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Experimental validation of phase space conduits of transition between potential wells
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A phase space boundary between transition and nontransition trajectories, similar to those observed in
Hamiltonian systems with rank-1 saddles, is verified experimentally in a macroscopic system. We present a
validation of the phase space flux across rank-1 saddles connecting adjacent potential wells, and we confirm
the underlying phase space conduits that mediate the transition. Experimental regions of transition are found to
agree with the theory to within 1%, suggesting the robustness of phase space conduits of transition in a broad
array of two or more degrees of freedom experimental systems, despite the presence of small dissipation.
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I. INTRODUCTION

Prediction of transition events and the determination of
governing criteria has significance in many physical, chem-
ical, and engineering systems where rank-1 saddles are
present. Some examples of such systems include ionization
of a hydrogen atom under an electromagnetic field in atomic
physics [1], transport of defects in solid-state and semiconduc-
tor physics [2], isomerization of clusters [3], reaction rates in
chemical physics [4,5], buckling modes in structural mechan-
ics [6,7], ship motion and capsize [8—10], escape and recap-
ture of comets and asteroids in celestial mechanics [11-13],
and escape into inflation or recollapse to singularity in cos-
mology [14]. The theoretical criteria of transition and its
agreement with laboratory experiment have been shown for
one degree-of-freedom (DOF) systems [15—-17]. Detailed ex-
perimental validation of the geometrical framework for pre-
dicting transition in higher dimensional phase space (>4,
that is, for two or more DOF systems) is still lacking. The
geometric framework of phase space conduits in such sys-
tems, termed tube dynamics [11,12,18,19], has not been
demonstrated in a laboratory experiment. It is noted that
similar notions of transition were developed for idealized
microscopic systems, particularly chemical reactions [1,20—
22] under the terms of transition state and reactive island
theory. However, investigations of the predicted phase space
conduits of transition between wells in a multiwell system
have stayed within the confines of numerical simulations. In
this paper, we present a direct experimental validation of the
accuracy of the phase space conduits, as well as the transition
fraction obtained as a function of energy, in a four dimensional
phase space using a controlled laboratory experiment of a
macroscopic system.

In [23-25], experimental validation of global characteris-
tics of one DOF Hamiltonian dynamics of scalar transport has
been accomplished using direct measurement of the Poincaré

“Author to whom all correspondence should be addressed:
shiba@vt.edu

2470-0045/2018/98(5)/052214(6)

052214-1

stroboscopic sections using dye visualization of the fluid flow.
In [23,24], the experimental and computational results of
chaotic mixing were compared by measuring the observed
and simulated distribution of particles, thus confirming the
theory of chaotic transport in Hamiltonian systems for such
systems. Our objective is to validate theoretical predictions
of transition between potential wells in an exemplar exper-
imental 2 DOF system, where qualitatively different global
dynamics can occur. Our setup consists of a mass rolling
on a multiwell surface that is representative of potential
energy underlying systems that exhibit transition and escape
behavior. The archetypal potential energy surface chosen has
implications in transition, escape, and recapture phenomena
in many of the aforementioned physical systems. In some of
these systems, transition in the conservative case has been
understood in terms of trajectories of a given energy crossing
a hypersurface or transition state (bounded by a normally
hyperbolic invariant manifold of geometry S>¥ =3 in N DOF).
In this paper, for N = 2, trajectories pass inside a tubelike
separatrix, which has the advantage of accommodating the
inclusion of nonconservative forces such as stochasticity and
damping [7,10]. The semianalytical geometry-based approach
for identifying transition trajectories has also been considered
for periodically forced 2 DOF systems in [26,27]. Our analyti-
cal approach here focuses on identifying separatrices from the
unforced dynamics, and it generalizes to higher-dimensional
phase space [5,28]. Based on the illustrative nature of our
laboratory experiment of a 2 DOF mechanical system, and the
generality of the framework to higher degrees of freedom [19],
we envision that the geometric approach demonstrated here
can apply to experiments regarding transition across rank-1
saddles in three or more DOF systems in many physical
contexts.

II. SEPARATRICES in N DOF

To begin the mathematical description of the invariant
manifolds that partition the 2/N-dimensional phase space, we
perform a linear transformation of the underlying conservative
Hamiltonian. This transformation involves a translation of the

©2018 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevE.98.052214&domain=pdf&date_stamp=2018-11-15
https://doi.org/10.1103/PhysRevE.98.052214

ROSS, BOZORGMAGHAM, NAIK, AND VIRGIN

PHYSICAL REVIEW E 98, 052214 (2018)

saddle equilibrium point to the origin and a linear change of
coordinates that uses the eigenvectors of the linear system.
The resulting Hamiltonian near the saddle has the quadratic
(normal) form

N
ok
Hy(q1. p1.--..qn. pv) = Aq1p1 + ) @ +r), M
k=2

where N is the number of degrees of freedom, A is the real
eigenvalue corresponding to the saddle coordinates (reactive
coordinates for chemical reactions) spanned by (¢q;, p1), and
wy are the frequencies associated with the center coordinates
(bath coordinates for chemical reactions) spanned by the pair
(qk,pk)fOI'k €2,...,N.

Next, by fixing the energy level to 4 € R and constant
c € R, we can define a codimension-1 region R C R?" in
the full phase space by the conditions

2

This implies that R is homeomorphic to the product of a
(2N — 2) sphere and an interval I, that is, R = SN-2 7,
where the SV =2 is given by

Hy(q1, p2,....,qnv, pNn)=h and |p1—qi| <c.
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The sphere of R at the middle of the equilibrium region,
where p; —¢q; =0
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corresponds to the transition state in chemical reactions (and

other systems with similar Hamiltonian structure [7,10,11]).
The following phase space structures and their geometry

are relevant for understanding transition across the saddle.

A. NHIM
The point g; = p; =0 in the saddle projection corre-

sponds to an invariant (2N — 3) sphere, M%N 73, of periodic
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and quasiperiodic orbits in R, and is given by
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This is known as the normally hyperbolic invariant manifold
(NHIM), which has the property that the manifold has a
“saddlelike” stability in directions transverse to the mani-
fold, and initial conditions on this surface evolve on it for
t — Fo00. The role of unstable periodic orbits in the four-
dimensional phase space (or more generally the NHIM in the
2N-dimensional phase space) in transition between potential
wells is acting as an anchor for constructing the separatrices
of transit and nontransit trajectories.

B. Separatrix

The four half-open segments on the axes, gq; p; = 0, corre-
spond to four high-dimensional cylinders of orbits asymptotic
to this invariant S>3 either as time increases ( p1 =0) or
as time decreases (q; = 0). These are called asymptotic orbits
and they form the stable and the unstable invariant manifolds
of S2V=3. The stable manifolds, W (S*V~3), are given by

N
W
2
k=2

(GF+p))=h, q =0, (6)

where + denotes the left and right branches of the stable
manifold attached to the NHIM. Similarly, unstable manifolds
are constructed and are shown in the saddle space in Fig. 1 as
four orbits labeled M. These form the “spherical cylinders” of
orbits asymptotic to the invariant (2N — 3) sphere. Topolog-
ically, both invariant manifolds have the structure of 2N —
2)-dimensional “tubes” (S?Y~3 x R) inside the (2N — 1)-
dimensional energy surface. Thus, they separate two distinct
types of motion: transit and nontransit trajectories. While a
transition trajectory, passing from one region to another, lies
inside the (2N — 2)-dimensional manifold, the nontransition
trajectories, bouncing back to their current region of motion,
are those outside the manifold.

For a value of the energy just above that of the saddle,
the nonlinear motion in the equilibrium region R is quali-
tatively the same as the linearized picture above [5,29,30].

PN

qN

>
%

Center projections

FIG. 1. The flow in the region R can be separated into saddle x center x - - - x center. On the left, the saddle projection is shown on the
(g1, p1) plane. The NHIM (black dot at the origin), the asymptotic orbits on the stable and unstable manifolds (M), two transition trajectories

(T), and two nontransition trajectories (NT).
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For example, the NHIM for the nonlinear system, which
corresponds to the (2N — 3) sphere in (5) for the linearized
system, is given by

MGNT {(q p)l Z (a7 + P?)

+ f(q2. P2, qn, Pn) = h, q1=p1=0},

(7

where f is at least of third order. Here, (g2, p2, ..., 4qn, PN)
are normal form coordinates and are related to the linearized
coordinates via a near-identity transformation. In the neigh-
borhood of the equilibrium point, since the higher-order terms
in f are negligible compared to the second-order terms, the
(2N — 3) sphere for the linear problem is a deformed sphere
for the nonlinear problem. Moreover, since the NHIMs persist
for higher energies, this deformed sphere ./\/IZN ~3 still has
stable and unstable invariant manifolds that are given by
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This geometric insight is useful for developing numerical
methods for globalization of the invariant manifolds using
numerical continuation [31].

Now, we briefly describe the techniques that can be used
to quantify and visualize the high-dimensional invariant man-
ifolds. For positive value of excess energy, one can use a
normal form computation to obtain higher-order terms of (7)
and (8). A brief overview of this approach is given in [32]
along with applications and results obtained using the com-
putational tool for the Hamiltonian normal form. Another
approach is to sample points on these manifolds since the
geometry of the manifold is known near the equilibrium point.
One would start by taking Poincaré sections and using normal
form theory that involves high-order expansions around a
saddle x center --- x center equilibrium. For example, in 3
DOF, the NHIM has topology S* and thus a tube cross section
on a 4D Poincaré section will have topology S* for which it is
possible to obtain an inside and outside. If x = const defines
the Poincaré section, then one can project the S? structure to
two transverse planes, (y, py) and (z, p;). On each plane, the
projection appears as a disk, but because of the S* topology,
any point in the (z, p.) projection corresponds to a topological
circle in the (y, py) (and vice versa), and from this one can
determine which initial conditions are inside, and thus transit
trajectories, as has been performed previously [28,33].

AE<D

AE>0

-12 o 12
z (cm)

FIG. 2. (a) A typical experimental trajectory, shown in white, on
the potential energy surface where the contours denote isoheights of
the surface. This instance of the trajectory was traced by the ball
released from rest, marked by a red cross. Parts (b) and (c) show
the energetically accessible region projected on the configuration
space in white for AE < 0: AE = —100 (cm/s)> and AE > 0:
AE = 100 (cm/s)?, respectively.

III. MODEL OF THE 2 DOF EXPERIMENTAL SYSTEM

The initial mathematical model of the transition behavior
of a rolling ball on the surface, H(x, y), shown in Fig. 5(b),
is described in [34]. The equations of motion are obtained
from the Hamiltonian, H(x, y, px, py) = T(x,y, px, py) +
V (x, y), where mass factors out and where the kinetic energy
(translational and rotational for a ball rolling without slipping)
is

5 (1+H})p:+ (1+ HY)p} — 2H, Hypxpy ©
14 1+ H?+ H?
where H() = JH - The potennal energy is V(x,y) =

gH(x,y), where g = 981 cm/s? is the gravitational accelera-
tion, and the height function is

H=a(+y) - BG/x2+y +/y*+y) —Exy + Hy.
(10)

This is the analytical function for the machined sur-
face shown in Fig. 5(b) and the isoheights shown
in Fig. 2(a). We use parameter values («, B, v, &, Hy) =
(0.07, 1.017, 15.103, 0.006 56, 12.065) in the appropriate
units [31].

Let M(E) be the energy manifold in the 4D phase
space given by setting the total energy equal to a constant,
E, ie., M(E) = {(X, Vs Px> py) - R* | H(x, Y5 Pxs py) =
E}. The projection of the energy manifold onto the (x, y)
configuration space is the region of energetically possible
motion for a mass with energy E, and is given by M(E) =
{(x,y)| V(x,y) < E}. The boundary of M(E) is the zero
velocity curve and is defined as the locus of points in the (x, y)
plane where the kinetic energy is zero. The mass is only able
to move on the side of the curve where the kinetic energy is
positive, shown as white regions in Figs. 2(b) and 2(c). The
critical energy for transition, E,, is the energy of the rank-1
saddle points in each bottleneck, which are all equal. This
energy divides the global behavior of the mass into two cases,
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transition tube from quadrant 1 to 2
@ [AE=100(cm/s)/ U

-12

FIG. 3. (a) For a fixed excess energy, AE, above the critical
value E,, the permissible regions (in white) are connected by a
bottleneck around the saddle equilibria. All motion from the well in
quadrant 1 to quadrant 2 must occur through the interior of a stable
manifold associated with an unstable periodic orbit in the bottleneck
between the quadrants, seen as a 2D configuration space projection of
the 3D energy manifold. We show the stable manifold (cyan) and the
periodic orbit (black) for an excess energy of AE = 100 (cm/s)>.
A trajectory crossing the U section inside the stable manifold will
transition (red) into the quadrant 2 well, while one that is outside
(blue) stays inside quadrant 1. The zoomed-in inset in the figure
shows the structure of the manifold and how precisely the separatrix
divides transition and nontransition trajectories. (b) In the (x, y, v
projection, the phase space conduit for imminent transition from
quadrant 1 to 2 is the stable manifold (cyan) of geometry R! x S!
(i.e., a cylinder). The same example trajectories (red and blue) as in
(a) that exhibit transition and nontransition behavior starting inside
and outside the stable manifold, respectively, are shown in the 3D
projection and projected on the (x, y) configuration space. A movie
of a nested sequence of these manifolds can be found at Ref. [35].

according to the sign of the excess energy above the saddle,
AE =E —E.;:

Case 1. AE < 0—the mass is safe against transition and
remains inside the starting well since potential wells are not
energetically connected [Fig. 2(b)].

Case 2. AE > 0—the mass can transition by crossing the
bottlenecks that open up around the saddle points, permitting
transition between the potential wells [Figs. 2(c) and Fig. 3(a)
show this case].

Thus, transition between wells can occur when
AE > 0, and this constitutes a necessary condition. The
sufficient condition for transition to occur is when a trajectory
enters a codimension-1 invariant manifold associated with
the unstable periodic orbit in the bottleneck as shown by
nontransition and transition trajectories in Fig. 3(a) [18]. In
2 DOF systems, the periodic orbit residing in the bottleneck
has an invariant manifold that is codimension-1 in the energy
manifold and has topology R' x S!, which is a cylinder or
tube [31]. This implies that the transverse intersection of these
manifolds with Poincaré surfaces-of-sections, U; and U,, is
topologically S', a closed curve [7,10,18]. All the trajectories
transitioning to a different potential well (or having just
transitioned into the well) are inside a tube manifold, for
example as shown in Fig. 3(b) [18,19]. For every AE > 0,
the tubes in phase space [or more precisely, within M(E)]
that lead to transition are the stable (and that lead to entry are
the unstable) manifolds associated with the unstable periodic
orbit of energy E. Thus, the mass’s imminent transition

(a)

80 _
AE=100(cm/s)? U, 80 AE=500 (cn/s Uy

40 40

= =

ER )

S s 0

< <
-40 -40
oo [ (W) — Wi, -V ] o
8 4 & 12 16 -80 i 8 12 16

7 (cm) r (cm)

FIG. 4. Poincaré section, P~ : U — Uy, of trajectories where
U ={(r p)l6=m/4, py >0}, at excess energy (a) AE =
100 (cm/s)?> and (b) AE = 500 (cm/s)?. The blue curves with a
cyan interior denote the intersection of the tube manifold (stable)
associated with the unstable periodic orbit with U, . It should be
noted that these manifolds act as a boundary between transition and
nontransition trajectories, and may include KAM tori spanning more
than one well. The interior of the manifolds, int(-), denotes the region
of imminent transition to the quadrant 2 from quadrant 1. A movie
showing the Poincaré section for a range of excess energy can be
found at Ref. [36].

between adjacent wells can be predicted by considering where
it crosses Uy, as shown in Fig. 4, relative to the intersection
of the tube manifold. Furthermore, nested energy manifolds
have corresponding nested stable and unstable manifolds that
mediate transition. To simplify analysis, we focus only on the
transition of trajectories that intersect U; in the first quadrant.
This surface-of-section is best described in polar coordinates
r.0,p,. )y Ul ={(r.,p)|0="5% —sgn(py)=+l},
where + and — denote motion to the right and left of the
section, respectively [31]. This Hamiltonian flow on UfE
defines a symplectic map with typical features such as KAM
tori and chaotic regions, shown in Fig. 4 for two values of
excess energy.

Based on these phase space conduits that lead to transition,
we would like to calculate what fraction of the energetically
permissible trajectories will transition from or into a given
well. This can be answered in part by calculating the transition
rate of trajectories crossing the rank-1 saddle in the bottleneck
connecting the wells. For computing this rate—surface inte-
gral of trajectories crossing a bounded surface per unit time—
we use the geometry of the tube manifold cross section on the
Poincaré section. For low excess energy, this computation is
based on the theory of flux over a rank-1 saddle [37], which
corresponds to the action integral around the periodic orbit at
energy A E. By the Poincaré integral invariant [38], this action
is preserved for symplectic maps, such as P* : U li — Uli ,
and is equivalent to computing the area of the tube manifold’s
intersection with the surface-of-section. The transition frac-
tion at each energy, piuans(A E), is calculated by the fraction of
energetically permissible trajectories at a given excess energy,
AE, that will transition. This is given by the ratio of the cross
sections on U of the tube to the energy surface. The transition
area, to leading order in AE [37], is given by Ayans = TpoAE,
where T, = 27 /w is the period of the periodic orbits of small
energy in the bottleneck, where w is the imaginary part of
the complex-conjugate pair of eigenvalues resulting from the
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(@) ,
Tracking camera

FIG. 5. (a), (b) Experimental apparatus showing the machined
surface, tracking camera, and the rubber coated steel ball.

linearization about the saddle equilibrium point [37]. The area
of the energy surface projection on Uj, to leading order in
AE > 0,is Ag = Ay + TAE, where

Ay = 2/ /%{E CgHOI[1 +4H2O] dr (1)

Tmin

Tmax
and T = /
P

‘min

14 [1+4H2(r)]

12
5 [E. — gH(r)] (12)

The transition fraction, under the well-mixed assumption
mentioned earlier, is given in 2 DOF by

Arans T
Preans = — = ﬂAE(l ~ T AE+ O(AEZ)). (13)

AE - AO AO

For small positive excess energy, the predicted growth rate is
Tho/Ao ~ 0.87 x 1073 (s/cm)?. For larger values of AE, the
cross-sectional areas are computed numerically using Green’s
theorem; see Fig. 6(b).

As with any physical experiment, there is dissipation
present, but over the timescale of interest, the motion ap-
proximately conserves energy. We compare S E, the typical
energy lost during a transition, with the typical excess energy,
AE > 0, when transitions are possible. The timescale of in-
terest, fyans, corresponds to the time between crossing U; and
transitioning across the saddle into a neighboring well. The
energy loss over f,s in terms of the measured damping ratio
¢ ~0.025 is 8E ~ mzv*(AE), where the squared-velocity
v2(AE) is approximated through the total energy. For our
experimental trajectories, all starting at AE > 1000 (cm/s)?,
we find 6E/AE < 1, suggesting the appropriateness of the
assumption of short-time conservative dynamics to study tran-
sition between wells [7,10].

IV. EXPERIMENTAL SETUP

We designed a surface that has four wells, one in each
quadrant, with saddles connecting the neighboring quadrants
[shown in Fig. 5(b)]. The surface has four stable and five
saddle (four rank-1 and one rank-2) equilibrium points. Inter-
well first-order transitions are defined as crossing the rank-1
saddles between the wells. On this high-precision machined
surface, accurate to within 0.003 mm and made using stock
polycarbonate, a small rubber-coated spherical steel mass
released from rest can roll without slipping under the influence
of gravity. The mass is released from different locations on
the machined surface to generate experimental trajectories.

£ ]

(a) 8o (b)
)2 — 0.50 03
AFE =[40,140] (cm/s) U, ;
— 0.45 /
N 0.2
40 . - 0.40
Py 2035
Z 3 7+ o
= £o030
So ‘5 0.25 ;
B @ 0.204 555350
©0.15
40 0.10 — theory
0.05 -§4 experiment
-80 . R 0.00 id |
0 4 8 12 16 -400 -200 0 200 400 600 800

Excess energy, AE (cm/s)?

FIG. 6. (a) On the Poincaré section, U;, we show a narrow
range of energy [AE € (40, 140) (cm/s)?] and label intersecting
trajectories as no transition (black) and imminent transition (red) to
quadrant 2, based on their measured behavior. The stable invariant
manifold associated with the bottleneck periodic orbit at excess
energy, AE = 140 (cm/s)2, intersects the Poincaré section, U,
along the blue curve. Its interior is shown in cyan and includes the ex-
perimental transition trajectories. The outer closed curve (magenta)
is the intersection of the boundary of the energy surface M(AFE)
with U, . (b) Transition fraction of trajectories as a function of
excess energy above the saddle. The theoretical result is shown (blue
curve) and experimental values are shown as filled circles (black)
with error bars. For small excess energy above critical (AE = 0),
the transition fraction shows linear growth (see inset) with slope
1.0+ 0.23 x 1073 (s/cm)? and shows agreement with the analytical
result (13). A movie of increasing transition area on the Poincaré
section, U, , can be found at Ref. [39].

The mass is tracked using a Prosilica GC640 digital camera
mounted on a rigid frame attached to the surface as shown
in Fig. 5(a), with a pixel resolution of about 0.16 cm. The
tracking is done by capturing black and white images at 50
Hz, and calculating the coordinates of the mass’s geometrical
center. We recorded 120 experimental trajectories of about 10
s long, only using data after waiting at least the Lyapunov time
of ~0.4 s [34] ensuring that the trajectories were well-mixed
in the phase space. To analyze the fraction of trajectories
that leave or enter a well, we obtain approximately 4000
intersections with a Poincaré surface-of-section, U;, shown
as a black line, for the analyzed range of energy. One such
trajectory is shown in white in Fig. 2(a). These intersections
are then sorted according to energy. The intersection points
on U] are classified as a transition from quadrant 1 to 2 if the
trajectory, followed forward in time, leaves quadrant 1. A total
of 400 transition events were recorded.

V. RESULTS

For each of the recorded trajectories, we detect intersec-
tions with U; and determine the instantaneous A E. Grouping
intersection points by energy [e.g., Fig. 6(a)], we get an
experimental transition fraction, Fig. 6(b), by dividing points
that transitioned by the total in each energy range. Despite the
experimental uncertainty from the image analysis, agreement
between observed and predicted values is satisfactory. In fact,
a linear fit of the experimental results for small excess energy
gives a slope close to that predicted by (13) within the margin
of error. Furthermore, the clustering of observed transitioning
trajectories in each energy range, as in Fig. 6(a), is consistent
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with the theory of tube dynamics. The predicted transition
regions in each energy range account for more than 99% of
the observed transition trajectories.

VI. CONCLUSIONS

We considered a macroscopic 2 DOF experimental sys-
tem showing transitions between potential wells and a dy-
namical systems theory of the conduits that mediate those
transitions [7,10,18]. The experimental validation presented
here confirms the robustness of the conduits between multi-
stable regions, even in the presence of nonconservative forces,
providing a strong footing for predicting transitions in a

wide range of physical systems. Given the fragility of other
structures to dissipation (for example, KAM tori and periodic
orbits), these phase space conduits of transition may be among
the most robust features to be found in experiments of au-
tonomous multiple DOF systems. Furthermore, this study lays
the groundwork for experimental validation for an N = 3 or
more DOF system, such as ship dynamics [8-10,40], buckling
of beams [7] and geodesic lattice domes, hanging roller pins,
isomerization, and roaming reactions [41,42].
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1 Equations of motion

Let us consider a ball is rolling on a smooth surface described by the analytical function

() = a2 90 = B (V2 b iy ) =y Ho (@)

where « = 0.07, 8 = 1.017,y = 15.103,¢ = 0.00656 are constant parameters in appropriate units, and Hy =
12.065 cm, g = 981 cm/ s2. The height of the ball, z, is restricted to the surface, z = H(x, y), at the configuration
space coordinates, (x,y). Thus

dz | , oH oH
r =xHy +yHy, where H, = T Hy, = @ (2)
The translational and rotational energy for a ball is given by
m (.o .2 . . 2
Etrans:2 (X +y +Z>:E(X +y +(xHx—|—yHy)> (3)
Lo 1 (2 5\ o Mo M(o5 o Ty 2
Erot = le —2<5mr>a) =3 —g(x + 9”4+ (tHy + yHy) ) (4)

The total kinetic energy is a combination of translational and rotational kinetic energy for a ball rolling without
slipping, and is given by
. 17
T(x' Y, x,y) = Exinetic =Etrans + Erot = 55 (X + ]/ + (Hxx + Hyy) )

gt Nl

T(x,y,%9) = =5
=3 f}] e [}

(5)

The potential energy is given by
(x y) potent1a1 = mgz = mgH(x y)
V(x,y) =mg (w(x2 +1%) — B <\/x2 TN +7) —Gxy + Ho) :

(6)

The Lagrangian is given by
L(x,y,0x, vy) =T(x,y,0x,0y) — V(x,¥)

%gm (v,zc + v, + (Hyvx + Hyvy)2) — mg (zx(x2 +y*) — B <\/x2 +7+ \/yz - ’y) — &xy + HO)
@)
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where we have substituted vy = % and v, = 3. In absence of non-conservative forces such as damping or
external forcing, Lagrange’s equations of motion gives

. . 5
ox(1+ H3) + 0y HyHy = — Hy {7g + Hyv} + 2Hyy 0,0 + Hyyvﬂ ®)
. . 5
dy(1+ Hy) +9xHxHy = — Hy {7g + Hyx0% + 2Hyy 020y + Hyyvﬁ] ©)
where the phase space is X = (x,y, Ux,vy) €R* H, = %—Ij, Hy, = %—I;, etc. In the first order form, we have
= ’Ux
R
S (10)
’ij —_ — th
vy = — hH,

where 5
78+ Hxxzﬁ + 2Hyyvyvy + Hyyvﬁ

h = h(x,y,vy,0y) = g H§ (11)

Symmetries— We note that the equations of motion (10) have the following discrete symmetry
S0 :(X, ¥, Ux, 0y, t) = (=X, =Y, —Ux, =0y, t) that is, reflection about the origin, (12)
sr (%, y,0x,0y,t) = (Y, X, 0y, 0, t) that is, reflection about the y = x line. (13)

So if (x(t),y(t),vx(t),vy(t)) is a solution to (10), then (—x(t), —y(t), —vx(t), —vy(t)) is another solution, and
if (x(t),y(t),vx(t),vy(t)) is a solution to (10), then (y(t),x(t),v,(t),vx(t)) is another solution. These two
symmetries, (12) and (13), can be composed to give a third symmetry, where the order of composition does
not matter (s o s, = s 08p)

SO OS5y (x/ y/ Ox, vyl t) — (*;V/ —X, 7vyl —0Ox, t) (14)

This symmetry corresponds to reflection about the y = —x line. For the conservative dynamics, the equations
of motion (10) also admit a time-reversal symmetry,

st 1 (x,y,0x,0y,t) = (X,Y,0x, 01, —t) (15)
Similar proposition about the solution and composition of symmetry also holds.

The corresponding Hamiltonian for the Lagrangian can be obtained via the usual Legendre transformation.
Thus, the Hamiltonian is given by

1
H(x Y, propy) = T, Y, prpy) + V(xy) = 5p' M7 ()p + V(x,y) (16)

where the generalized momenta p = (px, py) are

p =M1 (17)
py] 5| HeHyx  (1+Hp)y

where i = (%,7) and

_ 5 1 (1+H2) —HH
er:{ y "y] (19)
(r) 714+ H?+H; | —HyH, (1+H3)
So, the Hamiltonian is
15 (14 Hy)pz + (14 H3)py — 2HyHypapy
H(X, 7 Pxs ):77 Y - +V(xr ) (20)
YrPxPy) = 37 1+ H+ H} Y

Energy surface— The solutions of Eqn. (10), that is the dynamics in absence of non-conservative forces, conserve
the (Jacobi constant) energy, which since the kinetic energy is quadratic in the velocities is simply the sum of
kinetic energy and potential energy

E(r,v) :%VTM(I‘)V + V(r) (21)
17
E(x,y,vx,vy) =5E ((1 + H2)v2 + (1+ H;)vﬁ + ZHXHyvxvy> +V(x,y) (22)
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Figure S1: Hill’s region for excess energy, AE = 100 (cm/s)?. The energetically accessible region is shown in
white, and the surfaces-of-sections are marked with arrow pointing in the direction of motion that a trajectory
is recorded when crossing the surface.

Let M be the energy manifold or energy surface given by setting the energy integral (22) equal to a constant, that
is

M(E) = {(x,y,vx,vy)|5(x,y,vx,vy) = E} (23)

where E is a constant. For a fixed total energy, E, the surface M(E) is a three-dimensional surface embedded
in the four-dimensional phase space.

Hill’s Region.— The projection of the energy surface onto configuration space, the (x,y) plane, is the region of
energetically possible motion for a ball of energy, E. Let M(E) denote this projection, *

M(E) = {(x,y)|V(x,y) < E}, (24)

and is known historically in mechanics, as the Hill’s region. The boundary of M(E) is known as the zero velocity
curve, and plays an important role in placing bounds on the motion of the ball. A consequence of the s;
symmetry is that any trajectory which touches the zero velocity curve (those corresponding to V(x,y) = E),
that is the outer boundary of the energetically permissible, white region, at time fy must retrace its path in
configuration space, g = (x,y),

q(—t+to) =q(t +to) (25)
q(—t+to) =—4(t+to) (26)

Surface-of-section.— We define four topologically distinct Poincaré surfaces-of-sections as

llli ={(x,0x) |ly—x =0,y >0, —sign(vy —vyx) = £1} (27)
L12i ={(x,vx) |y +x =0,y >0, sign(v, +vy) = £1} (28)

where Uy and U, are in quadrant 1 and quadrant 2 of the (x,y) plane, while + and — denote motion to the
right and left, respectively. A simple algebraic manipulation yields the condition that motion to the right is
vy < vy and motion to the left is vy < v,. Furthermore, we note that the function H (x,y) has two discrete
symmetries: it is symmetric about the origin, H(—x, —y) = H(x,y), and with respect to the reflection about
the y = x or 45deg line, H(y, x) = H(x,y). Due to the symmetry of this rolling surface, H(x, y), motion in the
quadrant 1 and quadrant 2 is equivalent to the motion in the quadrant 3 and quadrant 4, respectively. We use
this symmetry to increase the transition data in experiment, and to reduce the numerical computation.

*Note that our convention is to use script letters for a region in the energy surface (including the energy surface itself, M) and italicized
capital letters for that region’s projection onto the configuration space (e.g., M)



2 Transition fraction

Change of Coordinates.— To simplify the expressions and analysis, we introduce polar coordinates (r,60) via the

transformation
X =rcosf

y =rsinf (29)
and thus )
X =7cosf —rfsind
R ; (30)
Yy =7#sinf + r6 cos b
or
Uy| _ |cos@ —rsinB| |7 (31)
vy| ~ |sinf rcosf | |6 3
So the kinetic energy can be expressed as
T( y =L [ox] " [ (32)
XY,V Vy) =5 v, o, 32
17 "1 cosf  sind M |cosO  —rsinf] [7 (33)
“21(0] [-rsinf rcos6 sinf rcosf | |6 33
_1 B M 4 (34)
2|6 6 34
So, the conjugate momenta p = (p;, pg) is given by
pr| _7 | cosf sinf ] [(1+H2) H¢H, | [cosf —rsinf F (35)
pe] 5 |—rsinf rcos®| | H.H, (1 +H§) sinf rcosf | |6 35
_7| cosf sinf ] [(1+H2) HH, | [ox (36)
"5 |—rsinf rcosf| | HyH, (1+ H;) vy 3

On the Poincaré surface-of-section, Uj, 8 = 71/4, so cos® = 1/+/2 and sinf = 1/+/2. Thus, on this section, we
have

prl _7 1 [1 1) [(A+HY)  HeHy ] [ox (37)
pol 52 |-r r]| HyHy (1+Hj)] |vy 37
71 [1 1] [ox(1+ HE) +vyHyHy (58)
T52 |- 1) |oxHxHy +o,(1+ H2) 3
71| ox(1+ H3) + vyHyHy + vxHyHy + vy (1 + Hy) o)
=57 ,r{vx(1+H§) +UnyHyfvaxHyfvy(1+H§)} 39
Now, on the Poincaré surface-of-section, Uy, y = x, ¥y > 0, and r = \@y, and thus
H(x,y)lu, =H(y,y) = 2ay* —2B\/y* + 7 — &y* + Ho (40)
Y
H,(x, =H,(x, =H,(y,y) =4ay — 22— — 2 (41)
r V2y
H,(r) =2ar — pB——— — {r = 2320y — p—cte — /2 (42)
H, H
Hy(r) =—% = =X
r(r) V2 2 (43)
On the Poincaré surface-of-section, U, the conjugate momenta is given by
[pr} 71 ox(1+ H3) + vyHyHy + vxHyHy + vy (1 + Hy) w
po) ~52 |~r {vx(1+ H2) + oy HH, — 0 HoHy — 0, (14 H3) }
7L [Cerma s sy )
512 —r(vx — vy)



This can be solved to express vy, v, as

5 Pr Peo
o =53 (aitam ) (46)
dL e
= 7[((1+4H,2)+ r> (47)
In polar coordinates, the condition
—sign(vy —vy) = £1 (48)
gives, using Eqns. 46 and 47,
_ _ P pe_ S L [ pr  pe)|_
s 35 (i + )~ 5 (i 7)) = 4
which simplifies to
—sign (pg) = £1 (50)

Similarly, we can obtain the condition for the surface-of-section, Up. Thus, in polar coordinates, we have
Poincaré surface-of-sections

4+ .
Uy ={(r,pr) | 0 = /4, —sign(py) = £1} (51)
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Figure S2: Poincaré surface-of-section of trajectories at energy above the critical value of E, = 3304.24 (cm/s)?.
The global dynamics has characteristics of chaos while trajectories transition between wells and cross the
surface-of-section, U; . A movie (same as Fig. 3 in the primary manuscript) showing the Poincaré section for
a range of excess energy can be found here.

Using the above transformations, we obtain the solutions of Eqn. 10 in cartesian coordinates and transform it
to polar coordinate for further analysis. These closed curves on the Poincaré section has been called reactive
islands in the context of chemical reactions since trajectories that enter these islands evolve from the “reactant”
to “product” side on the energy surface [2, 3, 4, 5, 16]. We also note that the total energy, on the Poincaré SOS
Uy, is given by

17
E(x,y,vx,vy) = =35 [(1 + H,%) (vi + vﬁ) +2H;2(vay:| +gH(x,y) (52)
_15 3 z

and the boundary of the energy surface £ = E on Uj is given by py = 0, so

14
pe= iy S (E - gHO) (1 +412) )
so the symplectic area of the energy surface on the SOS U] is
max 12 Tmax
ac=2 [ \JRe-gamasamar=2 [ frp @ 55)
"min "min

where rmin and rmax are the two positive roots of E — gH(r) = 0 for the energy value E. According to [10], the
area of the transitioning region, for small excess energy AE is

Atrans = TpoAE (56)


https://youtu.be/sNvgXCrX6oo
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where Tpo = 27/w is the period of the unstable periodic orbit within the bottleneck, whose stable and
unstable manifolds act as the pathways for the ball to transition between the quadrants. We note that the w
can be obtained analytically, as the saddle point has eigenvalues +A and *iw, thus w can be written in terms
of the parameters which define the surface.

The symplectic area of the transitioning trajectories grows linearly in AE. If we write E = AE + E,, and perform
Taylor expansion of f(r; E) about E,

0
f(E) =f(rEe) + 55| AE+O(AE?) (57)
Ee
Ymax Ymax a
Agp =2 / f(r; Ee) dr + (2 / 5E dr) AE+(’)(AE2) (58)
Ymin Ymin Ee
Ap =Ag + TAE (59)
where
Ymax Ymax 14
Ao :z/ F(rEe) dr—Z/ \/ (1) (1 + 4H2) dr (60)
Tmin Tmin
Ymax Ymax
14 (1+ 4H2 14 (1+4H3?)
T =2 = r—2/ dr = / — T _dr (61)
J , ¢ (E—gHM) "~ ) ﬂ@e-gmr))
So,
T
AE = AO (1 =+ AE) (62)
A
Thus, the transition fraction is
Atran TpoAE
Ptrans = Aa = = P (63)
E A (1 + EAE)
~ Tpo POAE (1 AE + O(AE? 6
Ao A*O + O(AE?) (64)

So for small excess energy AE, the growth in pyans with AE is linear, with slope Tpo/ Ag.

3 Phase space conduits leading to transition

We consider the dynamics of conservative system by determining the phase space skeleton that governs tran-
sition between potential well (or, equivalently escape from a well). In the simplest case of only two degrees
of freedom, the phase space is of 4 dimensional and the boundary between potential wells is defined using
unstable periodic orbit that lie in the bottleneck connecting the wells. This has also been called a transition
state in chemical reaction dynamics and form the boundary of a dividing surface used in calculation of reac-
tion rates [4, 6, 7, 8, 12, 16]. The set of all states leading to escape from a potential well can be understood as
residing within an invariant manifold of geometry R! x S!, that is a cylinder or tube. The interior of this tube
defines the set of all states which will transition to the adjacent well.

3.1 Linearization near the rank one saddle

It is to be noted that the linearization of the behavior of trajectories near the saddle-center equilibrium points
appears in the leading order expression of the transition fraction (64). We are interested in trajectories which
have an energy just above that of the critical value. As shown in Fig. 1, the region of possible motion for E > E,
contains a neck around each saddle equilibrium point. The geometry of trajectories close to the neck region is
studied by considering the linearized equations of motion near the equilibrium point.

In this section, let x.1_» denote the saddle equilibrium point between quadrant 1 and 2. Furthermore, for a
fixed energy E, we consider a neighborhood of x, 1_» on the energy surface, whose configuration space pro-
jections are the neck regions described previously. We refer to this neighborhood as the equilibrium region and
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denote it by R on the energy surface.We perform a coordinate transformation with xe 12 = (Xe1-2,Ye1-2,0,0)
as the new origin, and keeping only the linear terms, we obtain

X = Df|( ) X where, X = [x,y, 0y, Uy}T (65)

Xe1-2/Ye1-2,0,0

The Jacobian involves derivatives of Eqns. (1) and (11), and can be written compactly as

0 0 1 0
0 0 0 1
Df(x’ y’ Ux, Uy) = —I’lex - I’lex _hny - thy _hUxHx —hUny (66)

—hyHy —hHy, —hyH, —hHy, —ho Hy —hy H,

The eigenvalues of the linearized equations are of the form +A and +iw with corresponding eigenvectors
uy, up, w1, wz, where A > 0, w > 0. Thus, the general (real) solution of (65) has the form

x(t) = (x(t),y(t),vx(t),vy(t)) = areMuy + apeMu, + 2Re(ﬁei‘”tw1) (67)

where, a1, ap are real and B = B + i, is complex. It is to be noted that the time period of small oscillation
near the saddle equilibrium point is given by T, = 271/w which appears in the leading order expression of
the transition fraction in Eqn. (64) and phase space flux in [10]. This general solution classifies solutions on
the energy surface into different classes upon the limiting behavior of position coordinates as t — £oo in the
linearized system, as discussed in [1, 9]. By virtue of Moser’s generalization of a theorem of Lyapunov on
Hamiltonian system with only a pair of real eigenvalues and other complex eigenvalues, we can extend all the
qualitative results of the linearized solution near the equilibrium points to the full nonlinear equations [14, 15,

.

Boundary between transition and non-transition trajectories.— The key observation from the analysis above is that
the asymptotic orbits are pieces of the stable and unstable cylindrical manifolds of the periodic orbit and they
separate two distinct types of motion: transit and non-transit. The transitition trajectories, passing from one
potential well to another, are those inside the cylindrical manifolds, or tube. The non-transit orbits, which
bounce back to their realm of origin, are those outside the tube.

This observation will be important for the numerical construction of sets of trajectories which transition from a
potential well. Emanating from the unstable periodic orbits in these neck regions are their stable and unstable
manifolds with a R! x S! geometry. The cylinders, or tubes, have the physical property that all motion through
the bottleneck in which the periodic orbit resides must occur through the interior of these surfaces. The tubes
thus act as phase space conduits for the trajectories to travel between large zones of the energy surface, that is
realms, which are separated by the bottlenecks.

3.2 Computational approach for finding regions of imminent transition

Step 1: Select appropriate energy above the critical value. For computation of manifolds that act as boundary
between the transition and non-transition trajectories, we select the total energy, E, above the critical value
and so the excess energy AE > 0. This excess energy can be arbitrarily large as long as the energy manifold
corresponding to the energy stays within the dynamical system’s phase space bounds.

Step 2: Compute the unstable periodic orbit associated with the rank one saddle. We consider a procedure
which computes periodic orbits around in a relatively straightforward fashion. This procedure begins with
small “seed” initial conditions obtained from the linearized equations of motion near x, ;_», and uses differen-
tial correction and numerical continuation to generate the desired periodic orbit corresponding to the chosen
energy E [9]. The result is a periodic orbit of the desired energy E of some period T, which will be close to
27 /w where £w is the imaginary pair of eigenvalues of the linearization around the saddle point.

Initial guess for periodic orbit. — The linearized equations of motion near an equilibrium point can be used to
initialize a guess for the differential correction method. Let us select the equilibrium point, Xeq1-2, for the
purpose of illustration and the transition fraction results presented in the main article. The linearization yields
an eigenvalue problem Av = v, where A is the Jacobian matrix evaluated at the equilibrium point, -y is the
eigenvalue, and v = [kl,kz,k3,k4]T is the corresponding eigenvector. Thus, using the structure of A from
Eqn. (66) we can write
ks = vk
ky = vk2
akl + bkz = ’)/k3
cki +dky = vky

(68)
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So when ¢ = A, which correspond to the hyperbolic directions of the rank-1 saddle, the corresponding
eigenvectors are given by
up = [1,ka, A, Ako]
Up = [1, k2, —)\, —)Lkz]

and when v = £iw, which correspond to the center directions, the corresponding eigenvectors are given by

(69)

w1 = [1/ kZ/ i(U, kaZ]

wy = [1/ k2/ _iw, —isz] (70)

where, k, = (’yz —a)/b is the constant depending on the eigenvalue, v, and the entries of Jacobian, a =
—hyHy —hHyy and b = —hyHy — hHy,y, are evaluated at the equilibrium point (xe,1-2,Ye1-2,0,0). Thus, the
general solution of linearized equation of motion in Eqn. (67) can be used to initialize a guess for the periodic
orbit for a small amplitude, Ay << 1. Let B = —A,/2 and using the eigenvector along the center direction we
can guess the initial condition to be

X0g = (Ye1-2,Ye1-2,0,0)" +2Re(Bw1) = (Xe1-2 — Ax,Ye1-2 — Axkr, 0,0)" (71)

Differential correction of the initial condition.— In this procedure, we attempt to introduce small change in the
initial guess such that the periodic orbit Xpo

[%po (T) — %po (0)|| < € (72)

for some tolerance € << 1. In this approach, we hold x—coordinate constant, while applying correction
to the initial guess of the y—coordinate, use vy—coordinate for terminating event-based integration, and
vy—coordinate to test convergence of the periodic orbit. It is to be noted that this combination of coordi-
nates is suitable for the structure of initial guess at hand, and in general will require some permutation of the
phase space coordinates to achieve a stable algorithm.

Let us denote the flow map of a differential equation x = f(x) with initial condition x(ty) = xo by ¢(t;xo).
Thus, the displacement of the final state under a perturbation 5t becomes

Ox(t +dt) = ¢(t + dt; %0 + 6%g) — P(t; %o) (73)

with respect to the reference orbit x(¢). Thus, measuring the displacement at t; + t; and expanding into
Taylor series gives

(tl}io)&o " 9¢(t1;%p)

2
5x(ty +oty) = 2 S -

oty +h.o.t (74)
where the first term on the right hand side is the state transition matrix, ®(t1,tp), when ét; = 0. Thus, it can
be obtained as numerical solution to the variational equations as discussed in [17]. Let us suppose we want to
reach the desired point x4, we have

X(t1) = ¢(t1;%0) = X1 = x4 — 6% (75)

which has an error x; and needs correction. This correction to the first order can be obtained from the state
transition matrix at t; and an iterative procedure of this small correction based on first order yields convergence
in few steps. For the equilibrium point under consideration, we initialize the guess as

x(0) = (x0,4,Y0,4,0,0)" (76)

and using numerical integrator we continue until next v, = 0 event crossing with a high pecified tolerance
(typically 10~!%). So, we obtain x(t;) which for the guess periodic orbit denotes the half-period point, t; =
To,g/2 and compute the state transition matrix ®(t;,0). This can be used to correct the initial value of yo,¢ to
approximate the periodic orbit while keeping x ¢ constant. Thus, correction to the first order is given by

5’0351 = @325]/0 + 5x15t1 + hot (77)
(S’Uyl = CI>42(5y0 —+ Tf’yl(stl + h.o.t (78)

where @;; is the (i, /)" entry of ®(t1,0) and the acceleration terms come from the equations of motion evalu-

ated at the crossing t = t; when vy, = dvy, = 0. Thus, we obtain the first order correction dyy as

9 -1
0
(Syo ~ (@42 — @326y1> 50% (79)
x

1

Yo — Yo — Yo (80)



9
which is iterated until [v,, | = [6vy,| < € for some tolerance €, since we want the final periodic orbit to be of
the form

)_(tl = (xlrylrorO)T (81)

This procedure yields an accurate initial condition for a periodic orbit of small amplitude A, << 1, since
our initial guess is based on the linear approximation near the equilibrium point. It is also to be noted that
differential correction assumes the guess periodic orbit has a small error (for example in this system, of the
order of 1072) and can be corrected using first order form of the correction terms. If, however, larger steps in
correction are applied this can lead to unstable convergence as the half-orbit overshoots between successive
steps. Even though there are other algorithms for detecting unstable periodic orbits, differential correction is
easy to implement and shows reliable convergence for generating a dense family of periodic orbits at arbitrary
high excess energy near the rank-1 saddle.

Numerical continuation to periodic orbit at arbitrary energy.— The above procedure yields an accurate initial condi-
tion for a periodic orbit from a single initial guess. If our initial guess came from the linear approximation near
the equilibrium point, from Eqn. (67), it has been observed numerically that we can only use this procedure
for small amplitude, of order 1074, for the chosen parameters in (1), periodic orbits around x,;_,. This small
amplitudes correspond to small excess energy, typically of the order 10~2 (cm/s)?, and if we want a periodic
orbit of arbitrarily large amplitude, we need to use numerical continuation to generate a family which reaches
the appropriate energy E. This is performed using two nearby periodic orbits of small amplitude. To this

(1) (2)

end, we proceed as follows. Suppose we find two small nearby periodic orbit initial conditions, X; * and X,
correct to within the tolerance d, using the differential correction procedure described above. We can generate
a family of periodic orbits with successively increasing amplitudes around X, 1_p in the following way. Let

A= ’7(()2) - *(()1) = [Axo, Ay, 0,0]" (82)
(3)

A linear extrapolation to an initial guess of slightly larger amplitude, X’ is given by

%) =% + A (83)

= [+ dv0), (47 + 890, 0,0] 89

= [0 00]" (85)

Thus, keeping x(()s) fixed, we can use differential correction on this initial condition to compute an accurate
solution )‘(é?’> from the initial guess )‘(é?g) and repeat the process until we have a family of solutions. We can

keep track of the energy of each periodic orbit and when we have two solutions, X(()k) and )‘((()k+1), whose energy

brackets the appropriate energy, E, we can resort to combining bisection and differential correction to these
two periodic orbits until we converge to the desired periodic orbit to within a specified tolerance. Thus, the
result is a periodic orbit at desired energy E and of some period T with an initial condition Xj.

Step 3: Computation of invariant manifolds. First, we find the local approximation to the unstable and
stable manifolds of the periodic orbit from the eigenvectors of the monodromy matrix. Next, the local linear
approximation of the unstable (or stable) manifold in the form of a state vector is integrated in the nonlinear
equations of motion to produce the approximation of the unstable (or stable) manifolds. This procedure is
known as globalization of the manifolds and we proceed as follows:

First, the state transition matrix ®(t) along the periodic orbit with initial condition X; can be obtained nu-
merically by integrating the variational equations along with the equations of motion from t = 0 to t = T.
This is known as the monodromy matrix M = ®(T) and the eigenvalues can be computed numerically. For
Hamiltonian systems (see [13] for details), tells us that the four eigenvalues of M are of the form

1

M>1 A=
1

A3=A4=1 (86)
The eigenvector associated with eigenvalue A, is in the unstable direction, the eigenvector associated with
eigenvalue A; is in the stable direction. Let ¢°(Xp) denote the normalized (to 1) stable eigenvector, and e"(Xj)
denote the normalized unstable eigenvector. We can compute the manifold by initializing along these eigen-

vectors as:
X*(Xo) = Xo +e€e°(Xp) (87)

for the stable manifold at X along the periodic orbit as

X"(Xo) = Xo +ee"(Xo) (88)
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Figure S3: (a) Unstable periodic orbits for excess energy, AE = 100, 200, 300, 400, 500, 600, 700 (cm/ s)2, around
the equilibrium point, x, 1_» connecting the quadrant 1 and 2. The cross marks indicate the initial conditions
obtained using differential correction, while the initial condition for high excess energy required numerical
continuation. (b) Invariant manifolds for excess energy, AE = 100,300,500 (cm/s)? that act as phase space
conduits for transition trajectories to travel between potential wells. The manifolds shown here are connecting
the periodic orbit around the saddle between quadrant 1 and 2 and the Poincaré section, U; in the quadrant
1. For monotonically increasing values of energy, these manifolds are nested such that trajectory at a specific
value of energy has to pass through the manifold at the same energy. A movie (same as Fig. 2 in the primary
manuscript) showing the geometrical structure of these manifolds in the (x,y, vy) space can be found here.

for the unstable manifold at Xy. Here the small displacement from Xy is denoted by € and its magnitude should
be small enough to be within the validity of the linear estimate, yet not so small that the time of flight becomes
too large due to asymptotic nature of the stable and unstable manifolds. Ref. [9] suggests typical values of
€ > 0 corresponding to nondimensional position displacements of magnitude around 10~°. By numerically
integrating the unstable vector forwards in time, using both € and —e, for the forward and backward branches
respectively, we generate trajectories shadowing the two branches, W¥ and W¥, of the unstable manifold of
the periodic orbit. Similarly, by integrating the stable vector backwards in time, using both € and —e, for
forward and backward branch respectively, we generate trajectories shadowing the stable manifold, W3 _. For
the manifold at X(t), one can simply use the state transition matrix to transport the eigenvectors from Xy to
X(t):

X(X(1)) = D(t,0)X* (Xo) (89)

It is to be noted that since the state transition matrix does not preserve the norm, the resulting vector must be
normalized. The globalized invariant manifolds associated with rank-1 saddles are known as Conley-McGehee
tubes [11]. These tubes form the skeleton of transition dynamics by acting as conduits for the states inside
them to travel between potential wells.

Step 4: Compute intersection of tubes with the Poincaré surface-of-section Now an event crossing function
can be used along with the numerical integration to compute intersection of the tube manifolds with the
Poincaré surface-of-section, U; as defined in Eqn. (27), and then transformed to polar coordinates using the
transformation derived in §2. This is shown for few excess energy in Fig. S4.
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Figure S4: Shows the intersection of tube (stable) manifold and energy surface with the Poincaré SOS, U, ,
in black and magenta, respectively, for AE = 100, 300,500,700 (cm/ s)z. The trajectories that are in the cyan
region for the given energy AE lead to imminent transition from the quadrant 1 to 2. A movie (same as Fig. 4
in the primary manuscript) of increasing transition area on the Poincaré section, U;, can be found here.
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