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1. Introduction

The Hamiltonian dynamics of systems in which an (often) non-conserved Coriolis term is present continues to be an
area of current research. Examples in atomic and molecular physics are atoms and molecules interacting with crossed
electric and magnetic fields [1-7], and with circularly and elliptically polarized electromagnetic fields [8-14], including
the particular case of optical centrifuge for molecules [ 15-18]. Another, more recent, example is the control of high-order
harmonic generation (HHG) in molecules by using multi-frequency circularly polarized rotating (and counter-rotating)
combinations of laser pulses [19,20]. This is currently an active area of research with applications in photonics and
nanotechnology, as well as in other areas. In general, the HHG Hamiltonian contains a zero-order molecular Hamiltonian
plus a non-conserved Coriolis term, and a time dependent driving interaction [20]. The dynamics can be understood
qualitatively in terms of the competition between the Coriolis and driving terms. Essentially the electron escapes from
the parent ion by tunneling and is then controlled by the laser field — the driving terms in the Hamiltonian. The electron
may eventually undergo a re-collision with the parent ion, and depending on the symmetry of the ion, HHG may occur.
Controlling the strength of the Coriolis term allows for control of the polarization and energies of the harmonics generated.
Both 2D and 3D systems have been studied using Hamiltonian models (e.g., Ref. [21]). Coriolis coupling also occurs in
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rovibrational spectroscopy, however, it is often weak and may often be neglected. Here, we are interested in situations
where the Coriolis coupling plays a dominant role.

Other areas in which Hamiltonians with Coriolis couplings arise are astronomy and galactic dynamics. For example, in
the very well-known restricted three body problem, a Coriolis term is responsible for most of the dynamics in that system.
Besides this case, the book by Binney and Tremaine [22] emphasizes the necessity of considering rotating potentials to
better explain the dynamics of stellar orbits in a galaxy, as well as the evolution of the disk galaxies [23]. In this setting,
equilibrium points and periodic orbits play an important role, as they organize the phase flow structure and different
qualitative aspects of the dynamical system can be understood. An interesting example is the possibility of matter transfer
through heteroclinic connections between equilibrium points, a mechanism proposed to explain the formation of spiral
arms [24]. Of more general interest is the determination of periodic orbits, mainly used to classify different types of
motion that can account, for instance, for the existence of unusual rotating barred galaxies [25-27]. Although many
studies of barred galaxies involve explicit N-body simulations, it is possible to construct autonomous Hamiltonian systems
with a “frozen” potential which represents a snapshot of the N-body simulation [28]. This class of model allows more
direct insight into the underlying dynamical processes. A recent example is a study of the so-called peanut-shaped disk
galaxies [25]. The main finding is that periodic orbits, nearby quasiperiodic and sticky orbits control the structure of the
galaxy. This phenomenon has also been observed in simulations of the capture of irregular moons by the giant planets
and the formation of binaries in the Kuiper belt [29-31]. In each of these cases, the Coriolis term plays a significant role
and it is central to know how the dynamics evolve.

A more general context where a Coriolis term appears is in open time-independent Hamiltonian systems. These systems
are characterized by the existence, in phase space, of one or more escape channels. Then, we can generically find two types
of trajectories: those that remain trapped in the interaction region (interior), and those that escape to infinity (exterior)
through one of the escape channels. The reason why a given orbit has or does not have access to a certain escape channel
is far for being a simple question. However, we know that the interior and the exterior regions are connected through a
bottleneck (i.e., a transition state), and each transition state is associated with a specific saddle point. In this sense, very
important investigations of, among others, Wiggins and coworkers [32-36] have contributed to the development of a
theory, that, under certain conditions, allows one to make an analytic construction of the dividing surfaces that in phase
space separate escape and non-escape trajectories. The most important requirement of that theory is that no trajectory
passes through a dividing surface more than once. However, it is well known that in many cases, as for example for
high enough energy trajectories, a given orbit may cross the dividing surface several times, so that the “no recrossing”
requirement of the theory fails. Then, when there are recrossings, it is not possible to decide whether or not a given
orbit will escape. Furthermore, when there is more than one escape channel, it is also hard to decide not only if the
orbit will escape, but also the channel through which the escape will take place. In the latter situation, the study of the
so-called escape basins is a very useful tool to get a global vision of the escape or scattering dynamics, and it has been
used in as varied branches of science as nonlinear dynamics (see e.g. [37-40]), atomic physics [41] or astronomy and
astrophysics [42].

Every escape channel of an open Hamiltonian system defines a escape basin, which is usually taken to be the set
of initial conditions leading to trajectories that escape through a given channel. Because there also exits a basin for
the non-escape orbits in any scattering process, and although our system is conservative, we will speak generically of
attraction basins to designate both escape and non-escape basins. Furthermore, when the boundaries between the basins
are smooth curves, the final destination of the orbits belonging to those basins is completely predictable. Conversely,
there are scattering processes where boundaries are not well defined, such that it is impossible, or almost impossible,
to predict the future an orbit. In this case, those scattering processes are chaotic and the boundaries between basins are
fractal structures (see e.g. [43-45]) that, in many cases, follow the more restrictive property of Wada [37,46-48].

In most studies, energy is the only relevant parameter of the evolution of the structure of the escape basins and, in
general, in the escape dynamics. However, there are many examples were, besides the energy, the Hamiltonian depends
on additional parameters; one class being systems with a non-conserved Coriolis term. For these systems, we desire to
understand how the escape dynamics depends on the strength (as measured by the frequency, w) of the Coriolis coupling
absent other perturbations. For this purpose, we choose as our case study the 2D Hénon-Heiles Hamiltonian, to which we
add a Coriolis term. The Hénon-Heiles model was originally introduced in the context of galactic dynamics [49] but has
been widely studied in chemistry and physics, for example, as a model of coupled normal modes and chaotic dynamics
in general [37,50].

The article is organized as follows: Section 2 introduces the Hamiltonian and describes some basic properties of the
system, including the nature and positions of the various equilibria. To accomplish this, an effective potential (or, zero-
velocity surface [51]) is introduced and its structure and equilibria studied as a function of w and the energy. A significant
observation is that trapped trajectories and periodic orbits may exist for energies above the three saddle points in the
Henon-Heiles potential. Section 3 proceeds to examine the escape dynamics using Poincaré surfaces of section. We find
that, as w — 1 (in scaled units), most of the orbits will be trapped, although the size of the scattering region goes to zero in
this limit. For values of w intermediate between 0 and 1 a substantial chaotic zone develops with orbits being temporarily
trapped in sticky regions of phase space. Section 4 examines the evolution of the structure of the escape basins. Escape
probabilities are computed from the escape basins as w is varied, and the behavior of the escape probability is explained
in terms of the basin entropy. In Section 5 the evolution of the escape probability as a function of w is calculated taking
into account all the phase space volume. The results are in excellent agreement with those obtained using the escape
basins. Conclusions are presented in Section 6.
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2. The Hamiltonian system and basic properties
Let us consider the rotating Hénon-Heiles system defined by the Hamiltonian function

1 1 1
Hz5(X2+Y2)+5(x2+y2)—w(xv—y><)+yx2—§y3, (1)

where (x,y) and (X, Y) are the cartesian coordinates and their corresponding canonical momenta. Finally, w € R is the
frequency of the Coriolis coupling term. The Hamiltonian equations of the motion are given by

0H oH
xX=—=X4wy, X=——=—Xx+ oY —2xy,
X X 2
" Y X y aaH X —x* +y° )
=G =YV—-wx, Y=—F-=-y—0wX- .
Y= %y ay - Y

The system inherits some of the properties of the classical model, when w = 0. In this sense, it is invariant under the
action of the cyclic group Cs and also symmetric with respect to the planes

x=0Y=0 x=+3y,Y=+3X, x=—-+3yY=—+3X. 3)

Thus, coordinates and momenta are invariant under the dihedral group D; separately. Moreover, the system enjoys the
additional symmetry

S=HXy,X,Y; 0) =H(X Yy, —X, =Y; —w), (4)

implying that it is enough to consider positive or negative values of the frequency w. The equilibrium points of the system
are the roots of the Hamiltonian flux (2) equated to zero. In this way, it is straightforward to show that there are four
equilibrium points (., y., Xe, Ye) for the system (1), namely

Ex =(0,0,0,0),

E; = (O, 1—?, w(w?* —1), 0),

B = (01— 0?), 3(0? — 1), Jo(1 - o), Fo(l - 0?)), (5)
Bs = (£(0? = 1), 3@ - 1), Jo(1 - 0?), Lole? - 1)).

A close look at the coordinates of the equilibrium points reveals the presence of the symmetries previously mentioned.
On the one hand, the coordinates of the equilibrium points in the configuration space only depend on w?, due to the
S symmetry. Furthermore, as a consequence of the C3 symmetry, the coordinates (x,y) and (X, Y) of the three critical
points E;, j # 0, define two equilateral triangles, whose barycenters are at the origin, being the length of their sides
Ly = V3|1 — @?| and Lxy) = V3](1 — @*)w|, respectively. Besides, the triangle in the (x, y) coordinates is symmetric
with respect to the y axis, whereas the triangle in the (X, Y) momenta is symmetric with respect to the X axis, by virtue
of the symmetry (3).

The stability analysis of the equilibrium E, yields that it is linearly stable, provided the four eigenvalues of the stability
matrix associated to (2) appear as two pure complex conjugate pairs (see [52])

A, =14 w), A3, =+i1-o) (6)

In addition, it is also stable in the Lyapunov sense for every value of @ # 1 (see [53]). On the contrary, E; 3 are
unstable because the four eigenvalues of the corresponding stability matrix appear as a pure complex conjugate pair 1,
and a real pair A3 4 given by

A2 ::I:i\/l—l—a)z—}-Z\/a)“—a)z—i—l, k3,4::|:\/—1 — w4+ 2Vt —w? + 1. (7)

Indeed, E; » 3 are center x saddle points lying on the same energy manifold

(1—w?)?
H=b="—Fp—: (8)
and on the three dimensional sphere
CHY+X2+Y2 =141 —?)? =R (9)

Moreover, the distance between any pair of critical points (E;, E;), i,j # 0, is constant and equal to v/3R. Note that the
distance tends to 0 as w tends to 1, so that the four equilibria collide when |w| = 1, where a bifurcation takes place. After
this bifurcation, we recover the four critical points with the same linear stability character. However, there is a change in
the energies. For |w| < 1, & > 0, which is bigger than the energy & = 0 of Ey. On the contrary, for || > 1, & < 0 and it
is below the energy & = 0. This change in the relative values of the energies of the equilibrium points can be illustrated
through the zero velocity curves associated to the effective potential U(x, y) defined as [51]
2
UG y) = H — 2 +7) =~

1
2 2 2 3
X+ +Xy— =y . 10

3
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Fig. 1. Contour levels of the effective potential U(x, y) (see Eq. (10)) for different values of w.

Because the critical points of U(x, y) match the coordinates of the equilibrium points Eg ; » 3, the evolution of the landscape
of U(x, y), for varying |w|, will give us information about the transition through the bifurcation. When |w| < 1, the contour
levels of U(x, y) for w < 1, depicted in the left panels of Fig. 1, show that Ey is a minimum, and that there is a trapping
region inside the triangle whose vertices are E; ; 3. For |@| > 1, Eg becomes a maximum (see the contour plots of U(x, y)
in the right panels of Fig. 1 for @ > 1). At this point, we recall that, despite its character, the equilibrium E, is always
stable [53]. There is also a change in the disposition of the critical points. For || < 1, E; is located at the positive y axis
and E, 3 at the semiplane y < 0. On the contrary, for || > 1, E; is on the negative y axis and E, 3 in the semiplane y > 0.
Besides, as |w| — oo the saddle points tend also to infinity and the contours levels resemble those of the function

2

which corresponds to the effective potential of two isotropic harmonic oscillators coupled by the Coriolis term. In this
way, one expects that the system will behave in a regular manner as |w| increases far away |w| = 1, at least in a wide
part of the phase space.

From the discussion above, there are two different regimes, depending on the value of the frequency w. For |w| < 1,
trapped motion exists for values of the energy below &, whereas as soon as the energy is greater than &, trajectories
can escape to infinity through three channels in the vicinity of the saddle points. However, the trap region shrinks with
increasing |w| and disappears as soon as the bifurcation takes place at |w| = 1. For |w| > 1 there is not a trapping region
in the usual sense, because E, is a maximum. However, the stable nature of this maximum Ey, for |w| > 1, makes possible
the existence of confined orbits in a neighborhood Ey. Two examples of trapped trajectories for @ = 2 and energies
& = %1 are shown in Fig. 2. In this work we will focus in the dynamics for the case |w| < 1 and, more precisely, in how
the frequency w affects the escape dynamics.

2
Uoo = (X2+y2),

3. Escape dynamics for v < 1

In this section, to study the escape dynamics of the system, we fix the energy £ while we vary the frequency w. Due
to the symmetry S (see Eq. (4)), we reduce to values of w in the interval [0, 1). As the energy &, of the unstable equilibria

4
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Fig. 2. Examples of two trapped trajectories for « = 2 and energies £ = 1 (blue orbit) and £ = —1 (red orbit).

depends on w, in order to make the results comparable to each other, we will fix the value of system energy £ to be 20%
higher than &.. That is to say, we choose an energy

_(1—e?)
o 5

We are interested in the effect the frequency w produces in the escape dynamics. This can be viewed through Poincaré
surfaces of section. To this end, a convenient Poincaré map is x = 0 when it is crossed in the direction X > 0. After
introducing these conditions in the Hamiltonian (1), the Poincaré sections appear in the (y, Y) plane, and they are limited
by the curve

& (11)

2
Y2+(1—a)2)y2—§y3:25. (12)

For £ > &, Eq. (12), is an open curve, and it is clear that the size of the inner region of the section tends to zero as
w — 1, in accordance to the evolution of the distance between the unstable critical points. Furthermore, we expect that,
as w — 1, most of the orbits are trapped due to two facts. On the one hand, the available phase space region around
the minimum and the bottlenecks around the saddle points (i.e., the scattering region) tends to zero as w — 1. On the
other hand, the Lyapunov stability implies that there exists a sufficient small neighborhood of the origin were the orbits
remain trapped. So, one expects that the intersection of both regions contains the majority of the orbits.

In Fig. 3 we show a gallery of surfaces of sections for values of w ranging from 0 to 0.9. To better visualize the
escape dynamics, in Fig. 3, the intersection of the orbits with the Poincaré plane has been computed in the time interval
t € [500, 1500]. In this way, only the trajectories with an escape time belonging to that interval are considered as orbits
with a long enough trapping time to contribute, before eventually escape, to the phase space structure.

It can be seen in Fig. 3(a) that, for @ = 0, almost all the trajectories escape, except for those appearing in two tiny
regions around two stable fixed points located at the Y = 0 axis, that correspond to the same stable periodic orbit.
The blue circles guide the eye to locate these tiny regions of confined motion. Moreover, Fig. 4(a) depicts the clover-like
periodic orbit around which the confined motion is organized. When w = 0.1, the region of non-escape orbits becomes
larger. However, the region diminishes up to w ~ 0.2 (see Fig. 3(a)-(b)) to grow again monotonically in such a way that,
for values of w close to 1, most of the surface of section is dominated by robust KAM tori around a stable periodic orbit
(see Fig. 3(g)-(h)). More specifically, this stable periodic trajectory is an almost circular orbit and it is depicted, together
with two quasi periodic trajectories around it, in Fig. 4(b) for @ = 0.9. From the evolution of the Poincaré maps shown in
Fig. 3, the global effect of the frequency w on the system dynamics is twofold. On the one side, as w increases, the number
of escape orbits strongly decreases, so that for values of w close to 1, most of the orbits in the scattering region around
the potential well are trapped and exhibit regular behavior. On the other side, the available scattering region around E,
decreases for increasing frequency.

In the transition from mainly escape to mainly trapped orbits, there is an interesting situation in the interval 0.3 <
w < 0.5 that can be observed in Figs. 3(e)-(f), in which the periodic orbit Ic plays a relevant role. When decreasing w
between w =~ 0.5 and w ~ 0.3, it can be seen that the KAM tori around I are replaced by a wide stochastic layer. The
reason of this change is a bifurcation of the periodic orbit Ic. Indeed, the computation of the stability index « (see Fig. 5),

5
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Fig. 3. Poincaré surfaces of section, x = 0, X > 0, for £ = 1.2&, and 0 < w < 0.9. The blue circles in panel (a) guide the eye to locate the tiny
regions of confined motion. The fixed point Ic in panel (h) is a stable almost circular periodic trajectory that is depicted in Fig. 4(a). The red lines
are the limit of the Poincaré sections.

defined as the trace of the monodromy matrix [54], reveals that the orbit I. undergoes a period doubling bifurcation at
w = 0.48. From this bifurcation, I, becomes unstable and, at the same time, two new stable periodic orbits born. As a
consequence, it can be observed in Fig. 3(e) that different resonant structures, surrounded by zones of chaotic motion,

6
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Fig. 4. (a) The red orbit is the stable periodic trajectory located inside the blue circles in the Poincaré section Fig. 3(a) for @ = 0. The coordinates
of this orbit on the section of Fig. 3(a) are (y ~ 0.7115, Y = 0). (b) The red curve is the stable almost circular periodic trajectory that corresponds
to the fixed point labeled as Ic in the Poincaré section Fig. 3(h). The blue and green orbits are quasiperiodic trajectory around Ic. The coordinates
of those orbits on the section of Fig. 3(h) are (y &~ 0.0268,Y = 0), (y = 0.05,Y = 0) and (y = 0.1, Y = 0), respectively. The black dashed lines in
both figures correspond to the equipotential curves U(x,y) =& = 1.2 &,.

1 1 ; I I
0.35 0.40 0.45 0.50 0.55 0.60

w

Fig. 5. Evolution of the stability index « of the orbit I (blue line) as function of w. At w ~ 0.48 the stability index of Ic reaches the critical value
k = —2, and a period doubling bifurcation takes place. A new family of stable periodic orbits appear (green line).

appear. The existence of these chaotic regions correspond to long living sticky orbits. To better visualize this situation, a
zoom of the surface of section in Fig. 3(e) is computed considering the intersections with the Poincaré plane during 1000
units of time after different increasing threshold times. Fig. 6 shows four surfaces of section for « = 0.4 computed in
different time intervals (a) t € [500, 1500], (b) t € [5000, 6000], (c) t € [10000, 11000] and (d) t € [15000, 16000]. In
Fig. 6(a) we can clearly see the region of sticky orbits. However, as the limits of the time intervals increase, there is a
progressive disappearance of the chaotic sticky orbits (see 6(b)-(d)). We can also observe in Fig. 6 the presence of robust
complex resonant structures around stable periodic orbits that appear giving rise to the aforementioned sticky region
of long living orbits in the scattering region. This is an interesting phenomenon that has been proposed to explain the
shape of some barred galaxies [25-27]. Finally, Fig. 7 shows a gallery of some of those stable periodic orbits living into the
resonant structures. It is worth noting the presence of periodic orbits enjoying the C; symmetry (upper panels of Fig. 7),
each of them representing a single periodic orbit. However, periodic orbits in the lower panels of Fig. 7 give rise to two
more periodic orbits, by applying the C3 symmetry.

4. Evolution of the escape basins. Escape probability
4.1. Evolution of the escape basins
For energy values £ above the saddle point energy &, the rotating Hénon-Heiles is an open Hamiltonian system with

three equiprobable escape channels. Furthermore, the evolution of the Poincaré sections of Fig. 3 shows that, for increasing
values of w, most of the escape orbits appearing for small values of w are gradually replaced by regular confined orbits.

7
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Fig. 6. Poincaré surfaces of section, x =0, x > 0, for £ = 1.2&,, @ = 0.4 and different intervals of time. (a) t € [500, 1500], (b) t € [5000, 6000], (c)
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Fig. 7. Gallery of stable periodic orbits living into some of the resonant structures that appear in Fig. 6.

Thus, for € > & and for a given value of w, there are four possible final outcomes or attractors for any trajectory, three
of them correspond to an escape trajectory through the saddle points, while the remaining one corresponds to a trapped

8
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orbit. Thus, we expect to find in phase space four basins of attraction, each of them determining the future of a given set
of initial conditions. Furthermore, the boundaries between the different basins provide very useful information because
their topology is closely related to the dynamics displayed by the system [37,44,45]. Then, it is natural to study how the
Coriolis coupling affects the structure of those attraction basins for increasing values of w.

The determination of the attraction basins of our system starts by defining a fine grid of initial conditions covering
the available phase space. Then, every of those initial conditions is propagated by solving the Hamiltonian equations of
motion (2). The resulting trajectories are followed until they escape through one of three channels or remain trapped
up to a very long cut-off time tr. If a trajectory leaves the scattering region through the saddle point E;, we label
that trajectory as belonging to basin 1. The same applies for the saddle points E; 3. On the other hand, if for t > t; a
trajectory remains wandering in the scattering region, we assume that the trajectory belongs to the trapping basin and it
is labeled with 0. Because the rotating Hénon-Heiles system is a time-independent two-degrees of freedom Hamiltonian
system in the phase variables (x,y, X, Y), trajectories evolve in a three-dimensional space described by three of these
variables, being the remaining one fixed by the constrain # = &. Then, in this problem, the grid of initial conditions is
actually a three-dimensional partition and, therefore, the attraction basins are also three dimensional objects. Besides the
computational cost of the numerical propagation of a huge number of initial conditions that entails a three-dimensional
grid, we encounter the additional problem of a useful visualization of the basins. Thence, we find more convenient to
handle a planar representation of the basins, which involves choosing a planar set of initial conditions as well. More
specifically, we select the initial conditions following the procedure proposed in [37]. In terms of the velocities (x, y), and
using the zero velocity surface U(x, y) (see Eq. (10)), the Hamiltonian (1) reads as

H=¢E= %(k2+y2)+U(x,y), (13)

where (X,y) = (X + o y,Y — o x). Then, for fixed values of w and &, the available set of initial conditions in the
configurations space is given by Dy, = {(x, y)| U(x,y) < &}. For each vector r = (x, y) € Dy, the velocity vector v = (x, y)
is chosen as r - v = 0 with the vector r x v pointing in the positive sense. In all our computations we have checked that,
with this choice of the initial conditions, the three escape channels are equiprobable with a 95% confidence level, which
indicates that this choice provides us a suitable glimpse of the escape basins. Therefore, the basins can be depicted in the
planar domain Dy . In Fig. 8, for energy values 20% higher than &, and for increasing values of w, a gallery of escape basins
is shown. The color code in Fig. 8 assigns the red, green and blue colors to initial conditions escaping through exits Eq, E»
and E;, respectively. The black color is assigned to the initial conditions of orbits that, after the cut-off time tf = 2 x 10*
remain trapped in the scattering region, such that these trajectories are labeled as non-escape events. In this way, regions
with the same color shape each of the four possible attraction basins in the domain Dy,.

For the non-rotating case w = 0, the escape basins depicted in Fig. 8(a) indicates that most of the trajectories escape.
Indeed, we observe disjoint basins where the exit of the trajectories is clear. However, those disjoint regions are mostly
separated from each other by wide boundaries where it is almost impossible to predict the final state of a given orbit.
This fact was extensively studied by Aguirre et al. [37], showing that the escape basins for w = 0 have fractal structure
satisfying the Wada property [46-48], which confirms the high unpredictability observed in Fig. 8(a).

For w > 0, Fig. 8 shows that significant black regions corresponding to non-escape basins appear. Interestingly, the
evolution of these black basins is non-monotonic. Namely, for @« = 0.1 and 0.15, the size of the black basins seems
to increase; for w between 0.2 and 0.4 its size decreases while, for w > 0.4, the black basins grow in size, such that
for o = 0.8, a unique non-escape basin occupies a large region of the domain Dy . This non-monotonic evolution of
the basins shows the complexity of the dynamics for intermediate values of w. On the other side, the large size of the
black basin for @ > 0.6 reveals the stabilizing role of w. This result is in agreement with the one provided by the Poincaré
sections where, for high enough w, a large phase space region is occupied by non-escape orbits living in the neighborhood
of a stable periodic orbit.

Besides its influence in the stabilizing and confining of the orbits, the evolution for increasing w of the structure of
the boundaries between the basins is also an important aspect. Indeed, after a general view of Fig. 8, we infer that, for
intermediate values of the frequency w (see the panels in Fig. 8 for w < 0.5), the boundaries between the basins are still
regions with a high uncertainty. We also observe that this global uncertainty or unpredictability is significantly reduced
for larger values of w, so that, in panels Fig. 8(k)-(1) for « = 0.7 and 0.8, the boundaries between the different basins
are clearly defined, in such a way that unpredictability has disappeared. Again, the evolution of the boundaries between
the escape basins confirms the results we found in the study using the Poincaré sections. Namely the decrease of the
chaoticity of the system (e.g., its unpredictability) for large values of w.

In the previous discussion about the evolution of the escape basins as a function of w, we handled unpredictability and
uncertainty as fundamental concepts to understand the escape dynamics in the rotating Hénon-Heiles problem. However,
from the color maps of Fig. 8, it is not possible to obtain a quantitative measure of the degree of unpredictability or
uncertainty of the system for a given value of w. In order to measure the intrinsic unpredictability in scattering processes,
Daza et al. [45] proposed a correlation function named basin entropy, which is based on the Gibss entropy expression.
In a nutshell, given a dynamical system with N, attractors, let suppose we discretize the phase space in Nz small boxes
B;,Vi=1, ..., Ng. Inside each of those boxes, we considered a high enough number N of initial conditions. Each of the N
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Fig. 8. Evolution of the escape basins of the rotating Hénon-Heiles system for increasing values of the frequency w.

initial conditions inside the box B; is propagated, such that its corresponding final basin is determined. Then, if pj; is the
probability that the basin j occurs in the box B;, the Gibbs entropy S of the basins is given by

Ng  Nap

1
S=2_2 piln (—) (14)

i=1 j=1 Pij
The function S provides useful information about the degree of uncertainty of the system because, when S = 0, there is
only one attraction basin, while if the system is completely chaotic with N4 equiprobable attractors, we have the maximal
entropy value Spqx = NpInNy. In order to avoid in (14) the dependence on N4 and N, we define the normalized entropy
S =S/Smax, such that 0 < S < 1. In this way, by using Eq. (14), we compute, for different values of w, the basin entropy
S of the corresponding escape basins. In our case, the boxes B;, Vi = 1, ..., N, are squares of linear size ¢ that define a
planar grid that spans the domain Dy . In [45], it is shown that, even though that S depends on the chosen value of e,
while the scaling box size € is fixed, the value of S converges for increasing number of trajectories inside a box. In our
case, we propagate thirty six trajectories in each squared box. The results of these calculations are shown in Fig. 9 for two
scaling box sizes € = 1073 and € = 2 x 1073, As expected, the evolution of the basin entropy § is qualitatively the same
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Fig. 9. Evolution of the normalized basin entropy S of the rotating Hénon-Heiles system for increasing values of the frequency w. Two scaling box
sizes € = 1073 and € = 2 x 10~ have been used in the calculation.

for both values of €. On the other hand, S shows a global decreasing for increasing w, such that, for large values of w, the
basin entropy tends asymptotically to zero. This indicates (see Fig. 8 for w = 0.8) that the unpredictability in the escape
dynamics almost disappears, so that the system becomes deterministic. However, the behavior of S is non-monotonic,
showing two minima around @ =~ 0.15 and w ~ 0.45 respectively. Interestingly, the increasing of the size of the non-
escape black basins observed in Fig. 8, for w between 0.1 and 0.2, is a possible explanation for the local decreasing of the
basin entropy around w ~ 0.15.

4.2. Escape probability

From the computation of the escape basins of the previous section, we can also obtain the escape probability associated
to those basins. Then, and following the same procedure used for the calculation of the attraction basins of Fig. 8, in Fig. 10
is presented the escape probability P(w) for w ranging from 0 to 0.95 at steps of 0.025. Although, at a first glance, we
find in Fig. 10 the expected global decreasing of P(w), its behavior is far from being smooth. Since we start with w = 0,
the escape probability is roughly one in agreement with the Poincaré section of Fig. 3(a) and with the escape basin of
Fig. 8(a). In the interval 0 < w < 0.4, we observe that P(w) shows a fluctuating behavior that confirms the complex
evolution observed in the Poincaré surfaces of section of Fig. 3 and in the escape basins of Fig. 8 in that interval. Then, for
w > 0.4 the escape probability shows a sharply decrease. That sharply decrease for w > 0.4 is somehow counter-intuitive
because, for w values close to 1, one would expect that P(w) tends to a given constant value, and this is not the behavior
depicted in Fig. 10. One possible reason why P(w) shows that monotonic decreasing even for w values close to one is that,
although the sets of initial conditions used for the computations of the escape basins preserve the equiprobable condition
of the three escape channels, those sets of initial conditions do not cover all the phase volume. Therefore, the evolution
of the escape probability depicted in Fig. 10 may be influenced by the way of those initial conditions were chosen. In
order to test this guess, in the next section we will carry out the calculation of P(w) using sets of initial conditions evenly
distributed over all the phase space volume.

5. Escape probability

In this section we compute the escape probability by propagating samples of trajectories whose initial conditions are
uniformly distributed in all the phase space volume. To this end, we choose the initial conditions (xg, yo) = (x(0), y(0)) of
the orbits to be in the set

AXo,¥o) = {(x0,¥0) € R? | U(x0, ¥0) < €,

Yo 1=’ yo £ V3% +2(1- ) > 0}, (15)
corresponding to the contour level of the zero velocity surface for a given energy &, closed by three lines perpendicular to
the three axes of the D3 symmetry at the saddles E; 3. Now, for each point belonging to A(xo, yo), all the possible values
of the initial velocity vector (Xg, yo) = (%(0), y(0)) belongs to the circle

X5 + V5 = R(xo, yo: €)%,
11
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Fig. 10. Evolution of the escape probability as a function of the frequency w. The probability has been obtained from the escape basins of Fig. 8.
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Fig. 11. Evolution of the escape probability as a function of the frequency w in the interval w € [0, 1].

where R(xq, yo; £) = /2(€ — U(Xo, ¥o)) is the radius of that circle (see Eq. (13)). In this way, for all (xgyo) € A(xo, Yo), the
possible initial momentum vectors (Xg, Yo) = (X(0), Y(0)) are given by the set of points

B(Xo, Yo) = {Xo = R(x0, yo; £)c0s 0 — w Yo,
Yo = R(Xo, Yo; £)sin6 + w xo | 6 € [0, 27)}. (16)

Thus, the phase volume can be approximated by A(xo, yo) x B(Xo, Yo) for each (xq, yo) € A. Let be N the size of the
chosen sample, (X, Yo, Xo, Yo) a point of the sample and ¢(t; xq, Yo, Xo, Yo) the orbit such that

@(0; Xo, Yo, Xo, Yo) = (X0, Yo)-

If there exists t < 2 x 10* such that ||¢(t; xo, Yo, Xo, Yo)|| > 2, we say that the orbit escapes. Otherwise, the orbit is labeled
as trapped. Now, the escape probability is defined as

(17)

being N, the number of escape orbits. Fig. 11 shows the escape probability for @ ranging from 0 to 0.96 at steps of 0.02.
We see the same pattern observed in the Poincaré surfaces of section. When w is turned on, the escape probability begins
to decrease. However, after o = 0.1, the probability increases until @ ~ 0.2, then diminishes again, but again increases
around w & 0.35. After that, it decreases to reach almost a constant value. If we compare the evolution of P(w) represented
in Fig. 11 with the evolution of P(w) in Fig. 10, we observe that, for w < 0.4, in both cases the escape probability behaves
qualitatively in the same way. However, there is important difference in the behavior of P(w) for w > 0.4. Indeed, in Fig. 11,
we observe that P(w) for @ > 0.8 shows the predicted asymptotic behavior for large w values. Thence, as we argued in
the discussion of Fig. 10, in order to compute in a correct way the escape probability of our system it is necessary to use
samples of orbits with initial conditions extended to all the phase space volume.
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6. Conclusions

In this paper we have studied the influence of the strength of the Coriolis coupling in the dynamics of a Hamiltonian
system with a Hénon-Heiles potential. The strength of the coupling, measured in terms of the absolute value of the
rotational frequency w, regulates two different regimes. If @ < 1, escape is possible through three equiprobable channels,
owing to the existence of a trapping region around the minimum of the effective potential. This region shrinks as the
frequency approaches unity. For @ > 1, there is not a trapping region in the usual sense, because the minimum of the
effective potential turns into a stable maximum. As the value of the frequency increases such that w > 1, the equipotential
levels resemble those of a harmonic oscillator coupled by the Coriolis term and the dynamics is expected to be similar.
Due to this fact, we limited our study to @ € [0, 1) because the most rich dynamics occurs in that range. By means of
Poincaré surfaces of section, it is shown how the strength of the Coriolis coupling controls the size of the trapping area
in the scattering region. For w = 0, most of the orbits escape, whereas for w ~ 1 the situation is the opposite. However,
the transition from one situation to the other one is not monotonic, which is revealed not only by the Poincaré sections
but, also, by computing the escape probability. Even more, for intermediate values, complex resonant structures appear
giving rise to a chaotic sticky region of long living orbits in the scattering region. Besides to control the escape dynamics,
the strength of the Coriolis coupling has another interesting consequence. Indeed, the basins evolve from a complex
structure, where the boundaries between them have fractal character, to basins with very well defined boundaries. The
computation of the evolution of the basin entropy, similar to the Gibbs entropy, as a function of w, confirms this fact.
In this way, the basin entropy of the system tends to zero as the frequency approaches one, which it is consistent with
the observed evolution of the Poincaré sections. Furthermore, the behavior of the entropy also confirms the decrease
of the escape probability for w approaching one. Both the evolution of the escape probability and the entropy is not
monotonous, revealing the rich and complex dynamics for intermediate values of w. In summary, the Coriolis coupling
allows the formation of long living complex chaotic structures that, for high enough values of w, become more regular
compact structures.
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