SEPARATRIX SPLITTING IN 3D VOLUME-PRESERVING MAPS*
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Abstract. We construct a family of integrable volume-preserving maps in R3 with a bi-
dimensional heteroclinic connection of spherical shape between two fixed points of saddle-focus type.
In other contexts, such structures are called Hill’s spherical vortices or spheromaks. We study the
splitting of the separatrix under volume-preserving perturbations using a discrete version of the
Melnikov method.

Firstly, we establish several properties under general perturbations. For instance, we bound
the topological complexity of the primary heteroclinic set in terms of the degree of some polynomial
perturbations. We also give a sufficient condition for the splitting of the separatrix under some entire
perturbations. A broad range of polynomial perturbations verify this sufficient condition. Finally,
we describe the shape and bifurcations of the primary heteroclinic set for a specific perturbation.
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1. Introduction. A fundamental question in dynamical systems is the effect
that small perturbations of a dynamical system cause on its unperturbed invariant
sets. The most studied unperturbed invariant sets are tori and stable/unstable in-
variant manifolds of hyperbolic sets. Usually, the unperturbed dynamical system is
integrable and has separatrices; that is, its stable and unstable invariant manifolds
overlap. After a generic perturbation, the perturbed stable and unstable invariant
manifolds intersect transversely, which give rise to the onset of chaos, through the
creation of Smale horseshoes. This phenomenon is known as the problem of split-
ting of separatrices. A widely used technique for detecting such intersections is the
Melnikov method.

Our goal is to apply the Melnikov method to the splitting of separatrices in the
discrete volume-preserving framework. Similar questions have been considered before.
However, we believe this is the first time that detailed analytical results about the
structure of the primary heteroclinic set and its bifurcations are established for specific
maps. This represents a step forward with respect to previous works [22, 23], in which
once written down a formula for the Melnikov function in terms of an infinite series,
the approach becomes mainly numerical, because of the technical difficulties that
obstruct the analytical one. Here, we have overcome some of these difficulties using
basic tools: complex variable theory, quasielliptic functions, homology, and several
algebraic tricks. Nevertheless, we have not been able to find an explicit expression of
the Melnikov function in terms of elementary functions for any specific perturbation.
In opposition, such explicit expressions (in terms of elliptic functions) are known for
almost twenty years in the discrete area-preserving setting [17, 13].

This study is interesting because volume-preserving maps are the simplest, and
most natural higher-dimensional versions of the much-studied class of area-preserving
maps. The infinite dimensional group of volume-preserving diffeomorphisms on R3
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is at the core of the ambitious program to reformulate hydrodynamics [3]. Volume-
preserving maps 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 [18, 19, 32, 29]. Experimental methods have only recently been developed that
allow the visualization of particle trajectories in spatial fluids [27, 31].

Given a system with a heteroclinic connection between two hyperbolic fixed
points, the Melnikov function computes the rate at which the distance between the
manifolds changes with a perturbation. After the introduction of the Melnikov method
for periodic perturbations of one-degree-of-freedom Hamiltonian systems, many dif-
ferent versions appeared, most of them in continuous settings (flows). For instance,
there are versions for three-dimensional incompressible flows in [28, 5, 6].

There exist also discrete versions, in which the Melnikov function is no longer
an integral, but an infinite sum whose domain is the unperturbed connection. The
first steps towards a discrete Melnikov theory were performed for area-preserving
maps [16, 17, 13, 20], and next, for symplectic maps [14], for twist maps [21], for
general n-dimension diffeomorphisms [8, 24], and for spatial billiard maps [12]. Finally,
volume-preserving maps have been considered in [22, 23]. These papers deal with
codimension-one heteroclinic connections between fixed points of saddle-focus type
and between hyperbolic invariant circles, respectively. The current paper is a natural
continuation and uses some of their ideas.

We shall construct a family of integrable volume-preserving maps f : R® — R3
with a bi-dimensional heteroclinic connection between two fixed points. This family
is derived from another family of integrable planar maps introduced by McMillan [26].
The same construction can be found in [22], but we have decided to study a completely
new family to minimize the overlap with previous works. Besides, the new family has a
purely rational character, whereas the previous one contains trigonometric terms. This
can be important for numerical computations using a multiple-precision arithmetic.

The bi-dimensional separatrix has a spherical shape and the fixed points are
its “north pole” py and its “south pole” p_. Our integrable maps depend on two
parameters: a characteristic exponent h > 0 and a frequency w € T. These names
refer to the fact that

spec[Df(pi)] _ {ei2hje$h+iwje$h7iw} )

Thus, the fixed points are of saddle-focus type, the characteristic exponent measures
the hyperbolicity of the map, and the frequency quantifies the rotation speed of the
trajectories on the separatrix. There exists also an one-dimensional straight het-
eroclinic connection between the fixed points. The same configuration appears in
fluid dynamics under the name of Hill’s spherical vortex or bubble-type vortex break-
down [32], and as a model for the magnetic field of stars, in which case it is called
spheromak [25]. From a more theoretical point of view, we note that the integrable
normal forms associated to families of volume-preserving flows with a Hopf-zero sin-
gularity have the same structure in the phase space [11].

In general, volume-preserving perturbations split the separatrix, but the per-
turbed stable and unstable manifold still intersect along one-dimensional heteroclinic
curves, which can be wvertical, equatorial or bubble-type ones. This terminology is
borrowed from [22]. Vertical curves are those heteroclinic intersections whose end-
points are both fixed points. Due to the rotational dynamics of the unperturbed map,
these curves look like spirals connecting both poles when there is swirl; that is, when
w # 0. On the contrary, equatorial and bubble-type curves are closed curves that do
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Fic. 1. In this figure we illustrate two possible intersections that appear as heteroclinic inter-
sections of the stable and unstable manifolds that we will be considering. On the left, we have an
equatorial intersection. On the right a vertical intersection.

not approach the poles; in particular, they can not appear in autonomous flows. The
difference between equatorial curves and bubble-type ones is that the portions of the
stable and unstable manifolds delimited by a bubble-type curve encircle a contractible
region in R3; that is, a “bubble”. See remark 7 and figure 1 for more details.

We shall describe the structure of the set of primary intersections under some
perturbations. Roughly speaking, primary intersections are the sets of points where
the stable and unstable manifolds “first” meet. In fact, primary intersections are the
only intersections that can be followed by the perturbation. In the limit, as e — 0,
they appear as zeroes of the Melnikov function. Therefore, non-primary intersections
are missed by standard Melnikov methods. See [22] for details.

Firstly, we bound the topological complexity of the primary heteroclinic set in
terms of the degree of volume-preserving polynomial perturbations of the form

fe= (Id+ 6'%) o f, H(ﬂi’,y, Z) = (0,0é(ﬂj'),ﬂ(ﬁﬂ,y))

In particular, it turns out that the primary heteroclinic set contains at most 2n vertical
curves when a(x) € R,_1[z] and B(z,y) € R, [z, y].

Next, we shall give a sufficient condition for the splitting of the separatrix under
some entire perturbations. A broad range of polynomial perturbations verify this con-
dition. For instance, the ones with k(z,y, z) = (0,0, 3(z,y)) for some even polynomial
B(z,y) of degree 41 + 2, provided that e* <! £ —1 for k = 1,...,2l + 1. In particu-
lar, nonresonant frequencies guarantee the breakdown of the unperturbed structure,
which is in sharp contrast with some known principles in KAM theory.

Finally, we shall consider the perturbation with x(z,y, z) = (0,,0). The primary
heteroclinic set under this perturbation consists in four vertical curves for w # £7/2,
whereas some heteroclinic bifurcations take place at w = 4w /2. Unfortunately, we
have found a complete proof of these facts only for A > hg = 2.28, but we conjecture,
based on numerical experiments, that this picture holds for any h > 0. The previous
upper bound on the number of vertical curves is optimal for this perturbation.
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The proof of each analytical result is based on different tools. The bounds on
the topological complexity follow from basic homology theory. The splitting result is
obtained through the study of the complex singularities of the Melnikov function, an
idea that goes back to Ziglin [34]. The part about bifurcations relies strongly on the
fact that the Melnikov function can be expressed in terms of a quasielliptic function
of order two. Besides, each part has its own algebraic tricks.

We complete this introduction with a note on the organization of the paper.
In §2, we recall the Melnikov theory for volume-preserving maps. In §3, we construct
the family of integrable volume-preserving maps. Afterwards, we derive an explicit
expression for the Melnikov function associated to some volume-preserving perturba-
tions in §4. The next sections are devoted to bound the topological complexity of the
primary heteroclinic set and to establish some sufficient conditions for the splitting.
The study about the bifurcations of the primary heteroclinic set under the sample
perturbation is contained in §7. Some analytical details and numerical experiments
are relegated to appendix A and appendix B, respectively.

2. The Melnikov theory for volume-preserving maps. In this section we
shall briefly describe the Melnikov theory for volume-preserving maps developed in [22,
23, 24].

Let f. : R3 — R3 be a family of smooth volume-preserving maps such that the
unperturbed map f = fy has two hyperbolic fixed points a and b whose stable and
unstable invariant manifolds coincide giving rise to a bi-dimensional saddle connection
Y =Wa, f)\{a} = W3, f)\{b}, where W"(a, f) and W*(b, f) denote the unstable
invariant manifold of the point a and the stable invariant manifold of the point b,
respectively. Both fixed points persist and remain hyperbolic for small e. We want to
study how the perturbed invariant manifolds W"(a., f.) and W*(b, fc) intersect.

Our goal is to describe the topology of the set of primary intersections P, C
Wt (ae, fo) N W3(be, fo). We also pursue to elucidate when the separatrix 3 splits
under the perturbation; that is, when there is no smooth family of saddle connections
Ye C W™(ae, fo) N W3(be, fe) such that 3y = 3.

We collect in the following theorem the basic Melnikov-like results about this
setup. See [22, 24]

THEOREM 1. Under the previous assumptions, there exists a smooth function
M : ¥ — R, called the Melnikov function, with the following properties.

(i) If&o is a nondegenerate zero of M, then W"(ae, fe) and W*(be, f) intersect
transversely, for e small enough, at a point & = &y + O(e) € P..

(ii) If 0 is a regular value of M, then the set of primary intersections P, is, for e
small enough, an one-dimensional submanifold of R® such that P. = M~1(0) + O(e).

(iii) It is invariant by the unperturbed map: M o f = M.

(iv) If fe has a smooth family of:

1. Symmetries S, : R® — R3 such that So(X) =X, then M o Sy = M.

2. Reversors R, : R?® — R3 such that Ro(X) =X, then M o Ry = —M.

3. Saddle connections X C W' (ae, fo) N W3(b, fe) with X9 = 3, then M = 0.

The Melnikov function is constructed in such a way that it measures the distance
between the perturbed invariant manifolds W"(a, f) and W3(b,, fc) in first-order.
Because of this, the zero-level set M ~1(0) C ¥ is strongly related to the primary
intersection set P, and any change in its topology gives rise to some heteroclinic
bifurcation, mainly to some tangency between the perturbed invariant manifolds.
Besides, a sufficient condition for the splitting of the separatrix is that the Melnikov
function is not identically zero.
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We recall some concepts that appear in the theorem above. A point & of a
manifold ¥ is a regular point of a smooth function M : 3 — R when the differential
form dM does not vanish at £, whereas r € R is a reqular value of M if every point in
M~1(r) is a regular point. A zero of M is called nondegenerate when it is a regular
point. If 7 is a regular value of M, then M ~!(r) is an one-dimensional submanifold
of ¥. On the contrary, M ~!(r) can be much more complicated if 0 is a singular
value, although its subset of regular points is also an one-dimensional submanifold
of 3. A diffeomorphism f is symmetric when there exists a diffeomorphism S such
that foS = So f, and then S is called a symmetry of the map f. Analogously, f is
reversible when there exists a diffeomorphism R such that fo R = Ro f~!, and then
R is called a reversor of the map f and we denote by Fix R = {¢£ € R3 : R(¢) = &}
the set of its fixed points. These fixed points are called symmetric in the literature.

Symmetries, reversors and symmetric heteroclinic points play an important role in
the study of (primary) heteroclinic intersections, see [15]. For instance, the set of pri-
mary intersections is invariant by symmetries and reversors. Besides, symmetric hete-
roclinic points persist under reversible perturbations. Concretely, if f. is R.-reversible
and Fix Ry is a smooth curve that intersects transversely the saddle connection ¥ at
some point &y, then there exists a unique point & = &y + O(e) € P. N Fix R..

Remark 1. If f. is not R-reversible, but f.oR.—R.of ! = O(e?) and Ry(X) = 3,
then M o Ry = —M. This has to do with the fact that the Melnikov function only
measures first-order behaviours. We present an explicit example of this situation in
proposition 4.

In order to apply this theory, we must compute the Melnikov function. This is
easier when the unperturbed map has a nondegenerate first integral I : R3 — R and
fe = (Id + €k) o f for some map « : R® — R3. Under these assumptions, it is proved
in [22, Lemma 8] that the Melnikov function is the absolutely convergent series

(1) M = (VI,k)o f*.

kEZ

This is the formula for Melnikov functions that we shall use in this paper.

We are only interested in perturbations that do not destroy the volume-preserving
character of the unperturbed map f. This question has a simple answer: f. = (Id +
ex)o f preserves volume if and only if the differential of the perturbation x is nilpotent
everywhere, see [22, Lemma 3]. This allows us to create simple examples of volume-
preserving perturbations. For instance, we could take k(x,y, z) = (0, a(x), 5(x,y)) or
k(z,y,2) = (v(y, 2),0(2),0) for any smooth functions o, § : R — R and 3,7 : R? — R.

3. The maps. In this section we shall construct, following a methodology devel-
oped in [22], the perturbed volume-preserving maps f. that will be studied along the
rest of the paper. As a starting point, we shall describe the unperturbed maps f = fo
that form a family of integrable volume-preserving maps with a bi-dimensional hete-
roclinic connection between a couple of hyperbolic fixed points. This integrable family
is derived from another family of integrable planar standard-like maps introduced by
McMillan [26].

Let h > 0 be the parameter of the family of planar standard-like maps. Then we
consider the quantities ¢ = cosh(h/2) and s = sinh(h/2), the rational transformation

cz+ s

(2) 2 0(2) =

c+ sz
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F1G. 2. The phase portrait of the area-preserving map (3) for h = 2. The solid squares denote
the hyperbolic fized points q+. The thick lines denote the heteroclinic connections I'g and I'. The
arrows denote the dynamics of the map on the connections

and the area-preserving map

(3) g(r.2) = (o (r+ ¢ '(2) —zr+ ¢~ '(2)),

where ¢~1(2) = (cz — 5)/(c— sz) = —¢(—2) is the inverse transformation of (2). The
phase portrait of this map is sketched in figure 2. Its main dynamical properties are
described in the next lemma.
LEMMA 2. The area-preserving map (3) verifies the following properties:
(i) The points g+ = (0,%1) are hyperbolic fized points of g and

spec[Dg(q+)] {e e h}

(i) The function J(r,z) = (c* — s22%)r? + 2¢s(2® — 1)r is a first integral and the
level J=1(0) contains two heteroclinic connections between the hyperbolic fized points.
(iii) These heteroclinic connections are I'g = {(r,z) € R* : r =0, |2| < 1} and

2es(1 2
= {(r,z) ER?:1r=¢(2) —p H(2) = ﬁ, |z| < 1}
(iv) The diffeomorphism v = (r,z) : R = T, z(t) = tanh(¢/2) , r(t) = z(t + h) —
2(t — h), is a natural parametrization of the connection T'; that is, g(y(t)) = y(t+ h).
(v) The map g is R-reversible and R(y(t)) = y(—t ), where R(r,z) = (r,—z).
Proof. 1t is a direct computation, so it is more enlightening to explain how these
formulae are guessed. The canonical change of variables (r, z) — (z, w=r-+ qul(z))
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transforms (3) into the planar standard-like map

2w

g(z,w) = (w,d(w) = 2),  P(w) = d(w) + ¢~ (w) =

2 — s2w?
introduced by McMillan, which has similar properties [26, page 232]. For instance,
J(z,w) = s%(2* — 1)(w? — 1) — (2 — w)?

is a known first integral of the McMillan map and its zero-level set J—*(0) contains
two heteroclinic connections between the hyperbolic fixed points g— = (—1,—1) and
g+ = (1,1). From the relation 1(z) = ¢(2) + ¢~ 1(z), we get that

7" (5,651 (2)) = (6*(2), 0¥V (2))

for all k € Z. Thus, using that ¢ : (=1,1) — (—1,1) is a diffeomorphism such that
limy 400 ¢ (2) = 1 for all 2z € (—1,1), we see that the heteroclinic connections are

Lo={w=0¢""(2)}, T={w=¢2)}

The change (z,w) — (r =w— ¢*1(z),z) transforms [y into Ty = {r = 0} and T
into I' = {r = ¢(2) — ¢~ 1(2)}. Finally, the natural parametrization follows from the
relations ¢(z(t)) = z(t+h) and r(t) = ¢(2(t)) —dp~1(2(t)) = 2(t +h) — z(t — h). O

Next, we construct a volume-preserving map using the area-preserving map (3).
The methodology consists, roughly speaking, in “to rotate” the right half-plane {r >
0} of figure 2 around the vertical axis, using “canonical” cylindrical coordinates [22].
The map becomes fully three-dimensional if we introduce any non-trivial dynamics
in the cylindrical angular variable § € T := R/27Z. For instance, a rigid rotation
0 — © = 6+ w suffices. See also remark 2. The surface of revolution X obtained from
the curve I is the bi-dimensional heteroclinic connection we were looking for.

The construction would be a little obscure if we use directly the Cartesian co-
ordinates (z,y,z). Hence, as an intermediate step, it is convenient to introduce the
cylindrical angle # € T and the cylindrical radius v/2r > 0. That is, we will work with
the “canonical” cylindrical coordinates (r, 0, z) defined by the relations

(4) z =+/2rcosb, y = V2rsin, z=z.

The term “canonical” means that dz A dy A dz = dr A df A dz. Consider the map
(r,0,z) — (R,0,Z), given by

(5) O=0+w, (R Z)=g(r?)
where g is the area-preserving map (3). This map preserves volume, since
dX ANdY NdZ = —-dRAdAZANdO = —dr Adz Adf =dz Ady Adz.

Let
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This function p(r,z) is analytic at = 0 for |z| < ¢/s. Using coordinates (4) in the
map defined by (5), we get that, in Cartesian coordinates, the map that we want is

X x cosw —sinw 0 p(r, z)x
(6) Y |=fl y | =] sinw cosw 0 p(r,2)y
Z z 0 0 1 r+ ¢ 1(2)

where 7 = (22 4+ y?)/2. We check, using formulation (6), that the map is well-defined
and analytic on {(0,0,z) € R?: |z| < ¢/s}. This was not immediately clear from (4),
since the change to cylindrical coordinates is singular at r = 0.

The map (6) is our unperturbed volume-preserving model. It depends on the
characteristic exponent h > 0 and the frequency w € T. The characteristic exponent
measures the hyperbolicity of the problem. In particular, numerical computations or
analytical studies about separatrix splittings for small values of h will be hard, due
to their exponentially smallness. For instance, we have only been able to prove a
conjecture presented in §7 for h > log 16 — log(v/113 — 9) ~ 2.282.

The main dynamical properties of the integrable volume-preserving map (6) are
described in the following lemma.

LEMMA 3. The volume-preserving map (6) verifies the following properties:

(i) The points p+ = (0,0,+1) are hyperbolic fixed points of f such that

spec[Df(p+)] = {eﬂh, FhHe. e:Fh—iw} ‘

(ii) The function I(z,y,z) = J ((#* +y?)/2,z) is a first integral of f and the
level I=1(0) contains two heteroclinic connections between the hyperbolic fived points.
(iii) The heteroclinic connections are o = {(0,0,2) € R?: [z| < 1} and

des(1— 22
E—{(x,y,z)eR:”:xQ—i-yQ—M \z|<1}.

2 — g232 ’

(iv) The diffeomorphism o : T xR — X, o(0,t) = (x(0,t),y(0,t),2(t)), given by

z(t) = tanh(t/2)
r(t) = z(t+h)—=z(t—h)
(7) z(0,t) = 2r(t) cos
y(0,t) = 2r(t) sin 6

is a natural parametrization of X; that is, f(o(0,t)) = o(0 +w,t + h).

(v) The map f has the linear symmetry S(z,y,z) = (—z,—y,2) and the invo-
lutive linear reversors R(x,y,z) = (z,—y,—z) and T(z,y,z) = (—x,y,—z). Besides,
S(o(0,t)) =00+ m,t), R(o(0,t)) =0o(—0,—t), and T'(c(0,t)) = o(m — 6, —t).

Proof. In the cylindrical coordinates (r, 6, z), the map f acts in the form described
in (5). Therefore, these properties follow directly from the properties of the map g
described in lemma 2 and the fact that the involutions § — —60 and 6 — 7 — 6 are
reversors of the rigid rotations 6 — 0 + w. d

Remark 2. We could have considered that the frequency is not constant, but it
depends on the first integral: w = w(I). In that case, since the expression of the
Melnikov function only needs the values of the dynamics on the saddle connection X,
only the value wy = w(0) appears in the Melnikov computations.

The fixed sets of the reversors R and T are smooth curves. In fact, Fix R is
the z-axis and FixT is the y-axis. Besides, each fixed set intersects transversely the
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saddle connection at a couple of opposite points, namely
YNFixR= {67}, YNFixT ={¢", (7}

where ¢+ = (£9,0,0), ¢* = (0,4n,0), and = 2+/s/c. Besides, ¢t = 0(0,0),
¢ =o(m0), ¢t =o0(r/2,0), and (- = 0(37/2,0). The question about when these
symmetric heteroclinic points persist is answered in the following proposition.
PROPOSITION 4. Let S, R and T be the symmetry and the reversors introduced
in lemma 3. Let £* and ¢* be the symmetric heteroclinic points of the map (6) on the
x-axis and y-axis, respectively. Let P. be the set of primary heteroclinic intersections
of the perturbed map fe = peo f, where p. = Id+exk and k(x,y, z) = (0, a(x), B(x,y)).
(i) If a(x) is odd and B(z,y) is even, then fc is S-symmetric and S(P.) = Pk.
(ii) If B(x,y) is even in y, then f.o R, — R.o f=1 = O(€?), where R, = p. o R.
If, in addition, a(0) = 0 and B(0,a(z)) = 0, then f. is R.-reversible, R(P.) = P,
and there exists points & = £+ + O(¢) € P. N Fix R,.
(iii) If a(z) is odd and 3(z,y) is even in z, then f.oT.—T.o f=1 = O(e?), where
T. = pe o T. If, in addition, a(0) = 0 and B(0,a(x)) = 0, then fc is T.-reversible,
T.(P.) = P., and there exists points (¥ = (T + O(e) € P.NFixT..
Proof. (i) If a(x) is odd and S(z,y) is even, then ko S = S o k and

peoS=(Id+er)oS=S+eSor=S50(Id+ex)=Sop..

Therefore, feo S =p.ofoS=p.oSof=8op.of=>5of.

(i) If B(x,y) is even in y, then K o R = —R o k. Besides, p_! = Id — ex + O(€?).
Therefore, R, = (Id+ ex)o R=R—€eRok = Ro (Id — ek) = Rop-! + O(e?) and
feoRe=peofoRop ' +0(?) =pcoRo f~ op ! + 0O(%) = Re o fo + O(€?).

If «(0) = 0 and 3(0,a(z)) = 0, then x*(z,y,z) = (0,a(0),5(0,a(x))) = 0 and
p-! = 1d — ek, so all the O(e?) terms above vanish.

(iii) If a(x) is odd and B(x,y) is even in z, then Kk o T = —T o k, so it suffices to
replace R with 7" in the previous item. d

When R, and T, are true reversors, their fixed sets are

Fix R, = {(z,y,2) € R® 1y = ea(2)/2, 2 = B(z, ea(x)/2)/2},
FixT, = {(z,y,2) €R® : 2 =0, 2 = ¢6(0,y)/2}

which are O(e)-close to the z-axis and y-axis. (We have used that a(0) = 0.)

4. The Melnikov function. Next, we want to derive an explicit expression for
the Melnikov function associated to the volume-preserving perturbations

(8) Je= (Id+ 6'%) o f, li(.%',y, Z) - (O,a(x),ﬁ(a;,y))

Other perturbations can also be studied. We do not aspire to be exhaustive.

If a(0) = 3(0,0) = 0, then f.(0,0,z) = (0,0, 2) and the one-dimensional hete-
roclinic connection ¥ is preserved under the perturbation (8). There is no similar
persistence result for the two-dimensional heteroclinic connection X.

The first integral given in lemma 3 is I(z,y,z) = J(r, z), where r = (22 + y?)/2
and J(r,2) = (¢* — s%2%)r? +2cs(2? — 1)r. Besides, r = 2¢s(1 — 22)/(c? — s22%) on the
saddle connection 3. Finally, if the perturbation has the form (8), then the Melnikov
function (1) can be written as

(9) M:S =R, Mz,yz) =Y m(Tk Yk 2)
keZ
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where (z1, yr, zx) = f*(z,y, 2) and

m(z,y,2) = (VI(z,y,2),5(x,y,2))
= Oyl(z,y, z)a(x) + 0:1(2,y, 2) B(z, y)
= yarj(r7 Z)OA(.’L‘) + azJ(T7 Z)ﬁ(‘ra y)
= 2csy(1 — 2%)a(x) + 2521(2¢c — s7)B(x, y).

On the other hand, the natural parametrization o = (z,y,2) : T x R — ¥ given
in (7) provides a diffeomorphism between the saddle connection ¥ an the cylinder
T x R, so that objects defined over ¥ can be considered as depending on an angular
variable 6 € T and a hyperbolic variable t € R. Henceforth, we will abuse the notation
by not giving these objects new names. Thus, the Melnikov function (9) becomes

(10) M:TxR—R, MOt =Y m0+kw,t+kh)
kEZ
where
(11) m(6, t) = A(t)y((g? t)a(x(ev t)) + /L(t)ﬁ(.%‘(@, t)a y(ev t))
= p(t)A(t)ex(p(t) cos ) sin b + p(t)B(p(t) cos b, p(t) sin )
and
t)=2(t+h) —2(t—h) = 2cs
rt) = 2t +h) =2t = h) = T I ) coh (= 1)/
12) p(t) = v/ 2r(t), .
A(t) = 2¢s (1 — 2(t)?) = des'(t) = cosh27(t/2)’

sz(t)r(t) (2c — sr(t)) = —4desr'(t).

=

—
o~

SN—r
Il
[\)

The rest of the paper deals with the computation and description of the zero-level set
Z=M10)={(0,t) e T xR: M(0,t) = 0}

for several simple perturbations (8). In order to make easier that, we recall that the
Melnikov function was invariant by the unperturbed map. In the current context, this
implies that the Melnikov function M satisfies

(13) M(O+w,t+h) = M(O,t) = M(0 + 27,1

and therefore the zero-set Z is (2m,0) and (w, h)-periodic. This is, if (6*,¢*) € Z then
(0* +w,t* 4+ h) € Z and (0* +27m,t*) € Z.
A tilde will always denote the projection of a periodic object to the quotient torus

(14) F(w,h) =7 := (T x R)/(w,h)Z = R?*/ ((27,0)Z + (w, h)Z)

which is diffeomorphic to the quotient of the saddle connection by the unperturbed
map. The study of the projected set Z = M ~1(0) C 7 is easier, because 7 is compact.

The torus is represented in figure 3 as the rectangle [0, 27] x [0, h] with the ap-
propriate identifications. We have not chosen the parallelogram shown in thin lines in
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& =(wh) ¢t & ¢ Ef=@2r+uw,h)

C+ &— ¢- &+

¢t =(,00 ¢t & - &t = (27,0)

FiG. 3. A rectangular representation of the torus T and the symmetric points described in
lemma 5 for w = 7 /3. Opposites sides of the rectangle are identified, although the identification of
the horizontal ones is shifted by an amount equal to w.

that figure as the representation of the torus, because its shape changes in w, hindering
posterior comparisons and the study of bifurcations that take place in w.

Remark 3. Sometimes we will restrict ourselves to the case w = 0, which is called
no-swirl in fluid dynamics. This is the simplest one, because then the quotient torus
is a product: 7(0,h) = (R/27Z) x (R/hZ), and the variable ¢ is defined modulo h.
Although the unperturbed map has just a bi-dimensional dynamics for w = 0, it is still
an interesting case —the perturbation will create a real three-dimensional dynamics.

Let us check that Z contains at least eight symmetric points and has some useful
symmetries and more periodicities when the perturbation preserves the symmetry and
reversors of the unperturbed map. The symmetric points are shown in figure 3.

LEMMA 5. Let Z be the projection onto the torus (14) of the zero-level set of the
Melnikov function (10).

() If a(zx) is odd and B(x,y) is even, then Z is (,0)-periodic: Z = Z+ (m,0).

(i) If a(x) is even and B(x,y) is odd, then Z is (m,0)-periodic: Z = Z + (x,0).

(iii) If B(x,y) is even in y, then Z contains (and is symmetric with regard to)
the points €+ = (0,0), £~ = (m,0), & = (w/2,h/2), and E_ = (7 +w/2,h/2).

(iv) If a(z) is odd and B(x y) is even in x, then Z contains (and is symmetric
with regard to) the points ¢t =(n/2,0), ¢ (37‘(’/2 0), ¢4 = (7/2 +w/2,h/2), and
(- =03Bn/24w/2,h/2).

Proof. We could write a geometric proof based on the geometric properties es-
tablished in proposition 4, but instead, we give a shorter analytic proof.

We consider the Melnikov function M as a function defined on the plane R? with
periods (27,0) and (w, k). Assume that M is odd with regard to a point (6y,t) € R2.
Then M~'(0) contains (and is symmetric with regard to) the point (6y,t). But
M~1(0) also contains (and is symmetric with regard to) the points (6 + p, to +q) for
any semi-period (p,q) of M, because

M0y +p,to+q) = =M (0 — p,to — q) = =M (0y + p, to + q).

Hence, it suffices to check that:
(i) If o(z) is odd and [(zx,y) is even, then M (0,t) is m-periodic in 6;
(ii) If a(x) is even and ((z,y) is odd, then M(0,t) is m-antiperiodic in 6;
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(iii) If B(x,y) is even in y, then M(0,t) is odd with regard to (0,0); and

(iv) If a(x) is odd and B(z,y) is even in x, M (0, t) is odd with regard to (7/2,0).
The functions r(t), p(t), and A(¢) given in (12) are even, whereas p(t) is odd. Hence,
the function (11) and the Melnikov function (10) verify (i)—(iv). a

Remark 4. One can obtain more symmetries or periodicities under more restric-
tive hypotheses. For instance, using basic trigonometric properties, one checks that
Z is (m/2,0)-periodic when x(z,y, z) = (0,,0), or when x(z,y, z) = (0,0, 5(z,y)) for
some ﬂ('xay) such that ﬂ('xay) :ﬂ(—y,fﬂ) or ﬁ(:cay) = _ﬂ(_yvx)

Remark 5. Tt turns out that Z # (), even if the volume-preserving perturbation (8)
has no symmetries. This has to do with the existence of an area form 7} over the torus 7
such that the integral of the two-form M7 vanishes. Therefore, the Melnikov function
has to be zero at some points. This idea was used in [23]. We skip the details.

5. Bounds on the complexity of the primary heteroclinic set. First, we
shall establish an upper bound on the cardinality of the horizontal sections of the
zero-level set Z under polynomial perturbations of the form (8). These horizontal
sections are defined as

Zyy =10€T: M(0,ty)) =0} ={0cT:(0,ty) € Z}, to € R.

PROPOSITION 6. If a(x) € R,,_1[z] and B(z,y) € R, [x,y] for some integern > 1,
then either Zy, =T or #Z;, < 2n.

Proof. The function m(6,t) given in (11) has the following simple forms un-
der monomial perturbations. If a(x) = 2'~! and B(x,y) = 0, then m(0,t) =
(2r(t))/2A(t) cos’ ! @sin 0, whereas if a(x) = 0 and B(z,y) = z'y’, then m(0,t) =
(2r(t)) /21 (t) cos’ O sin? . Therefore, the Fourier expansion of m(6,t) when a(x) €
R, _1[z] and B(x,y) € R,[z,y] has only the central 2n + 1 harmonics. That is,
m(0,t) =3 j1<n M (t)e7? for some coefficients m(t). Thus the Fourier expansion of
the Melnikov function (10) has the same form, since

M(O,t) =Y m(0 + kw,t + kh)

kEZ

= Z Z m;(t + kh)eld(O+ke)

|| <n k€

= Y Mj(t)e”,

lil<n

where M;(t) = 3, ., €7"“m;(t + kh). To end the proof, it suffices to note that any
non-zero trigonometric polynomial like My, (6) := M(0,t0) = >, <, M; (to)e? has
at most 2n different roots in T. d

If w = 0, there exists a similar bound for the cardinal of the vertical sections.
This new bound is obtained by using some elementary facts of the theory of elliptic
functions. We recall that a function is elliptic when it is meromorphic in the whole
complex plane and has two complex periods that are independent over the reals. The
order of a non-constant elliptic function is the number of its poles (or zeros), counted
with multiplicity, that lie in a cell. A cell of an elliptic function with periods p; and
po is a parallelogram with vertexes s, s+ p1, s+ p1 + p2, and s+ ps such that its sides
do not contain neither zeros nor poles. For a general background on elliptic functions,
we refer to [33].
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We realized in remark 3 that the Melnikov function M (6,t) is h-periodic in the
vertical coordinate ¢ when the frequency w is zero. In that case, the vertical sections
of the projected zero-level set Z = M ~1(0) C 7 defined as

Z% = {t e R/hZ : M (0, t) = 0} = {t € R/hZ : (6y,t) € Z}

are subsets of the quotient space R/hZ.

PROPOSITION 7. Assume that the perturbation (8) is polynomial and w = 0. Let

Z% be any vertical section which does not cover the whole set R/hZ. Letl,n € N.
(i) If a(x) € Ry_1[x] is odd and B(x,y) =0, then #Zef <lI.
(i) If a(x) = 0 and B(z,y) € Rou[z,y] is even, then #Z% <n +1.

(iii) If a(z) € Roy_1[x] is odd and B(z,y) € Ronlz,y] is even, then #7% <
max(l,n + 2).

Proof. These three items a based on the following formulae. If a(z) = z%~!
and B(z,y) = 0, then m(0,t) = (2r(t))?A(t) cos?’ 1 §sin 0. If a(x) = 0 and B(x,y) =
z'y? =% then m(0,t) = (2r(t)) pu(t) cos’ #sin®? ~* @. Hence, if the polynomial a(x) €
Rg;—1]x] is odd and the polynomial 3(z,y) € Ra,[x,y] is even, the function m(0,t)
has the form

ZL: )+ p(t Zb

for some trigonometric polynomials a;(#) and b;(6). Since w = 0, we get that
(15) M (t) :== M (6o, t) Z a;(0o)A Z b;j(60)B;(1)
j=1

where A;(t) = 3, ez Mt + kh)(r(t + kh))7 and B;(t) = >, cq u(t 4+ kh)(r(t + kh))7.

The functions z(t), r(t), A\(t), and pu(t) are 2771—periodic and meromorphic in C.
On the one hand, the poles of z(t) are the points in the set 7i + 27iZ, all of them
simple, and so A(t) = 4esz’(t) has the same poles, but they are double ones. On the
other hand, the poles of r(t) are the points in the sets +h + 7i + 27iZ, all of them
simple, and so u(t) = —4csr’(t) has the same poles, but they are double ones.

Thus, 4;(t), B;j(t), and M%(t) are elliptic functions with periods h and 2i. Their
poles are the points in the set 7i + hZ + 27iZ. Their orders are at most max(j,2),
j +2, and max(l,n + 2), respectively. To end the common part of the proof, we note
that M% () is non-constant, because Z% # R/hZ.

(i) If B(z,y) = 0, the elliptic function (15) becomes M? (t) = 22:1 a;(00)A;(t)
and its order is at most max(l,2), so that it has at most max(l,2) roots in a cell
and #290 < max(l,2). We can substitute this last bound by #290 < [ because if
o(z) = z and w = 0, then either Z% = R/hZ or Z% = (), see item (iv) of theorem 17.

(ii) If a(z) = 0, the elliptic function (15) becomes M%(t) = Z;‘:l b;(60)B;(t)
and is odd, because pu(t) is odd and r(t) is even. Its order is at most n + 2, but
the rough bound #2Z% < n + 2 can be improved using the symmetry. We get that
M?%(h/2 + i) = 0, because

M%(h)2 + 7i) = M% (—h/2 + 7i) = M%(—h/2 — mi) = =M% (h/2 + 7i).

This means that M?% (t) has at most n + 1 real roots modulo h.
(iii) In this case, the bound #Z% < max(l,n + 2) can not be improved. a
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Remark 6. Proposition 6 also holds for the integrable trigonometric family of
volume-preserving maps introduced in [22]. The proof does not requires any change.
On the contrary, proposition 7 can not be directly translated into the trigonomet-
ric setting, because the complex singularities of the natural parametrization of the
separatrix in that setting are more complicated.

Recall that in the introduction we had a brief discussion of the type of primary
heteroclinic intersection that appear. In our case, it is enough to remember that
primary intersections are the intersections that arise as the continuation of the non-
degenerate zeroes of the Melnikov function.

Any vertical curve intersects the horizontal line {¢ = ¢} in at least one point, so
the number of vertical curves can not be larger than the cardinal of the horizontal
sections of the zero-level set. Therefore, as a by-product of proposition 6, we get that
there are at most 2n vertical curves when a(z) € R,,_1[z] and f(z,y) € R,[z,y].
In fact, propositions 6 and 7 have stronger consequences on the homology/homotopy
classes of the heteroclinic intersections of the invariant manifolds.

We recall that Z is the projection of the zero-level set Z = M~'(0) onto the
torus 7 defined in (14). Assume that 0 is a regular value of the Melnikov function.
Then Z is a submanifold of the torus and its connected components are closed smooth
curves. Therefore, once fixed an induced orientation on the torus, we can assign to
each connected component 4 of Z its homology class [7] € H,(T?) = Z2.

In the case of the torus 7, we will identify horizontal lines with the class (1,0)
and vertical lines, generated by the vector (w,h), with the class (0,1). Thus, [§] =
(p,q) € Z* means that 7 is a closed curve that wraps around the torus |p| times in the
horizontal direction and |¢| times in the vertical one. For instance, the set Z has four
connected components with homology class (0,1) or (0,—1) in the subfigures 4(a)-
4(d), whereas it has just two connected components with homology class (1, —2) or
(—1,2) in the subfigures 4(f)-4(i). Subfigure 4(e) is excluded because then 0 is a
singular value of the Melnikov function.

Remark 7. With regard to the three types of heteroclinic curves mentioned in
the introduction, we note that a connected component 4 such that [§] = (p,q) gives
rise for € small enough to vertical (resp., equatorial) (resp., bubble-type) curves when
q # 0 (resp., ¢ = 0 but p # 0) (resp., p =q = 0).

Remark 8. The first homology group and the first homotopy group (that is, the
fundamental group) of a torus coincide: H;(T?) = Z? = 71(T?). Hence, we could use
homotopy instead of singular homology along this digression.

We need the following result from Morse theory.

LEMMA 8. Ifa € R is a regular value of a smooth function f : X — R defined
over a compact manifold X , the homology class of the level set L, = f~'(a) is trivial.

Proof. It suffices to prove this for Morse functions, because Morse functions
are dense and the homology class of a closed curve does not change under small
perturbations.

Let a and b be two regular values of f such that a < b. Then L, and L; are
the borders of the smooth manifold f~*([a,b]), and so, they have the same homology
class. Let ¢ be the maximum value of f. Since f is Morse, there exists a unique point
x € X such that f(x) = c¢. This point is a nondegenerate maximum, and so, if 6 > 0
is small enough, ¢ — § is a regular value and L._s is just a small closed curve around
x. Hence, L._; is contractible and its homology class is equal to zero. a

The homology classes of the connected components of the projected zero-level
set Z are bounded in the following theorem. These bounds restrict the topological
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complexity of the primary heteroclinic set P, = Z 4 O(¢) for small values of e.
THEOREM 9. Assume that 0 is a reqular value of the Melnikov function associated
to the perturbation (8). Let A1, ...,%, be connected components of the projected zero-
level set Z = M~Y(0). Let [1] = (p1,q1), - - -, [Ar] = (prsqr) be their homology classes.
(i) The homology of Z is trivial: > il =>2(ps.q5) = (0,0).
(i) If a(2) € Ry_1[z] and Bz, y) € Ralz, g, then 2]g;] <3, lgs] < 2n.
(iii) Assume that w = 0. Let l,n € N. Then:
1. If ax) € Ryy—1]2] is odd and f(z,y) =0, then 2|p;| <. |p,;| < L.
2. If a(z) =0 and B(z,y) € Roy[x,y] is even, then 2|p;| < >, |p;| <n+ 1.
3. If a(x) € Ry_1[z] is odd and B(z,y) € Ro,[z,y] is even, then 2|p;| <
> Ipjl < max(l,n+2).
Proof. (i) Tt suffices to apply lemma 8 to the projected function M : T? — R.
(ii) We are under the hypotheses of proposition 6 and 0 is a regular value of the
Melnikov function, so there exists some ¢, € R such that #7;, < 2n. On the contrary,
Zy, =T for all ¢y € R, and the Melnikov function should be identically zero.
Using that Z = 4, II- - - 115, and that each curve 7; wraps |g;| times in the vertical
direction, we get that > . |q;| < >, # (5 N (T x {t.})) = #Z;, < 2n. Next, we

obtain the bound 2 |g;| = |¢;| + ‘Zi# @i| < >, lai| < 2n from the identity >, ¢; = 0.

(iii) It follows in a similar way, but from proposition 7. a

6. Splitting of separatrices. In this section we shall present two theorems
about the splitting of our separatrix. In the first one, we shall establish a sufficient
condition for the splitting of the separatrix under some entire perturbations, whereas
in the second one we find a broad class of polynomial perturbations that split the
separatrix. The sufficient condition is obtained through the study of the complex
singularities of the Melnikov function. To be more precise, if the Melnikov function
can be analytically extended for complex values of its variables and this extension
has some nonremovable singularity, then the original Melnikov function can not be
identically zero and the separatrix splits.

For simplicity, we have restricted our study to the perturbations of the form

(16) Je= (Id+ 6’%) o f, Ii(ﬂ?,y,Z) = (anaﬁ(xvy))

for some non-zero even entire function 3(z,y). The study is a bit more cumbersome
when the entire perturbation has the more general form (8) with a(z) odd and §(z, y)
even. If a(x) is not odd or 5(x, y) is not even, our current technique should be restated,
because ramified singularities are harder to deal with than isolated ones.

THEOREM 10. Let By : C — C be the entire function

(17) By(r) = /Orﬂ(\/TSCOSH, V2ssin 0)ds.

Let r(t) = z(t + h) — z(t — h) with z(t) = tanh(t/2). If the function
(18) So(t) =65 (1) + 6, (t), 65 (t) = Bpsw(r(t £ h))

has a nonremovable singularity at t = wi for some 6 € T, then the separatriz splits.
We note that z(¢) is meromorphic and its poles are the points in the set i+ 27iZ.

Hence, since the function By(r) is entire and non-zero, the compositions &7 (¢) and

d, (t) always have a nonremovable singularity at the point ¢ = 7i. Our sufficient
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condition for the splitting is that the sum d, () + &, () be still singular at ¢ = i,
which is generic.

Proof. The function By(r) is entire because the parity of the perturbation §(x,y)
cancels the square roots that appear in (17).

The first step is to rewrite the Melnikov function in a more convenient form.
Using that a(z) = 0 and the relation u(t) = —4csr/(t), the Melnikov function (10)
has the form M (0,t) = —4cs(Ap)'(t), where

No(t) =3 "030t),  0y(t) = Boyru(r(t + kR)).

kEZ

Using that dg(t) = 5{[91] () + (551} (t), we shall prove that the series Ag(t) —and hence,
the Melnikov function— has a nonremovable singularity at ¢ = =i for some 6 € T.

Since the function By(r) is entire, the composition 5{[914 (t) = Bosko(r(t + kh)) is
analytic but at the poles of the meromorphic function (¢ + kh), which are the points
in the sets £h — kh + 7wi 4 27iZ. Thus, the difference

No(t) = e(t) = > o4(1)

k#£E1

is analytic at ¢ = i for any # € T. On the other hand, by hypothesis, dy(t) has a
nonremovable singularity at ¢ = i for some 6 € T. d

Next, we find some concrete perturbations of the form (16) that split the separa-
trix. For simplicity, we shall deal with perturbations such that the computation of the
singular parts of the functions 83 (¢) defined in (18) around their singularity ¢ = i
can be easily analyzed. Polynomial perturbations are a natural choice. We need the
following notations for the statement of the result. Given any f(z,y) € R, [x,y], we
shall denote by Z?:o Bi(x,y) its decomposition as a sum of homogeneous polynomials.
That is, Bi(pz, py) = p'Bi(z,y) for all p € R. Let R, : R> — R? be the rotation

(19) R,(z,y) = (vcosp — ysinp,zsin g + ycos ).

PROPOSITION 11. If B(z,y) € Rao,[z,y] is even and B2y, © Ray, # (—1)"an, then
the separatriz splits under the polynomial perturbation (16).

Proof. The decomposition of the polynomial 3(z,y) € Ra,[z,y] only has even
terms: B(z,y) = > ;— B2(x,y). Then the entire function By : C — C defined in (17)
is the (not necessarily even) polynomial

S N 2! 891 (cos 9, sin @
By(r)=>_Bi(0)r'!,  By(0) = 52‘(l+1 )
1=0

The point ¢ = i is a simple pole of the meromorphic function z(¢) = tanh(¢/2), and
so it becomes a pole of order n+1 of the functions §; (t) = Byt (2(t+2h) — 2(¢)) and
0y (t) = Bo—w(2(t) — 2(t — 2h)). In particular, there exist some Laurent coefficients

0E(0),. .., 5;—L+1 (0) such that

0, 1(0)

+
5 (1) = el 01 (9)

+-F o + (some analytic function at t = 7i).
— 71

For instance, using that the residue of z(t) at its poles is equal to 2, we get that the

dominant Laurent coefficients are 5?;1(9) = (F2)""'B, (0 + w).
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Finally, we note that if there exists some 6 € T and some index j =1,...,n+1
such that 5}(9) +0; (0) # 0, then dg(t) = 84 (t)+6, (t) has a nonremovable singularity
at t = i and the separatrix splits. The functional condition fa, 0 Ray, # (—1)" B2, is
equivalent to the existence of some angle 6 € T such that

Ban (cos(0 4 2w), sin(0 + 2w)) # (—1)" Ban(cos b, sin h)

which is equivalent to the existence of § such that 5n+1(9) + 5;“(0) # 0. a
Using this proposition, we shall obtain many polynomial perturbations that split
the separatrix. To explain this, we introduce the complexified variables

(20) z =z + yi, Z=ux—yi.

In these variables, the functional equation 32, 0 Ra, = (—1)" 32, reads as Bon 0 Roy, =
(=1)"Bay,. Here, Ry (2, %) = (e¥'z,e¥'Z) and

ﬁ?n z, Z Z ﬁ n—&—kzn—k

k=—n

stand for the rotation (19) and the homogeneous polynomial 32, (x,y) in the com-
plexified variables, respectively. The transformed polynomial s, (z, Z) is still a ho-
mogeneous polynomial of degree 2n because the change (20) is linear.

LEMMA 12. The functional equation B, o Ra, = (—1)" B2, holds if and only if

(21) 3 (ki _ (1)) =0,  Vk=-n,...,n.

Proof. Ry, (2, %) = (€2iz,e721%2) maps 2" k27 F onto ethwiznthzn—k, O

Now we are ready to give precise statements about the splitting of the separatrix
under polynomial perturbations of the form (16). For instance, we shall see that both
nonresonant frequencies and high-order resonant frequencies —that is, w/m &€ Q or
w/7 is an irreducible fraction with a high denominator—, are strong obstructions for
the persistence of the separatrix. A homogeneous polynomial (s, (z,y) of degree 2n
is rotationally invariant when it has the form

Ban(@,y) = B2z = A2 12n = 02?4 42)"

for some constant Bgﬂ € R. These polynomials are the only homogeneous ones that
remain invariant under the action of the continuous group of rotations R, : R? — R2.

THEOREM 13. If B(z,y) is an even polynomial of degree 2n, then the perturba-
tion (16) splits the separatriz in any of the following two cases:

(i) n odd and e***' #£ —1 fork=1,...,n; or
(ii) n even, Ban(z,y) not rotationally invariant, and e**' £ 1 for k =1,... n.

Proof. From proposition 11 and lemma 12, we know that (21) is a necessary
condition for the persistence of the separatrix. Let us check that this condition is
incompatible with the two listed cases.

(i) If n is odd and e***! £ —1 for k = 1,...,n, condition (21) implies that Bg;] =0
for all k = —n, ..., n. Therefore, the homogeneous polynomial fa, (z,y) is zero, which
contradicts the fact that F(x,y) has degree 2n.

(i) If n is even and e**“! £ 1 for k = 1,...,n, then condition (21) implies that

ng = 0 for all & # 0, which contradicts the fact that §(z,y) has degree 2n and
Ban(x,y) is not rotationally invariant. d
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(a) w=0 (b) w=m/3 (¢) w=09m/20

[

r,JF,J — ..

(d) w=7/2—-10"3 () w=m/2 (f) w=m/2+1073

(g) w=11m/20 (h) w=2r/3 (w=m

Fic. 4. The only bifurcation of Z in the range 0 < w < w under the perturbation x(x,y,z) =
(0,z,0) takes place at the singular frequency w = w/2. These pictures show this bifurcation for
h = 1. The symmetric points move as the frequency w varies.

It would be interesting to know whether there exist some entire perturbations
of the form (16) that preserve the separatrix. Of course, such perturbations can not
verify the sufficient condition for splitting given in theorem 10. We have not found any
perturbation of this kind, which is not so strange because in similar contexts, related
with other McMillan maps, they simply do not exist. An area-preserving example of
this situation can be found in [13], and a high-dimensional symplectic one in [14].

7. Bifurcations of the zero-level set in an example. In this section, we shall
study the bifurcations in w € T of the topological shape of the zero-set Z C T x R
for the perturbation x(z,y,z) = (0,z,0). We note that, according to lemma 5 and
remark 4, Z contains (and is symmetric with regard to) the eight symmetric points
shown in figure 3 and it is also (7/2,0)-periodic.

Based on detailed numerical computations and several analytical arguments, we
conjecture that 0 is a singular value of the Melnikov function if and only if w = +7/2,
and so the only bifurcations of Z = M ~1(0) take place at those values. For instance,
we show in figure 4 the numerically computed shape of Z for several values of the
frequency in the range 0 < w < 7.

We give a dynamical interpretation of these Melnikov-like results. If w # +m/2,
the set of primary intersections P. = Z + O(e) consists in four vertical curves for e
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small enough, see theorem 1. Each curve has a symmetric twin, because P, is invariant
under the axial symmetry S(z,y,z) = (—x, —y, z). The fixed sets of the reversors are

Fix R, = {(2,9,2) € R® : y = ex/2, z = 0},
FixT, = {(v,y,2) €ER® : 2 =0, z = 0}.

Hence, two heteroclinic vertical curves cross a curve Q(e)-close to the z-axis and
the other pair of heteroclinic curves cross the y-axis. The rotation number of these
vertical curves is equal to w in the range —7/2 < w < 7/2, but it jumps to w F 7
when the bifurcation values w = 4m/2 are crossed. The shape of the primary set
when w = +7/2 it is not completely clear, because then 0 is a singular value of the
Melnikov function and theorem 1 can not be applied. This is an open question.

The rest of the section is devoted to present some rigorous results supporting the
previous conjecture, although we have found a complete proof only for h > hg ~ 2.28.
Nevertheless, we have been able to prove the following results. If w is a regular
frequency (that is, if 0 is a regular value of the Melnikov function), then Z contains
just four vertical curves. Otherwise, we say that w is a singular frequency and Z
contains the four vertical curves jointly with the images and pre-images of exactly one
horizontal straight line, in which case the degenerate zeros of the Melnikov function
are just the points in the intersections between the horizontal and vertical curves. The
number of singular frequencies is finite. The frequencies w = 0 and w = 7 are regular,
whereas w = £/2 are singular and, in addition, they are the only singular ones when
the characteristic exponent is big enough: h > hg := log 16 — log(v/113 — 9) ~ 2.28.

In order to lighten the computations, we write the Melnikov function in its sim-
plest form. Let x : R — R be the function

4c? 52

(22) x(t) = cosh((t + h)/2) cosh®(t/2) cosh((t — h)/2)

Then, using that «(z) = = and f(x,y) = 0, the Melnikov function (10) becomes
(23) M(0,t) = a(t) sin 20 + b(t) cos 26
where a(t) and b(t) are given by the absolutely convergent series
a(t) = cos(2kw)x(t+kh),  b(t) =Y _sin(2kw)x(t+ kh).
keZ keZ
We also introduce the complex-valued function
(24) E(t) = By(t) = e™™ix(t + kh) = a(t) + b(1)i
keZ

which plays a crucial role in the digression because of the relation
(25) oM (0,t)/2 + M(0,t)i = B(t)e*.

This relation has interesting consequences. For instance, if (6p,t9) € T x R is a
degenerate zero of the Melnikov function, E(tg) must be zero. In particular, 0 is a
regular value of the Melnikov function when E(t) has no real zeros. Therefore, we are
naturally led to the study of the sets

(26) Q=Q,={weT: E,(t) has some real zero}, h > 0.
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Their main properties are addressed in the following lemma, whose proof is deferred
to appendix A. The proof is based on some nice properties of quasielliptic functions
that can be deduced from elementary facts of complex variable theory contained in
any basic textbook like, for instance, [33].

LEMMA 14. Given any h > 0, the set (26) is finite, m-periodic, and symmetric:
Q = —Q. If the function (24) has some real zero, all of them are simple and the set
of its real zeros is either hZ or h/2 + hZ, so Q is the disjoint union of the sets

Q" ={weT: E,0)=0}, Q' ={weT: E,(h/2) =0}

Besides, +7/2 € Q', 0 € Q, and 7 ¢ Q. Finally, Q' = {£7/2} for h > hy =
21og 20 ~ 1.60 and Q° = 0 for h > hg := log 16 — log(v/113 — 9) ~ 2.28.

CONJECTURE 15. Q = Q! = {£7/2} and Q° =0 for all h > 0.

We present in appendix B a strong numerical evidence on this conjecture.

LEMMA 16. Let E : R — C be an analytic function such that E(—t) = E(t).

(i) If E(t) has no real zeros, then there exists a unique odd analytic function
¢ : R — R and an integer n € {0,1} such that E(t) = |E(t)] e+ for all t € R.

(ii) If E(t) has no real multiple zeros, then there exists a unique odd analytic
function ¢ : R — R and a functionn : R — {0,1} such that E(t) = |E(t)| el¢®)+mn®)i
for all t € R. The function n(t) is constant, but at the zeros of E(t).

Proof. (i) If a function is analytic and never zero on a convex subset of the
complex plane, then it has an analytic argument on that convex subset. This is an
elementary result in complex variable theory, see [4, §2.1]. Let () be an analytic
argument of E(t)/FE(0); that is, any analytic function ¢ : R — R such that

E(t) = E(0)|E(t)/E(0)| e?® = |E(t)] el$O)Fmm)i,

Obviously, n = 0if £(0) > 0andn = 1if E(0) < 0. The argument is not unique, but it
is determined up to a multiple of 27; that is, it is determined once we choose the value
of ¢(0) from the set 27Z. The condition E(—t) = E(t) implies that o(—t) + p(t) =
2¢(0) for all real ¢t. If we want an odd argument, ¢(0) = 0 in the only possible choice.

(ii) It suffices to realize that, at any simple zero, the argument undergoes a jump
by a multiple of 7. When these jumps are stored in the discrete-valued function n(t),
the function ¢(t) remains analytic. O

These two lemmas are the basis for the next theorem, in which the shape and
bifurcations of the zero-level set Z = M~1(0) C T x R are described.

THEOREM 17. Let Z be the zero-level set of the Melnikov function (23). Let
Q= QYU Q! be the decomposition of the set (26) given in lemma 14. Let w € T.
There exist a unique odd analytic function 6, : R — R such that

() IfwgQ, then Z = {0 =0,(t) (mod 7/2)} and w is a regular frequency.

(i) Ifw € Y, then Z = {t = jh/2 (mod h)}U {0 = 0,(t) (mod 7/2)} and
w 1s a singular frequency. The degenerate zeros of the Melnikov function are just the
points in the intersections between the horizontal lines and the vertical curves.

(iii) The function O(t,w) = 0,,(t) is analytic on R x (T \ Q).

(iv) Ifw =0 (mod 7/2), then 0,(t) = 0.
(v) O,(t+h)=0,(t)+w (mod 7/2).
(vi) O,(h/2—1) +0,(h/2+t)=w (mod 7/2).

(vii) O_o(t) = =0, () and Opr(t) = ,(2).

Proof. Sometimes, we do not write explicitly the dependence on the frequency.
Using that a(t) is even and b(t) is odd, we see that the function (24) verifies the
relation E(—t) = E(t) . This is important, because it was a hypothesis in lemma 16
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(i) If w & Q, then E(t) has no real zeros, so w is a regular frequency. It remains to
prove that Z is composed by four vertical curves of the form {6 = 6(¢) (mod m/2)}
for some function 6(¢). Let 6 : R — R be the odd analytic function 6(t) = —p(t)/2,
where ¢(t) = arg(E(t)/E(0)) is the argument introduced in lemma 16. Let n be the
integer mentioned in the same lemma. Using that E(¢) has no real zeros jointly with
relation (25), we have

Z=M"10)={(0,t) e TxR: E(t)e*” € R}
{(0,t) € T x R : sin(p(t) + mn + 260) = 0}
{(0,t) e TxR:0=0(t) (mod7/2)}.

(i) We know that E(t) has no real multiple zeros. Let o(t) and n(t) be the
functions given in lemma 16. Let 6(t) = —¢(t)/2. Then

Z={(0,t) e T xR: E(t)e* c R}
={(0,t): E(t) =0} U{(6,t) : sin(p(t) + mn(t) + 20) = 0}
={t=jh/2 (mod h)}U{#=0(t) (modr/2)}.

Therefore, Z = M~1(0) contains four vertical curves that intersect infinitely many
horizontal straight lines. Obviously, these intersections are degenerate zeros of the
Melnikov function. Next, we shall prove that the other zeros are nondegenerate.

Let (6p,to) be a zero of the Melnikov function not contained in any horizontal
line: M (6o, to) =0 and E(tg) # 0. Then 9y M (0, t0) = 2E(tg)e?%! # 0, see (25).

On the other hand, let (6, t;) a point contained in some horizontal line: M (0,t1) =
0, E(t;) = 0 and E’'(t1) # 0. Again from relation (25), we get dgM(0,t1) = 0 and
O;M(0,t) = SE'(t1)e?”] where 3 denotes imaginary part. Hence, the degenerate
zeros on the horizontal line {¢ = ¢;} are just the ones that verify the condition
SE'(t1)e?” = 0. But, since E'(t;) # 0, there are exactly four of such angles 6 € T.
These four angles are the ones corresponding to the four intersections of the horizontal
line {¢t = ¢} with the four vertical curves {# = 6(t) (mod 7/2)}.

(iii) Level sets associated to regular values of analytic functions vary in an analytic
way under analytic perturbations.

(iv) f w =0 (mod 7/2), then sin(2kw) = 0 for all k, and b(t) = SE(t) = 0.

(v) This has to do with the fact that the zero-level set Z is (w, h)-periodic. Given
any t € R, we consider the slice Z; = {0 € T : (0,t) € Z}. If E(t) # 0, then

Ziyn=10€T:0=0(t+h) (modr/2)},
Zi+tw={0€T:0=0(t)+w (modm/2)}.

But these two sets coincide, due to the (w, h)-periodicity of Z, and so we obtain that
O(t+h) =0(t)+w (mod 7/2) for any real t such that F(t) # 0. Indeed, by analytic
continuation, this equality holds for any real ¢.

(vi) Tt follows directly from the previous item and the odd character of 6(t):
O(h/2—t)+0(h/2+1t)=—0(t—h/2)+0(t—h/2)+w=w (modr/2).

(vii) Firstly, 0_,(t) = —SargE_,(t) = —fargE,(t) = Sarg E,(t) = —0,(t).
Secondly, b4+ (t) = —3 arg By (t) = —3 arg B, (t) = 0,(). O

Remark 9. The numerical computations show that ,,(t + h) = 0,(t) + w only
holds in the range —7/2 < w < 7/2, see figure 4. This does not contradict item (v)
in theorem 17.
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Remark 10. Similar results hold for the perturbation x(x,y,2) = (0,0,%%). In
that case, it turns out that the Melnikov function has the form

M(6,t) = a(t) sin 260 + b(t) cos 20 + &(t)

for some absolutely convergent series a(t), b(t), and é(t). The analytical study is
harder because of the additional third term —compare with (23). We have nu-
merically checked that the only bifurcations take place at the singular frequencies
w € {0,+7/2, 7}, whereas the zero-level set still contains just four vertical curves for
regular frequencies.

8. Conclusion and open problems. In this paper, we have obtained several
analytical results about the splitting of separatrices under perturbations of some in-
tegrable volume-preserving maps using a discrete version of the Melnikov method.
The integrable maps have a bi-dimensional heteroclinic connection of spherical shape
between two fixed points of saddle-focus type. We have bounded the topological
complexity of the primary heteroclinic set under some polynomial perturbations. We
have also given a sufficient condition for the splitting of the separatrices under some
entire perturbations. Finally, we have obtained a complete picture of the bifurcations
that take place under a simple perturbation. In spite of these results, many unsolved
questions remain. We indicate three.

We conjecture that the separatrix splitting studied in this paper is exponentially
small in the characteristic exponent, but the role of the frequency is still unclear.
Several examples of the effect that resonant frequencies can have in the dynamics
of 3D maps near Hopf-saddle-node bifurcations can be found in [9, 10], although not
related to a problem about the splitting of separatrices. One could guest an asymptotic
exponentially small formula for the splitting using a multiple-precision arithmetic, like
in [30]. Such formulae for the splitting of one-dimensional heteroclinic connections
between saddle-focus fixed points of volume-preserving systems have already been
found in [2] (for maps) and [7] (for flows), but we do not know any similar formula
for the bi-dimensional case.

Another question is: what about Sil’nikov-like bifurcations in the discrete setting?
The perturbation of a spheromak structure in 3D flows is a classical setup to study
Sil’'nikov bifurcations. Some results about the volume-preserving case are contained
in [11]. It is natural to consider the discrete version of this problem, although the
problem seems qualitatively more complicated.

Finally, it would be interesting to study some questions about transport. As a
first step, we should compute the geometric flux through the perturbed separatrices.
The O(e)-term of this flux can be computed by integrating certain Melnikov two-form
over a suitable region, see [23]. Next, we could follow the ideas introduced in [25],
although we must take into account that the scenario for maps is richer than the one
for flows. For instance, we recall that equatorial and bubble-type heteroclinic curves
can not appear in autonomous flows.
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Appendix A. Proof of lemma 14.
Here, we study the existence of real zeros of the function (24). This function has
many properties similar to the ones of elliptic functions and so we shall study its zeros
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using tools typical in the theory of elliptic functions.
We list in the next lemma some basic properties of the function E(t), including
that E(t) is meromorphic, 2wi-periodic and h-quasiperiodic, and so quasielliptic.
LEMMA 18. The function E(t) = E,(t) = Y.,z €**x(t + kh) verifies that:
(i) It is meromorphic in the complex plane and its poles are the points in the
set P = mi+ hZ + 2miZ (double ones).
(i) E(t+ 27i) = E(t) and E(t + h) = e 2*'E(t) for all complex t.
(i) E(—t) = E(t) for all complex t.
(iv) If w=7/2 (mod 7), the points t = h/2 (mod h) are the only real zeros
of E(t), all of them being simple ones.
(v) Ifw=0 (mod m), then E(t) has no real zeros.
(vi) E_,(t) = E,(t) and E,,.(t) = E,(t).
Proof. (i) The function x(¢) is meromorphic in the complex plane and its poles
are the points in 71 + 27iZ (double ones) and 7i &+ h + 27iZ (simple ones).
(ii) The function E(t) is 2wi-periodic because so is x(¢). On the other hand,

E(t+h) =Y _x(t+kh+h)=> *F Dy (t + kh) = e > E(1).
keZ kEZ

(iii) We recall that E(t) = a(t) + b(t)i, where a(t) and b(t) are real analytic
functions such that a(t) is even and b(t) is odd. Hence, E(—t) = a(—%) + b(—1)i =
a(t) —b(t)i=a(t) —b(t)i = E(t).

(iv) In this case, e?**! = —1, and so E(t + h) = —FE(t). Thus, E(t) becomes an
elliptic function with periods 2h and 27i. Besides, E(t) has order four, because it has
just four poles (counted with multiplicity) on any cell with periods 2k and 271, see (i).

Using that the elliptic function

E(t)=> (-1)kx(t + kh)

kEZ

is even, h-antiperiodic and 2ri-periodic, we get that E(t) vanishes at the four points
h/2,3h/2, h/2 + 7i, and 3h/2 + wi. For instance, E(h/2) = E(—h/2) = —E(h/2), so
E(h/2) = 0. But we know that E(t) has exactly four zeros (counted with multiplicity)
on each cell with periods 2h and 27i. Since the previous four zeros belong to the same
cell, they are the only ones (modulo periodicities), and they are simple.

(v) x(t) > 0 in R. Thus, if e*' =1, E(t) = >,z x(t + kh) > 0 for any real ¢.

(vi) Firstly, E_,(t) = > pcz ®*ix(t + kh) = >, oy €¥ix(t + kh) = E,(t), be-
cause x(t) is real analytic. The second property is trivial. O

Next, we gain some insight on the structure of the complex zeros of the quasiel-
liptic function E(t). Roughly speaking, we state in the following lemma that E(t) has
order two and its zeros look like in figure 5. The proof is adapted from similar proofs
about elliptic functions.

LEMMA 19. The quasielliptic function E(t) has order two; that is, it has two
zeros in any cell with periods h and 2wi. Let t1 and to be the zeros in any cell. Then

(27) t1 +to € 2wi+ hZ + 27iZ.
Besides, the set

T = {tl,tg} + hZ —|— 27TIZ



24 HECTOR E. LOMEL{ AND RAFAEL RAMIREZ-ROS

Rt =h/2
i h + mi
* to to
oty to O ta
It =0
t1 X 11
—7i h — mi

F1G. 5. The three scenarios for the set of zeros of the quasielliptic function E(t). First ():
The zeros are on the lines {Rt = h/2 (mod h)}. Second (¢): The zeros have the same imaginary
part modulo 2wi. Third (x): The zeros are on the lines {Rt = 0 (mod h)}. The double poles
are marked with the symbol o. The middle point is to = h/2 + wi in the three cases, because
t1 + to € 2wi+ hZ + 2wiZ.

formed by the complex zeros of E(t) is symmetric with regard to the wvertical lines
{Rt=0 (mod h)} and {Rt =h/2 (mod h)}.

Proof. We recall the following version of the Argument Principle [33, §6.3]. Let
C be a contour in the complex plane, let f(¢) be a function analytic inside and on C,
let g(t) be a meromorphic function without zeros or poles on C, and let t1,...,t; and
P1,-..,pK be the zeros and poles of ¢g(¢) in the interior of C, repeated as many times
as their multiplicities and orders, respectively. Then

(28) L E;'“) at =31t~ 3 Foe).
7 k

27 Jo (t)

This version of the principle assumes that the contour has no self-intersections, and
that it is oriented counter-clockwise.

If we choose any cell of periods h and 27i as the contour C, and put f(t) = 1,
g(t) = E(t) in (28), we get that E(t) has J = K = 2 zeros in the cell, because the
integrals of the quotient E’(t)/E(t) over opposites sides of the cell cancel out. (We
recall that E(t) has exactly one double pole on each cell.)

Let t; and t2 be the zeros and p be the double pole of E(t) in a cell C. Let the
corners of the cell be s, s+ h, s+ h + 27i, s + 27wi. Now, if we keep the same contour,
but take f(t) =t and g(t) = E(t), we get that

1 s+h s+h+27i s+2mi s tE/(t)
tl + tg — 2p = — + + + dt
2mi s s+h s+h+2mi s+27i E(t)
1 s+27i E/(t) s+h El(t)
=—1|h dt — 2mi dt
o ( / E(t) ™ / E(t)

h s+2mi s
=5 log E(t)| + log E(t)| 4,

on making use of the quasiperiodic properties of E(t).
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Using again the quasiperiodicities E(s + 27i) = E(s) and E(s + h) = e **'E(s),
we see that log E(t)]SHTrl € 2miZ and log E(t)];h € 2wi + 2miZ. Therefore,

s

t1 4 to € 2wi+ 2p + hZ + 27iZ.

Now, relation (27) follows because we know that the double pole p € 7i + hZ + 2wiZ.

Finally, the specular symmetries with regard to the vertical lines are a direct
consequence of the relations E(—f) = E(t) and E(t + h) = e 2 E(t). a

Using this lemma, we realize that there are just three possible scenarios for the
set of complex zeros of the quasielliptic function E(t), which are listed in the caption
of figure 5. We have numerically checked that only the first scenario takes place, but
we have not found a proof. Therefore, in the following lemma we can only deduce
that the set of real zeros of E(t) is either hZ or h/2 + hZ, although we suspect that
the case hZ is a mirage.

LEMMA 20. If E(t) has some real zero, all of them are simple and the set of its
real zeros is either hZ or h/2 + hZ.

Proof. We note that E(t) can not have neither a double real zero nor two different
real zeros modulo h. On the contrary, we could take t1,f5 € R in lemma 19, so that
R > t1 + to € 2wi+ hZ + 2wiZ. But this would imply that w =0 (mod ), and then
E(t) has no real zeros, see lemma 18. Therefore, the set of real zeros has the form
t« + hZ for some single real zero t, € [0,h). But, since ¢, + hZ must be symmetric
with regard to the points 0 and h/2, there are only two possibilities: either ¢, = 0 or
t. =h/2. d

As a by-product of this lemma, the set defined in (26) can also be defined as

Q=Q, ={weT: E,(0)E,(h/2) =0}

To prove lemma 14, it suffices to check that: 1) € is finite; 2) E,,(0) # 0 for all h > hg
and all w € T; and 3) E,(h/2) # 0 for all h > hy and all w # +7/2.

LEMMA 21. The set Q ={w € T: E,(0)E,(h/2) =0} is finite.

Proof. 1t follows from the fact that, once fixed any A > 0, the function

T>ww— E,(0)E,(h/2) e C

is analytic, but not identically zero since the series Ey(t) = >, ., X(t+kh) is positive
for all real t. O
LEMMA 22. If h > hg := log 16 — log(v/113 — 9), then E,,(0) > 0 for all w € T.
Proof. We introduce the positive quantities

4 cosh?(h/2) sinh?(h/2)
cosh((k + 1)h/2) cosh?®(kh/2) cosh((k — 1)h/2)

Xk = Xk (h) := x(kh) =
where x(¢) is the function given in (22). Our goal is to prove that

E,(0) = Ze%“ixk = X0 +2 Z cos(2kw)xx > 0
kez k>1

for all h > hyp and w € T. Here, we have used the symmetry x_p = xr. Since
max,et |cos(2kw)| = 1, in order to prove the lemma it suffices to establish that

(29) 23 xn(h) <xo(h),  Vh > hg:=1log16 —log(V113 - 9).
k>1
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The rest of the proof is devoted to obtain this bound. If we work with the multiplica-
tive variable z = e™" € (0,1), then xo = xo(z) = (1 — x)?/x and

4(1 _ 3;’2)23;’%72

< 4(1 — 2\2,.2k—2
T (1 P ahn) < AT

Xk = Xk(2) = (
for any k > 1 and x € (0,1). In particular,

ZXk(x) < 4(1 — 2%)? Zka*Q =41+ 2)(1 —x), Vz € (0,1).

k>1 k>1

Let 29 := (v/113—9)/16 < 1 and hg := log(1/xg) > 0. If h > hg, then z = " € (0, x]
and 822 4+ 9z — 1 < 0. In particular, we conclude that the bound (29) holds. a
LEMMA 23. Ifh > hy :=2log 2, then E,(h/2) # 0 for all w # +m /2.
Proof. 1t is similar to the previous one. We introduce the positive quantities

4 cosh?(h/2) sinh?(h/2)
cosh (£ + 3)h) cosh® (& + 1)h) cosh ((£ — 1)h)

Xk = Xk(h) = x(kh + h/2) =

Our goal is to prove that if A > hy and w # +7/2, then

e B, (h/2) =2 Zcos((2/€ +1Dw)xe =2 xo+ Z agXk | cosw # 0.
k>0 k>1

Here, we have used the symmetry X_(x41) = Xx and we have introduced the notation

cos(2k + 1w

ar = ag(w) := p—

That is, ag(w) = Thk41(cosw)/ cosw, where T;,(x) denotes the Chebyshev polynomial
of first kind and degree n defined by relation 7, (cosw) = cosnw. Now, using some
standard properties of Chebyshev polynomials contained in [1, 22.5.29 & 22.14.1],
we realize that max,er |ar(w)| = 2k + 1. Therefore, in order to prove the lemma it
suffices to establish that

(30) > @k + Dxu(h) < Xo(h), VA > hy = 21l0g(20/9).
E>1
The rest of the proof is devoted to prove this bound. If we work with the multiplicative
variable z = e~"/2 € (0, 1), then Yo = Xo(z) = 4(1 — 2*)?/z(1 4+ 23)(1 + z) and
o (x) _ 4(1 . $4)2$4k_2
Xk = Xk{T) = (14 226+3) (1 4 22K +1)2(1 + g2k 1)

< 4(1 — zh)2pth—2

for any £ > 1 and = € (0,1). In particular,

> @k + Dxe(z) < 41— 22 (2k+ 1) 72 = 1227 (1 — 2/3)
k>1 k>1

for all = € (0,1). Hence, if there exists some z; € (0, 1) such that

% = f(z) > g(x) := 323(1 4+ 2*)(1 + z)3, vz € (0,z1]
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F1G. 6. Graphs of the functions mo(h) = min{Mo(w,h) : w € T} (full curves) and mi(h) =
min{Mi (w, h) : w € T} (broken curves) in two different vertical scales.

then (30) holds for any h > hq := 2log(1/z1). The function f(x) is increasing in the
interval (0,1), whereas g(x) is decreasing in the same interval. On the other hand,

23543526721 _ 465593887647
F(9/20) = > =
25250080000 ~ 512000000000

Therefore, we can take x; := 9/20. O

9(9/20).

Appendix B. Numerical evidence on conjecture 15.
In the proofs of the lemmas 22 and 23, we have shown that the analytic functions
M; : T x Ry — R defined by

e B, (h/2)
MO(w7h) :Ew(o)a Ml(w7h) = QCMT
are positive when h > hg and h > hq, respectively. We conjecture that, in fact, they
are positive everywhere, which is equivalent to conjecture 15.
We have displayed in figure 6 a strong numerical evidence about this conjecture.
Concretely, we have numerically checked that the functions

mj: Ry — R, mj(h) = min{M;(w,h) : w € T}

are positive in the range 1/10 < h < 3. Greater values of h are already covered by our
analytical results. Smaller values of h represent a computational challenge, because
the functions m;(h) are exponentially small in h as h — 07, see subfigure 6(b). This
is a typical behaviour for splitting problems in weakly hyperbolic settings. The com-
putation of such exponentially small splittings requires the use of a multiple precision
arithmetic to mitigate the strong cancellations that take place in such problems. For
instance, to compute the functions m;(h) at h = 1/10 it is necessary to work with at
least 50 digits.
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