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Abstract

Fast-slow dynamical systems have subsystems that evolve on vastly different
timescales, and bifurcations in such systems can arise due to changes in any
or all subsystems. We classify bifurcations of the critical set (the equilibria of
the fast subsystem) and associated fast dynamics, parametrized by the slow
variables. Using a distinguished parameter approach we are able to classify
bifurcations for one fast and one slow variable. Some of these bifurcations are
associated with the critical set losing manifold structure. We also conjecture
a list of generic bifurcations of the critical set for one fast and two slow
variables. We further consider how the bifurcations of the critical set can be
associated with generic bifurcations of attracting relaxation oscillations under
an appropriate singular notion of equivalence.

Keywords: fast-slow dynamics, relaxation oscillation, bifurcation,
singularity
Mathematics Subject Classification numbers: 37G10, 37G15, 37G35

(Some figures may appear in colour only in the online journal)

3 Author to whom any correspondence should be addressed.

Original content from this work may be used under the terms of the Creative
Commons Attribution 3.0 licence. Any further distribution of this work must maintain
attribution to the author(s) and the title of the work, journal citation and DOI.

1361-6544/20/062853+52$33.00 © 2020 IOP Publishing Ltd & London Mathematical Society Printed in the UK 2853


https://orcid.org/0000-0002-6504-4229
mailto:karl.hans.mikael.nyman@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6544/ab7292&domain=pdf&date_stamp=2020-04-14
publisher-id
doi
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0
https://doi.org/10.1088/1361-6544/ab7292

Nonlinearity 33 (2020) 2853 Karl HM Nyman et al

1. Introduction

Many natural systems are characterized by interactions between dynamical processes that run
at very different timescales. These can often be modelled as fast-slow systems, where system
dynamics can be separated into interacting fast and slowly changing variables. This has been
applied to a wide range of natural phenomena, including electrical circuits [39], plasma oscil-
lations [34], surface chemistry [27] and cell physiology [24] to ecology [41] and climate [3].
The dynamical behavior of such systems can often be understood in a common mathematical
framework. See [29] for a recent monograph that summarizes both techniques and applica-
tions, and [2, 6, 7, 12, 18, 23, 21, 45] for examples of related work.

The analysis of fast-slow systems is built around a geometric singular perturbation theory
(GSPT) approach [14], perturbing from a singular limit where timescales decouple: see also
[13, 25]. In the singular limit, on the slow timescale there are instantaneous jumps (determined
by the fast dynamics) between periods of slow evolution. The slow evolution typically takes
place on stable sheets of a critical set where the fast dynamics is in stable balance, inter-
spersed by fast transitions. If the fast dynamics is one dimensional, then it is typically confined
to a manifold (and hence the set is often called a critical manifold), though at bifurcation it
may lose its manifold structure at isolated points. The fast transitions are determined by what
we call the umbral map defined as the map from a fold point on the critical set to another part
of the critical set. In the case of stable periodic behaviour in the singular limit, the resulting
limit cycles are referred to as singular relaxation oscillations. Many examples of bifurcations
of relaxation oscillations have been considered [2], including some associated with bifurca-
tions of the critical set [3, 15, 16] although it seems that no exhaustive list of scenarios has
been proposed.

Although singular perturbation theory has been developed to explain many aspects of
behaviour near the singular limit, there is still no full understanding of generic bifurcations
of limit cycles even in the singular limit. Guckenheimer [18-20] suggests an approach and
several results along these lines, but, as far as we are aware, these conjectures are yet to
be framed, let along proved, in rigorous terms. The main aim of this paper is to present an
approach to doing precisely this, using singularity theory with distinguished parameters and
appropriate notions of equivalence. We classify local and global transitions in the critical set
by codimension and consider the consequences for the umbral map. In doing so, we find a
variety of scenarios that give bifurcation of attractors in such singular systems.

We show that it is possible to split the problem of bifurcations of relaxation oscillations
into two aspects: bifurcations of the critical set, and bifurcations caused by singularities of
the slow flow (possibly interacting with the critical set). In the simplest case of one fast and
one slow variable, bifurcations of the critical set can be directly tackled using a global version
of the singularity theory with distinguished parameter in [17]. We highlight that this theory
needs extension to make it suitable for systems with multiple fast and slow variables. We are
able to identify a large number of scenarios that can lead to bifurcation of relaxation oscilla-
tions. Note that we only consider fast-slow systems where the fast dynamics is constrained
to a subset of the variables; following [14] it is possible to extend the theory developed here
to more general fast-slow systems that are not in standard form: see for example [28, 30, 48].

We structure the paper as follows: in section 2 we briefly introduce the singular limit of fast-
slow systems, critical sets, singular trajectories and global equivalence of critical sets. In sec-
tion 3 we explore persistence and bifurcation of critical sets by examining versal unfoldings of
the fast dynamics parametrized by the slow variables, using a notion of global equivalence of
the fast dynamics. In the case of one fast and one slow variable we classify persistence (propo-
sition 1) and bifurcations of the critical set up to codimension one (proposition 2) using the
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theory of [17]. For one fast and several slow variables we highlight the need for an improved
theory of bifurcations with multiple distinguished parameters. We present conjectured state-
ments of persistence and of codimension one bifurcations of the critical set (conjectures 1 and
2 respectively) for one fast and two slow variables. We find a rich variety of distinct mech-
anisms for typical codimension one bifurcations of the critical set which includes local and
global bifurcations in the fast variable.

Section 5 turns to the question of bifurcation of attractors in fast-slow systems and in par-
ticular bifurcation of stable relaxation oscillations. We introduce a global singular equivalence
for the singular trajectories and use this to classify persistence (proposition 4) and codimen-
sion one bifurcations (proposition 5) of these simple relaxation oscillations. These codimen-
sion one bifurcations naturally split into those caused by bifurcations of the critical set, and
those caused by interaction of singularities of the slow flow with the critical set: in section 5.3
we present some numerical examples of various types. Finally, section 6 is a discussion of
some of the challenges for GSPT to describe the unfolding of such bifurcations, and relation
to other singularity theory approaches. We include several Appendices that give more details
of the tools used for the classification and the examples.

2. Singular trajectories of fast-slow systems

A fast-slow system is a system of coupled ODEs for z = (x,y) € R™" of the form

{ex = g(x,y,€)
¥ o= hxye)
where x € R” and y € R”, € > 0 is a small constant and 7 is a time measured relative to the
slow dynamics. The functions g(x, y, €) and h(x, y, €) are C* functions of their arguments (they
are well approximated by Taylor series to arbitrary order). We refer to x as the fast and y as the
slow subsystems; the dynamics in these subsystems are referred to as fast and slow dynamics
respectively. These systems have a singular limit € — 0, where a typical trajectory can remain
close to an equilibrium of the fast system, except at isolated points where it ‘jumps’ along a
trajectory of the fast subsystem. The singularly perturbed system with € > 0 will have tra-
jectories that typically remain near a trajectory of the singular limit, although especially near
bifurcations, trajectories may also explore unstable parts of the slow dynamics along so-called
canard solutions (see e.g. [2, 6, 32, 45] and [29, chapter §]).

In order to understand such systems it is useful to consider the reduced or slow equations
in slow time :

0 =g(xy0)
U oo, (2)

)]

describing the slow dynamics in the singular limit € — 0. Solutions of (2) are constrained to
the critical set

Clg] = {(x.y) e R : g(x,y,0) = 0} . 3)

Note that by the regular value theorem [33], this critical set is a manifold at all points where
the derivative of g has maximal rank. For an open dense set of g € C this is true for an open
and dense set (x,y) € C[g]. The set is often called a critical manifold, however we do not use
this notation as at bifurcation points the set may lose its manifold structure.

The flow g may have singular equilibria of the fast dynamics within C[g], where the term
singular here means non-regular. The regular points of the critical set C[g] we define as
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Creglg] = {(x,y) €C[g] : Oxg(x,,0) is hyperbolic} . “4)

The remaining non-hyperbolic (fold) points, also called singular or limit points, form the fold
set of the critical set

Flgl = {(x,y) € Clg] : 0.g(x,y,0) is non-hyperbolic} . (3)
At all regular points the reduced equations (2) can be used to describe the flow. At fold points,
however, we need to consider the fast dynamics and there will be jumps in slow time deter-
mined by the fast subsystem only.
Changing variable to a fast time T = t/e and taking the limit ¢ — 0 gives quite a different
set of equations: the layer or fast equations:

¥ = g(x.y,0)
{y, o ©)

where we write x’ to denote %x and note that (a) the constant slow variable y now acts as a
parameter for evolution of the fast variable x and (b) the layer equation, when restricted to
C|[g] consists entirely of equilibria for m = 1 (for m > 1 there may be other objects, such as
limit cycles). We split the regular set into a disjoint union of attracting/repelling/saddle points

Catt [g ] > Crep [g ] s Csad [g ]

50 that Creg[g] = Cat[g] U Creplg] U Csaa[g]. Note that Fg] is the union of the set of boundaries
of these sets, and also that the set Cs,q[g] only exists for m > 2. Note that the regular set is the
union of all non-singular points

Creglg] = Clg] \ Flg].

From now on, we only concern ourselves with the system in the singular limit, and there-
fore drop the dependency on e in our notation, such that e.g. g(x,y,0) := g(x,y) and
h(x,y,0) := h(x,y). However, we stress once more that the system (1) may depend crucially
on € near, but away from, the singular limit.

We now make the notion of jumps more precise: For any point p = (x,y) € F[g] we define
the (possibly set-valued) umbral map to be

Ulg](p) = {w-limits of a non-trivial trajectories in (6) with a-limit p},

that is, a map from every point ¢, which limits to p in backward time (a-limit), to the set of
forward time limits (w-limit) of every such ¢, excluding p itself. The w-limits are always non-
empty since we will assume bounded global attractors. However, if all w limits equal p then
the umbral map is empty. The umbra (meaning shadow [18]) or drop set [29, chapter 5, p 109]
is the image of the folds under the umbral map:

Ulg] = Ulgl(Flgl)-

We define the projection onto the slow variable as
7 R™ 5 R, w(x,y) =y
and for p = (x,y) we define the set of all co-folds to p as
(p) ={q € Flg] : n(p) =mn(q)} == (x(p)) N Flgl, (7

i.e. all fold points with the same slow coordinate as p. Similarly, we define the set of folds
sharing a given slow (y) coordinate to be:
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P(y) = Flglna~"(y). (8)

2.1. Trajectories in the singular limit

Note that typical points in R are not on C[g]: starting at (x, y) & C|g] there will be fast motion
governed by the layer equations (6). If this settles to a limit we will typically have arrived at a
point on the critical set that is a stable equilibrium, i.e. on Cyy[g]. The slow dynamics then car-
ries the trajectory around Cyy [g] until (possibly) it hits a fold point p = (x,y) € Flg]. If U[g](p)
is a single point then there is a unique non-trivial trajectory of the layer equations from this
point, the fast motion will take the dynamics to U[g]( p).

Hence typical trajectories in the singular limit (which can be viewed as trajectories of a
constrained differential equation [42]) are composed of segments of slow trajectories on Cyy[g]
interspersed with fast jumps. Depending on the nature of the slow segments and fast jumps,
characterised by the umbral maps, there may be a trajectory of the e > 0 system that remains
close to the singular trajectory. More precisely, we define a singular trajectory as follows (this
idea is widely used and sometimes called a candidate trajectory, for example [4, 5, 32, 35, 44]
and [29, chapter 3, p 64]):

Definition 1 (singular trajectory). A singular trajectory is a homeomorphic image o (o)
of areal interval [a, b] with a < b, where

e The interval is partitioned as a = 09 < 01 < ... < 0y—1 < 0% = binto a finite number of
subintervals.

e The image of each subinterval yy(oj_1, 0;) is a trajectory of either the fast subsystem or
the slow subsystem.

e The image vo(a, b) is oriented consistently with the orientations on each subinterval
induced by the fast or slow flows.

Note that o is a parametrisation of the curve rather than fast or slow time. Consequently,
the image of a subinterval can be complete homoclinic or heteroclinic orbits of the fast or slow
subsystem. In typical cases, the attractor will consist of subintervals that alternate between fast
and slow segments, but this may not be the case at bifurcation. In the case that all slow seg-
ments are on Cy[g], this will typically perturb [35] to similar trajectories as € — 0. If the slow
segments explore other hyperbolic points on the critical manifold, canard trajectories may
appear. Several possible cases of fast/slow trajectories are considered in [35].

2.2. Global equivalence of critical sets

In order to define persistence and bifurcation of critical sets, we need a notion of equivalence
between critical sets. We define an equivalence of critical sets, called global equivalence,
through the parametrized fast vector fields that generate them. We adopt the equivalence in
[17] for the case m = n = 1, and conjecture that that equivalence or a similar one may work
also for the case m = 1,n = 2. A local version of this equivalence due to [38] is presented
at the end of this section. Classification of local bifurcations (classification of bifurcation of
germs) has been worked out for the local equivalence [38], but it remains to be shown if the
equivalence is also suitable for global classification of bifurcations.

We consider fast and slow vector fields g : R"t" — R™ and h : R™™ — R", with the
generic assumptions of smoothness and being in the singular limit e — 0. More precisely we
consider
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Vi = CZ(R"™",R"), Vi := C*(R"*",R"). )

We furthermore consider only systems (1) with bounded global attractors.

We restrict ourselves to vector fields defined on some fixed compact regions M C R™ and
N C R" with open interior and smooth boundaries having outward normals m(x) and n(y)
respectively. Implicitly fixing these M and N, we define the open sets

._ , g(xy)-n(x) <0V(x,y) € (OM,N) and
a {g SV gxy) = 0= gulwy) £ 0V(xy) € <M,8N>} (1o
and
Vii={he V. : h(x,y) -m(y) <0V(x,y) € (M,ON)}. (11)

Note that if (g, 1) € M x N then the forward dynamics must remain in M X N and that there
are no tangencies of the flow, (or the critical set) with the boundary. These conditions ensure
that the properties persist under small perturbations of the vector field.

Recall now that the critical set and the fast dynamics depend only on g, and suppose that
8,8 € Vy. We say that the zero sets (C[g] and C[g]) of g and g are globally equivalent on M x N,
denoted g ~ g, (see [17, p 144]) if there are functions Y(y) : N — R", X(x,y) : M x N — R"™
and S : M x N — (0, 00) such that:

g(x,y) = S(x,y)g(X(x,y), Y(v)) (12)

i.e. we only consider changes in coordinate that map fast dynamics to fast dynamics up to a
possible change in timescale. More precisely, we assume that:

e The map ®(x,y) := (X(x,y), Y(y)) is a diffeomorphism
e The map S(x,y) > 0is smoothon M x N

The requirement that S(-, ) > 0 ensures that trajectories preserve their time orientation under
equivalence. Note that we define the equivalence of critical sets through the functions that
generate them. Consequently, equivalence of critical sets C[g] and C[g] does not imply equiva-
lence of every level set of g and g, suchasg=1and g = 1.

For m = 1 and n = 2 we state a local equivalence adapted from [38, definition 2.1, p 6]:

gy, y2) = Sy, y2)8(X(x, y1,32), Yi(vi, 2), Y2 (01, 32)), (13)

where we explicitly write y = (y,y2), where Yi(y1,¥2), Ya(y1,¥2) : N = R, X(x,y1,y2) :
M x N — R>and S(x,y1,y2) : M x N — (0, 00) are smooth functions, and additionally

A1 (xy1y2)  OYi(xy1.y2)

# 0,

Y1 »2
O (xy1y2)  OTa(xy1.y2)
Y1 y2

and w > 0 for every (x,y1,y2) € M x N. Some further conditions are imposed in [38]
since [38] deals with germs. Note that smoothness combined with the conditions on X, Y} and
Y, makes (x,y1,y2) = (X(x,1,¥2), Yi(¥1,32), Y2(y1,¥2)) a local diffeomorphism.

Since global equivalence should imply local equivalence we expect the classification of
local bifurcations under a global equivalence, perhaps (12), to coincide with the classification
under a local equivalence such as (13). The latter was worked out in [38].

We leave the generalisation of the global equivalence (12) to the case m > 1,n > 1 open.
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3. Persistence and bifurcation of critical sets

Assume we define V as in (10) for some compact regions M and N. In order to define per-
sistence of the critical sets we define the unfolding of the slow dynamics following [17,
section III]. We say a smooth function G(x,y, A) for A € R" is an r-parameter unfolding of

g(x,y)if
G(x,y,0) = g(x,y)

for all (x,y) € M x N. Golubitsky and Schaeffer [17] mostly assumes G and g are germs
of vector fields, though in [17, theorem III.6.1] the equivalence is global within a compact
region, as we consider here.

If G and H are both unfoldings of g, we say that H factors through G if there exist smooth
mappings S, X, Y,L and W C R", a neighbourhood of 0, such that

H(x, 3, A) = S(x,5, \)G(X(x,y,A), Y (3, A), L(A)),

forall A € W and (x,y) € (M,N), where S(x,y,0) = 1,X(x,y,0) = x,Y(y,0) = y,L(0) =0
(see [17]). We define G to be a versal unfolding if every unfolding H of g factors through G.
We say g is persistent if it is its own unfolding, i.e. for any unfolding G € C*(M x N x R")
such that G(x,y,0) = g(x,y), on M X N there is a neighbourhood W of 0 in R” such that

G(x,y,\) ~ g(x,y), VAe W,

where, as before, ~ denotes global equivalence on M x N.

If the unfolding is versal and contains a minimum number of parameters, we call it a
universal unfolding [17]. The number of parameters A in such a universal unfolding G is the
codimension of g. In particular, if g is persistent then g is its own universal unfolding, and
in this case we say it has codimension zero. We say that a bifurcation of g occurs if g is non-
persistent, in which case the codimension of the bifurcation is that of the universal unfolding
of g. We emphasise once more that the equivalence relation (12) concerns the zero sets of g,
i.e. the critical set C[g]. Hence, persistence and bifurcation of g under this equivalence is iden-
tified with persistence and bifurcation of the critical set.

Note that the aforementioned meaning of persistence does not concern persistence to per-
turbations involving the scale separation parameter €, which is sometimes the case in the fast-
slow literature, e.g. [14, 35]. Here, we study exclusively the system (1) in the singular limit
e — 0.

3.1. Persistence and codimension one bifurcation of critical sets for one fast and one slow
variable

The case m = n =1 can be directly treated using the global bifurcation theory with distin-
guished parameter approach of [17, section III]. Here, a distinguished parameter is a param-
eter which is considered integral to the model and separate from unfolding parameters, which
represent model perturbations. In the fast-slow setting we consider the slow variable y to be
a distinguished parameter from the point of view of the layer equations (6). Consider some
g e Vjﬁ and note that the critical set is

Clgl={p=(xy) eRxR : g(p) =0},
and that the fold set is

Flgl={peClg] : g(p)=0}.
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Table 1. Degenerate fold sets for m =mn=1: proposition 1 states that if
Dlg] = Di[g] U Dy [g] U Dsg] defined in (14) is empty then g € Vy is persistent on
M x N.

Fold tangency: Dilg] = {p e Flg]:g(p) =0},
Hysteresis point: Dolg] = {p € Flg]: gu(p) =0},
Multiple limit point: Dilg] = {pe Flg: [U(p)| =2}

Table 2. Subsets of D;g] for m =n =1 whose union contains all codimension
one bifurcations. Note that det(D?g) = 8xx8yy — g)%y and that the first two are local

degeneracies.
Quadratic fold tangency: Dllg]l = {peDilg]: |1(p) =1
and det(D?g(p)) # 0},
Cubic hysteresis point: Dilg]l = {peDig: |(p)| =1
and g (p) # 0},
Double limit point: Dilg] = {p e Dsgl: 1(p)| =2}

Table 1 lists the three degenerate fold sets D;[gl,i = {1,2,3} form = n = 1: fold tangency,
hysteresis point, and multiple limit point. The term limit point is a historical term for fold
point. The set of all degenerate folds is then

Dlg] = Di[g] U Da[g] U Ds]g], (14)

and any point in F[g] \ D[g] is a non-degenerate fold point. Note that [17] refers to the fold
tangency as a ‘simple bifurcation’ and a multiple limit point as a ‘double limit point’ but our
notation offers easier generalization to higher n. The following theorem characterizes the per-
sistent critical sets, using a result from [17].

Proposition 1 (Codimension zero,m =n =1). Inthe case m =n =1, if g € Vy has
no degenerate folds (i.e. if D|g| = 0) then the critical set C|g] is persistent to smooth pertur-
bations.

Proof. We apply [17, theorem 6.1]: this states that there is bifurcation equivalence if there
are no (a) simple bifurcations (here called fold tangencies), (b) hysteresis points (c) double
limit points (here called multiple limit points) or (d) codimension one interactions of equi-
libria or folds with the boundaries. The assumptions in (10) are open conditions that ensure
that (d) does not happen and that any unfolding of g will remain within V; for small enough
perturbations. Hence the only obstructions are (a—c) which are avoided if D[g] is empty. []

To aid the classification of codimension one bifurcations, we define D} [g] in table 2. These
are open dense subsets of D;|[g| that avoid obvious further degeneracies. We then subdivide
these cases further in table 3. A vector field g is degenerate at codimension one if exactly
one of these degeneracies D) J[g,y] occur for exactly one slow coordinate y (in exactly one
fast fibre) which means we only need to compare points in P(y) for some y. We avoid higher
codimension fold tangency by precluding the cases det(D?*g) = gugy — giy = 0 or higher
order hysteresis gy = 0. Note that D}J [¢,y] depends explicitly on y. This choice makes it
easier notation-wise to preclude the critical set from being degenerate at multiple y, which
would raise codimension. The next result shows that table 3 and figure 1 give a complete list
of codimension one bifurcations for this case.
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Table 3. Complete list of degeneracies that lead to codimension 1 bifurcations listed in
proposition 2. We write P(y) = {p;} as the set of distinct singular points p; = (x;, y) of
the vector field g with slow coordinate y. Note that local degeneracies have |P(y)| = 1.

Hyperbolic fold ~ Di1[g,y] = {P(y) C Dllg] : |P(y)| = 1and Figures 2(a)—(c)
tangency det(D%*g(p)) < 0}

Elliptic fold Dialg.y] = {P(y) C D}[g] ¢ |P(y)] = 1and Figures 2(d)—(f)
tangency det(D%(p)) > 0}

Stable hysteresis: Dy1lg,y] = {P(y) C Dilg] : |P(y)| = 1and g..(p) > 0} Figures 2(g)-(1)
Unstable Daolg.y] = {P(y) C D3[g] : |P(y)| = 1 and geul(p) < 0}  Figures 2()—(I)
hysteresis:

Aligned Di,ilg.y] = {P(y) C Dilg] : [P(y)| = 2 and Ug](p1) = p» Figures 3(a)—(c)
;ml.)ra—fold double and v[g](p;) - v[g](p2) > 0, for some pi,p, € P(y)}

imit:

Opposed Dsalg.y] = {P(y) C Di[g] : |P(y)| =2 and Figures 3(d)—(f)
umbra-fold double - y/[g](py) = p; and v[g](p1) - v[g](p2) < 0. for some

limit: pi,p2 € POY)}

Aligned Ds3(g,y] = {P(y) € Di[g] : |P(y)| =2 and Figures 3(g)-(i)
umbra-umbra Ulgl(p1) = U(p2) and vg](p1) - v[g)(p2) > 0, for some

double limit: P12 € P(y)}

Opposed D3ag.y] = {P(y) C D3g] : |P(y)| =2 and Figures 3()-(1)
umbra-umbra Ulgl(p1) = U(p2) and vg](p1) - v[g](p2) < 0, for some

double limit: 1,2 € P()}

Aligned Dsslg.y] = {P(y) C Dig] : |P(y)| =2and Figures 3(m)~(0)
non-interacting  (Ulg](p) Up) Mpzp (Ulg](pi) Upi)) = D and

double limit: vigl(p1) - v[g](p2) > 0, for some py.p> € P(y)}

Opposed Dsslg.y] = {P(y) C Dsg] : |P(y)| =2 and Figures 3(p)—(r)
non-interacting — y[g](p) N (U(P(y)) UP(y) \ Ulgl(p) =0, ¥p € P(y),

double limit: and v[g](p1) - v[g](p2) < 0. for some py,p; € P(y)}

Proposition 2 (Codimension one,m =n =1). Forn =1 and m = I the codimension
one bifurcations of critical sets C[g| for g € Vy are characterised in figure 1, such that one of
the sets Djy[g.y] in table 3 is non-empty for precisely one y. At such a bifurcation, precisely
one of the following occurs:

(i) Two folds merge at a fold tangency (e.g. figures 2(a)—(c) or (d)—(f)).
(ii) Two folds merge at a hysteresis bifurcation (e.g. figures 2(g)—(i) or (j)—(1)).
(iii) Two fold points share the same slow coordinate: there are six distinct ways this can occur
(e.g. figure 3)

Proof. To avoid persistence, at least one of the the degeneracies D;[g] listed in table 1 must
occur for some i € {1,2,3}: as these are independently defined we can assume that only one
will occur for an open dense set of unfoldings. Without loss of generality we can assume that
the open conditions in table 2 apply. [l

The subcases of D} [g] follow from examining the sign of det(D?g): the hyperbolic fold
tangency D [g,y] is the simple bifurcation of [17] while the elliptic fold tangency D;»[g, ]
is also called the isola. Similarly, the cubic hysteresis Dj[g] can be either stable or unsta-
ble, depending on the sign of the leading order term. These cases can be transformed into
the normal forms of table 4 (these are given in [17]). The cases D} [¢] unfold on varying a
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Fold set Flg] = {(z,y) € Clg] : g»(z,y) = 0}

P(y) = {pi} = {(z,y) € Flg] : 7 = v} det (D*(g(p1)) < 0 - ;
Fold tangency: g,(p1) =0 yperbolic
det (D*(g(p1)) > 0
Elliptic
|P(y)| =1
det gzzz(pl) < O
Hysteresis: g,.(p1) =0 Stable
det gyzz(p1) >0
Unstable
Opposed: v(py) - v(p2) <0
U(pr) = p2 Aligned: v(p1) - v(ps) >0
fu x
|P(y)| =2 U(p1) = Ul(p2) :
fu x fu
(U(p1) Up1) N (U(p2) Up2) =0 :
fx x fx

Figure 1. Conditions that lead to codimension one degeneracies of the critical set for
m =n =1 (see also table 3). Note that v( p) is the direction vector of a fold at a point
p and det(D?(g(p))) is the Hessian of g at p. Similarly, f means fold, fu means fold
umbra and fx means non-interacting fold. For ease of notation, we suppress explicit
dependence on g, such that e.g. v[g](p) = v(p). For a persistent codimension one
bifurcation exactly one branch must be followed for exactly one fast fibre (a single y),
leading to one of the red boxes. Overlapping red boxes symbolise that the degeneracy
can be of either aligned or opposed type. See text for details.

typical parameter X as shown in figures 2(a)—(f) respectively, while D} [g] unfold as shown in
figures 2(g)—(1).

The double limit point degeneracy D}[g] can be split into several subsets according to the
direction of the folds given by the signs of

v[gl(p) = gu(P)gy(p)

at the two limit points, and k, the number of regular sheets that separate them. The number
k determines whether the umbrae and folds intersect. If kK = 0, then the umbra of one fold
intersects the other fold, if k = 1 then the umbrae of the folds intersect, and if k > 2 then the
umbrae and folds do not intersect. The six distinct subcases of D} [g] are shown in figure 3.

We conclude this section with a few comments. First, it may appear as if the non-inter-
acting double limit point degeneracy is not a degeneracy. However, the critical sets in e.g.
figures 3(m) and (o) cannot be equivalent to that in figure 3(n) since the equivalence (12)
preserves the number of zeros in fast fibres: at bifurcation there is a y for which C[g] has five
zeros, while the perturbed diagrams have at most four zeros for any given y. However, non-
interacting double limit point degeneracy does not cause bifurcation of singular relaxation
oscillations, as is shown in section 5.2.
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Figure 2. Unfoldings of local codimension one bifurcations of the critical set for
m =n = 1. Solid black lines show Cy[g], dashed black lines show Crep[g] while red
arrows show the umbral map from fold points. Note that the fast variable x is plotted on
the vertical axis, and that the slow variable y is plotted on the horizontal axis.

It may seem from figure 2 that the hyperbolic fold tangency is of codimension higher than
one. This is not the case, however, as is shown algebraically in [17] using a considerable
technical machinery. In figure 4 we aim to provide some intuition that the bifurcation does not
require fine tuned perturbations, but rather arises generically as two branches of the critical set
approach under one-parameter perturbation.

It might seem puzzling why some combinations of x and y are left out from the normal forms
in table 4. In general, which terms can be included in a certain normal form is a non-trivial ques-
tion, treated in e.g. [17]. However, for the particular case of fold tangency the transformation
X(x,y) =x—ay, Y(y) =y/+/|1 —a?| turns the polynomial g(x,y) = x*> + y* + 2axy + A
into one of the normal forms in table 4 as long as g is non-degenerate. This transformation
clearly preserves equivalence class under (12).

In the above example as well as in general, the diffeomorphism ®(x,y) = (X(x,y), Y(y))
preserves the fast-slow structure of (1). This is seen by letting (%,3) = ®(x,y), such that
(x,y) = ® ' (%,9) := (X(%,5), Y(9)), and changing variables in (1)
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Figure 3. Unfoldings of subcases of double limit point degeneracy, the global
codimension one bifurcation of the critical set for m = n =1 (table 3). Bifurcation
occurs when the unfolding (bifurcation) parameter A equals the critical value \g. Solid
black lines show Cy[g], dashed black lines show Ciplg], and red arrows show the
umbral map from fold points. As in figure 2, note that the fast variable x is plotted on
the vertical axis, and that the slow variable y is plotted on the horizontal axis.

Table 4. Normal forms (for m =n=1) and hypothesised normal forms (for
m = 1,n = 2) of local codimension one bifurcations of the critical manifold. Different
signs of d1, 6, # 0 give different subcases of bifurcation.

m=n=1

Fold tangency: glxy) =2+ 01>+ A,

Hysteresis: g(x,y) =0x> + Ax +y,
m=1n=2

Fold tangency: g(x,y1,32) = %2 + 61y + 0y3 + A,
Cusp tangency: g(x%,y1,y2) = 012 + 6229} + Ax + yy,
Swallowtail: g, y1,y2) = x* + A + yix + ys,

XA\kxo XA\h:ko ' Aﬁwﬁwo XA%pxo

ad

.-~ é'\/ _,ir__ | <y ! it
IR A R (DI ARt 5] At )| AT
> > > >

Figure 4. Illustration how hyperbolic fold tangency can occur even though two opposed
folds do not approach along the same fast coordinate. As the bifurcation parameter A
increases, the folds of the critical set get closer. First, the folds undergo a double limit
point bifurcation after which the unstable uppermost branch intersects the lower stable
branch in a hyperbolic fold tangency that then breaks up into two new folds.
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Table 5. Singularities of the critical set for one fast and two slow variables.

Quadratic fold: Folgl ={p € Flg] : gulp) #0}
Cubic cusp: Filgl={pre Flg : gu«(p) =0, gu:(p) # 0}
Higher order cusp: Flgl={preFlg : g«(p) =0, gu:(p) =0}

Table 6. Possible degeneracies of the critical set for one fast and two slow variables,
m =1 and n = 2. As before, the co-fold set II(p) is the subset in F[g] sharing slow
coordinate with the point p.

Fold tangency Di[g] ={p <€ Flgl: Vyg(p) =0}
Cusp tangency Dylg] = {p € Flg]\ Folg] : Vye(p)-Vyg(p) =0}
High order cusp Difgl ={p e Flgl: gulp) =0}
Quadratic-fold projection tangency Dylg] = {p1 € Folg] : Vyg(p1)||Vyg(p2) for some
p2 € (IL(p1) \ p1) N Folg]}
Cusp projection intersection Dslgl = {p e Flg : |U(p)| >2and
I(p) N Filg] # 0}
Triple fold projection intersection Dslgl = {p € Flg] : |1I(p)| > 3}
e(Pi+ %) =g)
After rearranging the above equation, we get the system

e = (8(e) — ePn(w9)/5k) /%
)4
) 95 °

y =hxy

which is on the form (1). The above expression is well defined since ®(x, y) is assumed to be
a diffeomorphism.

3.2. Persistence of critical sets for one fast and two slow variables

In analogy with the m = n = 1 case we give a conjectured list of all degeneracies that can
cause nonpersistency of vector fields with one fast and two slow variables, up to codimension
one. First, we introduce some notation. For any g € Vji we write
9g 1
& = o’ Vyg = (g}’l’gyz) and vy 8= (_gyz’g)'l)'
By u||v we mean that vectors u and v are parallel. The non-zero vector u rescaled to unit length
is denoted # = u/|u|. D*(g) is the Hessian of g with respect to all components of p = (x, y1, y2):

2

og ..
[D*(g)] = ap.i.’ i.je{1,2,3}.
wj

The slow Hessian D} (g) is defined analogously, but with i,j € {2,3}.

2865



Nonlinearity 33 (2020) 2853 Karl HM Nyman et al

Table 7. Quantities used in the classification of degeneracies for one fast and two slow
variables, m = 1 and n = 2. The last column refers to appendices where all definitions
except v[g]( p) are motivated (we do not motivate the natural definition of v[g]( p)). See
figure 5 for illustrations of all quantities except W[g](p).

Quadratic fold  v[g](p) = gu(p)V,&(p)
direction vector

Scalar quadratic VEI(p) DXe(p)Vie(p)  (Vyau(p)Viig(p)) Appendix A

fold curvature K 181(P) = sign (eu(P) =557y = SV ()]

tic fold - - — Appendix A
Quadratic fold (S D) T (el Ve Y5 ppendix
curvature vector = 2V 8(p)] 8en (P [V 8(P)] v8(Pp)
Cubic cusp di- 8o (P) Appendix B

_ L
rection vector  M8IP) T Ve vam #(p)

Cusp quantity Wigl(p) = gmz(p)WDf(gx(p))W — V,8u(p) W Appendix C

Recall that the critical set is

Clgl={p=(xy) eRxR* : g(p) =0}
and the fold set is

Flgl={peClg] : g(p)=0}.

As folds are not typically isolated in this case, we also need to distinguish between quadratic
folds, cubic cusps and higher order cusps (table 5).

We believe that the list of degenerate sets D;[g] of F|g] given in table 6 is an exhaustive list
of degeneracies under a suitable equivalence. These degeneracies are natural extensions from
the degeneracies for m = n = 1; generic objects (quadratic fold lines and cubic cusps) can
intersect (D [g], D2[g], Ds|g]), their projections onto the slow variables can become tangent
D4 [g] or intersect Ds|g] and Dg[g]. More precisely, we define the set of degenerate points

Dlg] = D1[g] U Da[g] U Ds[g] U Dsfg] U Ds[g] U Ds|g]-

Note that the umbral mapis single valued for p € Fg] \ (Dz[g] U Ds[g]).If p € Dslg] U Dsg]
then it can be zero, one or two-valued (see figure D1). We now conjecture a persistence crite-
rion for m = 1, n = 2 that is analogous to the m = n = 1 case in proposition 1.

Conjecture 1 (Codimension zero, m =1,n =2). For one fast and two slow variables,

the critical set C[g] is persistent to perturbations for g € Vj if all folds are non-degenerate, i.e.
if D[g] = 0.

Unfortunately, the method of proof in [17, theorem II1.6.1] used for proposition 1 does
not easily generalize to this case of ‘multiple distinguished parameters’ (two slow variables
in our case). This is because degenerate cases appear with codimension infinity [36], at least
if we consider the restricted global equivalence where we require that ¢(y) is the identity in
(12). Hence proof of this result will require a less stringent (but still natural) form of global
equivalence.

3.3. Codimension one bifurcations of critical sets for one fast and two slow variables

A variety of degeneracies can persistently occur for one parameter families, i.e. at codimen-
sion one. Table 8 lists degeneracies that we believe contain all persistent codimension one
bifurcations for a suitable notion of global equivalence. We divide these into local or global
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Figure 5. Illustration of fold and cusp direction vectors and fold curvature in the slow
plane. (a) Quadratic fold direction vector v[g], (b) cubic cusp direction vector p[g], (c)
convex fold (viewed as a projection onto the slow subsystem) scalar quadratic fold
curvature K[g] and quadratic fold curvature vector x[g], (d) same as (c) but concave. See
table 7 for definitions of v[g], u[g], <[g] and K[g].

degeneracies. The local degeneracies (table 9) are denoted D} J [g,y]fori € {1,2,3}, the others
involve interaction of two or more points in the same fast fibre of y: these global degeneracies
are denoted D}[g, y] for i € {4,5,6} and are listed in detail in appendix D.

We note that our conjectured local codimension one degeneracies coincide with those in
the classification of [38], which is found for the local equivalence (13); it might be possible to
extend these results to a related global equivalence.

We first state necessary conditions for the degeneracies D;[g] in table 6 to be codimension
one. In this process we introduce some geometric notions, listed in table 7.

Starting with quadratic fold degeneracies, we note that for typical fold tangency we require
that the Hessian D?(g) has no zero eigenvalues. For typical fold projection tangency, we require
that the two folds sharing slow coordinate (y;,y,) do not have the same quadratic curvature.
This is guaranteed if the quadratic fold curvature vectors k[g]( p) (table 7 and figures 5(c) and
(d)) at fold points p; and p, € TI( py) are distinct:

r[gl(pr) # rlgl(p2)-

For typical triple quadratic folds we require that exactly three fold points occur for every
slow coordinate (y;,y,) and that all folds are quadratic.

Turning to cusps, there is degeneracy if the cubic cusp direction vector p[g](p) at a cubic
cusp point p (table 7 and figure 5(b)) is either zero or undefined. The case p[g](p) = O corre-
sponds to g (p) = 0, resulting in a swallowtail bifurcation. The case that [g]( p)is undefined
oceurs if Vi-g(p) - Vygx(p) = 0; this results in a cusp tangency. However, for rypical cusp
tangency we require that the quadratic quantity W|g|(p) (table 7) is non-zero. Furthermore,
the sign of W[g]( p) separates subcases of typical cusp tangency.

Finally, for typical cusp-fold projection intersection, we require that exactly one cubic cusp
and one quadratic fold share slow coordinate (y;,y;).

The quantities v[g]( p), u[g](p), W[g](p) and k[g]( p) are discussed more in appendices A—
C. Hypothesised normal forms for the local codimension one bifurcations are listed in table 4.

We now go trough the persistent subcases of codimension one degeneracies listed in table 8.

3.3.1. Fold tangency. Fold tangency occurs when a pair or continuum of folds intersect. Typi-
cal fold tangency D} [g] is classified by | ¢ |, the number of positive eigenvalues in 3, the spec-
trum of sign (g.(p))D*(g)(p). The cases of wormhole (|| = 1), tube (|24 | = 2) and isola
(|X4| = 3) are shown in figures 6(a)—(i). Note that g(p) det(D?(g)(p) # 0 implies that all
non-positive eigenvalues are negative and that at least one eigenvalue is positive.
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Table 8. Subsets of D|g], for one fast and two slow variables, whose union we conjecture contains all
codimension one bifurcation sets. Note that D} [g] are local for i = 1,2, 3 and global for i = 4,5,6. II( p)
is the set of all singular points sharing slow coordinate with p. The scalars a,, a;, as are coefficients in
equation (15) and x[g](p), v[g](p) and u[g]( p) are curvature and direction vectors at a point p. See text

for details.

Typical fold tangency

Typical cusp ta
Swallowtail

Typical double
projection tang

ngency

quadratic-fold
ency

Typical cubic-cusp—quadratic-fold
projection intersection

Typical triple quadratic-fold projection

intersection

Dilg] = {p € Di[g] : [TI(p)| = land det(D*¢(p)) # 0}

[ (p)
D,lg] = {p € Dalg] : |TI(p)| = 1and W[g](p) # 0}
Dylg] = {p € D3[g] : TI(p)| = 1 and guere # O}
Dylg] = {p € Dalg] : |T(p)| = [TI(p) N Folg]| = 2 and
klgl(p) # klgl(q), Vg € II(p) \ p}
Djlg] = {p C Ds[g] : [TI(p)| = 2 and [TI( p) N Folg]| = 1
and [TI(p) N Fig]| = 1 and v[g](p1) - plg](p2) # O for
some p; € II(p) N Folg]and py € TI(g) N Filg]}
Dglg] = {p € Dslg] : M(p)| = 3 and [TI( p) N Folg]| = 3
and a; - az - a3 # 0}.

XpA<hg

' A<n A = A A>ho
) >0 >0 b7
b WA b W) >N
) Y2 N Y2
m) Y1 n) ?1 0) :YI

Figure 6. Unfolding of examples of codimension one bifurcation of the critical set
for m =1, n =2 (see tables 9 for (a) to (r), D1-D3 in the appendix for (s) to (dd)).
Bifurcation occurs when the bifurcation parameter A equals the critical value A = Ag.
Solid/dashed black lines show the stable/unstable sheets of the critical set while red
lines show the image of the fold under the umbral map. Blue lines indicate special

points of intersec

tion.

3.3.2. Cusp tangency. At a cusp tangency, two cusps meet locally along a line. The sub-
sets beaks and lips are distinguished by whether cusps are directed away from or towards
each other before bifurcation (see figures 6 and D1). These degeneracies are named after the
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Aligned fold projection tangency Opposed covering fold projection tangency
a) b) ) d) e)
A< Ao A=X A> N A< Ao A=X A> A
Umbra-dominant Fold-dominant Opposed non-covering fold projection tangency
a.i) a.ii) g) h) )
A< N A< o A< X A=Xo A> N

Figure 7. Unfolding of a fold projection tangency, viewed in projection onto the slow
plane. Three principal cases are shown in (a)—(c), (d)—(f) and (g)—(i). Darker colours
mean that more sheets of the critical manifold overlap. Red arrows show quadratic fold
direction vectors at tangency points. The aligned fold-fold umbra subcase has umbra-
dominant and fold-dominant subcases (a.i) and (a.ii) respectively. Dotted lines show
parts of the destination fold covered by the umbral fold, seen from the stable side of the
umbral sheet.

appearance of their projections onto the slow variables (figure 10), and the type is determined
by the cusp quantity W[g](p). The case W[g] > 0 gives ‘lips” and W[g] < O gives ‘beaks’. We
further subdivide these cases depending on their stability, determined by the sign of g,.,.

3.3.3. Swallowtail. The swallowtail (figures 6(p)—(r)) is well known from catastrophe theory
and occurs when a fold ‘folds over itself’ to create a degenerate fold that splits up into a pair
of cusps.

3.3.4. Fold projection tangency. At a fold tangency, the projection of two curves of folds
onto the slow variables are tangent. We divide fold projection tangency D} [g] into subcases
depending on whether the folds at points p; and p, approach each other from the same direc-
tion (aligned) or opposite directions (opposed), captured by the sign of the inner product of the
quadratic fold direction vectors v[g](p1) - v[g](p2). We further subdivide the opposed cases
depending on the sign of the sum

Kgl(p1) + K[g](p2),

where K[g](p) is the scalar quadratic fold curvature at a fold point p (see table 7 and fig-
ures 5(c) and (d)). K[g](p) > 0 corresponds to a quadratically convex fold with respect to the
fold direction and K|[g](p) < 0 corresponds to a quadratically concave fold. Hence

Klgl(p1) + K[gl(p2) <O

means that the concave curvature dominates, and the degeneracy is called a covering fold
projection tangency since the folds locally cover the slow plane (see figure 7). Similarly, if

Klgl(p1) + K[g](p2) >0,

then the degeneracy is called a non-covering fold projection tangency. Accounting for whether
the fold umbrae interact with each other, or one fold umbra interacts with a fold, or neither,
we get six subcases of opposed fold projection tangency (table D1). If the two fold projec-
tions are aligned the total curvature does not matter as long as K[g](p1) # K[g](pz2), with one
exception. This exceptional case occurs if a fold umbra hits a fold, in which case it matters if
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Figure 8. Sheets of the critical manifold near (a) non-covering and (b) covering triple
limit points bifurcations, projected onto the slow variables. Solid black lines show folds.
Red arrows indicate direction vectors of folds v;,i € {1,2,3}, and grey areas indicate
overlapping folds. The convex cones spanned by the direction vectors are shown as
striped regions.

the curvature of the umbral fold dominates the destination fold or not (figures 7(a.i) and (a.ii)).
More details are listed in appendix D.

3.3.5. Cusp-fold projection intersection. At a cusp-fold projection intersection, the projec-
tions of a cusp and a fold line coincide in their projection onto the slow variables. We classify
the intersection Ds[g] of a cusp and a fold projection into ten cases (table D2), depending on
the stability of the cusp (determined by g,.,), the direction from which the cusp approaches
the fold (determined by the sign of v[g](p2) - u[g](p2)), and k, the number of regular sheets
of equilibria separating the fold and cusp. If k = 0, then one umbra intersect directly with a
fold or cusp point (e.g. figure 6). If kK = 1, then two umbrae intersect, and if k > 2 then none
of the umbrae or folds intersect. The middle columns of figures D4 and D5 show typical cases
of these degeneracies. Note that no degeneracies involving the umbrae of a stable cusp exist,
since stable cusps have no umbrae.

3.3.6. Triple fold projection intersection. The projections of three fold lines Dg|g] onto the
slow variables can intersect transversally in two ways: as a covering triple limit or as a non-
covering triple limit (see figure 8(b)). For brevity we write v; := v[g](p;). In the covering
case, all folds are opposed in the sense that their direction vectors span a convex cone covering
all of R2. Therefore, the zero vector can be written as a linear combination of the direction
vectors using only non-negative coefficients a; > 0, not all zero:

viay + vhap + vzaz = 0. (15)

In the non-covering case the convex cone of the direction vectors does not cover R2, mean-
ing that at least one coefficient has to be negative in order for the vector sum to be zero (see
figure 8(a)). Therefore, the two subcases are defined by the signs of the coefficients in (15)

(16)

Non-covering triple limit  if =+ sign (a;,az,a3) = (+,+, —)
Covering triple limit  if =+ sign (ay,a2,a3) = (+,+,4)’

for some choice of prefactor sign. Note that a higher codimension degeneracy will occur if
a; = 0 for at least one i. Interactions of umbrae of the folds with other folds or umbrae give
additional subclasses of triple limit points: these cases are detailed in appendix D in table D3.
Note that it is not possible for all three fold umbrae to intersect.
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We summarise the discussion in this section with the following classification of
codimension one bifurcations for the case of one fast and two slow variables, analogous to
proposition 2.

Conjecture 2 (Codimenson one, m = 1,n = 2). Form = 1 and n = 2 the codimension
one bifurcations of critical sets C[g] for g € V are characterised in figure 9, such that precisely
one of the sets Djx[g, ] in table 3 is non-empty, for precisely one y € R?. At such a bifurca-
tion, precisely one of the following occurs:

(i) A loop or pair of hyperbolae appears in the fold projections at a fold tangency D, . (e.g.

figures 6(a)—(i))

(i1) Two cusps annihilate at a cusp tangency D, . (e.g. figures 6(j)—(0))

(iil) A quadratic fold line folds over to form two cusps in a swallowtail D3 . (e.g. figures 6(p)—
(r)

(iv) The projections of two quadratic fold curves onto the slow variables become tangent D, .
(e.g. figures 6(s)—(u))

(v) The projections of a quadratic fold curve and a cubic cusp intersect Ds;. (e.g. fig-
ures 6(v,w,aa))

(vi) The projections of three fold lines intersect Dg . (e.g. figures 6(bb,cc,dd))

Figure 10 shows the projections of fold lines and cusps that correspond to the possible codi-
mension one degeneracies of the critical set. Appendix D gives a detailed listing of inequiva-
lent subcases of codimension one bifurcations associated with projection intersection: we do
not attempt to suggest global normal forms for these cases.

4. Global singular equivalence, persistence and bifurcation

4.1. Global singular equivalence of systems

To define a useful notion of global equivalence of system (1) in the singular limit, we fix com-
pact regions M and N as above and suppose that {g, 1} and {g, h} are both in V; x V, where
these are defined as in the previous section.
We say {g,h} is globally singularly equivalent to {g, h} (on M x N) if one can write
{Jé(x,y) = S(x.y)g(X(x.y), ¥(y)) forall (x,y) € M x N

h(x,y) = T(6,9)h(X(x,y), () forall (x,) € C[2] (a7

where:

e The map ®(x,y) = (X(x,y), Y(y)) is a diffeomorphism on M x N.
e The function S(x,y) > 0 is smooth and positive on M x N.
e The function T'(x,y) > 0 is smooth and positive on M x N.

Note that because we are only interested in equivalence of the singular systems, we allow
independent re-parametrization of the fast and slow timescales. Note that T'(x,y) is globally
defined but only evaluated on C[g]. Clearly, if {g, h} is globally singularly equivalent to {g, 1}
then g is globally equivalent to g in the sense of (12). One can check that this is an equivalence
relation—it is transitive and reflexive, and one can check it is symmetric by noting that if (17)
holds then
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Fold set Flg] = {(z,y) € Clg] : gu(x,y) = 0}
Ply) ={p} = {(z,y) € Flgl : y = v}
g:tar(pl) = ga:zz(pl) =0A g:rzzx(pl) #0

ISWallowtail |
Cusp tangency
Vy9() - Vyge(p)  W(p1) >0
v v | Beak
pwi=1] 20 B ]
W(p1) <0 -
|
Fold tangency
% =1
2:(2)
) =0 D) =2
Vy,9(p1) |2 (p1) Tube
|2 (py)| =3
-
K(p1) + K(p2) > 0: Non-covering
K(p1) + K(p2) < 0: Covering
Jp1,p2 88.:U(p1) = p2
Opposed
v(py) - v(p2) <0 U(p1) = Ul(p2)
U(p1) Upi) N (U(ps) Ups) =0
Fold projection tangency Ue) Up1) O Ulp) Upe)
p1,p2 € Fo,v(p1) || v(p2)
= K K
U(p1) = p2 A (p1) > K(p2) Ifudxf |
Aligned Up)=p A K(pi) < K(p) axid
v(py) - v(p2) >0
Ulp) =U(p2) A K(p) # K(p) Ifuxfu |
Ply)] =2 (U(Pl)Upl)ﬁ(U(PﬂL;{Pz) :(DK
= A
(p1) # K(p2) fxxfx
v(py) - v(p2) < 0: Opposed
v(p1) - v(p2) > 0: Aligned
U(pQ) N (U(pl) Upl) =0A gzr'c(pZ) > 0
Ulpy) Nps = A Guaa(p2) <O
Cusp-fold projection intersection
p1 € Fo,p2 € Fi Up) =UP2) A Gusa(p2) >0
U(pz) =p A Gure(p2) >0
U(pl) = P2 A gzrz(pZ) <0
aj - az - a3 < 0: Non-covering
ay - ay - az > 0: Covering
3 2 S.t.: = = Pa
p1,p2,p3 st U(p) =p2 - A Upe) =p3 T
Triple fold jecti U = AN Up) =U
riple 1old projection (p1) = p2 (p2) (p3) fuxcf fuxfu

intersection
|[P(y)| =3 p1,p2,p3 € Fo

U2y Ny U(pi) N (U(pj) Ups) = Upr) Ups

fuxf fxxfx

Uy Nz Upi) N

(U(pj) Up;) = U(p1) UU(p2)

fuxfu fxxfx

UE_, Ny U(pi) N (U(py) Upj)

0

fxxfx fxxfx

Figure 9. Classification of codimension one degeneracies of the critical set for m = 1
and n =2. v and p are direction vectors of folds and cusps, and K, a;, W and X
are described in section 3.3 and the appendix. Additionally, f means fold, sc/uc means
stable/unstable cusp, fu/cu means fold/cusp umbra and fx/cx means non-interacting

fold/cusp. Similarly, fd means fold

dominant and fud means fold umbra dominant.

We suppress dependence on g e.g. v[g](p) = v(p). Each red box corresponds to one
persistent codimension one bifurcation, if degeneracy occurs for one y only. Overlapping
red boxes means there are two subcases separated by a condition. See text for details.
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Cusp-fold projection intersection Wormbhole/isola fold Triple fold projection intersection

Ds1[g]to D%M( tangency O Dy, 1[9
D12 q > >
D —> e ; ; ; E i f

D2 3lgl Ds,1[g]to De,10lg]

///// /%x:/ i
Lips cusp tangency

Fold projection tangency
Di,11g]to Dy 10g]

Beaks cusp

tangency
_>
_>>-< > <D2 1l9] D2,2lg Swallowtail
Tube fold +X
s B N
N

DLS[g} D3 1 g]

Figure 10. Types of codimension one bifurcations of the critical set for one fast and two
slow variables, shown in terms of changes to the fold set projected onto slow variables.
The cases are enumerated more precisely in figure 9.

{%w)~()( ). 7)) forall (x,y) € M x N s

¥)8(X(x
h(x,y) = T(6,)h(X(x.y), Y(y))  forall (x,y) € C[g]

because (x,y) € C[g] if and only if ®(x,y) € C[g], and one can verify that:

o
e The map ®(x,y) = (X(x,y), Y(y))is a diffeomorphism that is the inverse of ® on M x N.
e The function S(x,y) = 1/8(®(x, y)) is smooth and positive on M x N.
e The function T (x,y) = 1/T(®(x,y)) is smooth and positive on M x N.

Note that singular trajectories are mapped onto each other by global singular equivalence as
expressed in the following result.

Lemma 1. Suppose that {g, h} is globally singularly equivalent to {g,h} on M x N. Then
the singular trajectories of these systems are equivalent via a diffeomorphism.

Proof. To see this, suppose that ®,S,T are found that satisfy (17) and sup-
pose that g : [a,b] = M x N is a singular trajectory for {g,h} as in definition 1 for
a=s5 < <sp=>b If Jy = (5,51) is any fast trajectory segment then ®(J;) is a fast
trajectory segment for {g, h} with the same orientation (and time scaled by S). If Jjis a slow
segment then it lies within C[g] and so ®(J;) is a slow trajectory segment for {g, 4} that lies
within C[g] with the same orientation (and time scaled by 7). O

4.2. Persistence under global singular equivalence

If system (1) is its own universal unfolding under global singular equivalence then we say the
system is persistent. Clearly, in such a case the fast vector fields indexed by the slow variables
must be persistent, but also we cannot have degeneracies of the slow system on the critical
set. We expect (1) to be persistent under global singular equivalence if the fast subsystem is
persistent and, in addition, the slow system has persistent behaviour on the critical set.
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For the case m = n =1 we can make this statement more precise. We define the slow
nullcline

N ={(x.y) : h(x.y) = 0}.
For any regular point py = (xo,Y0) € Creg[g] there will be a curve (X,,(y),y) € C[g] with
X, (x0) = yo such that g(X,,(v),y) = 0. Implicitly differentiating this gives
pr()( ) = 7gy(Xpo(y)’Y)
dy 8:(Xp (), )

for y close to yo. Then we can locally reduce (2) to an equation on the critical set of the form

V= Hpy(y) 1= h(Xp, (), ).

If po = (x0,y0) € N[h] N Creglg] then Hy, (yo) = 0 is an equilibrium and its linear stability is
determined via

dH g
! Po Y
H) = o = —hxg—x + hy

evaluated at p. This highlights that the slow dynamics are essentially one-dimensional when
restricted to Creg[g]. Before stating a result on persistence of fast-slow systems, we give some
definitions. We define the restriction of the slow nullcline onto the critical manifold as

N:lg.h] = NTh] N Clg],

and define the slow degenerate set £[g,h] as the union of two subsets, defined shortly:
Elg, h] = &g, h U &g, h). The slow locally degenerate set is

Eilg.h] ={p=(xy) € N[g,h] : g(p)hy(p) — h(p)g(p) = 0},

which occurs when the fast and the slow nullclines intersect tangentially. Note that this con-
dition is equivalent to the determinant of the Jacobian of the full system being zero, and for
Po € Creglg] this implies that H), (y) = 0.
Recalling that 7(p) is the projection onto the slow variables, we define the set of slow

co-equilibria

Elg.hl(p) = {7~ (n(p)) N N;[g. A},
which we use to define the multiple slow equilibrium set

&lg.hl = {p € Nilg.h] : |E[g. hl(p)| = 2}.

We define the (mixed) fold-equilibrium multiple projection set as

Mlg.h] ={p € Ni[g.h] : =(p) N7 (Flg]) # 0},

that is, the set of equilibria that share slow coordinate with at least one fold of the critical
manifold. This finally allows us to define the fast-slow degenerate set as

Glg. h] = D[g] U E[g, h] U Mg, h].

Theorem 1 below establishes that this set contains all degeneracies under global singular
equivalence.

Theorem 1. Inthe casem =n =1, if g € Vy and h € Vi then (1) is persistent under global
singular equivalence for {g, h} if and only if the all of the following hold (i.e. G[g, h] = ():

(i) The critical set C|g] has no degenerate folds (i.e. D[g] = 0)).
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(ii) There is at most one equilibrium per slow coordinate y (i.e. &g, h] = )
(iii) There is no intersection of the slow nullcline and folds or co-folds, i.e. (M|g,h] = ().
(iv) There are no degenerate slow equilibria on the critical manifold (£;(g,h] = 0)

Proof. We begin with the ‘if* part. If the critical set has degenerate folds D[g] # 0 then g
is non-persistent under global equivalence. Hence, we need that D[g] = (). Assume by con-
tradiction that & (g, h] # (). Then at least two equilibria share slow coordinate y;. Under a
generic perturbation of {g, 2} these will have different slow coordinates, and since the base
is preserved under global singular equivalence, {g, h} cannot be deformed to make the equi-
libria share y coordinate. Hence, for persistence we need &;[g, h] = (). A similar argument
implies that Mg, h] = 0 is required for persistence. Given that M|g,h] = 0, & [g,h] # O
implies that there is a py € Creg[g] and a y such that Hy,(y) = H,, (y) = 0. But this is a non-
hyperbolic equilibrium, and thus is not persistent to perturbation. Hence, for persistence we
need & (g, h] = 0.

For the ‘only if” part, we need to argue that there is no other way for (1) to be non-persistent
than if G[g, h] # 0. Assume that G[g, h] = (). Then there is a neighbourhood of every singular-
ity of g and equilibrium of {g, 4} that has only one fold or equilibrium in the fast fibre. These
are either quadratic folds of g or hyperbolic equilibria of {g, h}, both which are persistent
under perturbation. Hence, {g, #} must be persistent. |

Note that the global singular equivalence (17) does not depend on the nullcline A (x, y)
away from the critical manifold. Bifurcation occurs if one of the assumptions in theorem 1
is broken. Note that the assumptions that g € V; implies the critical set does not intersect
OM x N, and that i € Vg implies that the nullcline does not intersect M x ON; more generally
there will be additional persistence conditions that require persistent intersection with these
boundaries.

4.3. Generic bifurcations in singular fast-slow systems

We can understand generic codimension one bifurcations of fast-slow systems (1) by exam-
ining the ways that the persistence conditions of proposition 1 are violated. For m = 1 and
n = 1,2 this means that the codimension one bifurcations of the critical manifold are possible
bifurcations under global singular equivalence. In addition, there are many ways that a change
in the slow subsystem can lead to a bifurcation.

Form = n = 1 we define, as for the critical manifold, subsets of & [g, ], £ [g, h]and M g, A]
containing all codimension one degeneracies of G[g, k], which are not only due to degeneracy
of the fast subsystem, in table 10. We further define subsets of these, which give codimen-
sion one bifurcation if all except for one of the subsets are empty, and if the nonempty subset
is nonempty for only one slow coordinate y (table 3). Equipped with the subsets in table 11,
proposition 3 lists the codimension one degeneracies of (1) form =n = 1.

Proposition 3. In the case m =n = I, codimension one bifurcation of the fast-slow system
(1) for {g, h} occurs due to exactly one of the following reasons, for exactly one slow coordi-
nate y € N.

(i) Two folds of C[g] merge at a quadratic fold tangency of the critical manifold at some
(x,y), and G[g,h] \ D}[g,y] = 0.
(ii) There is a cubic hysteresis of C[g] at some (x,y), and G[g,h] \ Dilg,y] = 0.
(iii) There is a double limit point degeneracy of C|g| for some'y and G[g,h] \ Di[g] = ()
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Table 9. Subsets of local degeneracies, for one fast and two slow variables parametrized
by the slow coordinate, conjectured to include all codimension one bifurcations. Note
that P(y) is the set of all singular points of the vector field g with slow coordinate y. The
number of positive eigenvalues of the Hessian sign (g.)D*[g] at p is written as |Z |.
Note that no eigenvalues are zero, since det(D*g(p)) # 0 by assumption. Figure D1 is
in appendix D. See text for details.

Wormbhole fold Di1lg.y] = {P(y) C fDll [g]: |X4] =1} Figures 6(a)—(c)

tangency

Tube fold tangency Dislg,y] = {P(y) C D} ¢ : |24 =2} Figures 6(d)—(f)

Isola fold tangency Dislg.y] = {P(y) C Dilg] : |Z+| =3} Figures 6(g)—(i)

Stable lips cusp Dy1lg,y] = {P(y) C Dilg] : W[g](p) > 0 and gy < O} Figures 6(m)—(0)
tangency

Unstable hpS cusp D2,2 [g’ y} = {P(y) C Dé [g} : W[g](p) > 0 and Goor > 0} Figures Dl(])—(l)
tangency

Stable beaks cusp Dy3(g,y] = {P(y) C Dilg] : W[g](p) < 0 and g,,, < 0}  Figures 6(G)—~(D)
tangency

Unstable beaks cusp Daalg.y] = {P(y) C Di [¢] : W[g](p) < 0 and g, >0} Figures D1(d)—(f)
tangency

Swallowtail: Ds1lg.y] = {P(y) C Dilg]} Figures 6(p)—(r)

Table 10. Subsets of &, [g, 4], £2[g, h] and M g, h] for m = n = 1 whose union contains
all codimension one bifurcations, not only due to bifurcation in the fast subsystem. Note
that det(D{g, h}) = g.hy — gyh, is the Jacobian of the full system (1) and that the first
subset is a local degeneracy.

Saddle-node: Ellgh) = {p € Exlg.h]: [Elg.hl(p)] = 1 and
det(D{g.h}(p)) # 0}

Double slow equilibrium: 521 le.h] = {p<c&lg.h:I|=gh(p)|=2}

Fold-equilibrium double projection set: Ml[g, h = {pe Migh:|=gh(p) =1}

(iv) There is a nondegenerate slow saddle-node equilibrium on the regular part of the critical
manifold, and G[g, h| \ E1.1(g, h,y] =0

(v) There are exactly two hyperbolic equilibria that share the same slow coordinate y
(i.e. there are exactly two points py,pa € &g, h] for which w(py) = w(p2) =y, and
g[g’ h] \ 52,1 [g’ h’y} =0.

(vi) The slow nullcline intersects the critical set transversally at exactly one point (x,y) that
shares slow coordinate with a quadratic fold, and G[g, h) \ M'[g,h] = 0

Proof. Note that all degeneracies are contained in the set G[x,y] = D;[g] U D,[g] U
Ds[g] U &ilg, h] U &g, h] U Mg, h]. Because of this, and because the defining conditions are
independent, codimension one degeneracy will occur at a point that is in exactly one of those
sets. Furthermore, bifurcation must occur for exactly one y since otherwise more than one
equality constraint is imposed, raising the codimension.

Case (i) describes the only subset D}[g] of D;[g] containing codimension one degenera-
cies exclusively in D [g], and therefore it produces codimension one degeneracy of {g, h}.
The same is true for cases (ii) and (iii). Case (iv) is codimension one since we impose just
one equality condition and exclude higher codimension degeneracy with the non-degeneracy
condition in table 11. Case (v) is codimension one since hyperbolic equilibria are persistent,
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Table 11. Degeneracies that lead to codimension one bifurcation of the singular fast-slow system (1) up to global singular equivalence. The sets F[g] and U[g] are
the fold and the umbral sets and 7( p) is the projection map. R(y) is the set of all equilibria sharing slow coordinate y. In saddle-node non-degeneracy condition,

r and g are eigenvectors of the Jacobian of the full system and its adjoint respectively, and B = ijk qjqk%;&(g, h), where (&;,&) = (x,y) [31, p 175]. The

last column associates the degeneracy to a possible bifurcation of relaxation oscillations. Degeneracies which do not lead to bifurcation of singular relaxation
oscillations have no associated figures.

Non-degenerate saddle-node Eiilg. hy] = {ROY) = 7' (y) " N, [g, h] C 511 [¢.y] : |R(y)| = land Figures 11(a)—(c), saddle-node on in-
b= %(,« -B(q,q)) # 0} variant circle (SNIC) [12]

Double slow equilibrium: &Ei1lg.hy] = {R(y) C 521 [g]: IR(Y)| =1}

Sink-fold intersection: Mg, by = {R(y) C Ml[g, h : |R(y) N Flg]| = 1and H;Im (y) <0 Figures 11(d)—(f), singular Hopf
for po € R(y)}

Source-fold intersection: Mialg. by = {R(y) C M! [g.h] : |[R(Y) N Flg]| = land H[/,0 (y)>0
for po € R(y)}

Sink-fold umbra intersection: Mi3lg.y] = {R(y) c M'[g,h] : |[R(Y) NU[g]| = 1and H, () <0
for po € R(y)}

Source-fold umbra intersection: Mialg.hy] = {R(y) c M'[g,h] : |R(y) NU[g]| = 1 and H”]0 (y) >0 Figures 11(g)—(i), singular homoclinic
for po € R(y)}

Non-interacting source-fold umbra: Mislg. hy] = {R(y) c M'[g,h] : R(y)N (U[g]U Flg]) = 0}

€682 (0202) €€ AesuluoN
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and more than two hyperbolic equilibria sharing slow coordinate would impose more than one
equality constraint. Case (vi) is codimension one for the same reason. O

Note that codimension two bifurcations may combine degeneracies in more than one of
these sets.

5. Generic bifurcations of relaxation oscillations in singular fast-slow systems

Not all bifurcations of the singular fast-slow system listed in proposition 3 will lead to bifurca-
tion of singular relaxation oscillations, as the degeneracy in the fast-slow system must interact
with a limit cycle. We focus on bifurcation of singular relaxation oscillations and simple relax-
ation oscillations, a generic subclass due to [18]. Several cases of these bifurcations have been
considered in the literature, see for example [35].

5.1 Singular relaxation oscillations

Consider a fast-slow system with m = 1 fast variables (1) in the singular limit € = 0. A relax-
ation oscillation is a singular periodic trajectory 7 : [a,b] — M x N (i.e.suchthaty(b) = v(a))
where the slow segments are in Cy. If the oscillation consists of alternating stable slow seg-
ments on Cy[g] up to non-degenerate folds, fast segments from these folds to their umbra,
and satisfies certain other non-degeneracy conditions then we say it is a simple relaxation
oscillation. These are called strongly common slow-fast cycles in [35] where it is shown that
these singular trajectories will be shadowed by a stable periodic orbit for small enough e.
Guckenheimer stated a similar persistence theorem in [18]; in section 5.2 we state and prove
a version of it.

We say a continuous curve s : [0, 1] = M X N is a slow segment of a singular trajectory if
there is a continuous and monotonic increasing function 6y : I, — [0, 1]on an interval [, C R
such that (i) the interior of /; is mapped surjectively to (0, 1) and (ii) s¢(6k(?)) is a trajectory of
(2). We say a slow segment sy has slow time duration Ty > 0 if we can choose 0i(t) = t/T}. for
slow time ¢ € I, = [0, Ty]. If not, we say T} = oc.

Note that the surjectivity requirement on 6;(¢) excludes the possibility 7} = 0. Note also
that the interpretation of ¢ as a slow time is only useful for defining the slow time duration;
henceforth ¢ should be thought of as a general parameter, and we drop the explicit dependence
of § on ¢ and k.

Up to equivalence of the fast segments joining the slow segment end-points, we define a
relaxation oscillation in terms of its slow segments as

A={sc(0) : 0€[0,1]} (19)

a sequence of continuously parametrized slow segments s : [0,1] = M x N.We will assume
that either A is a loop entirely within Cyy[g] or

o 5;(0) C Canlg] forall 0 € (0,1)
e There are trajectories ¢(7) of the fast system such that «a(¢(0)) =s¢(1) and
w(#(0)) = sg+1(0) for k modulo d.

for each k, where w( p) and «( p) are the omega and alpha limits of a point p respectively. This
equivalence class of relaxation oscillations has more than one member if there is more than
one fast segment joining two consecutive slow segments.
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We define the slow period P(A) of a relaxation oscillation A to be the total slow time dura-
tion of its slow segments. This is

P(A) =) Ti (20)

which may be infinite, where orbits in the equivalence class of A clearly all have the same
slow period. We allow the possibility that A is a loop on Cy[g] without jumps, in which case
d = 1and so(1) = s0(0), or that the jumps are trivial and on Cyy[g]. Infinite slow period relax-
ation oscillation (P(.A) = o) of a variety of types are covered by this definition. We define a
simple relaxation oscillation (see Guckenheimer [19, 22]) as follows:

Definition 2 (Simple relaxation oscillation (m = 1,7 > 1)). A relaxation oscillation
Ain (19) is simple if all of the following hold:

(i) The slow period P (.A) is finite.
(ii) The slow segments are on Cy[g], except possibly the last point.
(iii) Either s¢(1) € F[g] \ D|g], ord = 1 and s0(1) = s0(0).
(iv) The slow segments are not tangent to either fold set or umbral set.
(v) The singular return map local to si(1) is well-defined with a hyperbolic equilibrium at

se(1).

Note that the assumption P(A) < oo implies that the slow segments do not limit to any
equilibria of the slow flow. For one fast and one slow variable, our definition of a simple
relaxation oscillation can be expressed in a simpler way:

Definition 3 (Simple relaxation oscillation (m =n =1)). A relaxation oscillation
(19) with one fast and one slow variable (m = n = 1) is simple if

(i) The slow period P (.A) is finite.
(i) We have s;(0) € Cyyg] for all 8 € [0, 1).
(iii) Either s¢(1) € F[g] \ D[g]ord =1 and so(1) = s50(0).

5.2. Persistence and bifurcation

We say that a simple relaxation oscillation undergoes bifurcation if the relaxation oscillation
ceases to be simple under perturbation of the singular fast-slow system. If not, we say that the
relaxation oscillation is persistent. Note that as we only consider fast-slow systems on absorb-
ing regions in R?, singular relaxation oscillations can bifurcate to either equilibrium points or
other singular relaxation oscillations. The following proposition links bifurcation of simple
relaxation oscillations to degeneracy in the fast-slow system (see [18-20]):

Proposition 4. A simple relaxation oscillation A is persistent for n =m = 1 if the fast-
slow system is persistent under global singular equivalence.

Proof. Assume {g,h} is persistent. Because the slow period is finite, no slow equilibrium
can intersect a slow segment s;(¢) in a degenerate way; intersection for 6 € {0, 1} implies
that M|g, h] # () and intersection for 6 € (0, 1) implies & [g, h] # 0, since the flow must have
the same direction on both sides of the equilibrium, which is not possible if the equilibrium is
hyperbolic. Hence condition (i) is persistent. Condition (ii) is persistent since s¢(0) & Cau[g]
implies that both s;_;(1) and s,(0) are in F[g], which in turn would imply that Ds[g] # (.
Condition (iii) is persistent since the fold set is non-degenerate everywhere, and since trivi-
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Table 12. Bifurcations of singular relaxation oscillations for m =n =1 due to
codimension one bifurcation of the fast-slow system. Definitions of the calligraphic
sets are found in tables 3 and 11. It is understood that A()) is perturbed due to
perturbed g(A) = g(x,y,A) and h(A) = h(x,y, A). The final column indicates whether
the bifurcation is due to bifurcation of the critical set.

Conditions for a simple singular relaxation oscilla- Bifurcation
Type: example tion A() to bifurcate at A = Ag of C[g]?
Saddle node on invariant There exists a unique y € N such that No
circle [12]: figures 11(a)—(c) Ajim(Mo) # 0 and &11[g(No), h(Xo),y] # 0 and

Glg(X0) h(A0)] \ E1.1(8(Mo). (Xo). ] = 0,
Singular Hopf: There exists a unique y € N such that No
figures 11(d)—(f) Ajim(Mo) # 0 and M 1[g(Mo), h(No),y] # 0 and

Glg(X0). h(Ao0)] \ M111g(Mo). (o), y] = 0.
Singular homoclinic: There exists a unique y € N such that No
figures 11(g)—(i) Aiim(Ao) # 0 and M 4[g(Ao), h(Ao),y] # 0 and

Gl8(X0). h(Ao)] \ Mialg(Mo). 1(Ao),y] = 0.
Hyperbolic fold tangency: There exists a unique y € N such that Yes
figures 12(a)—(c) Ajim(No) # 0 and Dy 1 [g( o), y] # 0 and

Gl8(X0). h(X0)] \ Prag(Ao).y] = 0.
Hysteresis: figures 12(d)—(f) There exists a unique y € N such that Yes

Aiim(Ao) # 0 and Dy1[g(Mo), y] # 0 and

Gl8(X0). h(X0)] \ Dai[g(Ao).y] = 0.
Aligned fold-fold umbra There exists a unique y € N such that Yes
double limit: figures 12(g)-(1)  Aum(Xo) # 0 and D3 1[g(No),y] # @ and

G12(%) A(X0)] \ Ds.1[g(Ao). ] = 0,
Opposed fold-fold umbra There exists a unique y € N such that Yes

double limit: figures 12(j)—(1)

Ajim(Xo) # 0 and D3,[g(Xo),y] # 0 and
Glg(Mo)s h(M)] \ D32g(No).y] = 0,

al relaxation oscillations so(1) = 50(0) coincide with hyperbolic equilibria in the interior of

Cuug].

O

The converse is not true, however: only some of the degeneracies in the fast-slow system
will give rise to a bifurcation of a simple relaxation oscillation. The reasons are listed in the
following proposition and in table 12. Examples are portrayed in figures 11 and 12.

Proposition 5. Bifurcation of a singular relaxation oscillation A for m =n = I due to
codimension one bifurcation of the singular fast-slow system { f, g} occurs for exactly one of
the following reasons, at exactly one point (x,y) € A.

(i) There is saddle-node bifurcation of the slow subsystem in the interior of Caylgl:

(x,y) € Er1[g, hyyl.

(ii) There is a hyperbolic fold tangency of the critical manifold: (x,y) € D (g, ¥}
(iii) There is a stable hysteresis of the critical manifold: (x,y) € D11[g,y]
(iv) Thereisanalignedfold-umbra double limit point of the critical manifold: (x,y) € Ds1|g, y]
(v) There is an opposed fold-umbra double limit point of the critical manifold:

(x,y) € D32]g.y}

(vi) A sink in the slow subsystem intersects a quadratic fold in the fast subsystem:

(x,y) € Mi1lg h,yl

(vii) A source in the slow subsystem intersects the umbra of a quadratic fold in the fast subsys-
tem: (x,y) € Mialg. h.y].
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Figure 11. The middle column shows typical examples of the classes of codimension
one bifurcations of equilibria for m = n = 1 that are not due to bifurcation of the critical
set (table 12). In all cases solid black lines show the critical set, red lines show the
image of the fold under the umbral map, blue lines show nullclines of the slow variable
and orange lines show stylised solutions of the non-singular system. Filled/open dots
are stable/unstable equilibria of the fast subsystem.

Proof. We determine which of the codimension one degeneracies in tables 1 and 11 can
cause bifurcation of singular relaxation oscillations by ruling out those that cannot, and by
providing examples in the following section.

First, two hyperbolic equilibria sharing y-coordinate &, (g, A, y], a non-interacting double
limit point degeneracy D3 s[g, y] or Ds g, y] or an equilibrium sharing slow coordinate with a
fold point but not intersecting it or its umbra M s[g, A, y] are ruled out because these degen-
eracies cannot break the simple property of limit cycles at codimension one.

Furthermore, codimension one bifurcation of limit cycles requires that a regular stable part
of the critical manifold exists in a neighbourhood of the bifurcation point, or else the limit cy-
cle does not generically pass through that point. This excludes elliptic fold tangency D; »[g, Y]
and unstable hysteresis D2]g, y].

Moreover, a source equilibrium intersecting a fold M »[g, A, y] or a sink interacting with
a fold umbra M 3[g, h,y] are excluded since no relaxation oscillation can exist either at or
in a neighbourhood of the bifurcation parameter at codimension one. Additionally, a ‘fold
umbra—fold umbra’ double limit point degeneracy Ds 3[g, y] or D3 4[g, y] cannot cause bifur-
cation at codimension one, since the umbra is generically on Creg[g], and not intersecting any
equilibria (making the period finite). Therefore, there is no way for the simple property to be
lost at such a point. O

The remaining codimension one bifurcations can break the simple property by violating
one of the defining conditions: these are listed in table 12. If a vector field is perturbed by a
distinguished parameter A € R, a simple singular relaxation oscillation may cease to exist

2881



Nonlinearity 33 (2020) 2853 Karl HM Nyman et al

Figure 12. Examples of bifurcation of relaxation oscillation due to bifurcation of the
critical set for m = n = 1. Bifurcation occurs at the critical value Ay of the bifurcation
parameter \. Black lines are the critical set, blue dashed lines are nullclines of the
slow subsystem, and orange lines show example trajectories of a nearly singular system
started at the indicated red point, that evolve towards a relaxation oscillation. In panels
(j)—() the point of interest is the left facing fold near y = 0 which nearly intersects the
slow nullcline; at bifurcation that fold shares y-value with another right facing fold at
a larger value of x. As X increases the left facing fold moves rightward and singular
relaxation oscillations change from passing right of the fold to the left of it. Polynomial
equations for the critical set are listed in table 13, bifurcation conditions are listed in
table 12, and a detailed description of the systems is found in appendix E.

for some critical Ay where we assume the limit is from below. In such cases we define a limit
relaxation oscillation Ajm (o) as the limit, in the Hausdorff distance, of a sequence of relaxa-
tion oscillations .A(\) parametrized by A

Ajim(Ao) = i A(N). 21)

The limit is well defined for simple relaxation oscillations but may be empty. The bifurca-
tion of relaxation oscillations will unfold for the non-singular systems € > 0 to give a variety
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of canards that will appear on a case to case basis: see for example [29, chapter 8] and [35].
Outside a small (in €) range of parameters A(e) near the critical A., many of the solutions will
closely resemble those of the singular system. Hence, the bifurcations in proposition 5 will
give rise to a detectable qualitative change even for non-singular systems.

5.3. Examples of bifurcations of relaxation oscillations

To illustrate how the bifurcations of limit cycles can be realised, we show in figure 12 some
examples of bifurcations of relaxation oscillations in fast-slow systems (1) with m =n =1,
near the singular limit. In all cases the critical manifold is expressed as a relatively low-order
polynomial (table 13). We explain how these were derived in appendix E.

6. Discussion

Almost two decades ago, Guckenheimer [19] called for a classification of bifurcations of
relaxation oscillations in fast-slow systems up to two slow and two fast variables. In this paper
we have used bifurcation theory with distinguished parameters and singular equivalence to
take some steps towards such a classification. Indeed, in [19] Guckenheimer gives the follow-
ing list of codimension one degeneracies that we can relate to our classification:

G1: A fast segment ends at a regular fold point. There are two cases depending on whether the
slow flow approaches or leaves the fold near this point.

G2: A slow segment ends at a folded saddle.

G3: A fast segment encounters a saddle point.

G4: There is a point of Hopf bifurcation at a fold.

GS5: A slow segment ends at a cusp.

G6: The reduced system has a quadratic umbral tangency between projections of fold and
umbra.

The degeneracy G1 is a subcase of fold projection intersection for m = 1,n = 1,2 and fold
projection tangency for m = 1,n = 2. The degeneracy G2 appears when the slow flow is tan-
gent to a fold line: this can occur for n > 2. Degeneracy G3 can appear at a saddle for m > 2
or at an unstable node for m = 1. Note that the formulation of G3 is slightly modified from
[19]. Degeneracy G4 corresponds to a singular Hopf bifurcation, which we discussed in the
context of m = n = 1. Degeneracy GS corresponds to a hysteresis bifurcation for m =n = 1,
and to a limit cycle hitting a cusp on the slow manifold for m = 1, n = 2. Finally, degeneracy
G6 requires n > 2.

Guckenheimer states in [19] that the list is incomplete, and mentions the case that a slow
segment ends at a folded node as an example. Degeneracy due to fold tangency of the critical
set is missing from the list, since the slow variables were not regarded as distinguished param-
eters in [19]. We believe that proposition 5 completes the list form =n = 1.

For n = 2, the degeneracies involve tangencies of generic one-dimensional objects such as
relaxation oscillations, fold lines and fold umbrae, as well as intersections of one-dimensional
objects and generic zero-dimensional objects such as cusp points and equilibria in the slow
subsystem. Some of these cases are in Guckenheimer’s list. Note that degeneracies of the
critical manifold do not cause codimension one bifurcation of relaxation oscillations since
they occur at points, which do not generically intersect relaxation oscillations. They will be
involved in bifurcation of invariant tori or more complex singular attractors or of relaxation
oscillations at higher codimension however.
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Table 13. Examples of fast subsystems g that undergo each of the codimension one bifurcations of the critical set g(x,y) =0 form =n =1 at
A = A, &~ 0, shown in figure 12. Indefinite integrals are taken to have zero constant term. (%,¥) are scaled, rotated and translated coordinates.
Details how g(x,y) is constructed, and parameters for the opposed double limit degenerate case can be found in appendix E.

Fold tangency (figures 12(a)—(c)) glx, y) = —(g1(x,y)g2(x,y) + \x + q), with gi(x,y) = x> — 2x+y and g2(x,y) = (x — x.)2 + (y — ye)? — R? and,
Hysteresis (igures 12()<(0 g = [ —ax 4 30) (x4 32) (x + 33)2dx + Av — b — , (@, by x1, 50, 33) = (15/4,6/10,=1,1/25, 1),
Aligned double limit (figures 12(2)-0)  g(x,y) = [ —a(x +x1)(x 4 x2) (x +23) (x + xe)br + Ax — y, (@, X1, X2, x3,x4) = (640/49, 1, —13/40,1/2,5/4),

Opposed double limit (figures 12(j)—(1) ( 2y ) = —(g1(%Y)g2(% ) + M +q), with g1(x,y) =0.5x° —x+y, and g(%5) = (&% + %)’ (¥ + (&% +3%)%?),
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6.1. Relation to other singularity theory problems

There appears to be connections between global equivalence of critical sets with two distin-
guished parameters (for m = 1 and n = 2) and the equivalence of vector fields under projection
to the slow plane. In particular, several hypothesised degeneracies under strong equivalence
also appear as degeneracies of orthogonal projections of vector fields, see for instance [1, 9,
37,43, 47] and references. Crucially, however, such equivalences do not produce degeneracies
such as the fold tangency where the manifold structure is lost.

Our approach to bifurcation of the critical manifold in fast-slow systems uses a singularity
theory approach with distinguished parameters from [17]. In the following we briefly indicate
how this approach is related to singularity theory, catastrophe theory, the theory of constrained
equations, and projections from manifolds to manifolds.

Much of singularity theory concerns the stability of zero sets of smooth functions g(x) = 0
under perturbation [46]. In the singularity theory approach to bifurcation theory of [17], there
is a distinguished (bifurcation) parameter y that is not ‘mixed up’ with the unfolding param-
eters. Hence, e.g. the quadratic fold g = x*> + y is a codimension one degeneracy of g(x) = x*
in singularity theory, but is codimension zero in bifurcation theory with one distinguished
parameter y. For our interpretation, y is identified with the slow variables.

Catastrophe theory [2, 40] classifies the changes to stationary points of potentials V(x), with
VV(x) = g(x), by codimension of deformation. Although different equivalences and objects
are studied in catastrophe theory and singularity theory, for one (fast) variable, the classifica-
tion of local singularities of the critical set is the same. Constrained systems [26, 42] cor-
respond to singular fast-slow systems where equivalence of critical manifolds is defined by
potential functions, as in catastrophe theory, together with a slow flow local to a point. Unlike
our approach, there are no distinguished parameters and the unfolding parameters are identi-
fied with the slow variables. This means that some local bifurcations (notably fold tangencies)
that are present for the distinguished parameter approach are missed, because ‘slow variables’
never appear in powers higher than one in the local normal forms.

Singularity theory, catastrophe theory and constrained equations have been framed in terms
of germs, which are local notions of functions. This means that global intersections of pro-
jections of singularities (such as double limit points which are important for bifurcations of
relaxation oscillations) have not been widely studied in these contexts, some exceptions being
[2, 8, 19, 35].

6.2. Further perspectives

Persistence and codimension one bifurcation of the critical set for one fast (m = 1) and two
slow variables (n = 2) remains to be proved. This requires a suitable equivalence, which
should give rise to the degeneracies that we have listed, but possibly more.

A full investigation of bifurcations of singular relaxation oscillations for m = 1,n =2 is
outside the scope of this paper. Some specific examples have been studied by Guckenheimer
[20, 23, 21] who outlined a scheme for investigation of bifurcation of solutions to singular
fast-slow systems in [18].

The general case of two fast variables m = 2 is considerably more complicated as the vec-
tor fields cannot be written as gradients of potentials, and hence there can be other asymptotic
behaviour than fixed points. If n = 2 then for generic asymptotic fast dynamics, the system
will approach a critical set that is a union of all equilibria, periodic orbits and homoclinic/
heteroclinic cycles of the fast system. The persistence of bifurcations on the critical set will
depend on the number of slow variables. For n = 1 then we expect persistence precisely when
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(a) All singularities of equilibria within the critical set are quadratic folds or Hopf points. (b)
All singularities of limit cycles within the critical set are one of saddle-nodes of limit cycles,
saddle node on a periodic orbit, or homoclinic bifurcation. (c) The slow flow has generic inter-
section with umbrae of the singularities. For n = 2 we will get in addition generic local and
global codimension two singularities at isolated points in the slow variables; this will include,
for example, cusp points, Bogdanov Takens points and Bautin points at singular equilibria,
and a wide variety of possible generic codimension two bifurcations of homoclinic orbits [10].

We have ignored the phenomena that arise when the scale separation is imperfect, that is
for € > 0. In that case, the fast and slow subsystems evolve at similar speeds close to singular
points; this gives rise to canards and mixed mode oscillations [11]. Canard behaviour has
been extensively studied, especially near regular values of the critical set see e.g. [6, 18, 29,
45]. Canards for degenerate critical sets are discussed in [2, 8, 35], but we are unaware of any
systematic treatment.
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Appendix A. The quadratic curvature

We define the scalar quadratic fold curvature (see table 6)) at a fold point p in the direction of

a fold of the critical manifold as
2

: Vie(p) D(e(p)Vig(p)  (Voge(p)Vie(p))
Klgl(p) = sien (eu(p)) =570 ~ oo A

where D§ (g)is the Hessian of the slow subsystem, superscript 7 denotes transpose, L denotes

perpendicular, and Vyig denotes Vj-g scaled to unit length. For the remainder of this sec-
tion we drop the dependency on p, such that e.g. g(p) is written just g. If V;-g = 0, then
K[g] is undefined. Note that this notion of scalar quadratic fold curvature only captures the
quadratic curvature of the fold curve as a projection onto the slow (0, y;, y,) plane.

In this section, we first motivate our definition of (A.1) and then offer an interpretation.

To motivate (A.1), we start with a quadratic fold at the origin and completely in the slow
plane whose curvature in the slow plane reasonably should be considered to be along the
yi-axis

g(xa)’h}’z) = fxz + iy + 62)’%,

where &, ¢; and ¢; are real constants.

Recall that the quadratic direction vector of a fold is given by v[g] = guV,g = (2¢c¢1,0),
so if £&c; > 0 then the fold is directed rightward, while if £c; < O the direction is directed
leftward. It makes sense to define the slow quadratic fold curvature of this fold as

Klg] = sign (5)2%, (A.2)
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since then the curvature is independent of the magnitude of &, proportional to ¢, = 0, and
inversely proportional to ¢;. The fold is convex in the direction of the fold if K[g](p) > 0 and
concave if K[g](p) < 0; see figure 5 for a graphical representation.

We now consider a general quadratic polynomial function of a quadratic fold at the origin
with terms of relevant order

g(x,y1,32) = &7 + ayy + bys + ayt + By 4+ 29y1y2 + 0xyp + mxya, (A3)

where a, b, a, (3, v, § and 7 are real constants unrelated to any quantities with the same names
elsewhere in this text. The x term and constant term are missing because of the quadratic fold
condition g = g, = 0, and higher order terms are not present since they should not matter for
the quadratic curvature.

Next, we find an expression for the projection of the quadratic approximation of the fold
curve onto the slow plane (0, y;, y,). To this end, we solve (A.3) =0 for x to get

x= g ((5y1 +ny2)

i\/ (631 +ny2)” = 48(ayt + By3 + 2y + ayi + byz)> . (A4
At the quadratic approximation of the fold curve the discriminant of (A.4) is zero

(8y1 + ny2)* — 4€(ayt + By; + 27v1y2 + ayi + by,) =0,

giving a condition on y; and y,. Expanding parentheses, collecting terms and dividing by —4¢
gives that

& n” a1
b —— |y — =B +2(y-— =0.
ayy + by, + (a 45)% + (ﬁ ) ))’2 + (7 4§)y1yz
We define the new coefficients & = o — 62/4¢, f = B — 1 /4€ and 5 = ~ — dn/4€, such that
ayy + by, + @7 + By3 + 29y1y2 = 0. (A5)
Based on (A.5) we define a new function

g(x,y1,y2) = &% + ayy + by, + &y} + By + 23y1y2. (A.6)

which defines a quadratic fold curve at the origin having the same slow quadratic curvature as
g in (A.3) but lying entirely in the slow plane.

Next, we seek a rotation R of the slow variables which brings the quadratic fold direc-
tion vector v[g] = sign (g )(a,b)T of g (as well as g) in the positive y; direction, that is:
Rv[g] = (Jv[g]|,0)T. This rotation does not change the slow curvature, but it allows us to
identify the relevant coefficients corresponding to ¢ and ¢; in (A.2).

The sought rotation in matrix form is

R = sign ( )7; a b
= S12N (Zxx a2+b2 b a >

and consequently

1 . 1 a —b
R :Slgn(gxx)\/ﬁ b al
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The old slow coordinates (y;, ;) are expressed in the new ones (¥, y) as

G)-r ()
Y2 Y2
In the new coordinates (A.6) becomes

gy y) = &7 + o lsign (gu)Va? + b2a(ay) — by,)
+sign (gx) Va® + b*b(byi + ay>)
+a(ay, — by2)? + B(by1 + ayh)?
+29(ay) — by2)(by1 + ay2)]
= &2+ ol [sign (gu) (@ + b2/
+(ab? 4 Ba* + 25ab)y;
+(ab? 4 Ba* — 25ab)y,*
+2(—daab + fab + (a* — b*)7)y1)-
Hence, reading off the coefficients of y; and 5)% in analogy with (A.2), we get the scalar qua-
dratic fold curvature

. ab*+Ba* —27ab
K[g] = sign (gxx) @ (;i(zzp/’zm )

. b+ Ba® —2~ab 820> 4-n*a* —28mab
= sign (gxx) (o (azi(zZ)s/’zm ) + ( 4|£T(sz—b2)3/772‘1 )

—  sion ( ) (81 g}2~2 _g,m'zg,%] —281%,818n)
- 20 (Zxx z(g}%l +g§2)3/2 (A7)
2 2,2 2
_ (gxyl 8y, T8y, 8y, — 281 8128y &0, )
8|gxxl(g§1 +g§2 )3/2
T, p? T L
— sign (g )V), 8 D),(g)Vy 8 _ (ngX v.v g)
xx 2|Vvig‘ Slgxvaj‘gl ’

2

where Vg = V;-g/|V;-gland V,g; = (8, &xy,)- The case K[g] > 0 implies a locally con-
vex fold and K[g] < O implies a locally concave fold. The degenerate case K = 0 implies that
the fold line is not quadratic.

We can now define the quadratic fold curvature vector as

rlgl(p) = K[gl(p)v[s](p)
(V}g(P)TDf(g(p))V%g(p) (V,vg)(p)V%g(P))z) V.5(p).

2|Vite(p)l 82 (P)IVite(p)l

The quadratic fold curvature vector points in the direction of the fold if the fold is convex, and
against the direction if it is concave (see figure 5).

Some special cases of equation (A.1) are insightful. First, if the fold lies locally in the
slow plane (that is, if the coefficients of the xy; and xy, terms in (A.3) are zero), then a
positive definite matrix sign (g.)D;(g) implies that the fold is convex and a negative definite
sign (gw)D; (g) implies that it is concave. However, if sign (g.)D}(g) is indefinite or has a
zero eigenvalue, then the sign of K[g] can be either positive, negative or zero depending on
the direction of the fold.

On the other hand, if the xy; and xy, terms are present in (A.3), then the second term
in (A.1) only serves to reduce convexity (or equivalently increase concavity). The extent to
which convexity is reduced depends quadratically on the component of the gradient of Vg,
perpendicular to the gradient, and inversely on the magnitude of the gradient and the magni-
tude of the curvature in the x direction.
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A.1 Persistent subcases of the fold projection tangency

We classify the fold projection tangency degeneracy (degeneracy subset Dy[g| for m = 1 fast
and n = 2 slow variables) into a number of qualitatively different subcases (see table D1).
The subcases are separated by the scalar quadratic fold curvatures at the points of degeneracy
(see table 7), whether the umbrae interact with each other or a fold, and in the case of fold-
umbra degeneracy, whether the dominant curvature belongs to the fold curve with the largest
x-coordinate.

Aligned folds generate four distinct subcases. In analogy with the situation form =n = 1,
we have fold-fold, fold-umbra, and non-interacting fold cases. But the fold-umbra has two
subcases, depending on whether the fold with interacting umbra also has the greatest scalar
quadratic fold curvature K[g]. Hence, there are four subcases.

Opposed folds have six distinct subcases, three for each case that either the sum of cur-
vatures is positive (net convex) or negative (net concave). Opposed fold projection tangency
does not have the two fold-umbra subcases of aligned fold projection tangency, since the
dominant x-values are reversed by one half rotation of the slow variables. Hence there are six
such subcases, and ten subcases in total.

The nonpersistence condition (at codimension one) for fold projection tangency degen-
eracy at points p; € Dy[g] and p, € II( py) N Dylg] is

k[gl(p1) # klgl(p2)

that is, the folds must have distinct quadratic curvature vectors (see appendix A). However, to
distinguish subcases of degeneracy we will later use the scalar quadratic fold curvature K[g]
and information about whether folds are aligned or opposed.

We now separate subcases depending on whether folds are aligned or opposed. If
vig]l(p1) - v[g](p2) > 0 then the folds are aligned, and qualitatively indistinguishable unless
the umbra of the fold with the larger x component hits the other fold. If the umbra U/[g]( p;) of
an aligned fold at a point p; hits another fold at a point p, and the scalar quadratic fold curva-
tures satisfy K[g](p1) > K[g](p2), then the degeneracy is called umbra dominant. Otherwise
if K[g](p1) < K[g](p2), then the degeneracy is called fold dominant. Therefore, we get the
four subcases illustrated in figure D2 and tabulated in table D1. (Figures 7(a)—(c) shows a slow
projection sketch of aligned fold projection tangency.)

If, on the other hand v[g](p:) - v[g](p2) < 0, then the folds are opposed and therefore dis-
tinguishable at bifurcation. (figures 7(d)—(f) shows a slow projection sketch of opposed fold
projection tangency).

Assuming that folds are opposed, the defining condition for covering opposed fold projec-
tion tangency is

Klgl(p1) + K[gl(p2) <O,

that is, if at least one fold is concave, and the magnitude of the curvature of the convex fold is
smaller than that of the convex curve (see figures 7(d)—(f)). If, on the other hand

K(gl(p1) + K[g](p2) > 0,

then we have covering opposed fold projection tangency (see figures 7(g)—(1)).

Opposed fold curves do not have the umbra-dominant and fold-dominant subcases that
aligned fold curves do, since a rotation of the slow variables by 180 degrees turns one such
case into the other. Therefore, there are four aligned cases and six opposed cases, giving in
total the ten subcases in table D1.
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Figure D1. Examples of codimension one cusp tangency bifurcation for one fast and
two slow variables (see table 9). Each row shows unfolding with a bifurcation parameter
. Bifurcation occurs as A = Ag. Solid/dashed black lines show stable/unstable sheets
of the critical set and red lines show the image of the fold under the umbral map.

Appendix B. Definition of the cusp direction vector

We define the direction of a cubic cusp (see table 6)) to be

(D) vi
Vyex(p) - Vig(p) wr (B.1)

For the remainder of this section we do not explicitly write out the dependence on p, so that
for instance g( p) is written g. For the example in this section we assume that p = (0,0,0). As
for the definition of scalar quadratic fold curvature, we motivate the definition starting from a
normal form of the cubic cusp

gl =

g(x,y1.y1) = & + c1xys + ey, (B.2)

where &, ¢; and ¢; are real constants. In this case we naturally let the cusp direction vector be
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Figure D2. Examples of codimension one aligned fold projection tangency bifurcation
(see table D1). Each row shows unfolding with a bifucation parameter A. Bifurcation
occurs as A = \g. Solid/dashed black lines show the stable/unstable sheets of the
critical set, red lines show the image of the fold under the umbral map and blue lines
indicate tangency of projections of fold sheets. As a visual aid, the number of sheets of
the critical set in a neighbourhood of the bifurcation is shown to the right, to be viewed
as a projection onto the slow variables.

nlg] = <

> (0, —c2),

(B.3)

where (0, — ¢;) is a vector perpendicular to the gradient (¢;,0). It makes sense for the direction
of the cusp to be along the gradient perpendicular, since it is parallel to the pair of fold curves
which emanate from the cusp.

Next, we consider a more general expression

g(x,y1,y2) = &7 + axyy + dxy + ayy + by,

(B.4)

where £, a, b, a and § are coefficients, and where we do not keep terms of intermediate orders
xy7 or x?y,, since visually they do not seem to alter the direction or sharpness of the cusp. We
then rotate the slow subsystem as to make the gradient in the old coordinates (a, b) directed

along the positive y; axis. We accomplish this with a rotation R
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Figure D3. Examples of codimension one opposed fold projection tangency bifurcation
(see table D1. Each row shows unfolding with a bifucation parameter A. Bifurcation
occurs as A = \g. Solid/dashed black lines show the stable/unstable sheets of the
critical set, red lines show the image of the fold under the umbral map and blue lines
indicate tangency of projections of fold sheets. As a visual aid, the number of sheets of
the critical set in a neighbourhood of the bifurcation is shown to the right, to be viewed
as a projection onto the slow variables.

a

R = 2 2
a’+b (—b

b
a b

mapping the new coordinates yi,y, to the old ones
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(o) = (2):

such that in the new coordinates equation (B.4) becomes

g i) = & + = lalay — bya)x + B(bys + aya)x

+a(ayr — bya) + b(by1 + ay)] (B.5)
= e+ o T VR

By reading off the coefficients of the x°, y,x and y, terms, we find that the cubic cusp direction
vector in the new coordinates is

ulgl = %( a? + b%,0). (B.6)
Rotating this vector back to the original coordinates we get that
N )
el = 7 (ba), ®.7)
which we recognise can be written (up to constant scaling)
nlgl = &— (B.8)
Vg - Vitg

T o 1 1 . . .
where Vi-g = V3 g/ |Vy g|. Hence, the cusp is always perpendicular to the slow gradient,
with magnitude inversely proportional to the projection of V,g, onto the gradient perpend-
icular. As a consequence, the magnitude of the cubic cusp direction vector blows up (becomes
undefined) if Vg, is parallel to the gradient (its perpendicular component vanishes).

Appendix C. The quantity W[g]

To construct the cusp quantity W[g](p) (table 6) at a point p = (x,y;,y2), we start from a
modified normal form for the cusp tangency bifurcation (see table 4)

g(xX,y1,y2) = 61 + 62297 + 53x%y1 + XA + y2,

where A is an unfolding parameter. The sign of the cusp quantity W(g] = 66,6, — 203 # 0
gives the type of bifurcation (W[g] < 0 gives beaks and W[g] gives lips), see [38]. Our aim is
to express W[g] for a general function equivalent to g. In this section we do not explicitly write
out the dependence on p, which for the normal form is p = (0,0,0), so that e.g. W[g](p) is
written W[g]. The parameter d3 does not appear in the normal form in table 4 because there are
only four subcases of cusp tangency, which can be represented with just §; and J,. However,
all of &y, 8, and 03 are needed in the non-degeneracy condition W([g] # 0 and for separating
different subcases.

The derivation of W[g] is as for K[g] in appendix A. Adding coefficients a, b, ay, o, B1, 52,7
to the above normal form at bifurcation (A = 0), with terms of relevant order only, we get that

g(x,y,\) = 61x° + alxy% + B]xy% + 2vxy1y2
+ apx?yy + Boxys + ayi + bys.

Rotating the coordinate system to have gradient in the positive y; direction by the transformation
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Figure D4. Examples of codimension one aligned cusp-fold projection intersection
bifurcation (see table D2). Each row shows unfolding with a bifucation parameter .
Bifurcation occurs as A = Ag. Solid/dashed black lines show the stable/unstable critical
set, red lines show umbrae, and blue lines indicate intersection of projections of cusps
and fold onto the slow plane. As a visual aid, the number of sheets of the critical set in
a neighbourhood of the bifurcation is shown to the right, to be viewed as a projection
onto the slow variables.
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Figure D5. Examples of codimension one opposed cusp-fold projection intersection
bifurcation (see table D2). Each row shows unfolding with a bifucation parameter A.
Bifurcation occurs as A = Ag. Solid/dashed black lines show the stable/unstable critical
set, red lines show umbrae, and blue lines indicate intersection of projections of cusps
and fold onto the slow plane. As a visual aid, the number of sheets of the critical set in
a neighbourhood of the bifurcation is shown to the right, to be viewed as a projection
onto the slow variables.

1
%= g bt ) =

Note that the gradients and the slow Hessian Di(gx) are expressed in the original slow coordi-
nates (y;, ;). Combining the expressions for d;, §, and 3, we have that

1 1
2[Vig] oV E
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Figure D6. Examples of covering (a)—(c) and non-covering (d)—(f) codimension one
triple limit point bifurcation (see table D3). Each row shows unfolding with a bifucation
parameter A. Bifurcation occurs as A = Ag. Solid/dashed black curves show the stable/
unstable critical set, red curves show umbrae, and blue curves show intersections of at
least the lower two folds, but possibly all three folds. As a visual aid, the number of
sheets of the critical set in a neighbourhood of the bifurcation is shown to the right, to
be viewed as a projection onto the slow variables.

XA _E?vo X

Figure D7. Examples of codimension one triple limit point bifurcation (table D3), to
be viewed almost as a projection onto the (x,y;) plane. Each row shows unfolding with
a bifucation parameter A. Bifurcation occurs as A = \g. Solid/dashed black horizontal
curves show stable/unstable sheets of the critical set, and dashed vertical lines indicate
coordinates where slow projections of folds intersect transversally. Red, blue and
magenta lines are representations of three fold lines (the row (a)—(c) illustrates this
representaion for the (d)—(f) row). Bifurcation occurs as the slow projections of all
three folds intersect. Each case can be either covering or or non-covering, as shown in
figure D6.

Wigl= 6810, — 203
g 1 LTy L 1 L
- 6g6 VISP Vy 8 Dy(gx)vy 88— va},gﬂ . Vy g
= 8:VLe D} (8) Vg — Vygu - Vg,

where Vi-g = Vj- g/ |Vng| is the unit length slow gradient perpendicular. We repeat that if
Wlg] < 0 then the cusp tangency is of beaks type, whereas if W[g] > 0 it is of lips type.
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Table D1. Subclasses of special global degeneracies for one fast and two slow variables
with tangency of fold projection. P(y) is the set of all singular points of the vector
field g with slow coordinate y. v[g](p) is the direction vector of a fold at a point p
and K[g](p) is the scalar quadratic curvature of a fold (see text for details). f = fold,
Jfu = fold umbra, fx = non-interacting fold. For example, fu x fu means that the umbrae
of two folds intersect.

Aligned umbra- Dailg,y] = {P(y) C Dilg] : |[P(y)| = 2 and Figures D2(a)—(c)
dominant fu x f Ulgl(p1) = p2 and v[g](p1) - v[g](p2) > 0O, and
tangency: K[g](p1) > K[g](p2) for some py,p> € P(y)}
Aligned fold- Dyalg.y] = {P(y) C Dl[ ]:|P(y)] = 2 and Figures D2(d)—(f)
dominant fuxf — ylg](p)) = ps and v[g](p1) - v[¢g](p2) > 0 and
tangency: K[g](p1) < K[g](p2) for some pi.p; € P(y)}
Aligned fuxfu  Dy;e,y) = {P(y) C Djfg] : [P(y)| = 2 and Figures D2(g)—(i)
tangency: Ulgl(p1) = Ulgl(p2) and v[g](p1) - v[g](p2) > O for

some pi,p2 € P(y)}
Aligned fx x fx Dyalg.y] = {P(y) C Dl[g} |P(y)| = 2 and Figures D2(j)—(1)
tangency: Vp1, U[gl(p1) # p2, Ulg](p2) and v[g](p1) - v[g](p2) > O

and Kg](p1) < K[g ](pz) for some p1.p> € P(y)}
Oppo:sed non- Dyslg.y] = {P(y) C [ 1:|P(y)| = 2 and Ulg](p1) = p» Figures D3(a)—(c)
covering fu x f and v[g](p1) - v[g](p2) < 0 and K[g](p1) + K[g](p2) <O
tangency: and K[g](p1) < K[g ](pz) for some p1,p2 € P(y)}
Opposed non- Dasle.y] = {P(y) C [ ]:|P(y)| = 2 and Figures D3(d)—(f)
covering fux fu  ylg](p)) = Ulg](p2) and v[g](p1) - v[g](p2) < 0 and
tangency: K[gl(p) + K[g](p2) < 0. for some py.pz € P(y))
Opposed non- Dy7(g,y] = {P(y) C Dilg] : |P(y)| =2 and Figures D3(g)—(1)
covering fx xfx  vp,, Ulg](p1) # p2, Ulg](p2) and v[g](p1) - v[g](p2) < O
tangency: and K[g](p1) + K[g](p2) <0, for some py,pa € P(y)}
Opposed covering  Dy4g,y] = {P(y) C Dilg : |P(y)| = 2 and Figures D3(j)—(1)
fu x f tangency: Ulgl(p1) = p2 and v[g](p1) - v[g](p2) < 0 and

K[g](p1) + K[g](p2) > 0, for some p1,p> € P(y)}
Opposed covering Dyolg,y] = {P(y) C Di[g} . |P(y)| = 2 and Figures D3(m)—(0)
fuxfutangency:  Ulg](p1) = Ulg](p2) and v[g](p1) - v[g](p2) < 0 and

K[g](p1) + K[g](p2) > O, for some py,p; € P(y)}

Opposed covering D, 1[g,y] = {P(y) C Dllg] : |P(y)| =2 and Figures D3(p)—(r)

fxxfx tangency:  vp,, Ulg|(pi) # p, Ulg](p2) and v[g](p1) - v[g](p2) < O
and K[g](p1) + K[g](p2) > 0, for some py,p2 € P(y)}

Appendix D. Global codimension one bifurcations for one fast and two slow
variables

Tables D1-D3 list the various inequivalent subclasses of degeneracies Dy s in table 6. We
also include a number of figures which illustrate these degeneracies.

Appendix E. Examples of bifurcations of relaxation oscillations for one fast
and one slow variable

In this section we present the equations for the example fast-slow systems for m =n = 1,
showing bifurcations of relaxation oscillations due to the critical manifold in figure 12, how

they were constructed, and how the figures were produced.
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Table D2. Subclasses of special global degeneracies for one fast and two slow variables involving the intersection of projections of a fold and
cusp. P(y) is the set of all singular points of the vector field g with slow coordinate y. v[g](p) and p[g](p) are direction vectors of folds and
cusps respectively (see text for details). f = fold, fu = fold umbra, uc = unstable cusp, sc = stable cusp, ucu = unstable cusp umbra, fx = non-
interacting fold, cx = non-interacting cusp. E.g. fu x sc means that the umbra of a fold intersects a stable cusp.

Aligned fu X sc intersection: Ds,[g,y] = {P(y) C Di[g] : |P(y)| =2 and Figures D4(a)—(c)
Ulgl(p1) = p2 and gre(p2) < 0 and v[g](p1) - p[g](p2) > O, for some py,pay € P(y)}

Aligned f X ucu intersection:  Ds, [8,y] = {P(y) C Dllg] : |P(y)| = 2 and Figures D4(d)—(f)
Ulgl(p2) Np1 # 0 and gewe(p2) > 0 and v(g](p1) - ulg](p2) > 0, for some p1.p; € P(y)}

Aligned fu x ucu intersection:  Ds;[g,y] = {P(y) C Dllg] : |P(y)| = 2 and Figures D4(g)—(i)
Ulgl(p2) N U[g](p1) # 0 and ge(p2) > 0 and vg](p1) - ulg](p2) > 0, for some
pi.p2 € P(y)}

Aligned fx X scx intersection: Dsalg.y] = {P(y) C D; [¢] - |P(y)| = 2 and Figures D4(j)—(1)
(Ulgl(p1) Upt) N (Ulg](p2) Up2) = 0 and v[g](p1) - plg](p2) > 0 and gewe(p2) < 0, for

some py,p> € P(y)}

Aligned fx X ucx intersection: Dsslg,y] = {P(y) C Dsl [¢] - |P(y)| = 2 and Figures D4(m)—(o)
(U[g)(p1) Up1) N (U[g)(p2) Upz) = 0 and vg](p1) - plgl(p2) > 0 and guu(p2) > 0, for
some py,p2 € P(y)}

Opposed fu x sc intersection:  Ds 4 [g.y] = {P(y) C Dllg] : |P(y)| = 2 and Figures D5(a)—(c)
Ulgl(p1) = p2 and gu(p2) < 0 and v[g](p1) - plgl(p2) <O, for some p1,ps € P(y)}

Opposed f X ucu intersection: Dsqlg.y] = {P(y) C D; [¢] - |P(y)| = 2 and Figures D5(d)—(f)
Ulgl(p2) Np1 # 0 and guw(p2) > 0 and v[g|(p1) - p[g](p2) < 0, for some py,ps € P(y)}

Opposed fu x ucu intersection:  Ps g [g.y] = {P(y) C D; [¢] : |P(y)| = 2 and Figures D5(g)-(i)
Ulgl(p2) N U[g](p1) # 0 and ge(p2) > 0 and vg](p1) - nlg](p2) < 0, for some
pip> € P(Y)}

Opposed fx x scx intersection:  Ps g [g.y] = {P(y) C D; [¢] : |P(y)| = 2 and Figures D5(j)—(1)

(Ulgl(p1) Up1) N (Ulgl(p2) Upz) = 0 and v[g](p1) - pulg](p2) < 0 and gewe(p2) < 0, for
some pi,pa € P(y)}
Opposed fx x ucx intersection: Ds.0lg,y] = {P(y) C Dsl [¢] : |P(y)| =2 and Figures D5(m)—(0)
(Ulgl(p1) Up1) N (Ulgl(p2) Up2) = 0 and v[g](p1) - u[g](p2) < 0 and gu(p2) > 0, for
some pi,p2 € P(y)}
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Table D3. Subclasses of special global degeneracies for one fast and two slow variables that involve |P(y)| = 3 singular points. P(y) is the set of
all singular points of the vector field g with slow coordinate y. The scalars a;,a; and as are coefficients of fold direction vectors. See section 3.3 for
details. f = fold, fu = fold umbra, fx = non-interacting fold. E.g. fu x f fu x fu means that one fold umbra intersects another fold, whose umbra
interacts with the umbra of another fold.

Non-covering fu x f f x fu
intersection:

Covering fu x f f x

fu intersection:
Non-covering fu x f fu x
fu intersection:

Covering fu x f fu x fu
intersection:

Non-covering fu x f fx x fx
intersection:

Covering fu x f fx x fx
intersection:

Non-covering fu x fu fx x
fX intersection:

Covering fu x fu fx x fx
intersection:

Non-covering fx x fx fx x
fX intersection:

Covering fx x fx fx x fx
intersection:

Dealg.y] = {P(y) C Dé[g] :|P(y)] =3and Ulg](p1) = p, and U[g](p2) =p3 and a; - ap - a3 < 0
for some pi,p2,p3 € P(y)}

Dslg,y] = {P(y) C Dylg] : |[P(y)| = 3and U[g](p1) = p» and U[g](p2) = ps and a; - a2 - a3 > 0
for some pi1,p2,p3 € P(y)}

Ds3l8.y] = {P(y) C Dglg] : [P(y)| = 3and

Ulgl(p1) = p2 and Ulg](p2) = U(ps) and a1 - az - a3 < O for some pr.pa.ps € P(y)}

Dsalg.y) = {P(y) C Dglg] : [P(y)| = 3 and

Ulel(p1) = p and U[g](p2) = U(ps) and ay - a2 - a5 > 0}

Dsslg,y] = {P(y) C Dglg] : |P(y)| = 3and

Ulgl(p1) = p2 and Ulg](pi) N (P(y) U U[g](P(y)) \ Ulgl(pi)) = 0, Ypi # p1 and a1 - az - a3 < 0
for some pi1,p2.p3 € P(y)}

Dsslg.y] = {P(y) C Dglg] : [P(y)| = 3and

Ulgl(p1) = p2 and U[g](pi) N (P(y) U ULg)(P(y)) \ Ulgl(pi)) = 0, Vp; # p1 and a) - @z - a3 > 0
for some pi,p2,p3 € P(y)}

Ds1l8.y] = {P(y) C Dglg] : [P(y)| = 3and

Ulgl(p1) = Ulgl(p2) and Ulg](p:) N (P(y) U U[gl(P(y)) \ Ulg](pi)) = 0, Vpi # p1 and a; - az - a3 < 0

for some p1,p2,p3 € P(y)}
Deslg.y) = {P(y) C Dglg] : [P(y)| = 3 and

Ulgl(p1) = Ulgl(p2) and Ulg](p:) N (P(y) U U[gl(P(y)) \ Ulg](p:)) = 0, Vpi # p1 and a; - az - a3 > 0

for some py,pa2,p3 € P(y)}

Deolg,y] = {P(y) C Dglg] : [P(y)| = 3and

Ulgl(p:) N (P(y) U U[g](P(y)) \ Ulgl(p:)) =0, Vp; and a; - az - a3 < 0 for some py,pa, p3 € P(y)}
Ds,10lg,y] = {P(y) C D4lg] : [P(y)| = 3 and

Ulgl(p) N (P(y) U U[gl(P(y)) \ Ulgl(p)) = 0, ¥p € P(y) and a; - a3 - a3 > 0 for some

p1,p2,p3 € P(y)}

Figures D7(d)—(f)
Figures D7(d)—(f)

Figures D7(g)—(1)
Figures D7(g)—(1)

Figures D7(j)—(1)

Figures D7(j)—(1)

Figures D7(m)—(0)

Figures D7(m)—(0)

Figures D7(p)—(r)

Figures D7(p)—(r)
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E.1. Bifurcation of relaxation oscillation due to hyperbolic fold tangency

We seek fast and slow subsystems g(x, y) and & (x, y) such that (1) displays bifurcation of sin-
gular relaxation oscillations due to hyperbolic fold tangency bifurcation (figures 12(a)—(c)).

The fast subsystem g(x,y) is written as a perturbed product of a hysteresis curve and a
circle:

Snysi(x,y) =x —2x+y
geire(1,Y) = (x= A+ (y=y)* — R (E.1)
8(x.y) = —(gnyst(x,y)8eire (x,y) + Ax + q).
(xe>ye) = (0.81,—0.25) is the centre and R = 0.55 the radius of the circle, A is the bifurca-
tion parameter and ¢ = 0.01 is a genericity parameter. For some A € [—0.02,0.02] tangency

bifurcation off the critical set occurs.
The slow subsystem is taken to be

h(x’y) =X (_b(y - yc)z +xmax)s

where b = 0.5 and xyax = X + R — 0.1. This choice of i(x, y) makes the nullcline z(x,y) =0
intersect the critical set at where it is unstable, for A € [—0.02, 0.02].

In figures 12(a)—(c) we solve (1) with Matlab’s stiff solver ode23s for 2000 time units,
starting from initial conditions (x,y) = (2, —1) and with scale separation parameter ¢ = 0.02.

E.2. Hysteresis bifurcation of relaxation oscillations

We seek fast and slow subsystems g(x, y) and &(x, y) such that (1) displays bifurcation of sin-
gular relaxation oscillations due hysteresis bifurcation (figures 12(d)—(f)).
The function g(x, y) is constructed such that the critical set g(x,y) = 0 at bifurcation A = 0
is a fifth order polynomial in x as a function of y with quadratic extrema at points x, x, and a
cubic double root at x3, that is, g, satisfies:
g6, y) = alx — x1)(x — x2) (x — x3)% — A

We fix x; = 1,x3 = | and leave a and x; as free parameters. We take g to be the primitive func-
tion of g, with constant term ¢ = —0.6 and y-term —y such that

gx3) = [ atr =) —x2)(x— 2 e = A= g .
and g(0,0) = 0. For A = 0 we solve the linear pair of equations

g(x1,1) = g(x3,1) =0

for a and x,, giving x, = —13/40 and a = 640/49. The system undergoes hysteresis bifurca-
tion for A € [—0.2,0.2].
Finally, we reverse the sign of x, x — —x, such that

£() :/fa<x+x1><x+xz><x+x3>2dx+Ax—qu.

The slow subsystem is set to be positive above the constant nullcline x = x,. = 0.7 and
negative below such that
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h(x,y) = X — Xpe-

In figures 12(d)—(f) we solve (1) with Matlab’s stiff solver ode23s for 1000 time units,
starting from initial conditions x = y = 0 and with scale separation parameter ¢ = 0.05.

E.3. Aligned double limit point bifurcation of relaxation oscillations

We seek fast and slow subsystems g(x,y) and A(x,y) such that (1) displays bifurcation of
singular relaxation oscillations due to aligned double limit point bifurcation figures 12(g)—(i).

g(x,y) is constructed such that the critical set g(x,y) = 0 is a fifth order polynomial in x as
a function of y with extrema at points xj, x»,x3 and x4, that is, g, satisfies:

gx(%,y) = alx — x1)(x — x2) (x —x3) (x — xa).

We fix x; = —1,x3 = 1/2,x4 = 5/4 and leave a and x; as free parameters. We take g to be the
primitive function of g, with zero constant term (default of Matlab’s int command) such that

gxy) = /a(x —x1)(x = 22) (x — x3) (x — x4 )dx -y,
and g(0,0) = 0. We solve the linear pair of equations

glxi, 1) =g(x3,1) =0

for a and x,, giving x, = —13/40 and a = 640/49. Then we add a bifurcation parameter A
breaking the degeneracy, giving

glx,y) = /a(x—xl)(x—xz)(x—xg)(x—)m)dx—)\x—y.

In figures 12(g)-(1) A € [—0.1,0.1]. Finally, we reverse the sign of x, such that

glx,y) = / —a(x+x1)(x +x2) (x 4+ x3) (x + x4)dx + Ax — y.
The slow subsystem is set to be positive above the constant nullcline x = x,. = 1.5 and
negative below such that
h(x,y) = X — Xpe.

In figures 12(g)—(i) we solve (1) with Matlab’s stiff solver ode23s for 1000 time units,
starting from initial conditions x = y = 0 and with scale separation parameter € = 0.01.

E.4. Opposed double limit point bifurcation of relaxation oscillations

We seek fast and slow subsystems g(x, y) and & (x, y) such that (1) displays bifurcation of sin-
gular relaxation oscillations due to opposed double limit point bifurcation (figures 12(j)—(1)).

We construct the fast subsystem g(x, y) the perturbed product of a hysteresis curve and a
‘bean’ curve*

4See www.2dcurves.com/higher/highergb.html, accessed 4 August 2019.
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Snyst(x,y) =052 —x+y
gbean(jc’y) = (552 +5’2>3 - (5‘72 + (5‘2 + 572)25)2) (EZ)
g(x’y) *(ghyst(xv)’)gbean(fc’)}) + A+ ‘I)v

where A is a bifurcation parameter A € [—0.003,0.006], ¢ = 0.01 is a genericity parameter,
and (%, y) are scaled, rotated and translated coordinates (x, y):

(%,9) = (Mxcos 0 + Mysin @ — x., —Mxsin 6 + My cos 6 — y,),

where M = 1.5,0 = 13/407 and (x.,y.) = (0.97,—0.55).
The slow subsystem

h(x,y) = x — (ky + ¢),

with k= (xl _x2)/(yl —y2), cC =X — kyl, X1 = 07868, Xy = 1.221, V1= —0.11 and
y2 = —0.74 is chosen to make the nullcline 4(x,y) = 0 pass through the unstable parts of the
critical set and enable relaxation oscillation.

In figures 12(j)—(1) we integrate (1) with Matlab’s stiff solver ode23s for 500 time units,
starting from initial conditions (xp,yo) = (2.3,—1) and with scale separation parameter
€ = 0.001.
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