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Nondeterministic Chaos, and the Two-fold Singularity in Piecewise Smooth
Flows*
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Abstract. A vector field is piecewise smooth if its value jumps across a hypersurface, and a two-fold singularity
is a point where the flow is tangent to the hypersurface from both sides. Two-folds are generic in
piecewise smooth systems of three or more dimensions. We derive the local dynamics of all possible
two-folds in three dimensions, including nonlinear effects around certain bifurcations, finding that
they admit a flow exhibiting chaotic but nondeterministic dynamics. In cases where the flow passes
through the two-fold, upon reaching the singularity it is unique in neither forward nor backward
time, meaning the causal link between inward and outward dynamics is severed. In one scenario
this occurs recurrently. The resulting flow makes repeated, but nonperiodic, excursions from the
singularity, whose path and amplitude is not determined by previous excursions. We show that this
behavior is robust and has many of the properties associated with chaos. Local geometry reveals
that the chaotic behavior can be eliminated by varying a single parameter: the angular jump of the
vector field across the two-fold.
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1. Introduction. Piecewise smooth vector fields have appeared throughout the history of
dynamical systems as models of mechanical and electronic devices (e.g., [1]) and, more recently,
have seen growing use in fields such as ecology, economics, and neuroscience. Their spreading
use has naturally been accompanied by interest in their generic mathematical and dynamical
properties, which have been the subject of a number of recent books (e.g., [10,18,22,32]). Their
dynamics were formalized by Filippov [14], using differential inclusions (set-valued differential
equations; see [3]) to overcome the problem of indefiniteness of the vector field on the surfaces
of discontinuity.

Although two-dimensional piecewise smooth systems are now rather well understood (see,
for example, [14,21]), a general understanding of dynamics in three or more dimensions is
crucially obstructed by the appearance of the so-called two-fold singularity [30]. The two-fold
is a simple topological singularity that is generic in piecewise smooth systems with three or
more dimensions. This implies that it may well be commonplace in systems of a piecewise
smooth nature. Contrarily, two-folds are neither well known nor well understood, with regard
to either the theory of their dynamics or the frequency of their appearance in physical systems.
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f+
sliding (111) escaping

Figure 1. Dynamics at a switching manifold in a three-dimensional piecewise smooth system. The vector
field switches between f+ and f~. An orbit meeting the manifold may either: (i) cross through it, (ii) reach
it in finite time and then follow the sliding vector field f°, or (iil) escape it in finite time, though it may slide
along the manifold for some time before escaping.

The purpose of this paper is to present, in an organic and consistent framework, all existing
results regarding the local dynamics near the two-fold. This also includes some novel results
about particular forms of the two-fold that reveal its role in the sudden onset of periodic orbits
and recurrent nondeterministic dynamics.

The two-fold was already well defined in [14]. In a piecewise smooth vector field, disconti-
nuities are assumed to occur across a hypersurface called the switching manifold. Since it is a
hypersurface, we can speak of the manifold as locally having two sides, and generically there
may exist points where the vector field is quadratically tangent to one side of the manifold
or the other. We call such a tangency a fold, because in the projection along the flow the
switching manifold has a simple fold. This assumes the system to be at least two-dimensional.
In higher dimensions there may generically exist points where two folds intersect transversely,
so that the vector field is tangent to both sides of the manifold, and this simple object is a
two-fold. A two-fold is an important organizing center because it brings together all of the
basic forms of dynamics possible in a piecewise smooth system. Filippov [14] described three
basic forms of dynamics that would occur at a switching manifold: crossing, sliding, and es-
caping, depending on the orientation of the vector field either side of the switching manifold,
as illustrated in Figure 1. Crossing, shown in Figure 1(i), occurs where the component of the
vector field normal to the switching manifold has the same direction on both sides. In the two
other cases the normal component of the vector field switches direction, so that the vector
field is either directed towards the switching manifold, giving sliding as in (ii), or is directed
away from the manifold, giving escaping as in (iii).

At a fold (see Figure 2) the vector field on one side of the switching manifold changes its
normal direction, forming a boundary between crossing regions and sliding or escaping regions.
At a two-fold, the vector fields either side of the manifold both change their normal direction,
meaning that regions of all three dynamical behaviors—crossing, sliding, and escaping—meet,
and their boundaries intersect to form the singularity.

Escaping dynamics (see Figure 1(iii)) is typically neglected on the basis that it simply
constitutes a time-reversal of sliding, and that escaping regions cannot be reached by a sys-
tem in forward time, making consequences of forward time nonuniqueness in these regions
irrelevant [10,11,27]. This assumption is incorrect at a two-fold, which can channel sliding
dynamics into the escaping region. This gives whole families of orbits robust access to regions
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Figure 2. Tangencies in a piecewise smooth system, showing: (i) a visible fold, (ii) an invisible fold; these
form the boundaries between sliding (shaded) and crossing (unshaded) (reverse arrows to replace sliding with
escaping). (iii) Folds associated with the upper and lower fields cross to form a two-fold, where both vector fields
are tangent to the switching manifold (in the case illustrated, both folds are invisible).

of phase space that are infinitely repelling. This counterintuitive dynamical behavior, noticed
in Filippov’s seminal work [14], seems to have been overlooked ever since, though a similar
effect was discovered in the framework of nonstandard analysis [4] as the so-called canard
phenomenon. Canards are now a popular topic in singular perturbation theory [13,28], with
numerous applications, of which a few examples are in neuron modelling [24], chemical dy-
namics [6,26], gas pressure dynamics [5], and ecology [9]. Despite qualitative similarities in
these approaches, their connection to the two-fold is as poorly understood as the two-fold
itself. These connections are not the subject of this paper, and we restrict our interest to
understanding the two-fold in the context of generic piecewise smooth dynamical systems.

The study of dynamics around a two-fold has been mainly limited to a lowest order
approximation in three dimensions [14,16,29,30]. Such local analysis reveals how an initially
smooth flow far from a discontinuity can evolve toward a state where its forward evolution
is set-valued. In this paper we review these results and extend them by carrying out a
comprehensive analysis of the nonlinear behavior of two-folds in three dimensions. In so
doing, we determine the invariant sets that are present near the two-fold and decode their
complex dynamics.

In section 2 we define the two-fold singularity and its three types. We discuss the first of
these, the invisible two-fold, or Teizeira singularity, in detail in section 3; we analyze its sliding
and crossing dynamics separately in sections 3.1 and 3.2, using them to reconstruct the full
system in sections 3.3 and 3.4. We briefly discuss the other forms, the visible (short for visible-
visible) two-fold in section 4, and the visible-invisible two-fold in section 5, with a remark
on their bifurcations in section 6. In section 7 we numerically simulate some particularly
interesting dynamics predicted in section 3, with some closing remarks in section 8.

2. The three flavors of two-fold. Consider a three-dimensional piecewise smooth system
of ordinary differential equations

(2.1) %x = fT(x) when h(x) >0, % = f7(x) when h(x) <0,

where the dot denotes differentiation with respect to time ¢ € R and where h(x) is a regular
scalar function of the state vector x = (zq, 1, 22) € R3. For simplicity we set h(x) = x, since
any piecewise smooth system, in a region where h(x) = 0 defines a manifold, can be put into
this form through the appropriate change of variables [14,30]. Then, xo = 0 is the switching
manifold. Following Filippov’s definition [14], the solution of (2.1) at the switching manifold

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



426 ALESSANDRO COLOMBO AND MIKE R. JEFFREY

includes all solutions of the differential inclusion

(2.2) xefi=fT+MfT-f)

where A = 0 when h(z) < 0, A = 1 when h(z) > 0, and X\ € [0,1] when h(xz) = 0, so that
f is a set-valued convex combination of f* and f~ where h(z) = 0. In practice, when the
components of fT and f~ normal to the switching manifold have opposite direction, f admits
a solution that lies on the switching manifold and satisfies the system given by

(2.3) x = f%(x) when zg =0,

where the sliding vector field, f*, is defined as

Li-h

2.4 ST ————(fT = 7).

(24) R ey At

The symbol £ denotes the Lie derivative along the flow of a field f, given by Ly = f-V = x- C‘li—x.

Let ﬁff denote the second Lie derivative £2 = (£;)?. The dynamics in a general piecewise
smooth system is then a composite of the dynamics of f, f~, and f*. We make the following
distinctions.

Definition of orbits and flow. An orbit segment is any smooth path x = x(t) satisfying
(2.2), entirely contained in one of the regions {x : h(x) > 0}, {x : h(x) < 0}, or {x : h(x) =
0}. An orbit is any continuous path x(t) that satisfies (2.2), formed by concatenating orbit
segments. The flow of (2.2) through a point x at time ¢ is given by all points x(t + 7) with
x(7) = x for some 7 € R, x(t) satisfying (2.2). In the following, by the flow we mean the flow
of (2.2) unless otherwise stated.

An important consequence of this definition is that the flow through a point x in a sliding
region is not unique, because x always belongs to a one-parameter family of orbits (unless it is
an equilibrium). For example, the six orbits shown in Figure 1(ii) each overlap in the sliding
region, so through any point X on the overlap the flow is nonunique; the same applies to the
six orbits shown in Figure 1(iii).

Now let us assume that both f™ and f~ have quadratic contact with the switching man-
ifold at the origin, that is,

(2.5a) Lp+h(0) =0 and L3, h(0) #0,
(2.5b) Lp-h(0)=0 and L7 h(0) #0.

Let us also require that neither f* nor f~ has equilibria near the origin,
(2.6) ff 40 and f~ # 0,

and that the pair of curves given by Ly+h =0 and Ly~ h =0 on h = 0 intersect transversely
at the origin,

(2.7) det (VA(0), VL+h(0), VL;-h(0)) # 0.
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A point satisfying either (2.5a) or (2.5b) on xg = 0 is a fold. A point satisfying both conditions
(2.5), and also satisfying the nondegeneracy conditions (2.6)—(2.7), is a two-fold.

The sign of the second Lie derivative determines whether a fold is visible, meaning the
vector field curves away from the switching manifold because E%h(()) > 0 or ﬁ?,h(()) <0, or

invisible, meaning the vector field curves towards the switching manifold because E?wh(O) <0
or E?,h(O) > 0. These are illustrated in Figure 2(i) and (ii). If at least one fold is visible, the
dynamics is relatively easy to analyze, and these cases, which we call the visible and visible-
invisible two-folds, are discussed in sections 4-5. If both folds are invisible, then the flows of
fT and f~ both map orbits repeatedly back to the switching manifold, and the dynamics is
rather more rich, earning this invisible two-fold the distinguished name of a Teixeira singularity
(after the author of [30], who brought this singularity to prominence). Therefore the Teixeira
singularity is our main subject of interest.

3. The Teixeira singularity. In this section we begin by summarizing a linear approxima-
tion of the Teixeira singularity previously studied in [14,16,30]. In particular, (3.1)—(3.6) and
(3.8)—(3.11) summarize results obtained in [16]. In the remainder of section 3 we introduce
higher order terms to the approximation, which unfold the bifurcation found in [16].

Following on from section 2, local to a two-fold where E%h(()) < 0 and ﬁ?,h(O) > 0,
the system (2.1) can be simplified by two changes of variables and a time rescaling. (For a
lengthier description than we give below, see [16].) First, given (2.7), we can make a smooth
coordinate transformation that places the folds associated with f~ and f* along the 1 and
9 axes, respectively. Then, by rescaling x; and x9, and rescaling time separately above and
below the switching manifold—this changes the speed of the trajectories of f* and f~ but
preserves both of their phase portraits as well as that of f*—we arrive at the local form near

the origin:
—x1 + O(l‘o, ‘|:E1,:E2||2)
(3.1a) fr= 1+ O([Ix]) :
VT +O([Ix[D)
X9 + O(l‘o, ||:E1,:E2||2)
(3.1b) = V= +O(|Ix]) :
L+ O((x])

where V* are real constants. Geometrically, V' (respectively, V) measures the cotan-
gent of the angle #% (0~) between the vector field f* (f~) and its fold line £+ h[zy—o = 0
(Ly-hlzg=0 = 0). These can be retrieved for a general vector field at a Teixeira singularity
from the formulae

L+ Li—h
(3.2a) VT =cotft = it ,
V(L33 h)
—Li-Lsrh
(3.2b) V™ =coth = Lt Al

V(E2m e n)

evaluated at the two-fold.
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Figure 3. Dynamics near a Teizeira singularity: (i) orbits outside the switching manifold curve around
the folds and cross the manifold in CR1 and CR2, (ii) phase portraits of the sliding dynamics. At the origin
the sliding vector field f* is set-valued, with elements pointing into the escaping region ES when VTV ™ > 1
and VT, V™ < 0. In this case a one-parameter family of orbits intersects the origin along a unique direction
(an eigenvector of f* from (3.4)). In all other cases the set-valued f* has elements which point into the sliding
region SL, and only a single orbit that intersects the singularity.

The dynamics of (3.1) is illustrated in Figure 3(i) and is at first glance very simple. The
flow of f maps initial points from the region {xy = 0,21 < 0} to the region {xy = 0,21 > 0},
affecting a reflection ¢* in the plane 1 = 0 along the direction (0,1, V1) + O(||x||). Like-
wise, the flow of f~ maps initial points from the region {xg = 0,22 < 0} to the region
{xo = 0,29 > 0}, affecting a reflection ¢~ in the plane o = 0 along the direction (0,V~,1) +
o(xI).

The switching manifold is divided into quadrants as illustrated in Figure 3: the sliding
region {xo = 0,21 > 0,29 > 0} (SL in Figure 3), the escaping region {z¢o = 0,21 < 0,22 < 0}
(ES in Figure 3), and the crossing regions {xg = 0,z129 < 0} (CR; and CRgy in Figure 3),
separated by the folds. In each crossing region, CR; and CRq, the dynamics can be analyzed
by a second return map, the concatenation of the maps ¢ and ¢~. A sequence of crossings
will terminate in forward time if it maps into the sliding region SL, where both f* and f~
point toward the switching manifold. Conversely it has initial points in the escaping region
ES, where both vector fields point away from the manifold.

Through CR; and CRs the flow is continuous and invertible, but orbits have vertices where
they traverse the switching manifold. The flow through any point in SL is defined uniquely
in forward time and contains a segment of sliding, but in reverse time it consists of an infinite
number of orbits arriving from zg > 0 and zy < 0, and hence the flow is set-valued in reverse
time. In ES the flow is defined uniquely in reverse time, but in forward time it is set-valued,
generating an infinity of orbits that escape into xg > 0 and xg < 0.

Thus we can study the flow around the singularity in terms of two dynamical systems on
the switching manifold: (i) continuous-time dynamics of sliding orbit segments, which are so-
lutions of f* in SL and ES and which live in the two-dimensional switching manifold, and (ii)
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discrete-time dynamics of crossing orbit segments, which wind around the singularity inducing
a return map on the switching manifold. In the next two sections we analyze these separately
and can restrict our analysis to the x1-zo plane. We reassemble the three-dimensional dynam-
ics in section 3.3.

3.1. Dynamics in the sliding and escaping regions. Evaluating (3.1) at o = 0, and
substituting into (2.4), we obtain the explicit expression for the sliding vector field:

0
Va1 + a9 + Oy, 22|%)
(3.3) fP= d(x) )
z1+ VTag 4+ O(||x1, z2||?)
d(x)

where d(x) = 21 + 22 + O(||z1, 22||?). This vector field is undefined at the origin since, f* and
/7 both being tangent to the switching manifold at 0, all vectors in their convex combination
are tangent to the switching manifold. To overcome this, following [14,30], we define a planar
regularized vector field, f by multiplying f* by d(x) and omitting the trivial 2o component,

(3.4) Fimr,m0) = < Vl_ V1+ ) < . > + O(||x1, x2]]?).

T2

Because d(x) > 0 in SL and d(x) < 0 in ES, f* and f* have the same phase portrait in the
SL, but the same phase portrait with time reversed in ES. Additionally, because d(0) = 0, fs
has an equilibrium at the origin, where (3.3) is not well defined. These facts are vital to take
into account when translating the dynamics of f* into those of the original vector field f*.
The equilibrium of f % at the origin has eigenvalues

(3.5) ui:%<v++v—iwkv+—Vﬂ?+Q,

and the associated eigenvectors are

(3.6) (“izv+>.

If the eigenvalue u; has negative (respectively, positive) real part, we say it and its associated
eigenvector are stable (unstable). Some simple calculations show that one eigenvector lies
always in SL and ES, and the other lies in CR; and CRy; they can never be tangent to either
of the folds since this would correspond to a cubic tangency of f* or f~ at the origin (called
a cusp point), excluded by (2.5). In particular,

(i) if VT, V= <0 and VTV~ > 1, both eigenvectors are stable;

(ii) if VTV~ < 1, the eigenvector in SL/ES is unstable and the other is stable;

(iii) if VT, V™ >0 and VTV~ > 1, both eigenvectors are unstable.
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i

Figure 4. An illustration of nondeterminism at the Teizeira singularity. Orbits which are initially smooth
evolve toward a switching manifold, eventually enter the sliding region SL, and evolve toward the singularity.
Open sets of initial conditions thus evolve through the singularity in finite time and are ejected as a one-
parameter family of orbits in the escaping region ES.

Moreover, when the eigenvector in SL/ES is stable, it is associated with the weak stable
eigenvalue, so that sliding orbit segments are asymptotically attracted to it as they approach
the singularity.

The different cases are illustrated in Figure 3(ii). Referring to the definition of orbits and
flow in section 2, the phase portraits in Figure 3(ii) imply that in case (i) orbits cross the
singularity from SL to ES, while in cases (ii)—(iii) orbits cross from ES to SL. In each case orbits
cross the two-fold singularity in finite time. In case (i) in particular, orbits with an initial
interval of smooth evolution away from the discontinuity can enter SL and evolve toward the
singularity (Figure 4), whereupon their forward evolution is multivalued. Importantly, such
orbits reach the singularity in finite time, and as they cross it all information about their
initial conditions is lost. By this mechanism, forward time uniqueness is lost for orbits that
converge on the singularity. One purpose of the present paper is to reveal the dynamical
implications of this often overlooked loss of uniqueness.

We can determine whether f* is structurally stable by considering f*. The Jacobian
of (3.4) at 0 is singular when V*V~ = 1, and a quick inspection of (3.1) shows that this
corresponds to fT and f~ being antiparallel (if V™, V= < 0) or parallel (if V*, V= > 0)
at the origin. The eigenvector (—V ™1, 1), associated with y_ = 0, always points into SL if
VT,V~ < 0 and into one of the crossing regions CR; or CRy if VT, V™~ > 0. Only the case
when VT, V™ < 0 results in a structurally unstable phase portrait of the sliding vector field
when V+V~ = 1. In this case, the behavior of the orbits of f* around the origin is captured
by the dynamics in the one-dimensional center manifold with Taylor expansion

(3.7) = VTV = Du+ agu® + O(u?),

which exhibits a transcritical bifurcation at V™V~ = 1 (details about this normal form are
given in Appendix A). Notice that, for f*, this means that there exists a single equilibrium
that crosses the singularity when VTV~ = 1, changing stability in the process. Since equi-
libria of the sliding vector field f* are not zeros of f or of f~, they are commonly called
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Figure 5. The complete catalogue of local dynamics around a Teizeira singularity whenp=VTV ™ —1~0
is obtained by composing the possible phase portraits of sliding (s1), (s2), and crossing (cl), (¢2s,u), (¢3s,u).
(s1), (s2) show the two possible phase portraits in the sliding and escaping regions SL and ES as the bifurcation
parameter p changes sign. (cl), (c2su), (c3s,u) depict the intersections of orbits with the crossing regions CRy
and CRy as p changes sign. (These are derived from the unfoldings in [12].) The crossing maps in (¢2s) and
(c3s) have a stable fized point of node and focus type, respectively, while the dual cases in (c2.) and (c3.) have
unstable fized points. Altogether, composing cases (s1), (s2) with cases (cl), (c2s,u), (¢3s,u), ten qualitatively
different portraits are obtained.

pseudoequilibria [15]. Assuming that the positive u semiaxis lies in SL, the pseudoequilibrium
of f* is one of the following:
(s1) if ay > 0 in (3.7), a saddle in ES for VTV~ > 1 and V*,V~ < 0, becoming a stable
node in SL when VTV~- < 1lor VT, V= > 0;
(s2) ifaz < 0in (3.7), asaddle in SL for VTV~ > 1and V', V'~ < 0, becoming an unstable
node in ES when VTV~ <1lor VF, V= > 0.
These are illustrated in Figure 5.

3.2. Dynamics in the crossing regions. In the crossing regions CR; and CRg, orbit
segments of f and f~ induce maps ¢ and ¢~ from the switching manifold to itself, across

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



432 ALESSANDRO COLOMBO AND MIKE R. JEFFREY

the folds. The vector fields (3.1) truncated to lowest order are easily integrated to obtain the
maps

- B -1 0
(3.8a) pT R xR R xR = < oyt 1 ) < i; > + O(||w1, z2]%)
and

= 1 —2v-
(3.8b) " :RxR —RxR" = < 0 _‘; > < 2 > + O(||z1, 22?).

The full maps ¢ and ¢, whose Taylor expansions to the third order are reported in Appendix
B, are then retrieved as generic perturbations of these, by imposing that they preserve the
corresponding fold lines and are involutions (since a map in the neighborhood of a fold is an
involution; see, e.g., [2]).

To understand the dynamics of orbits that wind around the singularity, crossing through
CR; and CRg, we can study their Poincaré map from a crossing region (either CR; or CRy)
back to itself; this map is obtained as a composition of ¢ and ¢~. Let us consider the map
¢ = ¢t o¢~ (similar arguments follow if we choose instead the map ¢~ o¢™). The domain of ¢
is the set D C CR;4 such that ¢~ (D) C CRy. Orbits with initial conditions in D cross through
CR5 and return to CR4q or SL. The complement of D in CR; consists of initial conditions that
are mapped into SL by ¢~. This implies that D lies between the negative xs axis and the
preimage of the positive x5 axis under the map ¢~ ; since ¢~ is an involution, the preimage is
a curve given by ¢~ (z; = 0,29 > 0). The Poincaré map thus obtained is

(3.9) ¢ ( 2 > > ( _5‘; 4Vf“//___ ) > ( 2 > + O([l1, 2]?).

This map has a fixed point at the origin, with eigenvalues

(3.10) A =2VTVT —142/VHV-(V+V- —1).

When VTV~ > 1or VTV~ < 0 the fixed point is of saddle type. When 0 < VTV~ < 1itis a
center, with complex conjugate eigenvalues on the unit circle. The corresponding eigenvectors
are

2V
(3.11) < 1+ > .
Aslong as VTV~ < 1or VT, V™ > 0, it was proved in [16] that all orbits sufficiently close
to the singularity reach SL after a finite number of crossings. A bifurcation of the crossing
dynamics occurs when VTV~ = 1 and VT, V~ < 0. At the bifurcation, the Jacobian of
the Poincaré map at the origin is nonsemisimple (nondiagonalizable) and has two eigenvalues
equal to 1. As a consequence of T and ¢~ being involutions, this corresponds to a degenerate

1:1 resonance bifurcation of the map. Near the bifurcation, the map can be reduced to the
normal form

up = ug +ug + O(|[ul|4),

3.12
( ) uy > Adpuy + (14 4p)us + Biiujug + Bsoud + Bayufus + Bosu3 + O(||ul|*),
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with
(3.13) p=VTV-—1,

through a series of changes of variables and parameters which are reported in Appendix C.
At the bifurcation and at the origin, the u; axis lies along the vector direction (V—,1), the
singular eigenvector of the Jacobian of ¢, and the positive direction of uq points into CRa,
while the uy axis is tangent to the xq axis in the original coordinates. The normal form has
a fixed point at the origin for all values of p, while two more fixed points, located at

(3.14) up =42, /-2 uy=o0,
Bsp

emerge when —p/Bsy becomes positive. The positivity of the eigenvalues (3.10) implies that
the negative u; axis intersects CR; and lies inside the domain of the Poincaré map ¢, implying
that the fixed point at u; = —24/—p/Bsg corresponds to a crossing periodic orbit near the
singularity. The eigenvalues of this fixed point are

(3.15) 1—311\/—ii\/—i(ngo+B%1)+O(p).
Bs Bs
Depending on the values of By and Bsg, the following are possible:
(cl) if Bgy > 0, the two eigenvalues are real, one positive and one negative;
(c2) if B3y < 0 and |8Bsg| < B?;, both eigenvalues are real, inside the unit circle if By > 0,
outside the unit circle otherwise;
(c3) if B3p < 0 and |8B3g| > B?,, the eigenvalues are complex conjugate, inside the unit
circle if B1; > 0, outside otherwise.
The orbits of map (3.12) are approximated, for p = 0, by the unit-time shift of a flow
which is equivalent to

in =+ O(v]|), 2

(316) vy = Biivivg + B3(]I/i)’ + <% + By — 3Bgo> 1/12V2 + O(Hl/”él),

as explained in Appendix D. This degenerate (codimension-three) Bogdanov—Takens normal
form is discussed in [19], and it is unfolded in three parameters in [12]. In our case, changing
p around 0, we explore a one-dimensional curve of parameters through the three-dimensional
unfolding. In [12] the cases (cl), (¢2), (c3) are called respectively the saddle, elliptic, and
focus cases, after the topological type of the origin when p = 0. Overall, cases (cl), (c2), (¢3)
give rise to the following bifurcation scenarios of the crossing dynamics in a neighborhood of
the origin:

(c1) For p > 0 the singularity is a saddle of the map ¢. For p < 0 a saddle cycle emerges
from the singularity, and the singularity is a center of the map ¢.

(c2) For p < 0 the singularity is a center of the map ¢. For p > 0 a node cycle emerges from
the singularity, and the singularity is a saddle of the map ¢. At p = 0 the crossing
map at the singularity can exhibit an elliptic sector (a region within which every orbit
converges on the singularity both forward and backward in time).
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(c3) For p < 0 the singularity is a center of the map ¢. For p > 0 a focus cycle emerges
from the singularity, and the singularity is a saddle of the map ¢.

Caution must be taken in studying the dynamics of the system (2.1), since the map (3.12)
applies only on the domain D C CR; (described above (3.9)), from which orbits return to
CRy. Finally, some issues remain unaddressed regarding the invariant sets and the structural
stability of crossing dynamics. The bifurcations that must occur at the transition between
scenarios (cl) and (c3), for p near 0 suggest the existence of other structures, e.g., quasiperiodic
orbits, that may emerge as p crosses 0. Also, as we have seen, when p < 0 the map (3.9) is a
(nonlinear) rotation from ES to SL. A structurally unstable scenario occurs when the image
of the border of ES under ¢ (or multiple iterations of ¢) is tangent to the border of SL. This
is associated with a change in the number of iterations it takes to map points from the border
of ES into SL. This issue is the subject of ongoing study.

3.3. Reassembling the Teixeira singularity. Once the dynamics of both the sliding, the
escaping, and the crossing regions have been decoded, they can be stitched together to obtain
the overall portrait of orbits around the singularity. The dynamics in SL is completely de-
scribed in section 3.1 and can be of only two types, (s1) and (s2) in Figure 5, depending on the
sign of parameter ag in (3.7). The dynamics in CR; and CRy is derived directly from the map
(3.12). The changes of variables that place the generic Poincaré map (3.9) in the form (3.12)
ensures that, for p sufficiently close to 0, the positive u; axis lies strictly inside the domain D
of the map ¢. Hence both the origin and the negative solution of (3.14) are fixed points of the
Poincaré map. In particular, in terms of the dynamics of system (2.1), the origin is a limit
point (backward or forward in time) of crossing orbits, while the solution (3.14) corresponds
to a crossing cycle whose type (focus/node/saddle, stable/unstable) depends, as we have seen
in section 3.2, on the coefficients B3y and By of the normal form.

Combining all of these considerations, we can sketch the crossing orbits of system (2.1)
(or rather of their intersections with the switching manifold) as in Figure 5, cases (c1)—(c3).
The depicted phase portraits are obtained by taking the dynamics of map (3.12), restricted
to CRy, and reflected in the line 1 = 5. In cases (c2) and (c3) Figures 5 the map contains a
node or focus, which can be either stable ((c25) and (c3;)) or unstable ((c2,) and (c3,)). The
complete dynamics around the Teixeira singularity is obtained by stitching together any one
of the portraits (s1), (s2) for the sliding dynamics, with any one of the portraits (c1)—(c3) for
the crossing dynamics, for a grand total of ten qualitatively different phase portraits.

It should be remarked that, although we derived the crossing dynamics from generic forms
for the maps ¢* in section 3.2, the crossing dynamics can be derived directly by integrating
a local series expansion of the vector fields f*, allowing them to be compared directly to the
sliding vector field f*. From the (lengthy) expressions obtained for ¢*, no conditions have
been found that prohibit any of the ten possible combinations of sliding portraits (s1), (s2),
with crossing portraits (c1)—(c3). Indeed, in Table 7.1 of section 7 we give examples that
exhibit each one of the ten possible portraits.

A number of interesting qualitative features of the dynamics can now be directly inferred
from Figure 5. For p < 0, the crossing dynamics near the singularity is similar in each case
(c1)—(c3), in that a finite number of crossings take orbits from ES to SL. Once they reach SL,
the vector fields in (s1)—(s2) come into effect, and for p < 0 these show that all orbits evolve
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»>0

Figure 6. Composite of the sliding portrait (s1) and the crossing portrait (c3.) in Figure 5. For p < 0 all
orbits reach the sliding region, and a crossing orbit is illustrated. For p > 0 this system has an invariant set
near the singularity, generated by the forward evolution of the hatched region in ES. The limit cycle (fized point
of the map @) is shown.

away from the singularity, either converging toward a pseudonode in (s1), or leaving the local
neighborhood in (s2).

For p > 0, however, (cl) is fundamentally different from (c¢2) and (c3). In (cl), crossing
orbits leave the neighborhood of the singularity in either forward or backward time, and
importantly, no crossing orbits exist locally that pass from ES to SL. In (¢2) and (c3), there
always exist crossing orbits that can locally pass from ES to SL. The crossing map contains a
fixed point of node or focus type. If the fixed point is stable ((c2s) or (c3s)), then all crossing
orbits that emerge from ES sufficiently close to the singularity converge toward the fixed point.
If the fixed point is unstable ((¢2,) or (c3,)), then all crossing orbits sufficiently close to the
singularity will reach SL in finite time.

Clearly p > 0 produces richer crossing dynamics than p < 0, but when the associated
sliding dynamics is taken into account, the full implications of the Teixeira singularity become
apparent. In (s1) and (s2), for p > 0, all sliding orbits sufficiently near the singularity pass from
SL to ES. In (s2), sliding orbits asymptotic to the unstable manifold of a pseudosaddle either
approach the singularity in finite time or leave the local neighborhood. In (s1), however,
all local sliding orbits converge on the singularity in finite time. The path followed by an
orbit that enters ES through the singularity is then not uniquely determined, as explained in
section 3.1.

3.4. Nondeterministic chaos. A particularly interesting case is revealed if we take the
crossing portraits (¢2,) or (¢3,) and combine them with the sliding portrait (s1), as exemplified
in Figure 6 and the following result.

Proposition 3.1. If a system exhibits a Teizeira singularity with the crossing portraits (c2,)
or (¢3,) with p > 0, and the sliding portrait (s1), then locally

- all crossing orbits reach SL, with the exception of the unstable limit cycle,
- all sliding orbits reach ES via the singularity, and therefore
- all orbits visit the singularity recurrently.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



436 ALESSANDRO COLOMBO AND MIKE R. JEFFREY

The forward time evolution from the singularity is set-valued, however, and therefore
nondeterministic. We can characterize this behavior by saying that the system exhibits a
nondeterministic form of chaos. The term “nondeterministic chaos” has previously appeared
in [8] in a somewhat different setting, though referring to a similar loss of uniqueness in which
an infinity of orbits recurrently pass through a single point in finite time. To properly define
this unfamiliar notion, we can begin from the definition of deterministic chaos available in
many standard texts. The definition provided in [23] is as follows.

Definition 3.2. A flow 1 is chaotic on a compact invariant set X if 1 is transitive and
exhibits sensitive dependence on X.

Indeed, the system described in Proposition 3.1 has an invariant set X near the singularity,
generated by the forward evolution of the region in ES enclosed by the folds and the unstable
manifold of the pseudosaddle (including the pseudosaddle; see hatched region in Figure 6).
To define transitivity and sensitivity to initial conditions, we adapt the definition given in [23]
to apply to a set-valued flow. First, as in [23], we say the following,.

Definition 3.3. A flow 1 is topologically transitive on an invariant set X if for every pair
of nonempty open sets U and V in X there is at > 0 such that (U) NV # 0.

This is satisfied by the system described in Proposition 3.1 since any point x € U reaches
the singularity in finite time when its forward evolution generates the whole set X. Then, the
definition of sensitivity in [23] is adapted to apply to a set-valued flow as follows.

Definition 3.4. Let B¢(x) be a ball of radius € centered on x. A set-valued flow 1 exhibits
sensitive dependence on an invariant set X if there is a fived r such that for each x € X and
any € > 0 there is a nearby y € B.(x) N X such that the diameter of ¥y (x) Uy (y) is greater
than r for some t > 0.

The only difference between this definition and that in [23] is that it uses the diameter
of Y(x) Uy(y) instead of the distance ||14(x) — ¢4(y)||. The two definitions coincide for
single-valued flows, making this a natural extension for a set-valued flow. For our set-valued
flow, the forward evolution of any point in X generates the whole invariant set after crossing
the singularity, the flow in Proposition 3.1 exhibits sensitive dependence on initial conditions,
and X is a nondeterministic chaotic set.

In section 7 we simulate a system exhibiting nondeterministic chaos and provide examples
of systems exhibiting of all other types of Teixeira singularity. Now, for completeness, we turn
to the description of the other possible types of two-fold.

4. The visible two-fold. A vector field with transversely intersecting visible folds generi-
cally satisfies (2.5)—(2.7), with E?c,h <0< E?wh at their intersection, which is then a visible
two-fold. This is illustrated in Figure 7(i) and has the local form

—x1 + O(wo, |21, 22]|%)

(4.1a) ff= -1 +O(|x|) 7
VT +O(x|)
z9 + O(xo, [|21, 72]?)
(4.1b) = V= +O(|x])
—1 +O(|Ix|)
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(i) (i)

Figure 7. Dynamics near a visible two-fold: (i) orbits outside the switching manifold curve away from the
folds, (ii) phase portraits of the sliding dynamics. At the origin the sliding vector field f° is set-valued, with
elements pointing into the sliding region SL when VYV ™ > 1 and VT,V ™~ < 0. In this case a one-parameter
family of orbits intersects the origin along a unique direction (an eigenvector of the regularization fs of f%).
In all other cases the set-valued f° has elements which point into SL and only a single orbit that intersects the
singularity.

The parameters V™ and V~ can be retrieved for a general vector field at a visible two-fold
as

—Le+Ls-h
(4.22) vt = fres ,
V(L3 h)(L3h)
Ler—Le+h
(4.2b) Vo= iad A

N

Crossing dynamics in this case are trivial, since all crossing orbits leave the neighborhood of
the singularity (see Figure 7(i)). Sliding dynamics can be understood by the same means as
in section 3.2. In this case, the equilibrium at the origin in the regularized vector field f* has
eigenvalues

1
(4.3) Pt =3 <V++V_i\/(V+—V_)2+4>
(the negative of (3.5)), while the associated eigenvectors are

(4.4) ( pee VY >

-1

(the same as (3.6)). Thus, sliding dynamics is the same as at the Teixeira singularity (in-
visible two-fold), but with time-reversed (Figure 7(ii)). This time-reversal has an important
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(i) (i)

Figure 8. Dynamics near a visible-invisible two-fold: (i) orbits outside the switching manifold curve away
from the manifold at one fold and toward it at the other; (ii) phase portraits of the sliding dynamics. The
singularity in each of SL and ES is intersected by two orbits if VTV ™ > 1 and VT,V™ > 0, a one-parameter
family of orbits if VIV ™ < 1 and V' + V= > 2, and no orbits otherwise. As in previous cases, the orbits
intersect the singularity along the eigenvectors of f° (the regularization of f°), and the sliding vector field f°
is set-valued (not shown) at the singularity.

implication for the complexity of the local dynamics. Similarly to the Teixeira singularity, a
pseudoequilibrium crosses between SL and ES when VTV~ =1 with V*,V~ < 0. However,
whereas at a Teixeira singularity a one-parameter family of orbits in SL can intersect the
singularity, at a visible two-fold only a single orbit in SL can intersect the singularity. In any
event, all trajectories evolve away from the singularity into the upper or lower vector fields,
leaving the switching manifold either from a visible fold or from ES. As shown in [14], the
portraits in Figure 7(ii) are all the structurally stable cases near the singularity.

5. The visible-invisible two-fold. A vector field with transversely intersecting visible and
invisible folds generically satisfies (2.5)—(2.7), with (5?, h)(ﬁfc+ h) > 0 at the singularity, which
is then a visible-invisible two-fold. This is illustrated in Figure 8(i) and has the local form

—x1 + O(z0, \|$17$2||2)

(5.1a) fr= 1+ O([x[) :
VT 4+ O(|x])
zg + O(xo, |21, 22[%)
(5.1b) [~ = V= +0O(|x|)
=14+ 0O(||x[])
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The parameters V™ and V'~ can be retrieved for a general vector field at a visible-invisible
two-fold as

LoiLyh
(5.2a) vt = Liad ,
\/ (L3 h) (L5 h)

Lo Lyvh

(5.2b) Vo= iad i

(£3 13 1)
(note that for this case there is no “—” sign inside the square root). The presence of a visible
fold prevents the onset of recurring crossing dynamics around the singularity. Concerning
sliding dynamics (Figure 8(ii)), the equilibrium at the origin of the regularized vector field f*
has eigenvalues

_!

(5.3) e =3 <V+—V_i\/(V++V—)2—4>,

while the associated eigenvectors are

(5.4) ( o _—1v+ > .

The eigenvalues are imaginary when |V + V™| < 2 and real otherwise. When V1 +V ™~ < 2,
regardless of whether VTV~ > 1 or VTV~ < 1 (in the former case fs has a saddle, in the
latter f* has a focus), orbits flow around the singularity, entering SL and ES from one fold and
exiting from the other. Less trivial dynamics appears when V™ + V= > 2. The eigenvalues
are real, and both eigenvectors point toward SL or ES. When VTV~ = 1, an eigenvalue goes
to 0. In this case f* has a one-dimensional center manifold (see Appendix E) with dynamics

(5.5) o= (VIV™ = Du+ agu?® + O(u?).

As VTV~ passes through unity with V*, V= > 0, a pseudoequilibrium crosses the singularity
along the singular eigenvector. The structural stability of the orbits in Figure 3 depends on
the composition of the sliding/escaping portraits with the map ¢*. As shown in [14], this
subdivides Figure 3(ii) into 11 regions of structurally different dynamics, depending on the
sequences of escaping-crossing-sliding that families of orbits can undergo. As a final remark,
inspection of the wedge VTV~ <1, VT +V~ >2 V= > VT in Figure 3(ii) may suggest the
possibility of nondeterministic chaos if ¢ maps escaping orbits emerging from the singularity
to sliding orbits entering the singularity. A short calculation from (5.1), however, shows that,
locally, the direction of ¢ does not allow this.

6. A remark on sliding bifurcations and invariant manifolds. Although the local behavior
of the visible and visible-invisible two-folds is less complex than that of the Teixeira singularity,
it can have striking implications for global dynamics. First, we see in Figures 7 and 8 that
orbits do exist crossing the two-fold from the sliding to escaping regions. This is locally less
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interesting because all orbits eventually depart the neighborhood of the two-fold, leaving the
switching manifold via a visible fold. This same reasoning, however, means that the local
sliding dynamics will interact with the global dynamics. It is then known that one-parameter
families of orbits can undergo so-called catastrophic sliding bifurcations, introduced in [17]. In
these bifurcations, for example, periodic orbits can be suddenly destroyed through encounter
with a visible or visible-invisible two-fold. This occurs when they cross the two-fold from SL
to ES, so the local geometry is provided by the vector fields in sections 4-5. In some cases, for
example in Figure 8 with VTV~ <1, VT 4+V~ > 2 VT <V~ these bifurcations are likely to
be associated with nondeterministic chaotic dynamics on a global scale. Also, codimension-
one invariant manifolds in n-dimensional systems can generically contain visible or visible-
invisible two-folds where they intersect a switching manifold, and the three-dimensional case
was discussed in [7]. Again, their local behavior is provided by the analysis above.

7. Numerical simulations. The lowest order approximation to the Teixeira singularity
analyzed in [16] revealed an interesting bifurcation, in the form of an invariant nonsmooth
diabolo (an invariant double cone with a crease at the switching manifold) that self-annihilates
through a loss of hyperbolicity. The higher order analysis in this paper fully unveils this bi-
furcation’s intriguing nonlinear behavior, depicted in Figure 5. A compellingly peculiar case,
as we have seen in section 3.3, is obtained by combining the sliding portrait from Figure 5(s1)
with the crossing portrait from Figure 5(c3,), obtained by taking (2.4) and (3.9) with coef-
ficients By > 0, Byy < 0, |8Bsg| > B%, and ag > 0, as p = VTV~ — 1 changes sign. When
p > 0, this scenario exhibits a nondeterministic chaotic set: the sliding dynamics channels
orbits from SL to ES, with all information on initial data lost at the singularity, while the
crossing dynamics provides a mechanism for reinjection to SL. Thus the local neighborhood
is recurrently visited by orbits ejected from the singularity, and their history is lost with each
visit. Orbits are unique in neither forward nor backward time, but, by varying a parameter
through the nonsmooth diabolo bifurcation, the system can be controlled toward the benign
case (p < 0). A numerical example of this case is provided by the following system:

-3 -1 0 xo 0
(7.1a) ff=1 -1 =3 0 |+ 1 ],

0 1 =2 T2 v+

3 0 1 xo 0
(7.1b) =0 -2 0 o |+ v,

1 0 3 xTo 1
with a switching manifold zyp = 0. The sliding and crossing normal forms (3.7) and (3.12)
at the nonsmooth diabolo bifurcation for this system have coefficients Byy = —16, By =
—1662.93, az = 61.4, when VT = —5 and V~ = —1/5, thus falling into case (s1)-(c3,) of the
Teixeira singularity. In Figure 9, we have simulated the system using the software MATLAB,
with a piecewise smooth numerical integrator [27] for V' = —5.01 and V~ = —1/5, thus

p=VTV™ —1 = 0.002. Because we are close to the bifurcation (|[V*tV~ — 1] <« 1 with
VT V= <0), the vector fields above and below the switching manifold are almost antiparallel
at the origin. This causes strong squashing of orbits toward a plane transverse to the switching
manifold, observable in Figure 9(i) and also seen from the crossing points in Figure 9(ii). Here
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Figure 9. Simulation of system (7.1) with V* = —5.01 and V~ = —1/5, ezhibiting a pseudoequi-

librium in ES and an unstable focus cycle. (i) A single orbit originating near ES, with initial conditions
(107207 —107¢, —1076), winds around the singularity and reaches SL, then is attracted toward the singularity
and back into ES. (ii) Intersections of the orbit with the switching manifold. The pseudoequilibrium in ES and
the crossing points of the focus cycle are highlighted in bold.
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Figure 10. Magnification of Figure 9(ii) near the origin. As the orbit departs from its initial condition
near the singularity, its crossing points lie (approximately) along a line through the origin, and the orbit’s last
crossing point lies in the lower right corner of CR1. The orbit’s entry point into SL is seen, followed by its
sliding trajectory towards the singularity. A pseudoequilibrium is shown in ES (red dot).

the dynamics in the direction transverse to this plane cannot be resolved; in particular, the
orbit’s evolution in SL cannot be seen. We resolve the orbits in the following two figures.
Figure 10 presents a simple magnification of the Poincaré map from Figure 9(ii) around
the singularity. The line of points emanating from the origin are the crossing points of the
orbit as it leaves the neighborhood of the singularity. After the last crossing (lower right
corner of CRy), the orbit is seen to impact SL toward the top of the figure, evolve via an
almost straight path toward the point (z1,z2) ~ (0.00025,0.00005), then to the singularity.
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Figure 11. A magnification of Figure 9, making a linear coordinate change in the x1-x2 plane and stretching
the positive xo azis by a factor of 20. In (i) the orbit can now be seen, crossing repeatedly through the switching
manifold and surrounding the focus cycle (depicted in red). In (ii), the orbit’s crossing points are seen to form
a butterfly shape around the two (red) crossing points of the focus cycle.

From the simulation we confirm that the orbit reaches the singularity in time ¢ ~ 0.48 after
reaching SL. At this time the integrator fails to work, since the orbit is entering ES where its
evolution becomes non-unique.

Figure 11 presents the orbits in Figure 9 under a linear coordinate change in the zi-xo,
plane. We have also stretched the coordinate xy by a factor of 20 above the switching manifold
only. A single orbit is shown, whose initial point is at (10720, 1076, —107), which lies a small
distance from the singularity and above ES. The orbit winds around the singularity a large
number of times and eventually maps into the interior of SL, from where it is inevitably pulled
into the singularity as shown in Figure 10. This is consistent with the phase portraits predicted
in case (s1)-(c3) and illustrated in Figure 6. Upon reaching the singularity, the system can
follow any one of an infinite number of trajectories, independent of the orbit’s history. This
therefore demonstrates that the predicted conditions for nondeterministic chaos exist. We now
show that this behavior can be tamed by varying the parameter p. We change VT to the value
—4.99, for which p = VTV~ —1 = —0.002. This system is simulated in Figure 12(i), with a
rescaling in (ii) (the same scaling as in Figure 11(ii)) to resolve the fine structure of the orbits.
A single orbit is shown and has the same initial condition as in Figure 9. The orbit winds
around the singularity a large number of times and reaches SL. In this case the sliding orbit
is repelled from the singularity along a visibly straight path, as can be seen in Figure 12(i).
The orbit terminates at a pseudoequilibrium, which can be seen at the edge of SL.

It is easy to confirm (as reported in [16,17]) that trajectories of the truncated leading
order system in (3.1) are curves (zo(t),x1(t), z2(t)) whose coordinates satisfy

1 1
<—_m% + —+x§ — 129 + c) V= if xg >0,
72 VD=

1 1
(W—_x% + 2V—+$§ —x1x2 + c> VT if 29 <0,
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Figure 12. Simulation of system (7.1) with Vt = —4.99 and V~ = —1/5, with a pseudoequilibrium in
SL. (i) A single orbit originating near ES, with initial conditions (1072°, —107% —107°%), winds around the
singularity and reaches SL, and then is repelled from the singularity toward a pseudoequilibrium (red dot at
edge of SL). (ii) A linear coordinate change in the x1-x2 plane, and a stretching of the positive xo axis by a
factor of 20, resolves the crossing dynamics of the orbit.

where the constant c fixes the height that the orbit attains along the x¢ axis. When VTV~ (1—
V*tV~) > 0, these equations define a pair of paraboloids, one above and one below the
switching manifold, joined nondifferentiably, forming a ball with a creased equator. When
VTV=(1-V*V ™) <0, they similarly define a pair of surfaces above and below the switching
manifold, each of which is part of a saddle, again joined nondifferentiably. In Figure 12(ii),
the two adjoined paraboloids are clearly seen. In Figure 11(i) higher order terms govern the
behavior of the trajectories away from the singularity, but near the singularity they can be
seen to lie on portions of saddles. If ¢ = 0, the surfaces form a nonsmooth double cone—a
diabolo—through the singularity, which undergoes the nonsmooth diabolo bifurcation when
p =0 [16].

Finally, for the reader’s interest, we provide examples of systems exhibiting each of the
ten different portraits in Figure 5. We consider system (7.1), changing the Jacobian of f* to

all —1 0
(7.3) -1 =3 0
0 asz2 —2

By assigning the values in Table 7.1 to the parameters a1, azs, VT, and V™, we obtain an
example of each predicted scenario. It is a simple exercise to recast (7.3) in the form of a relay
system (see, e.g., [31]), implying that it might easily arise in electrical or control applications.
It is conceivable that the singularity occurs in various piecewise smooth dynamical systems
where the generic conditions (2.5)—(2.7) are satisfied.
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Table 7.1
List of parameter values ai1, az2, V', and V™ used to obtain examples of all portraits depicted in Figure 5,
using the system (7.1) with the Jacobian of f* modified as in (7.3).

Portrait | a11 aso vT V-
sl-cl -3 1 —1/20 —20
sl-c2, -3 1 -1/5 -5
s1-c2, 100 0 —20 —1/20
sl-c3s -3 1 -1 -1
sl-c3, -3 1 -5 -1/5
s2-cl -3 10 -1/2 —2
§2-C25 -3 10 —2/3 —3/2
82-C24 100 | 100 -5 -1/5
§2-C35 -3 10 -1 -1
§2-C34 -3 | 100 -5 -1/5

8. Conclusions. We have reviewed the local description of the singularity formed when
a three-dimensional piecewise smooth vector field is tangent to both sides of a switching
manifold—a two-fold singularity. We analyzed the dynamics of orbits in regions of sliding,
identifying conditions that cause a pseudoequilibrium to pass through the singularity. This
represents a novel bifurcation through which a pseudoequilibrium can collide with a boundary
of a sliding or escaping region, fundamentally different from the well-known boundary equilib-
rium bifurcations in Filippov systems [10]. We conclude that, in some cases, families of sliding
orbits are attracted to the singularity, making the intersection of an orbit with a two-fold a
generic event. This allows solutions starting away from the escaping region to reach it. These
facts are often overlooked in the literature (see, e.g., [10,11,27]). We also analyzed the dy-
namics of crossing orbits, concluding that if one of the folds is visible (local trajectories curve
away from the switching manifold along it), then all orbits eventually leave the neighborhood
of the singularity. These cases, (sections 4-5), are of interest when they interact with other
attractors or invariant sets outside the neighborhood of the two-fold. The case that is most
dynamically interesting in its own right is the Teixeira singularity.

The Teixeira singularity consists of two invisible folds, which cause all local trajectories
to curve toward the manifold. This case exhibits a number of local bifurcations, which we
unfolded by separately analyzing the bifurcation of the smooth systems that describe the
local crossing and sliding dynamics. The crossing dynamics is described by a return map
that undergoes a degenerate 1:1 resonance bifurcation. This coincides with the passage of a
pseudoequilibrium through the singularity, from SL to ES or vice versa. One parameter, the
quantity VTV, characterizes the leading order problem and measures the angular disparity
between the vector fields above and below the switching manifold, evaluated at the origin. A
normal form reduction of the neighboring dynamics reveals that the qualitative behavior of a
local unfolding depends on three coefficients, two characterizing the stability and topological
type of the fixed points of the crossing map, and one the position of the pseudoequilibrium.
The unfolding reveals the bifurcation of the Teixeira singularity as a new route to the sudden
appearance of periodic orbits and more complex invariant sets in piecewise smooth systems.
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Among the local dynamics possible near a Teixeira singularity, we have identified one that
is particularly intriguing. It occurs when, for a whole family of parameters where V*V~ > 1
with VT, V™ < 0, the crossing map contains an unstable focus (an unstable limit cycle of the
full system) and the pseudoequilibrium is a saddle. Here we find conditions for nondeterminis-
tic chaos over a compact neighborhood of the singularity. All local orbits begin and end at the
singularity, with a definite direction through it, but on each visit their history is lost and their
forward evolution is nonunique. We have simulated an example of this scenario in section 7,
depicting one such orbit in Figures 9, 10, and 11. We verified in numerical simulations that
the conditions for this recurrent nondeterministic dynamics exist, but the phenomenon can be
tamed by changing the parameters V+ and V™, through a nonsmooth diabolo bifurcation [16].
After the bifurcation, orbits wrap around a nonsmooth ball, going from ES to SL. Once in
SL, they evolve away from the singularity, so that in this case a typical orbit never encounters
the singularity.

By stripping the two-fold down to the leading order behavior of its sliding and crossing
dynamics, we have unfolded its bifurcations and unveiled its determinacy-destroying heart.
But we cannot yet claim that this troublesome singularity is fully understood. The bifurcation
diagram of the crossing return map in Figure 5 is incomplete: global bifurcations, yet unknown,
occur between the identified scenarios or each time the invariant manifolds of the crossing
map, or the images of the boundaries of ES, become tangent to the folds. Much grander
challenges than this remain, however. In systems of dimension n > 4 the two-fold generically
has dimension n — 3. How much of the local dynamics revealed in this paper will survive in
higher dimensions remains to be studied. Moreover, even in three dimensions any of the three
flavors of two-folds can interact with nonlocal attractors, causing global bifurcations that have
not been considered to date.

Appendix A. Normal form reduction of the sliding vector field of a Teixeira singularity.
The normal form (3.7) is obtained by multiplying (3.4) by the quantity (V* + 1/V") and
then taking the dynamics along the direction (—V T, 1) of the singular eigenvector, by defining
x = pu and @ = qf* (pu), with p and q respectively the right and left singular eigenvectors
of the Jacobian of f* at the origin, when V*V~ =1 and V*,V~ < 0. Calling c;-; and ¢, for
i,j € {1,...,3}, the coefficients of the Jacobians of f* and f~, from this transformation we
obtain % = (V*V ™ — D)u + agu® + O(u?), with

C _ _ _ _

Appendix B. Generic perturbation of the map. Assuming analyticity of the return maps,
¢T can be expanded around the singularity, yielding

T1 > =21 + Qg0Ti + 0117132 + AT + a3z + a1 7T + 127173 + Q03T
+ O(|l(z1,22) 1Y),

x> Tp — 2V 2y + Boga] + Bruimias + Boaxs + Bzt + Barziws + Prawias + Bosas
+ O(||(21, z2) "),
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while ¢~ is equal to

z1 > 11 — 2V " @9 + 42007 + y117129 + Y0223 + Y3075 + V212502 + Y122123 + Y0375
4
+ O([|(z1, z2)[|*),

To — —x9 + 52()%% + 0112129 + 50233% + 530%? + 52133%:52 + (5121’1%% + 503%%

+ O(ll(@1, 22)[I1).

However, the possible values of the maps’ coefficients are constrained, since the two maps are
involutions and the inducing flow is quadratically tangent to the xo and x; axes. Imposing
that ¢ og™ and ¢~ 0™, truncated to third order, be the identity (involution condition), and
that ¢ and ¢~ preserve the x9 and x; axis, respectively, reduces the number of independent
coefficients of each map from 15 to 6, yielding

T — —x1 + Oégo:l?% + Oé21$%:172 — (Oé%o + CM21V+)ZE§ + O(||(331,:E2)||4),

To > my — 2V Ty + Briwiwe + (qgg — Br1)V el + Brazia3

+ <% (—a20B11 + B1) + (c21 — 2ﬁ12)V+> 23ws + B30t + O(||(z1, 2)||*)

for ¢* and

x1 > 21 — 2V " mg + ynixie + (Jo2 — Y1)V " 23 + o wiay

1 _
+ (5 (=6o2711 +711) + (612 — 2721)V > r123 + Y0325 + O(||(w1, 22)[|*),

g > —g + Ooph + Sraw1 23 — (85 + 512V )23 + O([| (21, 22)[|*)

for ¢~. Finally, composing ¢~ o ¢*, we obtain the general third order expansion of the
Poincaré map ¢:

T —x1 + 2V 29 + ag()l% + a9 + aogﬂjg + CL30:E:;’ + a21$%332 + a12:17133§ + a0333§’
4
+ O([[(z1, 22) "),

T —> —2V+$1 +(-1+ 4V+V_)$2 + bQOSU% + brix1T9 + bog:ﬂ% + bgo:ﬂ? + b21:17%332

+ 512331353 + 503353 + O(|| (1, x2)|]4),
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with
ap = 20,
ain = —y11 — 4oV,
age = V(=002 + 711 + 4oV ),
azp = —a3y — ag V',
a1 = 20711 — Y21 + 604%0‘/_ + a1 (—1+ GV_V+),
2
— _ o2 _
aig = SIE 6a0v11V ™ + — (111 + 4ageV ),

2 2
— V7 (—4ag1 + 619 — 2791 + 1202,V + 12001 V-V ),

ao3 = —03 + 4(V )% (a20(—002 + 711 + 2020V ") + gy (—1 + 2V V)
boo = (—B11 + ax)V T,
bii = —2(y11 + 200V )V 4+ B (—1+4V V7)),
boz = 02 — 2602VIV ™ + 2V (B — 2BuVIV ™ + (a1 + 2a0V 7 )VT),
b3o = B30,
/i

2

_ (0]
ba1 = — 6830V —an VT + 26812V — 28117 VT — 29 VT + %(511 + 4y V),

bia = Bra + 012 + 261 V™ 4+ 12B30(V7)* + by VT — VT +4an VoV
— 8612V VT 4 2090002V VT — 2612V VT — 6agoy11V VT 4+ 4y VTV
+ B11 (002 — 1 — 2020V ™ — 2002V VT + 6911V V T,
bos = — 0o — 2812V " — 3B11002V " — 012V + By V™ + 2020811 (V)2
— 285 (V)2 = 8B30(V7)? — 2903V — dag1 (V7)) 2 VH +8B812(V )2V
— 4a0802(V )2V 4+ 4811602 (V7 )2V + dasoyin (V)2 VT = 4By (V7)?VT.

Appendix C. Normal form reduction of the Poincaré map. When
p:=VTV- —-1=0,

the Poincaré map has a fixed point, at the singularity, with a nonsemisimple double one
linearization. This can be put into a 1:1 resonance normal form which is symmetric, due to
the constraints imposed by the involution assumption (see Appendix B). The normal form
reduction of map (3.9) is carried out, following a standard path, as a linear transformation
followed by a sequence of near-identity transformations (see [21,25]), eliminating nonresonant
terms of different degree iteratively. First, the linear part of the map (3.9) is simplified through
the parameter-dependent change of variables

z\ [ 2—4ViV- 1 &
(5)-0 0 (&),

& o= &+ &,
& = 4Ap& 4 (1 +4p)&s.

becoming
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This corresponds to the Jordan form of the linearized system when p = 0. In the (z1,z2)
coordinates and at the bifurcation, the coordinate axis £&; points in the direction of the singular
eigenvector (—1, —V™) of ¢|,—o, while the axis & points in the z; direction; hence the change
of variables has turned the plane to align the singular eigenvector with the & direction, and
in the new variables the £ axis is strictly inside CR; and CRjy. This is an important remark,
since the crossing map is defined only for orbits in ES, CRy, and CRs.

Next, the second order, near-identity change of variables

&1 = co?,
o = dogp? + diip pias + doa i3,

with
_bgo + 2b02(V+)2 + b11V+ — a20V+

o= VT(12p + 16p° + 2) ’
dy — 16baop + 4bag + 16bogp® + 4502(+V+)2 +4b VT + 2V+4b11p,
2V
diy = — 6b20 + 4boa (V)2 + 4by VT — 2a00 VT + 32b90p + 80bogp?
VT (12p + 16p* + 2)
64boop® + 3V Tdby1p + VT 16b11p?

VT (12p + 16p* + 2) ’

doy — —4boa(VH)2 = 211 VT + 2490V + 12b50p + 16520;)2’

2V (12p + 16p* + 2)
simplifies the quadratic terms, giving

[ G I8
pi2 = Appy + (1 + 4p)po + Boopd + B,

with
Baolp=o = 4(ago — b1 — booV ™ + an V' — bpaV*' + aga(VT)?),
Bu|p:0 = —4b02V+ — 2b11 — 2&11V+ — 4(120.

Due to the involution condition, the term Bj g is identically null near p = 0, and this second
order expansion is structurally unstable. In order to obtain the topological normal form of
the Poincaré map, the third order expansion must be considered. Once again, through the
near-identity transformation

_ 3 2
p1 = u1 + espuy + eauiug,

_ 3 2 3
p2 = uz + f3ou] + farujus + fozus,

we simplify the terms of degree 3 in the expansion of the map, obtaining the normal form

ur — up +ug + O([|ul|h),
ug + 4puy + (1 + 4p)ug + Briujug + Baou$ + Bajudug + Bosus + O([lul|?).
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Appendix D. Approximation by a flow. A flow whose unit-time shift approximates map
(3.12) is easily found by means of successive Picard iterations, as explained, e.g., in [20]. For
p =0, this is

Bn Bn

- 2 3 2 2 3
Uy = U — Tuﬂ@ + 72@ + C’30u1 + C21U1U2 + C12u1u2 + C03u2,

By
. 2 3 2 2 3
Ug = BHU1U,2 — —2 Uy + D30u1 + D21'LL1U2 + D12u1u2 + D03u2,

with

Bsg B, By 2B? 2By Bsg

= —— = — = — B = — _—

C3o 5 Co1 3 5 T Bso, C12 3 3 5
Bos  3B? By Bs B} 3Bs
Cog=——2 4+ 2L 20 Dyy=RB Dy =—"L 4By -2
03 9 10 6 + 30 30 305 21 5 + D21 5

5B% B B? B
D12=—11—Bz1+%, D03=B30—%+%-

The quadratic terms can be simplified following the generic Bogdanov—Takens normal form
reduction (see, e.g., [20,25]), by setting

Uy = 517
By By
ug = §o + 75152 - 7557

multiplying the resulting flow by the scalar function 1 4+ Bq11£1, and then setting
&1 =,
§2 = po — B11&1&o.

Then, the nonresonant cubic terms are eliminated by setting
1 1
n1 =rv+ %(QB% — 12B91 + 15B30)V§ + E(GBog — 53%1 + 5B91 — 3330)1/%1/2,

B 1 1
Ho = v + % + 5(133%1 — 6By + 3330)1/121/2 + 6(6B03 — 43%1 + Bgl)V11/22

1
+ %(45303 — 7B%1 + 15891 — 3330)1/5’.

The resulting flow has equations

1 =v1+O(lv]"),

. B
Uy = Biivivg + Bgol/iS + <$ + By — 3Bgo> 1/121/2 + O(HI/H4)

Appendix E. Normal form reduction of the sliding vector field of a visible-invisible two-
fold. The normal form (5.5) is obtained by the same means as in Appendix A, by multiplying
f* by the quantity (V* —1/V*) and then taking the dynamics along the direction (V1) of
the singular eigenvector. The coefficient of the second order term in (5.5) is

+
C _ _ _ _
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