Theorem 6. Suppose f. is a family of diffeomorphisms with invariant surfaces W,. Let v be
an adapted one-form and ¢, be an adapted deformation on Wy. Define i : W — R by

u(x) = v(0:p(x, &)|e=0)-
Then
w—po fyh=v(Xo), (10)

where X is the perturbation vector field, (1). Moreover, if , is another adapted deformation
and [i is defined similarly to u, then u = .

Proof. By proposition 1 the difference between the derivatives of two adapted diffeomorphisms
is tangent to VY, and by definition, v vanishes on any tangent vector. Thus, 4 = . To compute
the second relation, use f;v = v to find

w= fo*Vx(as(;be(x))
= V) (Dfo(x)0: e (x))
= vfo(x)(asfs(¢s(x)) — g fe (X)),

where we suppress the ¢ = 0 expressions for simplicity. Using (1) Xo = 9, fe( fofl(x)), we
have p o fo = ve(@e fo(¢e (f5 ' (¥)))) — v2(Xo), and therefore

= pwo foh =v(0:p — 9 fo(@e (fy ' (¥)))) +v(Xo).

Noting that b = fe(@pe( fo_1 (x)) is also an adapted diffeomorphism, we see that the first term
on the right-hand side of this equation vanishes by proposition 1. |

Equation (10) gives us a recursive formula to compute the normal component of the change
in the manifold W,.
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Corollary 7. Under the assumptions of theorem 6, for alln € N

n—1

n=pmo fo_n + ZV(XO) © fo_k~

k=0

In addition, if lim,, o p o f " (x) = 0, then

p(x) =Y v(Xo)o fy¥ =Y v((f)* Xo). (11)
k=0 k=0

These statements can be directly transcribed for adapted normals using proposition 4.

3.2. Transversal intersections

According to theorem 6 and corollary 7, we can compute the Melnikov function (9) in terms
of the first-order perturbation vector field X,. For simplicity, we assume that the perturbation
vanishes on the invariant sets.

Proposition 8. Suppose f has a codimension-one saddle connection V) between two compact,
normally hyperbolic invariant sets p and q. Assume that for all x € p U q, the perturbation
vector field Xo(x) = 0. Let v be an adapted form and n the corresponding adapted normal
defined on W. Then the Melnikov function is given by
o0 o0
My= ) vXo)o fy= D (n.Xo)o fy. (12)
k=—00 k=—00

Moreover if a point xo € W is a nondegenerate zero of M,, the stable and unstable manifolds
Wi (q) and W; (p) intersect transversally near xg for € small enough.

Proof. For each point x in the saddle connection W, there is a neighbourhood Ay C W, such
that all the iterates f*(\) are disjoint. Moreover, since p and g are normally hyperbolic,
the stable manifold theorem implies that there is an &y > O such that there exist adapted
deformations ¢" : Ny x (—&o, g0) = W¥(q), and ¢° : Ny x (—&p, &) = W (p).

Consider first the unstable part. Let V = (J;-, fo_k (No). Clearly, V is a immersed
manifold. Moreover, we can extend the domain of ¢* to all of V, by defining

¢"(x,8) = f7H (" (fy (x), £,
providing that x € fO*k (Mp). It is clear that for each ¢ € (—&g, &9) and x € V, we have that
" (x, €) € W!(q).
For each x in W, we are interested in estimating ¢ (x, ¢) to first order in €. Using ¢*
in corollary 7 gives (11) providing u" o f;"(x) — 0. This is the case because as n — o0,
" (fy"(x), &) — fy " (x) — 0so that 9.¢" is bounded, and Vjn(xy —> 0 since it is an adapted
form.
Similar analysis applies to the stable adapted deformation, and again corollary 7 applies,
though we iterate in the opposite direction, to obtain
oo
w=—=Y v(Xo)o ff.
k=1
According to (9), the difference between p" and u’® gives the Melnikov function, which
yields (12).
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Following a standard Melnikov argument based on the implicit function theorem [28], we
conclude that if x¢ is a nondegenerate zero M, then near xy, the two manifolds W} (p) and
W; (g) intersect transversely. g

In a more general version of proposition 8, we would need to drop the condition that
Xo vanishes on p and q. However, since these are normally hyperbolic and compact, it is
reasonable to expect that only a small modification of Melnikov’s formula would be necessary.
In such a case, we would need to do this in such a way that the series is convergent for all
perturbations. For simplicity, we avoid these technicalities (see [29]).

4. Flux

The flux across a surface is the volume that crosses the surface each iterate of a map; it is an
important measure of transport. Recall that for area-preserving maps, the Melnikov function
is a measure of the distance between the stable and unstable manifolds, and that its integral
between two successive zeros is the first-order approximation to the geometric flux that crosses
the ‘separatrix’ each iteration of the map [17,18]. The outgoing flux is exactly balanced by an
ingoing flux, so that the net, or algebraic, flux crossing the separatrix is zero.

Here, we will obtain an analogous formula for volume-preserving maps (see also [8]). We
start by constructing a first-order flux-form on an invariant set. We will see that the algebraic
flux crossing the separatrix is zero. This implies, for example, that the Melnikov function has
zeros in the separatrix.

4.1. Flux-form

It is well-known that a volume-preserving map with an invariant J can be restricted to a
measure preserving map on any surface J = ¢ on which VJ is nonzero. That is, the form
w = |VJ| %iy; S is an invariant n — 1 form for the map f|;_.. We show here that a similar
preserved measure also exists if we can find an adapted normal for an invariant surface WW. We
will then use this to construct a flux-form on W.

As before, we assume that f is a diffeomorphism with an invariant volume-form €2, W is
an invariant codimension-one hypersurface, and ( , ) is an inner product on R”.

Proposition 9. Suppose n is an adapted normal field on W. Then
i, Q2
(n,n)
is a nondegenerate (n — 1)-form on TW that is invariant under the restricted map f|yy.

wy =

Proof. Itis clear that w, is nondegenerate for vectors in 7. We need to show that ffw, = w,
for vectors in 7W. With some manipulations we have
g [ iR
~ ey ()
_ ipS2 ipQ i
(. frmy o mom

where we define the vector field:

I A B
(m, f*n)  (n.m)

*
oy — oy
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Since (n,v) = 0 on W for each point x € W, and n defines the normal direction, then
v(x) € T, W. Since v is tangent to W, the form i, 2 restricted to W has to vanish. Thus, we
conclude that (f*w, — w,)w = 0. O

From now on assume that ) has an adapted vector field 1 so that the Melnikov sum (12)
exists. We then give the following definition.

Definition (first-order flux-form). The first-order flux-form ® = M,w, is an (n — 1)-form
onW.

Note that ® might be degenerate (it has zeros), and since the space of (n — 1)-forms on
the (n — 1)-dimensional manifold W is one-dimensional, it might not be unique. However,
this is not the case.

Lemma 10. The first-order flux-form ® is independent of the choice of 1.

Proof. The projection of X, onto TW is the vector w = Xo — ((n, Xo)/(n, n))n. Note that
iXUQ - (77, X0>wn = in-

Since w € TW, we conclude that i,,©2 = 0, as an (n — 1)-form in the surface W, and so
we have

(n, Xo)w, =ix,2

for all vectors in T)V. This implies that the summand of M,w,, recall (12), can be rewritten
), Xo)wy = () ix, Q.

which is independent of 7. g

Thus we have
o0
d = Myw, = Z (f&y*ix, Q. (13)
k=—o00

Since w, is nondegenerate, the degenerate points of the flux-form correspond to zeros of the
Melnikov function. As we see in section 4.3, the integral of the flux-form over a subset of W
gives flux through that surface to first order in ¢.

The form ix, 2 has some interesting properties.

Proposition 11. Let X, be a perturbation vector field (1). Then the form ix, 2 is exact.

Proof. As we already noted, theorem 2.2.24 in [27] implies that the divergence of X, vanishes.
Since this is defined by (divo X, )2 = Ly, 2, the Lie derivative vanishes as well. Sinced2 = 0
and Ly, Q = d(ix,Q2) +ix,d<2, this implies that d(ix,2) = 0. Thus the form is closed. Since
ix, Q2 is globally defined in R”, the form is exact. U
Using this result we can obtain an (n — 2)-form 8 on W such that

dg =ix, Q. (14)
In this case, we will say that 8 represents the perturbation on V. Using lemma 10 and (14),
it is easy to see that the following (n — 2)-form is well-defined on W.

a= Y (f)B.
k=—o00

Note that « is invariant under f and is independent of 5. Using this we can see the following
proposition.
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Proposition 12. The flux-form ® is
¢ =da.

Proof. This is a straightforward calculation using lemma 10 and proposition 9. |

4.2. Fundamental domains

Our goal in this section is to find a compact subset of the manifold—a fundamental domain—
that generates the entire manifold under iteration by fy. We will integrate the flux-form over the
fundamental domain to show that the algebraic flux crossing the separatrix is zero. From this
point on, we will concentrate on the three-dimensional case. To define the fundamental domain
we start with the concept of a proper loop.

Definition (proper loop). Let f : R — R? be a diffeomorphism, and W a forward invariant
surface. We say that a smooth Jordan curve y C W is a proper loop in W if y bounds a
surface W,, C int (W) that is a trapping region:

F(clOW))) C int (W)).

Similarly, a loop is proper for a backward invariant surface if it is a proper loop for the
map L.

It is important to notice that not all invariant surfaces admit proper boundaries. A trivial
observation is the following proposition.

Proposition 13. If y is a proper loop in W, then f(y) is also a proper loop. In addition,
Wroy = f W)

The situation that we have in mind relates to the structure of stable and unstable manifolds.
Let a, b be compact, normally hyperbolic invariant sets of f, and W = W¥(a) = W*(b) a
saddle connection between them. A proper loop y C W is a submanifold of WV that bounds a
local submanifold that is an isolating neighbourhood of @ in W*(a). In other words y is proper
if it bounds an open local submanifold, W (a) = W, that maps inside itself.

If y is proper, we can define the stable manifold starting at y, denoted by W,, = W} (a),
as the closure in W* (a) of the local stable manifold bounded by y . In the same way, for b, if we
have a proper loop o for f —1 we define the unstable manifold up to o, denoted W (b), as the
interior of the local unstable manifold bounded by o. We will see below why it is convenient
to use this slightly asymmetric definition.

Given a proper loop we can give the following definition.

Definition (fundamental domain). Let WV be a forward invariant surface. A submanifold with
boundary, P, is a fundamental domain of W if there exists some proper loop y in W, such that

P =P, =W,\Wy).

The fundamental domain is a manifold with the boundary

IP =y U fy),
(see figure 3). An immediate consequence of the definition is that all the forward iterations of a
fundamental domain are also fundamental and P,y = f(P,). Itis easy to see that, if proper
boundaries exist, then the forward invariant manifold can be decomposed as the disjoint union
of fundamental domains.

w=mww,) ulJ rf@,).

k>0
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Figure 3. Fundamental domain P on a stable manifold of an invariant circle a bounded by a loop
y and its image f(y). The second part of the figure shows the annular fundamental domain itself,
together with an assigned orientation. Finally, if we identify the points on y with their images,
then the fundamental domain is equivalent to a torus.

If the surface W is both forward and backward invariant, then this decomposition works
in both directions. In such a case we have

w=JrmP).

keZ

4.3. Algebraic flux

For a vector field X, the differential form i x €2 represents the flux associated with X; thatis given
a set of vectors vy, v, ..., Vy—1, 2(X, vy, V2, ..., Vy—1) is the volume of the parallelepiped
formed from these vectors and X, and thus measures the rate at which volume is swept out by
X through the parallelepiped defined by vy, va, ..., Vu—1.

According to (13), the form @ is the sum of i x, €2 along an orbit on W. Thus, ® evaluated at
a point on a fundamental domain P measures the flux of X( summed over the orbit of that point.

The algebraic flux through a surface is the integral of the flux over the surface. Since ®
measures the flux along an orbit on W, the integral of ® over a fundamental domain is the
algebraic flux through the entire surface W.

Proposition 14. The algebraic flux through a fundamental domain is zero: fp P =0.

Proof. The fundamental domain P = P, is a submanifold with boundary, such that
0P, = y U f(y), where y is a closed curve that does not intersect f(y). If we give an
orientation [P] to P, the induced orientation on the boundary satisfies [y] = —[ f(y)], recall

figure 3. Since ® = da by proposition 12, and « is invariant under f, Stokes’ theorem, implies

/PCD:/Pda=/3Pa=/;a+/f(y)a=‘/ya—/yf*a=0. O

Using this, we immediately have the following corollary.

Corollary 15. The Melnikov function must have zeros on P.
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@

J@

a b

Figure 4. A pair of fundamental domains for two different circles C; and C, that intersect
transversally, forming three-dimensional lobes.

The importance of fundamental domains is that much of the information about the entire
manifold can be found by looking only at these submanifolds. In particular, if we have a
transversal intersection of two invariant surfaces, we can look at a pair of fundamental domains
and study primary intersections. In figure 4, we show a pair of fundamental domains of two
stable and unstable manifolds that intersect transversally.

The curves of zeros of the Melnikov function can be classified by their homology on P.
To do this, we identify two boundaries of the fundamental annulus by identifying y with f(y).
With this identification the fundamental annulus becomes a torus, as sketched in figure 3. Since
the homology group of the torus is Z?, we can label the curves by a pair of integers (m, n)
which represent the number of times the curves wrap around each circuit of the torus. For
example, when the identification is performed on figure 4 there are a pair of zero crossing
curves with homology type (3, 1)—they move once around the annulus in three vertical
transits.

5. Examples

In this section, we construct a family of volume-preserving maps that have a saddle connection
between a pair of invariant circles. We obtain this family by starting with an area-preserving
twist map that preserves an axis and extending it to a three-dimensional, volume-preserving
map by composing it with a sheared rotation about that axis. The twist map is defined in such
a way that it has a saddle connection between two fixed points, and so the resulting three-
dimensional map has a pair of invariant circles with a two-dimensional connection. Examples
similar to these were found by Lomeli [26] and are closely related to those in [25].
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We begin with an area-preserving map on R? in coordinates (r, z) that preserve the axis
r = 0, and has a fixed point at some nonzero r = r*. For example, set

r,?)=Gr,z) = (W (r+h(2)) —z, h(z) +r —1%),
where r* € 7Z. Here, we assume that 2 : R — R is an increasing circle diffeomorphism of

period 1, i.e. h(z + 1) = h(z) + 1. Moreover, we can verify that det(DG) = 1, so that G is
area-preserving. Finally

G '(r2)=@—hth ") —r), '@ +r*—r),
so that G is a diffeomorphism.

It is easy to see that G(0, z) = (0, h(z) — r*) so that the z-axis is preserved. The map
has fixed points at solutions of 7z = %(h’1 (z) + h(2)), with r = r* + z — h(z). In particular,
any hyperbolic fixed point of &, z* = h(z*), yields a saddle fixed point (r*, z*) of G whose
multipliers are A = h’(z*) and 1/A. Between every pair of such fixed points of 4 there is at
least one other fixed point of Gj; it is typically elliptic.

The map G is not necessarily integrable (in section 5.1, we will choose an £ that leads to
an integrable map). However, G always has a pair of invariant curves:

Wo = A{(r,2):r = 1"},
Wi ={(r2):r =h7'(2) = h() +7%).
These curves intersect at any fixed point z* of h. Thus, they provide a saddle connection
between points (r*, z}) and (r*, z}), where z} are neighbouring fixed points of /.
We show an example of the dynamics of G in figure 5 for the case that h(z) =
z — (k/2mw)cos(2mz), and r* = 1.0. Here, one can see the saddle connection at r = r*
as well as chaotic dynamics in other regions of phase space.
We can extend G to R? by introducing the cylindrical angle 6 and using the volume-form
Q =dr A df A dz. Defining r to be the ‘symplectic’ polar radius,
;= %(xz +y?), (16)
the cylindrical coordinates are
(x,v,2) = P(r,0,2) = (W2rcos6,+2rsinb, 7)
so that @ = dx A dy A dz. We define a three-dimensional map in these coordinates as
g=PoGoP
g(x7 Y, Z) = (p(rs Z)-x7 p(r7 Z)ys r +h(Z) - V*),
where p = /r’/r is explicitly

h=1(r+h()) —z
p(r.2) = \/ ; o r70 (17)
(@), r =0

(15)

It was shown in [25] that if 7 is C”, then p is C"~! so that, in this case g is a diffeomorphism.
To obtain fully three-dimensional dynamics, we introduce motion in the angle 6. To do
this, we compose the map with a rotation. Denote the rotation about the z-axis by angle ¥ by
cosyy —siny 0O
Ry =|siny cosy O]. (18)
0 0 1

Introducing arotation angle 7 (r, z) that depends smoothly on (r, z), we define a diffeomorphism
J by
f=goR;:. (19)
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0.25

-0.25

05 1.0

Figure 5. Dynamics of G when £ is given by the Arnold circle map with k = 0.9. The domain of
the figure is [0, 1.5] x [—0.5, 0.5].

Note that since R, and g both preserve €2, so does f.
The map f still has a rotational symmetry

foRy=Ryof (20)

for any constant ¥ € R. This implies that when G has a saddle connection, so does f.

Proposition 16. The surfaces (15) are invariant under (19). In addition, Wy and W), intersect
on the invariant circles

CE@) ={(x,y,0:z=2"r=r"},

where 7* is any fixed point of h.

Every point on the circles C(z*) is fixed under g. The derivative of g at such points is

1 1
F(A_lxz + y2) F(}\._l — l)xy 0

2y

_ 1 1
Dg(x, y, Z) - (A‘fl _ l)xy (xz +A‘71y2) 0 5
2r* 2r*
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where A = h'(z*). More generally, we can compute the derivative of f” on the invariant circles
for the special case that the rotation angle is constant.

Proposition 17. Suppose f is given by (19), that t is constant, z* = h(z*), and C(z*) is the
corresponding invariant circle. Then for all (x, y, z) € C(z*)

1 —n_ 2 2 1 —n
ﬁ(k x“+y) — A "=Dxy O

2r*
1 —n 1 —n
Dfn(X, v, Z) = Rnr 3 ()\, — l)xy 2 (x2 + A yz) 0 y (22)
(" —1)x (" =1y

n

kn—l(kz _ 1) )»”_1()\2 _ 1)

where .. = h'(z*). Moreover, if . > 1(<1)the invariant circle has a stable (unstable) manifold
contained in W, and unstable (stable) manifold contained in W).

Proof. Given the symmetry (20), it is enough to check (22) for points of the form
(V2r*,0,7").

Since (22) reduces to (21) when n = 1, it is enough to verify the induction step
Dg(v/2r*,0,z)Dg" (¥ 2r*,0, z*) = Dg"*' (v/2r*, 0, z%).

The vector (0,0, 1)" is an eigenvector of Dg(x, y, z*) with eigenvalue A. Since this is
tangent to W, this shows that it is the stable manifold when A < 1. Similarly the vector
(x,y,2r*(x/(1 — A2 is an eigenvector with eigenvalue A~! that is tangent to ;. The final
eigenvector of Dg is (y, —x, 0)" which is tangent to C and has eigenvalue 1. O

5.1. Integrable case

In general, the maps g and f are not integrable, even though they have a saddle connection.
However, for a special choice of & there is an integral. This example is related to the work of
Suris [30,31] on area-preserving integrable maps, but is distinct from the three-dimensional
maps found in [32] that have an invariant but which do not have a rotational symmetry.

Let m(w) = (aw+b)/(cw+d) be the Mobius transformation on R U {oo} with
ad — bc = 1. A circle map conjugate to m is obtained by defining w = tan z, giving h

hwm(2) = % arctan(m(tan 77 z)). (23)

This map can be written more explicitly as a circle map using trigonometric identities:
b—c+((b+c)cosRmz) + (a —d)sin(2mwz)
a+d—(a—d)cosmz) + (b+c)sin@rz) |
An example is shown in figure 6.
Requiring ad — bc = 1, some useful properties of this family of circle maps follow easily

from its conjugacy to the Mobius transformation

o il =hy, forallt € Z.

e If |a +d| > 2 then h,, has two fixed points z7} € [0, 1).

e The fixed points have multipliers Dh(z%) = 4/(0 £ Vo2 — 4)? > 0, where 0 = a +d.
e Thus z* is unstable and z} is stable.

1
h,,(z) = z + — arctan |: (24)
b4
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0 0.4 z 0.8

Figure 6. The circle map 4, (z) and its inverse for (a, b, ¢, d) = (1, %, 2,2).

For any £,,, the resulting map G is integrable. To see this, we show how this map is related
to the Suris example. First, note that G can be rewritten as a second difference equation
21 — 22 + 21 = h(z)) +h_l(Zt) — 2z, = F(z),
where r; = 7,41 — h(z,) + r*. Suris showed that this family is integrable when F is given by
Asin(2rx) + Bcos(2mx) + Csin(4mx) + D cos(4mx)
1—FE —Acos(2nx)+ Bsin(2rx) — Ccos(4mx)+ D sin(4nx)i|
for any values of the parameters A, B, C, D, E. After some algebra one can see that our map
has this form with
A=b -2 B=(a—d)(c—b), C=1i0b+0)?*—1a—-d)?
D=(d—a)b+o), E=1@+b*+c*+d%.
The map G with this % has the integral
J(z,7) =1 — E)cos(m(z — 7)) — A(cos(2mz) + cos(2m 7))
+ B(sin(27z) +sin(27 7)) — C cosm(z + z')) + D sin(2m (z + 2)).
For the examples, we will use the map (19) with 4, given by (24) with
w+DHw+v—1
w—Dw+v+1"
This corresponds to setting m to the hyperbolic rotation matrix a = d = cosh(In(v)),
b = ¢ = sinh(In(v)). In this case m’ is given by replacing v with v’; thus iteration of A
is extremely easy. This was also the example used in [25].

This gives a family of three-dimensional maps, f, with parameters v and 7. Settingr* = 1,
there are invariant circles at (r*, z*) = (1, :t%). For this case the invariant has the form

J(x,y,2) = 2vcos2mr) + (1 — v?) cos(2mz) sin(2mr). (26)

1
F(z) = — arctan |:
T

m(w) = (25)
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A

Figure 7. Level sets of J for v = 0.3. Here, the maximum of J occurs at z = O near r = 1.1,
while a minimum occurs near r = 0.7.

The level sets corresponding to J = 2v give the invariant manifolds W, W, and the circles

C(z*). The level sets of J are shown in figure 7 for the case v = 0.3. Though the level sets

of J make it appear that (%, :t%) are also invariant, G(%, i) = (%, —%), so these points move

downward. Moreover the curve {r = %} has image {r = h;l (z) — hy(2) + %}, and this latter
1

curve has the image again of r = 3.

5.2. Perturbed map

We break the invariant surfaces by choosing a perturbation of the form (2). For the first
example, we choose a composition of two simple perturbations:

Pi(x,y,2) = (1 +y)(Z** —2%),0,0),
Py(x,y,2) = (O,x(z*2 —27%),0).

Each of these maps has a nilpotent Jacobian, which implies that the maps id + ¢ P; are volume-
preserving for all . The complete perturbation is then defined as

id+eP, = (id+ePy)o(id+¢eP)).

27)

Substituting the perturbation into the computation (1) for the vector field X, gives
Xo= P+ P.

Fundamental domains P; on W; are given by the annuli bounded by the circles y; =
{z = 0} N W, and their images, f(yo) = {z = h(O)} N Wy or f(y1) = {z = K=" (O)} N W,
respectively. These can be projected onto (z, 8) coordinates for visualization. Calculation
of the Melnikov sum (12) is straightforward using the adapted form dJ associated with the
invariant (26).
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v=0.275, 1=0.325 0 v=0.25, 1=0.425

Figure 8. Contours of the Melnikov function for Wy with the perturbation (27). Shown are four
values of the parameters (v, 7). Ranges for the figures are z € [0, h=1(0)] and 6 € [0, 27]. The
arrow at the top of each panel shows the translation by .

We show several representative contour plots of My, in figure 8. In the figure, positive
values of My, are shown as dashed lines and negative as dotted lines, while the zero contour
is the solid line. For example, in the bottom-left panel (v = 0.275 and t = 0.325) there are
two zero contours, corresponding to the unstable and stable manifolds crossing with opposite
signatures (since the algebraic flux through the fundamental annulus is zero, the zero contours
must come in pairs). Since the unperturbed map takes the circle y, to the circle f(y) shifting
each point by t, the lower boundary of P can be identified with the upper boundary after
shifting the latter to the right by t (we show this shift by the arrows in figure 8). After this
identification the fundamental annulus becomes a torus, and the zero contours correspond to
a pair of circles that wrap once vertically. Thus, these contours have homology type (1, 0).
The bottom right panel also has this homology type, though the curves are very close to a
bifurcation.
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There are several such bifurcations in homology type of the zero contours as we vary the
parameters. For example, in the upper left panel, the homology type is (3, 1)— as each zero
contour moves from the bottom to the top of P, it lags the maps translation of 6 by a full circuit
in three vertical transits. In the top-right panel there are two zero contours with the homology
(2, 1). To elucidate these changes in homology, we show a bifurcation diagram in the space of
the parameters in figure 9. We have only found the three homology classes already mentioned.

Also shown in figure 9 are contours of the first-order geometric flux

1
Flux:—/|<b|
2 Jp

as a function of v and t. The flux is largest when v and t are both small, and it appears to
get extremely small as v approaches one. Note that there is a ‘valley’ in the flux contours near
both homology bifurcations.

Finally, we have also studied the perturbation

Pi(x,y,2) = (1+y) (@™ = 2%),0,0),
Py(x,y,2) = (0, x2(z** = 2%, 0), (28)
P3(x,y,Z) = (0,0,r—r*),

giving a perturbation vector field Xg = P; + P, + P;. We show the bifurcation diagram for the
zero contours of My, for W in figure 10. For this case, there appear to be only two homology
types, (1, 0) and (3, 1). Again there is a ‘valley’ in the flux near the bifurcation curve.

We have also computed the Melnikov function for the second invariant set, 1V}, but do not
show the curves since they are very similar to those for Wj.

Figure 9. Contours of the geometric flux through W) as a function of v and t for the perturbation
(27). The nine contours are at equally spaced levels ranging from a flux of 0.09 at the lower left to
0.01 at the top. Also shown are bifurcation curves corresponding to the change in homology types
of the zero contours of My;.
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0.3f

Figure 10. Contours of the geometric flux through W as a function of v and 7 for the perturbation
(28). Also shown are bifurcation curves corresponding to the change in homology types of
the zero contours of Mqy. In this case there is only one curve of bifurcation, corresponding to
(1,0) < (3, 1).

6. Conclusion

We have shown that the flux-form & is the unique (n — 1)-form on a codimension-one saddle
connection that describes the lowest order splitting of the manifolds upon perturbation. The
integral of the one-way flux over a fundamental domain characterizes the transport across the
manifolds in the perturbed system. For our example, the magnitude of the flux is strongly
correlated with bifurcations in the homology of the crossing curves—near a bifurcation the
flux is small. It would be nice to understand if this is a general feature of transport for
volume-preserving maps.

In future, we also hope to study the evolution of the full manifolds numerically, to compare
with our Melnikov results. We would also like to develop a nonperturbative method to compute
the geometric flux, analogous to the action techniques for symplectic maps [12]. With this,
we would like to verify that the geometric flux quantifies the transport observed numerically.
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