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Abstract
Rate-induced tipping (R-tipping) occurs when time-variation of input paramet-
ers of a dynamical system interacts with system timescales to give genuine
nonautonomous instabilities. Such instabilities appear as the input varies at
some critical rates and cannot, in general, be understood in terms of autonom-
ous bifurcations in the frozen system with a fixed-in-time input. This paper
develops an accessible mathematical framework for R-tipping in multidimen-
sional nonautonomous dynamical systems with an autonomous future limit. We
focus on R-tipping via loss of tracking of base attractors that are equilibria in
the frozen system, due to crossing what we call regular R-tipping thresholds.
These thresholds are anchored at infinity by regular R-tipping edge states:
compact normally hyperbolic invariant sets of the autonomous future limit sys-
tem that have one unstable direction, orientable stable manifold, and lie on a
basin boundary. We define R-tipping and critical rates for the nonautonomous
system in terms of special solutions that limit to a compact invariant set of the
autonomous future limit system that is not an attractor. We focus on the case
when the limit set is a regular edge state, introduce the concept of edge tails,
and rigorously classify R-tipping into reversible, irreversible, and degenerate
cases. The central idea is to use the autonomous dynamics of the future limit
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system to analyse R-tipping in the nonautonomous system. We compactify the
original nonautonomous system to include the limiting autonomous dynamics.
Considering regular R-tipping edge states that are equilibria allows us to prove
two results. First, we give sufficient conditions for the occurrence of R-tipping
in terms of easily testable properties of the frozen system and input variation.
Second, we give necessary and sufficient conditions for the occurrence of
reversible and irreversible R-tipping in terms of computationally verifiable
(heteroclinic) connections to regular R-tipping edge states in the autonomous

compactified system.

Keywords: R-tipping, critical transitions, compactification, thresholds,

edge states, heteroclinic orbits,
asymptotically autonomous dynamical systems
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1. Introduction

Instability in the evolution of an open system subject to time-varying external conditions is
a vitally important problem in many areas of applied science, including climate, ecology and
biology. In particular, ‘tipping points’ or ‘critical transitions’ are large, sudden and often irre-
versible changes in the state of the system in response to small and slow changes in the external
conditions. Consider an open system near a stable state (the base attractor). We might expect
that, as external conditions change with time, the stable state will change too. We describe
this phenomenon as a moving stable state. Furthermore, we expect that the boundary of the
basin of attraction of this stable state will change too. In many cases the system may adapt
to changing external conditions and track the moving stable state. However, tracking may not
always be possible. Nonlinearities, competing timescales and feedbacks in the system mean
that the stable state may turn unstable or disappear. Alternatively, the system may cross the
moving basin boundary and evolve away from the moving stable state. When this happens,
the system tips to a different state. The different state may be long-lived (another attractor in
a multi-stable system) or short-lived (a transient response in an excitable system).

Our focus is on an interesting and relatively new tipping phenomenon, in which the open
system fails to track a moving stable state as external conditions vary at some critical rate(s).
Finding these critical rates and characterising what happens when they are exceeded is of great
interest in the natural sciences. From a mathematical viewpoint, such tipping corresponds to
a genuine nonautonomous instability in the corresponding nonautonomous dynamical system
with time-varying input parameters, also referred to as external inputs. The two main obstacles
to mathematical analysis of such tipping are: (a) inability to explain it in terms of a classical
autonomous bifurcation of the stable state in the frozen system with fixed-in-time external
inputs, and (b) the absence of compact stable states such as equilibria, limit cycles or tori in
the nonautonomous system. Thus, it requires development of mathematical techniques bey-
ond classical autonomous bifurcation theory [71]. Existing approaches include, for example,
identifying a ‘safe region’ about the moving stable state [12, 17, 91], using geometric singular
perturbations [85, 92, 95, 129, 131], finite-time Lyapunov exponents [47, 52, 64, 83], local
pullback attractors [6, 7, 11, 64, 70, 75, 98, 99] or snapshot attractors [33, 61], Melnikov-like
methods [70], as well as most likely tipping paths [23, 103] and tipping probabilities [43] in
the presence of noise.
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This work overcomes obstacles (a) and (b) as follows. We relate the actual state of the
nonautonomous system to the moving stable state to develop an accessible mathematical
framework for such tipping phenomena. Within this framework we use the compactification
technique developed in [132] in combination with geometric singular perturbation theory [39,
59, 122, 130] to give rigorous results that are both easily verifiable and relevant for a wide range
of applications. Most importantly, we extend a number of key rigorous results from [11] for
irreversible R-tipping in one-dimensional (scalar) systems to arbitrary dimension and to differ-
ent cases of R-tipping, including reversible R-tipping that can occur only in higher dimensions.
Our approach is guided by illustrative numerical examples of different cases of R-tipping in
higher dimension, which are given in [133].

1.1. Motivation: critical factors and R-tipping

In applications, it is important to determine critical factors for tipping [12]. The most com-
monly studied critical factor is a critical level of the external input at which the moving stable
state of a complex system disappears or destabilises in a classical dangerous* bifurcation, caus-
ing the system to suddenly move to a different state [11, 68, 93, 102, 124]. Critical levels have
been identified in many different contexts: the collapse of thermohaline circulation past the
critical level of fresh-water influx into the North Atlantic [4, 29, 74] loss of submerged veget-
ation in shallow turbid lakes past the critical level of nutrient concentration [108, chapter 7],
forest-to-desert transitions below the critical level of precipitation [108, chapter 11], power
outage blackouts past the critical level of power consumption [19, 31], and in the reports of
the Intergovernmental Panel for Climate Change [118] which specify critical levels of atmo-
spheric temperature and CO, concentration. The underlying dynamical mechanism is illus-
trated in a simple example in figure 1(a). As the external input changes in time, the position
of the stable state changes too. The nonautonomous system can track the moving stable state
as long as it persists, provided that the external input varies slowly enough. However, there
may be a critical level of the external input at which the moving stable state disappears or
destabilises in a classical bifurcation [11, lemma 2.3]. If the bifurcation is dangerous, there is
no nearby stable state to track beyond the critical level, and the system suddenly moves to a
different state. Note that the critical transition in figure 1(a):

e Requires a critical level of the external input—a classical dangerous bifurcation of the stable
state in the frozen system with fixed-in-time external inputs [68, 88, 124].
e Occurs no matter how slowly the external input passes through the critical level.

This nonautonomous instability has been described as a dynamic bifurcation [34], adiabatic
bifurcation [64] or bifurcation-induced tipping (B-tipping) [12]. The key point is that it can be
understood in terms of a classical autonomous bifurcation of the moving stable state. In the
presence of noise, there may be early warning signals of the impending bifurcation, and there
has been much progress in understanding when such signals may be present [18, 20, 26, 27,
30, 109].

However, critical levels of the external input are not the only critical factor for sudden
transitions. Other factors may arise in a system that is given insufficient time to adapt [110,
120, 131], that is subjected to fast fluctuations (noise) [12, 30], that is close to basin boundary

4 Dangerous bifurcations have a discontinuity in the parametrised family (or branch) of attractors at the bifurcation
point and include, for example, saddle-node and subcritical Hopf bifurcations [125].
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Figure 1. The conceptual difference between (a) B-tipping and (b) R-tipping for mono-
tonically changing external inputs. The (solid black) moving stable state is a stable state
of the frozen system for different values of a fixed-in-time external input. The (col-
our) trajectories show the system behaviour for a time-varying external input. (a) In
B-tipping, there is a critical level of the external input, and tipping occurs for any rate
of passage through the critical level. (b) In R-tipping, there is no critical level, but there
is a critical rate of change of the external input above which the system fails to track
the moving stable state and tips. The (blue) special critical-rate trajectory tracks what
we define as a repelling R-tipping threshold.

and may spend long period of time near (unstable) states of saddle type [16, 45, 68], or is
sensitive to the spatial extent, spatial location or spatial change of the external input [14, 44,
56, 107, 119]. What is more, real-world tipping phenomena may involve an interplay between
different critical factors [88, 102, 117].

The focus of this work is on systems that are particularly sensitive to how fast the external
input changes [60, 101]. Such systems may not even have any critical levels of the external
input, but they may have critical rates of change of the external input: they suddenly and
unexpectedly move to a different state if the external input changes faster than some critical
rate. Although critical rates are less understood than critical levels, they are equally relevant
and ubiquitous [6, 8, 9, 12, 14, 25, 62, 63, 74, 82, 85, 86, 88, 92, 96, 110, 114, 121, 126-
129, 131]. In particular, critical rates are of special interest in climate science and ecology in
the contexts of global warming, increasing climate variability, and ensuing failure to adapt
to changing external conditions: the moving stable state is continuously available, but the
system is unable to adjust to its changing position when the change happens slowly but too
fast. This is evidenced by reports of contemporary and projected climate variability being
too fast for animals and plants to migrate or adapt [14, 58, 72, 126], critical dependence of
thermohaline circulation on the rate of North-Atlantic fresh-water influx [6, 74, 77] and the rate
of CO, emissions [120], sudden release of soil carbon from peatlands into the atmosphere [25,
78, 131] that can be accompanied by ‘zombie wildfires’ [92, 113] above some critical rate
of atmospheric warming, climate-related ‘critical-rate hypothesis’ in the context of coastal
wetlands responding to rising sea level [86] and more generally ecosystems subject to rapid
changes in external conditions such as wet El Nino Southern Oscillation years, droughts, or
disease outbreaks [88, 110].

There are many other areas of science where critical rates are important. In neuroscience,
in addition to type-I or II nerves which ‘fire’ above some level of externally applied voltage,
there are type-III excitable nerves that are able to accommodate slow changes in an externally
applied voltage up to very high voltage levels. What is necessary for type-III nerves to ‘fire’ is
a fast enough increase in an externally applied voltage, rather than a high enough voltage level,
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and this rate-dependence allows the brain for accurate coincidence detection [46, 49, 55, 85,
106]. In competitive economy, there is a related ‘chasing problem’ in the context of supply,
demand and prices trying to adapt to a changing equilibrium [54].

The general concept of rate-induced tipping is illustrated in figure 1(b). When the external
input changes in time, the nonautonomous system tries to track the moving stable state. Track-
ing is guaranteed if the external input changes slowly enough [11, lemma 2.3]. However, above
some critical rate of the external input change, the system can no longer track the moving stable
state and may suddenly move to a different state. Note that the critical transition in figure 1(b):

e Does not require any critical level of the external input—there need not be any classical
bifurcation of the stable state in the frozen system with fixed-in-time external inputs.

e Occurs only if the external input varies faster than some critical rate.

e Can be irreversible: the system fails to track the moving stable state, suddenly moves to a
different stable state®, and never returns to the original stable state; see for example [63, 88,
110].

e Can be reversible: the system fails to track the moving stable state, makes a large excursion
away from it, then returns to the original stable state, and this process may happen repeatedly;
see for example [85, 92, 95, 129, 131].

We describe such a genuine nonautonomous instability as a rate-induced tipping or simply
R-tipping [12]. By ‘genuine nonautonomous’ we mean that, unlike B-tipping, R-tipping can-
not, in general, be understood in terms of a classical autonomous bifurcation of a moving stable
state. Nonetheless, in the presence of noise, some of the early-warning signals identified for
B-tipping may also occur for R-tipping [103].

We highlight that R-tipping is somewhat counter-intuitive and difficult to analyse for a
number of reasons. In addition to the fact that R-tipping cannot be simply explained in terms
of a classical bifurcation of the stable state in a frozen system [88], R-tipping may occur for
external input rates that are much slower than the rate of convergence towards the stable state
in the frozen system [129]. The reason is that tracking requires the convergence rate towards
the moving stable state to be faster than the speed of the moving stable state in the phase
space. Thus, if the position of the stable state in the phase space is sufficiently sensitive to
changes in the input parameters, then R-tipping may occur for external inputs varying more
slowly than the convergence rate towards the stable state [12, 48]. Moreover, there may be
no obvious R-tipping threshold separating initial conditions that track the moving stable state
from those that R-tip. The separatrix in the nonautonomous system can be an intricate fractal
or a non-obvious quasithreshold [85, 92, 94, 131, 133]. Lastly, reversible R-tipping poses a
mathematical challenge to capture transient and thus quantitative instabilities because the sys-
tem exhibits the same asymptotic (long-term) behaviour below and above a critical rate. This
has previously made reversible R-tipping difficult to define rigorously, even using modern
concepts from the theory of nonautonomous dynamical systems [11]. These counter-intuitive
properties of R-tipping further motivate and highlight the need for the development of a math-
ematical framework that is easily accessible to applied scientists.

1.2. Summary of main results and outline of paper

This paper develops an applicable theory of R-tipping via loss of end-point tracking of a mov-
ing sink in multidimensional systems for external inputs that vary smoothly with time and

5 Often referred to as an ‘alternative stable state’.
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decay exponentially to a constant at infinity. The theory allows us to extend rigorous criteria
from [11] for irreversible R-tipping in one-dimensional (scalar) systems to arbitrary dimension
and to different cases of such R-tipping.

The paper is organized as follows. Section 2 introduces multidimensional nonautonomous
systems with asymptotically constant input parameters. Additionally, it introduces a rate para-
meter r > (0 that characterises the ‘rate’ of time variation of the input parameter(s) along some
input parameter path. Section 3 defines moving sinks on a time interval I, which are hyper-
bolic sinks of the frozen system parametrised by time for a given time variation of the input
parameter(s). Then, it characterises R-tipping from base attractors that are hyperbolic sinks as
failure of the nonautonomous system to track a moving sink via: (i) loss of end-point tracking
and (ii) loss of d-close tracking. As a starting point for analysis of R-tipping via los of end-
point tracking, section 4 develops a theory of regular thresholds and regular edge states within
the frozen system, and defines moving regular thresholds and moving regular edge states in
a similar way to moving sinks. Roughly speaking, regular edge states are compact normally
hyperbolic invariant sets with orientable codimension-one stable manifolds (one unstable dir-
ection), and regular thresholds are forward invariant subsets of stable manifolds of regular edge
states. Crucially, section 4 introduces the important and easily verifiable property of (forward)
threshold instability of a (moving) sink. Section 5 gives a precise definition of R-tipping via
loss of end-point tracking in multidimensional nonautonomous systems with asymptotically
constant inputs in terms of special solutions that limit to a compact invariant set of the future
limit system that is not an attractor. It identifies R-tipping thresholds that are typically respons-
ible for loss of end-point tracking and separate nonautonomous solutions that R-tip from those
that do not in such systems. Additionally, it defines regular R-tipping edge states and their
edge tails. Regular R-tipping edge states are examples of non-attracting limit sets that anchor
the important regular R-tipping thresholds at infinity. The new concept of edge tails allows
us to classify R-tipping via loss of end-point tracking into reversible, irreversible and degen-
erate cases by focusing on limit sets that are regular R-tipping edge states. Section 6 intro-
duces and summarises results from [132] on compactification of nonautonomous dynamical
systems with exponentially asymptotically constant external inputs. It includes the following
key technical results. Proposition 6.4 relates a local pullback attractor anchored at negative
infinity by a hyperbolic sink to an invariant unstable manifold of a hyperbolic saddle in the
compactified system, a regular R-tipping threshold to an invariant stable manifold of the cor-
responding regular R-tipping edge state in the compactified system, and each edge tail to one
branch of the invariant unstable manifold of the regular R-tipping edge state in the compacti-
fied system. Proposition 6.5 uses these relations to characterise R-tipping in terms of edge tail
behaviour.

The main results of the paper are presented in section 7 for moving sinks and regular R-
tipping edge states that are hyperbolic equilibria. Theorem 7.1 shows that nonautonomous
solutions track moving sinks of the frozen system, while theorem 7.2 shows that regular R-
tipping thresholds track moving regular thresholds of the frozen system, as long as the rate
parameter r is sufficiently small. For moving sinks on / = R, theorem 7.3 gives criteria for the
existence of R-tipping via loss of end-point tracking in the nonautonomous system in terms of:
(i) threshold instability of a hyperbolic sink in the frozen system on a given parameter path, and
(ii) forward threshold instability of a moving sink of the frozen system for a given time-varying
external input. This theorem generalizes results from [11] for one-dimensional (scalar) systems
in the sense that threshold stability does not guarantee tracking in higher-dimensional systems;
see for example [63, 133]. We finish this section by identifying different cases of R-tipping
via loss of end-point tracking in the nonautonomous system with a connecting (heteroclinic)
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orbit in the autonomous compactified system. In particular, proposition 7.1 identifies (non-
degenerate) reversible and irreversible R-tipping in the nonautonomous system with presence
of a non-degenerate connecting (heteroclinic) orbit® to a regular R-tipping edge state in the
compactified system. This means that powerful numerical tools for detection and parameter
continuation of connecting (heteroclinic) orbits can be applied to practically find critical rates
for R-tipping via loss of end-point tracking.

Finally, section 8 highlights some open questions associated with extending our results
to more general settings. These settings include asymptotically constant external inputs that
decay slower than exponentially or are not asymptotically constant, R-tipping from more com-
plicated base attractors, involving more complicated R-tipping edge states, thresholds that
are not regular, quasithresholds that are typically responsible for R-tipping via loss of 9-
close tracking, and R-tipping in spatially extended systems modelled by partial differential
equations. This paper is complementary to [132] which develops the theory of compactifica-
tion for asymptotically autonomous dynamical systems, and to [133] which presents a number
of illustrative numerical examples of R-tipping.

2. The problem setting

We consider a nonlinear nonautonomous system
x = flx, A1), )]

with the state variable x € R", time # € R, C'-smooth time-varying external input A : R — R¢,
and C'-smooth vector field f: R" x R? — R”, where i denotes dx/d.

2.1. Parametrised nonautonomous system: rates of change

We are interested in understanding nonautonomous R-tipping instabilities that appear on vary-
ing the time scale or ‘rate of change’ of an external input. To address this question, we
extend (1) to a parametrised family of nonautonomous systems

x =f(x,A(r1)), 2

where r >0 is a constant rate parameter [6, 11, 12, 131]. We refer to ¢ as the time scale
of the system, and to T = rt as the time scale of the external input’. It is important to note
that, typically, both the external input and solutions of (2) depend on r. Therefore, it will be
convenient to analyse R-tipping on the time scale 7 of the external input, where only solutions
to the problem depend on r. To this end, we rewrite (2) in terms of 7, and consider

x'=flx, A(7))/r, ©)

where x’ denotes dx/dr.

2.2. Frozen system

Although R-tipping is a genuine nonautonomous instability of the nonautonomous system,
much can be understood about R-tipping from properties of the autonomous frozen system

x=flx,A), “

6 We give non-degeneracy conditions for connecting orbits in remark 7.3.
7 Note that if 7 is in units second and r is in units inverse second then 7 is dimensionless.
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with a fixed-in-time input parameter \ corresponding to a possible value of the external
input [11]. The frozen system is sometimes called a quasistatic system or an instantaneous
system. We will be interested in families of equilibria of the frozen system (4) that vary C!-
smoothly with A\, which are also referred to as branches of equilibria. Note that, for fixed r > 0,
one can write (4) in the time scale of the external input, namely

x' = flx,A)/r, Q)

and that (4) and (5) clearly have the same invariant sets, qualitative stability and bifurcations
on varying .

2.3. Asymptotically constant inputs: future and past limit systems

When developing a theory of R-tipping, one needs to specify a class of possible external inputs
A(7). For arbitrary time-dependent inputs, the theory of nonautonomous systems [64] sum-
marises work in this area and gives general results on attraction and stability. Here, we focus
on a case that is more specific, relevant to applications, and allows us to make further pro-
gress on the nonautonomous problem (3). In particular, it allows us to extend results from [11]
to arbitrary dimension and to different cases of R-tipping. To be more precise, we consider
response of an open system to non-periodic external inputs that limit to a constant as time
tends to positive and possibly negative infinity:

Definition 2.1. We say that A(7) is bi-asymptotically constant with future limit A* and past
limit A~ if
lim A(T)=AT €R?and lim A(r)=\" € R% (6)
T—+00 T——00

We say A(7) is asymptotically constant if one of the limits above exists.

Remark 2.1. A bi-asymptotically constant A(7) need not be monotone or indeed one-
dimensional, which is a generalization of the parameter shifts considered in [11]. For example,
for a scalar A(7), we do not require the supremum or infimum of A(7) to be AT or A™; see
figure 2(a).

Such inputs are used widely in different areas of applied science as mathematical models
of finite-time disturbances, saturated growth processes and decay phenomena. Furthermore,
they are a natural choice for defining and analysing R-tipping rigorously: they allow us to
identify possible asymptotic states of the system when the disturbance is gone, and discuss
changes in the asymptotic state for different rates r of the input. The main simplification is that
nonautonomous problem (3) becomes asymptotically autonomous in the terminology of [13,
64,79, 891:

flx, A7) = flx, )\i) as T — Foo.

For the case of bi-asymptotically constant A(7) we can define the autonomous future limit
system

k= flx, A7), (7
and the autonomous past limit system
x ::f(x7A47>7 (®)

which are special cases of the autonomous frozen system (4).
One of the main contributions of this work is to use autonomous dynamics and compact
invariant sets (in particular equilibria and invariant manifolds) of the limit systems (7) and (8)
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A

|
L

A1

Figure 2. (a) Example of a bi-asymptotically constant (scalar) external input A(7) with
the future limit A™ and the past limit A~ together with two parameter paths: (blue)
parameter path Px C R traced out by this A(7), and (purple) parameter path P ; C Pa
traced out by this A(7) on a given time interval I = (7_, 7). Note that AT and A~ do

not lie on the boundary of Py . (b) Examples of a parameter path P in RY = R%.

to analyse nonautonomous R-tipping instabilities in system (2) or (3). While related questions
have been investigated in the past [21, 50, 79, 105, 123], a particular novelty of our approach
is that we relate trajectories of the nonautonomous system (3) and compact invariant sets of
the autonomous limit systems (7) and (8) to one autonomous compactified system. This can be
achieved by applying the compactification technique that was developed in [132] for system (1)
with arbitrary decay of external inputs A(7). The technique is reviewed in section 6 from the
viewpoint of R-tipping in system (3) and exponentially decaying external inputs A(7).

2.4. Solutions and trajectories of the parametrised nonautonomous system

Throughout the paper, dependence of solutions and trajectories of the nonautonomous sys-
tem (3) on r is indicated by superscript [r]. For example, we write

0 (1,x0,70) € R",

to denote a solution® to system (3) at time 7 started from x at initial time 7 for a fixed rate r.
We also write

trjm (x0,70) = {xm (1yx0,70) : T = T()} C R,
to denote the corresponding trajectory from (xp, 7). For bi-asymptotically constant inputs

A(7), if e is a sink for the autonomous past limit system (8) and Xl (1,x0,70) — €~ as
T — —00, we write this solution as

A(r,e7) e R
We also write the corresponding trajectory as

ujl(e™) = {x[’](ﬂe_) 1T E R} C R

8 This is the flow x(7) = ¢ (T, 70,X0) Written as a process [64] with the r dependence explicitly shown. Given a
solution x"] (7,%0,70) to system (3), one can easily obtain the corresponding solution to system (2) by setting 7 = 7/r
and 7o = 79/r. However, it is important to note that, for different r > 0, a fixed initial state (x,70) in system (3)
corresponds to a fixed value of the external input A(rf), but different initial states (xo,%) = (xo,70/r) in system (2).
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If the sink e~ is hyperbolic then one can show [6, 11] that x'] (7,e7) is unique and can be
understood as a local pullback attractor for the nonautonomous system (3). We sometimes
simply write

() e R,
to mean either x!"] (7,%0,70) Or xl (1,e7), and
il c R,

to mean either trj"l (xo, 79) or trj"l (¢~), depending on the context. Note that solutions x!") (7)
and trajectories trj"! started from the same initial state (xo, ), or limiting to the same sink ¢~
will typically vary nontrivially with r > 0.

2.5. Parameter paths

To give easily testable criteria for R-tipping, it is convenient to work with a parameter path
that is traced out by the external input A(7) in the parameter space R?. We write S to denote
the closure® of S, and define:

Definition 2.2. A parameter path is a compact subset of the input parameter space R?, that is
the closure of an image of a C'-smooth function from R to R?.

(a) A given parameter path is denoted by P.
(b) A parameter path traced out by a given external input A(7) is denoted by

Py —TA(T) - TE B} CRY, ©

(c) A parameter path traced out by a given external input A(T) on a given time interval [ =
(t—,74), where 74 may be o0, is denoted by

Pay={A(7) : T €1} CPp. (10)

Remark 2.2. Note that P can be traced out by (infinitely) many different external inputs, Py
may be traced out by a given external input A also on time intervals other than I, P and Py ;
are independent of the rate > 0 of the external input A, and Py g = Pa.

Figure 2 shows examples of (a) Py and Pp ; in a one-dimensional parameter space, and
(b) examples of P in a two-dimensional parameter space [5, 88]. An external input A(7) may
traverse the parameter path P, over time in a complicated manner, for example by moving back
and forth along the path repeatedly, and with a varying speed ||A’(7)||, as shown in figure 2(a).
Moreover, the future limit AT and, if it exists, the past limit A~ of A(7) need not lie on the
boundary of P, ; see also remark 2.1.

3. Tracking and failure to track of moving sinks

In this section we explore the response of the nonautonomous system (2) or (3) to external
inputs A. First, we introduce the intuitive concept of a moving sink—a smooth family of
instantaneous positions of a hyperbolic sink for the autonomous frozen system (4) that does

9 The smallest closed subset of R¢ containing S.
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not depend on the rate parameter » > 0 when viewed on the external input time scale 7. Then,
we discuss the relation between the moving sink and rate-dependent solutions x'(7) to sys-
tem (3) for different but fixed r > 0. A similar setting was used previously [6, 11, 12, 75, 88,
94, 131] to understand the dynamical behaviour of (3) in terms of:

e Tracking of a moving sink by x!'1(7) for sufficiently small but non-zero rates r.

e Failure to track a moving sink via a nonautonomous R-tipping instability that can appear at
higher rates r = r,. This includes potential multiple transitions between tracking and tipping
as r is increased [75, 88, 92].

3.1 Moving sinks

We consider a base attractor in the autonomous frozen system (4) that varies C'-smoothly with
A. Our focus is on a linearly stable equilibrium (a hyperbolic sink) that continues and does not
bifurcate along (some part of) a parameter path traced out by a given external input A = A(7).
We will be interested in how the position of such an equilibrium changes over time.

Definition 3.1. Suppose the autonomous frozen system (4) has an equilibrium e()\) for some
connected set of values of A. Consider an external input A(7) that traces out a parameter path
P onatime interval I = (7_,74) C R, where 74 can be o0. Then,

(a) We say e (A(7)) is a moving sink on I if e()) is a hyperbolic sink that varies C!-smoothly
with A EEIDA7L

(b) If A(7) is asymptotically constant to A and e (A(7)) is a moving sink on I = (7_, 4+00),
we define the future limit e™ of a moving sink

et =e(\),

which is a hyperbolic sink for the autonomous future limit system (7).
If A(7) is asymptotically constant to A~ and e (A(7)) is a moving sink on [ = (—o0, 7 ),
we define the past limit e~ of a moving sink

which is a hyperbolic sink for the autonomous past limit system (8).

A moving equilibrium on a time interval / is an equilibrium of the autonomous frozen sys-
tem (4) parametrised by time 7 € I for a given input A = A(7). It is sometimes called a quasi-
static equilibrium or an instantaneous equilibrium. Guided by the intuition from figure 1(b),
we often focus on the special case I = R, namely where moving equilibria continue and do not
bifurcate along the whole parameter path P, traced out by A(7). Note that the moving equi-
librium e (A(7)) depends on f and on the shape of the external input A, but does not depend on
the rate parameter » > 0 (though its eigenvalues do depend on r when viewed on the external
input timescale 7; see equation (5)). We consider moving equilibria in the phase space R”
of the nonautonomous system (3), but note that they are not solutions to (3). However, mov-
ing equilibria can serve as a useful point of reference for discussing rate-dependent solutions
x(7) to (3). For example, they can approximate x"(7) when r is sufficiently small, as we see
in section 3.2.
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3.2. Tracking moving sinks

We will be interested in how a rate-dependent solution x"!(7) of (3) changes over time rel-
ative to a moving sink e(A(7)) for a given external input A(7) and different rates r > 0. As
noted in [6, 11], there are several ways to understand tracking of a moving sink, depending
on whether we need closeness at all points in time, or just in the future limit 7 — +o0. The
following definition formalises this.

Definition 3.2. Consider a nonautonomous system (3) with an external input A (7). Suppose
there is a moving sink e(A(7)) on I = (7_, 74 ), where 7. may be +oo. For any fixed § >0
and r > 0:

(a) We say xU"1(7) d-close tracks e(A (7)) on I if
[« (7) —e(A(7))]| < & forall 7€l (11)

(b) Suppose in addition that A(7) is asymptotically constant to AT, e(A(7)) is a moving sink
on I = (7_,400), and recall that e(A(7)) limits to e*. Then, we say xV!(7) end-point
tracks e(A(7)) on I if xI")(7) exists for all 7 € I and

() = et

as 7 — +oo. (12)
Remark 3.1. We define d-close tracking for x"! (1) on any time interval I = (7_, 7, ), and end-
point tracking for x1(7) on a (semi)infinite time interval I = (7_,+00), where 7 may be
+o00. This is a generalisation of the §-close and end-point tracking definitions used in [11],
which restrict to tracking by pullback attractors x1(7) = xV'l(e=,7) on I = R.

Theorem 7.1 gives criteria that sufficiently small rate parameter r (i.e. slow enough motion
of hyperbolic sinks on the system time scale ) will give d-close and end-point tracking for any
§ > 0. Tracking of more complicated attractors'® such as limit cycles [5, 6], tori and chaotic
attractors [3, 61] is discussed in section 8 and left for future study.

3.3. Failure to track: nonautonomous R-tipping instability

We use the notion of R-tipping to describe two types of genuine nonautonomous instabilities
that occur through loss of tracking in the following manner:

e Loss of end-point tracking: A rate-dependent solution x!') (7) fails to end-point track a mov-
ing sink e (A(7)) at some rate r =r, [11, 70, 75, 88, 110]. This instability is a qualitative
change, it can thus be classified as a genuine nonautonomous bifurcation.

e Loss of 0-close tracking: For a given § > 0, a rate-dependent solution x["! (7) end-point tracks
amoving sink e (A(7)) for all r > 0, but fails to J-close track e (A(7)) at some rate r = r.(J)
that depends on the choice of § [85, 92, 129, 131, 133]. This instability is a quantitative
change, but cases of interest may be classified as finite-time bifurcations [100].

10 See appendix A.4 for the definition of an attractor.
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This paper gives a rigorous characterisation of R-tipping that occurs via qualitative ‘loss
of end-point tracking’ in definition 5.1, and leaves quantitative ‘loss of J-close tracking’ for
future research. For example, suppose that x!'] (1) — et for 0 < r < r. but

A7) 4 et as T — +o0.

If x<(7) remains bounded then the system undergoes R-tipping according to our definition.
If such an r, is isolated, we call it a critical rate. One aim of this paper is to identify and
rigorously define possible cases of such R-tipping. In doing so, we note that the critical-rate
solution x["<l () will typically converge to a compact invariant set'! n*:

Ael(7) =t as T — 400,

that is not an attractor, not necessarily an equilibrium, and lies on the basin boundary of a sink
e in the future limit system (7) [88, 133]. If this set is hyperbolic with one unstable direction
and an orientable stable manifold'? then we call such an n* a regular R-tipping edge state. This
in turn suggests other important notion: a regular R-tipping threshold which contains initial
states that converge to the regular R-tipping edge state in the nonautonomous system (3).

4. Thresholds and edge states for autonomous frozen systems

We consider thresholds in phase space as invariant sets that have two different sides and, in
some sense, give qualitatively different behaviour for trajectories started on different sides of
the threshold. We introduce different types of threshold, as summarized below:

e For the autonomous frozen system (4), we distinguish in section 4.1 between regular
thresholds and irregular thresholds.

e Given a regular threshold that varies C'-smoothly with ), and a time-varying external
input A(7), we define in section 4.2 moving regular thresholds as regular thresholds of the
autonomous frozen system (4) parametrised by time 7 for A = A(7).

e For the nonautonomous system (3), we define in section 5.1 regular R-tipping thresholds.
These are nonautonomous forward-invariant sets that separate solutions x"l(7) of (3) that
R-tip from those that do not.

Definition 4.3 uses regular thresholds to generalise, and in certain sense unify, the concepts
of ‘excitability thresholds’ for excitable systems [40, 57, 67, 131] and ‘multi-basin boundaries’
for multistable systems [97].

4.1 Regular thresholds, regular edge states and excitability

We restrict to thresholds that are repelling orientable embedded manifolds'®, which we call
regular thresholds. Thresholds that are repelling but not orientable or not embedded manifolds
such as the fractal basin boundaries discussed in [1, 61, 80], we term irregular thresholds and
leave for future study. More precisely:

11 Notions of convergence to invariant sets 7 are discussed in appendix A.1.
12 Note that T is contained in its stable manifold, that is ™ C W*(nt).
13 We recall some notions used in discussion of differentiable manifolds in appendix A.2.
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Figure 3. Examples of a (blue) regular threshold 6 and the associated regular edge state
7 in a two-dimensional autonomous frozen system (4). (a) A regular edge state 7 that is
a hyperbolic saddle equilibrium. The associated regular threshold 6 is any codimension-
one forward-invariant subset of the stable manifold of 7, so that » C 6. This € lies in the
basin boundary of one attractor, and the two sides of 6 are in the basin of attraction of
the same attractor e;. (b) A regular edge state n that is a repelling hyperbolic limit cycle.
The associated regular threshold is the same limit cycle, so that p = 6. This 6 lies on
the basin boundary of two attractors, and each side of 6 lies in the basin of attraction
of a different attractor, that is e; and e;. (c) A regular threshold 6 that lies on the basin
boundary of three attractors.

Definition 4.1. In the n-dimensional autonomous frozen system (4), we define a regular
threshold 8 C R" as a codimension-one embedded orientable forward-invariant manifold that
is normally hyperbolic and repelling.

Remark 4.1. Recall that a forward-invariant manifold 6 is normally hyperbolic if perturbations
transverse to § can be characterised using exponentially growing or decaying modes, and these
rates of growth or decay are larger than any rate of growth or decay of perturbations within
the manifold. It is normally repelling if all transverse perturbations grow exponentially. More
precise statements can be found, for example, in [36, 39, 68].

Remark 4.2. Any codimension-one forward-invariant subset of a regular threshold is clearly
also a regular threshold. In this sense regular thresholds are not unique.

Remark 4.3. There is a close relationship between a regular threshold and a basin boundary
of an attractor:

(a) A regular threshold 6 will typically be contained in the basin boundary of one or more
attractors. For example, figure 3 depicts regular thresholds 6 that lie in the basin boundary
of (a) one attractor, (b) two attractors or (c) three attractors.

(b) Not all points on the basin boundary need to be in regular thresholds. In figure 3(a), a
regular threshold can be chosen to be any codimension-one connected subset of the stable
manifold of n containing 7, in which case there will be parts of the stable manifold that
are part of the basin boundary of e; but not part of the threshold. If a regular threshold is
chosen to be the entire stable manifold of 7, as shown (in blue) in the figure, it still has
boundary that is a (black dot) source: this source is part of the basin boundary of e¢; but
not part of the threshold.

The assumption of forward invariance means that a regular threshold may contain several
invariant sets that are attractors for the flow restricted to the threshold. Here, we consider
compact normally hyperbolic invariant sets 7 that are attracting within 6, together with their
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stable invariant manifolds'#, denoted W*(n). Using notation inspired by work on fluid instabil-
ities [111, 112, 116] and climate instabilities [41, 76], we define a regular edge state as follows:

Definition 4.2. In the n-dimensional autonomous frozen system (4), consider a regular
threshold 6. We call a compact normally hyperbolic invariant set  C 0 a regular edge state of
the regular threshold @ if 7 is an attractor'” for the flow restricted to 6 and 6 C W*(n).

Remark 4.4. Not every regular threshold 6 can be associated with a unique regular edge state
7. For example, points in # may limit to a continuum of equilibria that are neutrally stable
within 6, or they may limit to several different attractors within € that are regular edge states
for forward-invariant subsets of 6.

Remark 4.5. Recall from definition 4.1 that, in an n-dimensional frozen system (4), a regular
threshold 6 has dimension (n — 1). A regular edge state 77 may be of the same or lower dimen-
sion than 6. If ) is of the same dimension as 6, then = 6 = W*(n)), and 7 is normally repelling.
Examples of such 7 include a repelling equilibrium for n = 1, a repelling limit cycle for n =2
(see figure 3(b)), or more generally a repelling (n — 1)-torus. If 7 is of lower dimension than 6,
then nn C 8 C W*(n), and 7 is of saddle type owing to attraction within 6 and normal repulsion
of 6. Examples of such 7 include a saddle equilibrium with one unstable direction as depicted
in figures 3(a) and (c), a saddle limit cycle with one unstable direction, or a saddle (n — 2)-torus
with one unstable direction.

The assumption of normal hyperbolicity implies that it is possible to extend regular edge
states and associated regular thresholds of the frozen system (4) to nearby A; see [36, theorems
3 and 4]. We state this rigorously for regular edge states that are hyperbolic equilibria with
precisely one unstable dimension:

Proposition 4.1. Suppose that n* is a hyperbolic equilibrium with one unstable direction in
the autonomous frozen system (4) with A = X\*. Then:

(a) The equilibrium n* is a regular edge state. There exists a regular threshold 0* that is a
forward invariant subset of the stable manifold of n*.

(b) There is an open neighbourhood Q of \* in R? such that n* can be continued to a family
of regular edge states 1(\), and 6* can be continued to a family of regular thresholds 0(\)
containing 1(\). These families vary C!-smoothly with \ € Q.

(c) There is a continuous parametrization of 0(\) by x € 0* and X € Q. This parameterization
can be chosen so that the normal vector v(x,\) to O(\) varies C!-smoothly with X € Q.

Proof. Note that n* is an unstable node in R, in which case W*(n*) = n*, or a saddle in R">2
in which case n* € W*(n*).

(a) We choose 6* to be a local stable manifold of n*, denoted W5, _.(1*), as given by the stable
manifold theorem; see e.g. [69, theorem 2.1.2]. This means that 6* is topologically a
codimension-one ball that is forward invariant, contractable to n*, and one can choose
a normal vector (an orientation) corresponding to the unstable eigenvector of n*, which
varies smoothly with x € 8*. Thus, n* is a regular edge state and 6* is a regular threshold.

14 Note that the stable invariant manifold of 7 contains 7.
15 See appendix A.4 for the definition of an attractor.
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(b) Applying results of Fenichel on persistence of normally hyperbolic invariant manifolds
that are compact and embedded (see [36, theorem 3] or [69, theorem 2.3.5]), there is an
open neighbourhood Q of A* such that n* can be continued to a family of hyperbolic equi-
libria () that varies C'-smoothly with A € Q. Similarly, applying results on persistence
of stable/unstable manifolds of normally hyperbolic invariant manifolds (see e.g. [36, the-
orem 4] or [69, theorem 2.3.6]), Wfoc(n*) can be C!-smoothly continued to a family of
stable manifolds of 7(\), and each of these manifolds contains a regular threshold 6(\)
that varies C'-smoothly with A € Q.

(c) The continuous parameterization by (x, \) is a consequence of applying results of [37] and
[38] or [69, theorem 2.3.12]. Orientability implies that there are two choices of a normal
vector +v(x) that vary smoothly with x € 6* and \ € Q, and thus a well-defined notion of
the two sides (e.g. inside/outside) of a regular threshold. O

To relate our concept of regular thresholds to existing literature [67, 97], we distinguish
between notions of ‘excitability threshold’ for excitable systems and ‘multi-basin boundary’
for multistable systems as being different kinds of thresholds.

Definition 4.3. Let 6(\) be a regular threshold for the autonomous frozen system (4).

(a) If O()\) is contained in the basin boundary of two or more attractors, we say that the
autonomous frozen system (4) is multistable with multi-basin boundary ().

(b) If () is contained in the basin boundary of a single attractor, we say that the autonomous
frozen system (4) is excitable with excitability threshold ().

4.2. Moving regular thresholds and moving regular edge states

It follows from definition 4.2 that, if there is a regular edge state n()), then there is a regular
threshold 6(\) containing 7(\). For a given external input A(7), we use the notion of a para-
meter path Py ; from definition 2.2 and define moving regular edge states and moving regular
thresholds analogously to moving sinks, namely as follows:

Definition 4.4. Suppose the autonomous frozen system (4) has a codimension-one forward-
invariant manifold #(\) and a compact invariant set (A) C () for some connected set of
values of A. Consider an external input A(7) that traces out a parameter path P ; on a time
interval I = (7_,7+) C R, where 71 can be +c0. Then,

(a) We say 0 (A(7)) is a moving regular threshold on I if 0(\) is a regular threshold that varies
C'-smoothly with \ € P

(b) We say 1 (A(7)) is a moving regular edge state on I if n(\) is a regular edge state that
varies C!-smoothly with \ € Py .

(c) Suppose that A(7) is asymptotically constant to A™, and  (A(7)) is a moving regular edge
stateon I = (7_,+00). Then, we define the future limit ™ of the moving regular edge state
by

nt=n(A").
Remark 4.6. The assumption in (c) implies that 7™ is a regular edge state of a regular threshold

0 =0\,

for the autonomous future limit system (7).

3254



Nonlinearity 36 (2023) 3238 S Wieczorek et al

A moving regular threshold (edge state) is a regular threshold (edge state) of the autonom-
ous frozen system (4) parametrised by time 7 for a given input A = A(7). Similar to moving
sinks, moving regular thresholds (edge states) are considered in the phase space R” of the
nonautonomous system (3). They depend on f and on the shape of the external input A, but do
not depend on the rate parameter » > 0 when viewed on the external input timescale 7. Regu-
lar edge states 7 of the future limit system (7) are particularly important in our work. This is
because regular R-tipping thresholds are anchored at infinity by n*.

4.3. Threshold instability of a sink

A theory of irreversible R-tipping in one-dimensional (scalar) nonautonomous system (2)
or (3) presented in [11] is based on moving sinks on / = R and the intuitive concept of forward
basin stability16 of a moving sink; see [11, definition 3.3]. To be more specific, a moving sink
e(A(r)) is forward basin stable if, at each point in time, e(A(7)) is contained in the basin of
attraction of its every future position'’. This concept was used in [11, theorem 3.2] to derive
easily testable criteria for the absence or presence of irreversible R-tipping for a moving sink
on I = R in one dimension: forward basin stability in autonomous frozen system (4) withx € R
excludes R-tipping in nonautonomous system (2) or (3), whereas lack of forward basin sta-
bility (plus some additional assumptions) in system (4) with x € R guarantees R-tipping in
system (2) or (3). The key point in the derivation of these criteria is that, in R, trajectories star-
ted within the basin of attraction approach the attractor monotonically in time. Another point
is that, in R, a typical basin boundary is a boundary of two attractors unless trajectories on
one side of the boundary diverge to infinity. Thus, one typically expects irreversible R-tipping
in R.

However, a theory that works in arbitrary dimension and captures both irreversible and
reversible R-tipping requires a more sophisticated understanding. First, the concept of for-
ward basin stability from [11] is no longer useful. If trajectories started within the basin of
attraction can approach the attractor non-monotonically in time, then forward basin stability
in system (4) with x € R">2 no longer excludes R-tipping in system (2) or (3). This is evid-
enced by examples of irreversible R-tipping for a moving sink on / = R occurring in spite of
forward basin stability already in two dimensions [63, 133]. Second, in two or more dimen-
sions, there can be reversible R-tipping due to crossing a basin boundary of a single attractor;
see figure 3(a). The concept of basin instability from [88] addresses only part of the problem:
it gives easily testable criteria for the occurrence of irreversible R-tipping for a moving sink
on I = R in multidimensional systems, but is not useful for reversible R-tipping.

To properly address the problem of different cases of R-tipping in arbitrary dimension, we
introduce the more general concepts of threshold instability and forward threshold instability.
In short, threshold instability of a hyperbolic sink on a parameter path describes the position
of the sink at some points on the path relative to the position of the threshold at different points
on the path. To be specific, we introduce two notions. First, we quantify ‘relative position of a
sink and a threshold’ using the signed distance'® between the point e()\;) and the set 6(\,):

16 Not to be confused with the ‘static’ notion of ‘basin stability’ introduced in [81] as a measure related to the volume
of the basin of attraction.

17 Equivalently, a moving sink e(A(7)) is ‘forward basin stable’ if, at each point in time, the basin of attraction of
e(A(7)) contains all the previous positions of e(A(7)).

18 The signed distance d; (x, S) is discussed in appendix A.3.
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ds(e(A1),0(N2)). (13)
Second, we describe e(A) and 6(\) at “different points on the path’ by constructing the subset
P*:=PxPCR™

and viewing pairs (A1, \;) of different input parameters as elements of this subset. We can then
define threshold instability, which generalises the notion of basin instability from [88].

Definition 4.5. Suppose the autonomous frozen system (4) has a hyperbolic sink e(X). Con-
sider a parameter path P such that e(\) varies C'-smoothly with \ € P.

(a) We say e()\) is threshold unstable on P if there exists a C'-smooth family of regular
thresholds 6(\) and a (\,, \p) € P? such that

M) €00N) e di(e(N),0(M)) =0,

and d,(e()\),0()\2)) takes both signs in any neighbourhood of (A4, \) in P2.
(b) We say e(\) is basin unstable on P if it is threshold unstable on P, and the threshold 6(\;)
is contained in a multi-basin boundary.

Remark 4.7. Note that, if e()\) is threshold unstable, then there is a crossing of the threshold
0();) from one side to another by the sink e(\;), i.e. a passage through zero with a change
in the sign of dy(e(A1),0()2)). In practice, this could happen when: setting A2y = Ay(») and
varying Ay in a neighbourhood of ;4 in P, or varying A; and A; near A, and A, respect-
ively, both in P.

Threshold instability on a parameter path P in the autonomous frozen system (4) indicates
that R-tipping is possible in the nonautonomous system (2) or (3) given a suitable external
input that traces out P. To understand which external inputs are ‘suitable’, we consider A(7)
for which the moving sink e(A(7)) crosses some future position of a moving regular threshold
O(A(7)) from one side to the other. To this end, we introduce a notation for the signed distance
at different points in time:

An(T1,72) = ds(e(A(71)),0(A(72))), (14)

consider pairs (71,7) of different points in time as elements of R2, and define forward
threshold instability.

Definition 4.6. Consider some external input A(7) and a moving sink e(A(7)).

(a) We say e(A(7)) is forward threshold unstable for A(7) if there exist a moving regular
threshold §(A(7)) and finite 7, < 7, such that

e(M7)) € 0(A(1)) ie. Ap(7a,7) =0, (15)
and A, (71, 7) takes both signs in any neighbourhood of (7,,73) in R2.

(b) We say this e(A(7)) is forward basin unstable for A(7) if it is forward threshold unstable
for A(7), and the threshold §(A(7,)) is contained in a multi-basin boundary.

Remark 4.8. Note that, if a moving sink e(A(7)) is forward threshold unstable, then, in some
sense, there is crossing of the moving threshold by e(A(7)) from one side to the other.
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Figure 4. (a) Families (branches) of hyperbolic sinks e(\) and equilibrium regular
thresholds 6(\) for a one-dimensional (scalar) autonomous frozen system (4), together
with a given parameter path P. The pair (Ao, \p) € P? indicates threshold instability of
e(\) on P: for any A, € P smaller than \* there exists a A\, € P such that e(\s) € 6(\p),
and e()\,) can lie on different sides of 0(\) for \ arbitrarily close to A,: (b) For a mono-
tone increasing A(7) that traces out the path P, the moving sink e(A(7)) is forward
threshold unstable because it crosses through future positions of the moving threshold
O(A(7)). For any 7, € (—o0,7™) there exist a 7, > 7, such that e(A(7)) at T =7,
crosses 6(A(73)) from one side to the other. (c) For a monotone decreasing A(7) that

traces out the same path P, the moving sink e(A (7)) is forward threshold stable because

it never crosses any future position of the moving threshold #(A(7)). There are no

finite 7, < 73 that can satisfy e(A (7)) € O(A(75)). We say e(A(7)) is forward threshold
stable.

Forward threshold instability is a property of the autonomous frozen system (4) and some
external input A(7). Threshold instability is a property of the frozen system (4) on a given
parameter path P. Threshold instability on a path P guarantees existence of some input
A(7) that traces out this path, meaning that Py = P, and gives forward threshold instabil-
ity. However, there may be other inputs A(7) % A(7) that trace out the same path, mean-
ing that Py = P = P, but do not give forward threshold instability. This is illustrated in
figure 4.

5. Nonautonomous R-tipping definitions

We now define a nonautonomous R-tipping bifurcation via loss of end-point tracking in
nonautonomous system (3) with asymptotically constant input A, in a precise yet general
context. In addition to reversible, irreversible and degenerate cases of R-tipping, we also
define critical rates for R-tipping, regular R-tipping edge states and their edge tails, and time-
dependent regular R-tipping thresholds.

5.1 R-tipping and critical rates

We start by defining R-tipping and critical rates in terms of limiting behaviour of trajectories
of the nonautonomous system (3); note that this generalises the definition of R-tipping in [11].
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Definition 5.1. Consider a nonautonomous system (3) with an external input A(7) that is
asymptotically constant to A*. Suppose the future limit system (7) has a compact invariant
set T that is not an attractor'®.

(a) We say the nonautonomous system (3) undergoes R-fipping from (xo, 7o) if there are
r1,r, > 0 such that

(7 x0,70) — nt and x (7, x0, 7 T as 7 — +oo.
sA0y 70 Ui s A0y 70 n

(b) Suppose in addition that A(7) is bi-asymptotically constant and the past limit system (8)
has a hyperbolic sink e~. We say the nonautonomous system (3) undergoes R-tipping from
e~ if there are r;,r, > 0 such that

X7 e™) = ptand x2l(re7) AT as T — 400
(c) If there is an r; > 0 and a § > 0 such that
7y = and (1) A0t as 7 — oo forall 0< [r—r| <9,
then we say r is a critical rate and denote it with 7.

Remark 5.1. For typical systems (3) with typical choices of initial condition and the rate para-
meter r, one expects a solution x"l(7) that remains bounded to converge to an attractor a™ for
the future limit system (7) rather than converging to something that is not an attractor.

To see this, suppose the future limit system (7) has a compact invariant set a™ that is an
attractor, consider a solution

x(7) = at as 7 — 400 forsome r=r; >0,

and note that this solution can be extended to a family of solutions that is continuous in 7, r
and initial condition; see for example [104, theorem 3.3]. Thus, the same limiting behaviour
occurs for an open set of x containing the initial condition and an open set of r containing ;. A
consequence of this robustness to small variations in r is that if the future limit system (7) has
disjoint compact invariant sets a;' and a;' that are attractors, and there are rates 0 < r, < r3
such that

x(7) = af and X (7) = af as T — 400,

then the future limit system (7) must have at least one compact invariant set 7 on the basin
boundary of az+ and a;r that is not an attractor, and there must be at least one rate r| € (r2,r3)
such that there is R-tipping in the sense of definition 5.1, namely

A7) s ptas 17— 400,

Figure 5 shows two examples of R-tipping via loss of end-point tracking from definition 5.1
for a nonautonomous system (3) on R.?’ R-tipping from e~ for a moving sink on = R that is

19 Note that n* is not necessarily a regular edge state from definition 4.4(c); it may be a saddle with more than one
unstable direction, or even a repeller of codimension-two or higher, and/or not necessarily hyperbolic.
20 In the one dimensional case, recall that the moving regular threshold and edge state are one and the same.
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—00 T +00

Figure 5. Two examples of R-tipping via loss of end-point tracking from definition 5.1
for the case of a nonautonomous system (3) with x € R. As the critical rate crosses
r = rc, the trajectory crosses a regular R-tipping threshold (see definition 5.3) and lim-
its to an equilibrium that is a regular R-tipping edge state (see definition 5.2). Shown
are (grey) moving sinks e(A(7)), (light blue) moving equilibrium regular thresholds
O(A()), and trajectories of (3) limiting to a sink e; as 7 — —oo for different values
of the rate parameter: (green) r < r, (blue) r = r, and (red) r > rc. (a) R-tipping from
e, via loss of end-point tracking of e;(A(7)), due to crossing the regular R-tipping

threshold ©)(7) (not shown) anchored at infinity by the equilibrium regular R-tipping
edge state n™ = O, Note that e;(A(7)) is a moving sink on I = R, that is forward
threshold unstable due to §(A(7)). (b) R-tipping from e via loss of end-point track-
ing of e3(A(7)), due to crossing the regular R-tipping threshold G)g] (1) (not shown)
anchored at infinity by the equilibrium regular R-tipping edge state 17;' = 6’2+ . Note
that e; (A(7)) is a moving sink on a semi-infinite interval /, disappears at a finite time
via (black dot) a saddle-node bifurcation sn;, and is forward threshold stable, which is
different from (a). Furthermore, the saddle-node bifurcation of e; (A(7)) gives rise to
(green) B-tipping from e for r < r. [11, definition 3.1].

forward threshold unstable, shown in figure 5(a), is discussed in [11] and extended to arbitrary
dimension in section 7.2. However, R-tipping from e~ for a moving sink on a semi-infinite
interval / = (—oo, 7 ) that is forward threshold stable?!, shown in figure 5(b), is not captured
by the setting used in [11] and section 7.2, which is limited to moving sinks on / =R that
are forward threshold unstable. To overcome this limitation, we show in section 7.3 that dif-
ferent R-tipping via loss of end-point tracking, including the example in figure 5(b), can be
captured in arbitrary dimension by connecting (heteroclinic) orbits in a suitably compactified
system.

5.2. R-tipping thresholds and R-tipping edge states

Next, we recognise the significance of " that are regular edge states from definition 4.4(c).

21 We say a moving sink e(A(7)) on I is forward threshold stable if there are no §(A(7)) and finite 7, < 75 € I that
can satisfy condition (15).
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Definition 5.2. Suppose that a nonautonomous system (3) undergoes R-tipping as in defini-
tion 5.1, and 5" is a regular edge state of the future limit system. Then we say i is a regular
R-tipping edge state.

Then, we consider R-tipping thresholds that are anchored at infinity by a regular R-tipping
edge state 7. These thresholds are regular in the same sense as regular thresholds from defin-
ition 4.1.

Definition 5.3. Consider a nonautonomous system (3) with an external input A(7) that is
asymptotically constant to AT. Suppose the future limit system (7) has a regular R-tipping
edge state 7*. We say OVl (1) C R" is a regular R-tipping threshold if it is a codimension-one
embedded orientable forward-invariant subset of the stable set of 7.

By ‘forward invariant’ we mean that it is forward invariant as a nonautonomous set, i.e.
xo € O () = XV (7, x0,70) € OV (7) forall 7> 7.
By ‘stable set of n> we mean that
x0 € O (70) = xI(7,x0,70) = 0+ as 7 — +o0. (16)

Remark 5.2. Note that:

(a) A regular R-tipping threshold ©!'1(7) is a rate and time dependent subset of R”.

(b) We prove existence of regular R-tipping thresholds ©!" () in proposition 6.4(b1). In par-
ticular, we state conditions under which a ©[")(7) exists for all 7 > 7 and r > 0.

(c) Any codimension-one forward-invariant subset of a regular R-tipping threshold is clearly
also aregular R-tipping threshold. In this sense regular R-tipping thresholds are not unique.

5.3. Edge tails

We now focus on it that are regular R-tipping edge states, and introduce for the first time a
notion of edge tails to rigorously classify different cases of R-tipping that may occur via loss
of end-point tracking.

Consider a rate-dependent solution x1(7) of the nonautonomous system (3), started from a
fixed (xo,70) or limiting to a sink e~ as 7 — —oo. Suppose that end-point tracking of a moving
sink e(A(7)) by xI"(7) fails for some 7. > 0 in the sense that

() = ntas 7= 400,

If n* is a regular R-tipping edge state, then the system undergoes R-tipping due to crossing a
regular R-tipping threshold O] (7). If r, is a critical rate, then for all r # r. sufficiently close
we have

() £yt as T — 4o,

and we generically expect that x"<"</(7) and x[">"(7) lie on different sides of the regular
R-tipping threshold. To be more precise about ‘lie on different sides of the regular R-tipping
threshold’, we examine the corresponding trajectory?? trj [ as the rate parameter r approaches

22 Recall the notation introduced in section 2.4.
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its critical value r. from above (r — r") and from below (r — r,"). The ensuing limit sets??
can typically be decomposed into two components:
tim ") = 1) UxlT, (17)
r—re
The first component, denoted trj el is the trajectory of the nonautonomous system (3) from
Xo or e” to the regular R-tipping edge state ™ in R", which is common to both limits. Note
that, being a projection of a smooth curve from R” x R onto R”, trj [re] may intersect itself and
xI""], The second component is either x71 or 171, We define these below as the upper and
lower edge tails of the regular R-tipping edge state 7. Each edge tail of " is a (union of)
trajectories of the autonomous future limit system (7) that includes 1 and continues away
from n* in R". To be more precise,

Definition 5.4. Consider a nonautonomous system (3) with an external input A(7) that is
asymptotically constant to A™. Suppose the future limit system (7) has a regular R-tipping
edge state T, and the nonautonomous system (3) undergoes R-tipping for some critical rate
r=r. > 0sothat x[I (1) — n* as 7 — +o0. Then, we define the upper edge tail of '+ to be

] = ﬂ {xV1(r) : 7>T, re (rere+6)} CR, (18)
>0, 6>0

and the lower edge tail of nT to be

el = m {xVI(r) : 7>T, re(r.—6,r)} CR" (19)
>0, 50

Edge tails of 7 include ™ and trajectories that are contained in the unstable manifold
of n*, denoted W*(n™). The upper and lower edge tails are typically different as shown in
figures 6(a) and (b).

Remark 5.3. For an equilibrium regular R-tipping edge state ™+, we:

(a) Show that each edge tail contains one branch of W*(n*) in proposition 6.4(b).

(b) Relate solutions x!'1(7) for r on different sides of r. to the edge tails x| and £ in
proposition 6.5.

5.4. Reversible, irreversible and degenerate R-tipping

We use the notion of regular R-tipping edge states and their edge tails to classify R-tipping via
loss of end-point tracking in nonautonomous system (2) or (3) into the following cases.

Definition 5.5. Consider a nonautonomous system (3) with an external input A(7) that is
asymptotically constant to A*. Suppose the future limit system (7) has a compact invariant
set 7T that is not an attractor, and the nonautonomous system (3) undergoes R-tipping for
some 7y > 0 so that xI"'](7) — 1 as 7 — +o00. We say this R-tipping is:

23 Here, we define

rEnVr}r trjm (x0,70) = ﬂ U trj["'] (x0,70) and rgrrr} trj[’] (x0,70) = ﬂ U trj[“] (x0,70)-

r>re re<s<r r<re r<s<re
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Figure 6. Examples of (a) irreversible, (b) reversible and (c) degenerate R-tipping via
loss of end-point tracking from definition 5.5 for a nonautonomous system (3) on R?.
Shown are (thicker black curves) trajectories of (3) started from (xop, 7o) for different
values of the rate parameter r = r. — 6, r = r¢, and r = r. + 6, (blue dot) the equilibrium
regular R-tipping edge state ", the (red) upper £ and (green) lower x!'= | edge tails
of n* (note that these contain n 1), (light blue) the rate-dependent family Ol of time-
dependent regular R-tipping thresholds ol (7) defined in (21), as well as (thinner blue
curves) stable and (thinner black curves) unstable manifolds of n™ in the future limit
system (7). Note that the projection of x"/ (7, xo, 70) onto the (x;,x;) phase plane (not
shown in the figure) gives the first component trj'"l (xq, 70) in (17).
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(a) Non-degenerate if r| = r. is a critical rate, T is a regular R-tipping edge state, the upper
and lower edge tails of ™ are different: ] # xV"1 and each edge tail is a connec-
tion from T to an attractor®* for the future limit system (7). Furthermore, we say non-
degenerate R-tipping is

e Reversible if each edge tail is a connection from 7 to the same attractor.
e Irreversible if each edge tail is a connection from 1™ to a different attractor.

(b) Degenerate if it is not non-degenerate.

Examples of different cases of R-tipping are depicted in figure 6. Only (non-degenerate)
irreversible and reversible R-tipping, shown in figures 6(a) and (b), respectively, are typical
in the sense that they are generically found at codimension-one in r. In other words, they are
generically found at isolated critical rates r = r. under increasing/decreasing of r; see also
remark 5.1.

Degenerate R-tipping clearly includes many subcases, even if a regular R-tipping edge state
is involved. One example of degenerate R-tipping is depicted in figure 6(c), where ™ is a
regular R-tipping edge state and the upper and lower edge tails are identical. Another example
of degenerate R-tipping occurs when at least one edge tail is not a connection from 7™ to
an attractor (e.g. an edge tail may connect ™ to a saddle, or diverge from 1™ to infinity;
not shown in figure 6). Additional examples of degenerate R-tipping involve 1™ that is not a
regular R-tipping edge state. These include a chaotic saddle  with an irregular threshold: a
codimension-one stable manifold is not embedded but accumulates on itself, or a repeller ™+
of codimension-two (e.g. a source in R?) or higher that does not have any threshold. A final
example of degenerate R-tipping is the case where there is no critical rate r.: x'/(7) — n* as
T — 400 within an interval of r.

In the reminder of the paper, we concentrate on R-tipping due to crossing a regular R-
tipping threshold ©")(7) anchored at infinity by an equilibrium regular R-tipping edge state
n*. R-tipping involving more complicated edge states, thresholds that are not regular and
quasithresholds, are discussed in section 8 and left for future study.

6. Compactification

The main obstacle to analysis of genuine nonautonomous R-tipping instabilities in
nonautonomous system (2) or (3) is absence of compact invariant sets such as equilibria, limit
cycles or tori. We overcome this obstacle by working with asymptotically constant inputs from
definition 2.1, A(7) — AT as 7 — +oo. Then, the nonautonomous system (2) or (3) becomes
asymptotically autonomous, and we can define the autonomous future limit system (7). More
importantly, if there is a moving sink e(A(7)), and e(A(7)) — e™ as 7 — +o0, the future
limit system has a hyperbolic sink e*. If there is a moving regular edge state (A (7)), and
n(A(7)) — nT as T — +o0, the future limit system has a regular R-tipping edge state n*. If
additionally A(7) — A~ as 7 — —o0, we can also define the autonomous past limit system (8).
If e(A(T)) = e~ as T — —oo, the past limit system has a hyperbolic sink e~.

Our main idea is to simplify analysis of genuine nonautonomous R-tipping instabilities
in system (2) or (3) by exploiting the compact invariant sets of interest, such as e* and n*,

24 See appendix A.4 for the definition of an attractor.
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of the autonomous limit systems (7) and (8). For example, we would like to transform an R-
tipping from e~ problem into a heteroclinic e~ —to—n™ orbit problem. This requires a suitable
compactification of the original nonautonomous system.

In the usual approach [64], the nonautonomous system (3) is augmented with unbounded
7 € R as an additional dependent variable®. This gives the autonomous augmented system

x = flx, A(7))/r
L : 20)
defined on R” x R. While the regular R-tipping threshold can nicely be represented in R” x R
as a rate-dependent family of time-dependent subsets of R” (see figure 6):

ol .— {@W(T),T} CR" xR, 1)

TER
the augmented flow in (20) does not contain any compact invariant sets because they only
appear as 7 tends to positive and negative infinity.
To address this issue, we

e Augment system (3) with bounded s € (—1,1) as an additional dependent variable.

e Use the compactification technique developed in [ 132] to extend the augmented phase space.
Specifically, we glue in the limit systems from time infinity (s = £1) that carry compact
invariant sets such as e* and 7.

In short, we require that the additional dependent variable remains within a compact
interval.

6.1. Exponentially asymptotically constant inputs

Reference [132] proves existence of a smooth compactification for nonautonomous system (2)
or (3) for a wide class of asymptotically constant (possibly non-monotone) inputs*® A(7),
ranging from super-exponential to sub-logarithmic asymptotic decay (with oscillation). Addi-
tionally, it outlines a procedure for constructing suitable examples of time transformation for
a given asymptotic decay of A(7). For simplicity, we assume here that A(7) decays expo-
nentially, and reformulate the main results from [132] to account for the presence of the rate
parameter . To be precise,

Definition 6.1. We say A(7) is exponentially bi-asymptotically constant if there is a decay
coefficient p > 0 such that

i
lim L(TT)

T—+o00 e

exist. (22)

We say A(7) is exponentially asymptotically constant if there is a p > 0 such that one of the
limits above exists.

Remark 6.1. We note that for any bi-asymptotically constant A(7) it is possible to define the
slowest rate of exponential approach to a constant as 7 — +o0o by

p+ = lim —ln<sup||A’(u)||).

1
T—+00 Lrl u>ST

25 By abuse of notation, we use 7 to denote both the independent variable and the additional dependent variable.
26 A(7) is denoted T'(¢) in [132].
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One can show that A is exponentially bi-asymptotically constant if and only if both of g are
either positive or 4+-c0. Then, a finite decay coefficient p in (22) can always be chosen such
that 0 < p < min(j_, 5 ), and in some special cases>’ such that 0 < p < min(p_, 5 ).

6.2. Autonomous compactified system

Compactification is a three-step process. The first step is an a-parametrised time transforma-
tion that makes the additional dependent variable bounded. Guided by [132, section 4.2], we
use a transformation designed for exponentially or faster decaying external inputs, and aug-
ment the asymptotically autonomous system (3) with

s:ga(T):tanh<%’r> e(~1,1), (23)

where a > 0is the compactification parameter that is chosen later, in the third step. The inverse
is given by
1. 1+4s
=h =—In

g als) a l-—s
and the augmented component of the vector field is

s =a(l-5%)/2.
An advantage of the external input time scale 7 is that transformation (23) does not depend
on the rate parameter » > 0. The second step is to make the s-interval closed by including
s = %1 (7 = £00), and continuously extend the augmented vector field to s = 3-1. This gives
the autonomous compactified system

rx" = flx,An(s))
s'=a(l—s%)/2 }’ (24)

€R,

with
A(ho(s)) for se(—1,1),
Au(s) = AT for s=1, (25)
AT for s=-—1,

that is defined on the extended phase space R" x [—1,1]. Most importantly, the flow-invariant
subspaces

St=R"x {1} and S~ =R" x {-1},

carry the autonomous dynamics and compact invariant sets, such as e* and 5, of the future (7)
and past (8) limit systems, respectively. The third step is to choose the compactification para-
meter o such that the continuously extended vector field of the compactified system is continu-
ously differentiable (C!-smooth) on R" x [—1,1]. This is done in the following proposition.

Proposition 6.1. Consider a nonautonomous system (3) with exponentially bi-asymptotically
constant input A(7) and decay coefficient p > 0. Then, the autonomous compactified sys-
tem (24) is C'-smooth on the extended phase space R" x [—1,1] for any o € (0, p] and all
r>0.

Proof. Forany r > 0, system (24) is a compactification of system (3). Thus, we can apply [132,
corollary 4.1] to (24) to infer that, for any « € (0, p] and r >0, the compactified system (24)
is at least C'-smooth on the compactified phase space R" x [—1,1]. O

27 For example, when A(7) ~ CeFAT 770 a5 7 — to0.
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6.3. Compactified system as a singularly perturbed fast-slow system

When 0 < r < 1, the compactified system (24) can be viewed as a singularly perturbed fast-
slow system with the small parameter r [69], where the system time scale ¢ is the fast time, and
the external input time scale 7 = rt is the slow time. Taking the limit r — O in the fast time ¢ in

& =flx, Aa(s))
s=ra(l—s%)/2 }’ (26)

gives the fast subsystem (the layer problem)
x:f(vaa(S)), 27

where s becomes a fixed-in-time parameter. Note that this is the frozen system (4) with the
input parameter A = A, (s). Taking the limit » — O in the slow time 7 in (24) gives the slow
subsystem (the reduced problem)

0=f(x,Aqa(s))
s'=a(l-5%)/2 } (28)

This singular system describes the evolution of s in slow time 7 on the critical set
ClO = {(x,5) e R" x [=1,1] : flx,Aq(s)) =0},

that consists of all branches of equilibria (critical points) of the fast subsystem (27) or (4).
The critical set CI% is called the critical manifold if it is a submanifold of R” x [—1,1]. Fur-
thermore, submanifolds of CI! that consist of hyperbolic equilibria of the fast subsystem (27)
or (4), are called normally hyperbolic critical manifolds [39, 69].

6.4. Compact normally hyperbolic critical manifolds

The fast-slow viewpoint allows us to represent moving sinks and moving equilibrium regular
edge states as compact normally hyperbolic invariant manifolds in the extended phase space
of the compactified system.

Proposition 6.2. Consider a nonautonomous system (3) with exponentially bi-asymptotically
constant input A(7). Choose the compactification parameter « that satisfies proposition 6.1.
Consider an interval 1 = (1_,7), let s1 = go(7+), and note that T4+ may be +o0o in which
case s+ = *1. Then,

(a) Amoving sink e(A(7)) onI = (7—,74) in the phase space of the nonautonomous system (3)
can be identified with the compact connected normally hyperbolic attracting critical man-
ifold

ED ={(e(Aa(s)),s) = s € [s—,54]},

in the extended phase space of the compactified system (24).

(b) A moving equilibrium regular edge state n(A(7)) on I = (7—,74) in the phase space of
the nonautonomous system (3) can be identified with the compact connected normally
hyperbolic critical manifold

HY = {(n(Aa(s)),5) © s € [s—.54]},

in the extended phase space of the compactified system (24). I:L[S] is normally repelling if
x € R, or of saddle type with one unstable dimension if x € R">2,
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Remark 6.2. Proposition 6.2 allows us to apply Fenichel’s theorem [39, theorem 9.1] to the
compactified system (24) to give criteria for tracking moving sinks and moving equilibrium
regular thresholds in the nonautonomous system (3) in section 7.1.

Proof of proposition 6.2. (a) Note that EQ] is a graph over s, and

d d d

= eha(s) = e S Aals).

It then follows from definition 3.1(a) of a moving sink on /, and from proposition 6.1,

that EY is at least C'-smooth in 5 on [s—,s+]. For any fixed s* € [s_,s4], EY consists of

an equilibrium (a critical point) of the fast subsystem (27), which is exponentially stable
(hyperbolic) within, and neutrally stable transverse to {s = s* }. Hence, E is a connected
attracting normally hyperbolic critical manifold. It is compact because it is a closed and

bounded subset of R" x [—1,1].
(b) Note that I:IES] is a graph over s, and

d d d

—n(Aq = —n(A) —Ay(s).

SA(9)) = () £ A (6)
It then follows from definition 4.4(b) of a moving regular edge state on /, and from similar
arguments to (a), that INJ[O?] is a compact connected normally hyperbolic invariant critical

manifold. Normal stability of I:IL? ) follows from definition 4.2 of a regular edge state. [J

6.5. Compactified system dynamics

In this section, we discuss the stability of hyperbolic sinks e* and equilibrium regular R-
tipping edge states 1 from the limit systems when embedded in the extended phase space of
the compactified system (24). Additionally, we extrapolate the dynamical structure from these
states into the new dependent variable s and characterise their stable and unstable invariant
manifolds. In section 8, we discuss extensions of some of the results below to non-equilibrium
attractors and non-equilibrium regular edge states.

Proposition 6.3. Consider a nonautonomous system (3) with exponentially bi-asymptotically
constant input A(7) and decay coefficient p > 0. Choose any compactification parameter
a < p.

(a) If €T is a hyperbolic sink for the future limit system (7), then
et =(et,1)esT,

is also a hyperbolic sink when considered in the extended phase space of the compactified
system (24). The additional eigenvector of €T, denoted v ., exists and is normal to the
invariant subspace ST for any o € (0,p) and all r> 0. Furthermore, v is the leading
eigenvector of ™ for any o € (0,min{p, —Re(l,)/r}) and all r > 0, where l; is the leading
eigenvalue of e in the future limit system (7).

(b) If ™ is an equilibrium regular R-tipping edge state, then

it =" 1)est,
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is a hyperbolic saddle with a codimension-one stable manifold Wy, 4 (n™), a codimension-
one embedded orientable local stable manifold W‘;[ﬁ)c(ﬁ"‘) cwyl (n"), and a one-
dimensional unstable manifold W" ("), when considered in the extended phase space of
the compactified system (24). The additional eigenvector of " is normal to the invariant
subspace St for any o € (0,p) and all r> 0.

(c) If e~ is a hyperbolic sink for the past limit system (8), then

G =(e,—1)eS,

is a hyperbolic saddle with a one-dimensional unstable manifold ng[r] (e7) when con-
sidered in the extended phase space of the compactified system (24). The additional eigen-
vector of e~ is normal to the invariant subspace S~ for any « € (0, p) and all r > 0.

Remark 6.3. Note that the shape and relative position of invariant manifolds W, y (n™) and
Wﬁ;’m (e~) will typically change with the rate parameter r, but these manifolds are guaranteed
to respectively meet the invariant subspaces ST and S~ orthogonally for any r > 0 if we choose
the compactification parameter « € (0, p). The invariant manifold W*(77) is independent of r
and a.

Proof of proposition 6.3. Note that we impose the limit 0 < o < p to ensure the compactified
system (24) is at least C'-smooth; this follows from proposition 6.1. The Jacobian for the
compactified system is

J:< ), 1%, ) )
(0)1xn —as

where the subscripts indicate the size of the matrix components of J. Consider linear stability
of equilibria &% and 77+ in the compactified system (24) on the time scale 7.

(a) Equilibrium &7 is a hyperbolic sink. There are n eigenvalues ¢; = [;/r within ST that sat-
isfy Re(g,) < ... <Re(q;) < 0, where [; are the eigenvalues of e in the future limit sys-
tem (7), and ST itself is exponentially attracting, adding one additional negative eigenvalue
g+ = —a. It follows from the structure of the Jacobian (29) that the additional eigenvector,
denoted v, exists for all » > 0 if the top n elements in the last column of J are zero

of d\,, . Of . A'(T)
87A(e+) K(S =1)= 67(€+) Tl}I}rloo 2. (7)

=0, (30)

— QT

and v, is normal to S if and only if (30) holds. Noting that g/, (7) ~ 2ae ™7 as T — 400,
and that A(7) decays exponentially with the decay coefficient p > 0, we obtain

’ / —pr
im A (g A (g €
o0 gl (7-) T—4o00 e~ PT T— 400 g’a(T)

A
_ 1 ( lim <T)>< lim e-@—aﬁ),
200 \ =400 e PT T—+00

implying that v, exists and is normal to ST for any 0 < a < p and all r > 0. Finally, v, is
the leading eigenvector for all r > 0 if it exists for all » > 0, meaning that 0 < a < p, and
if —g4+ < —Re(q1). Hence the condition 0 < o < min{p, —Re(/;)/r}.

3
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(b) Equilibrium 77 is a hyperbolic saddle with n-dimensional stable eigenspace ES, (7). This
is because 77T is either a hyperbolic source (n = 1) or a hyperbolic saddle with one unstable
eigendirection (n > 2) within S* by definition 4.2, and S+ itself is exponentially attracting,
adding one (additional) negative eigenvalue g, = —a. Note that the additional (general-
ised) eigenvector is transverse to ST for all » > 0. Thus, the stable eigenspace E*, (771) is
transverse to ST for all » > 0. It then follows from the stable manifold theorem that, for
any >0, there is a unique C'-smooth codimension-one stable manifold W5l (7T) that
is tangent to E°, (7) at 7. Wy y (n™) depends on the rate parameter r because the vec-
tor field in (24) depends on r. Consider a codimension-one forward-invariant local stable

manifold W y

a,loc

definition 4.2 of a regular edge state that W,

(n™) defined for s € (s0, 1] with a suitably chosen s. It then follows from
[

Jloc

orientable forward-invariant local stable manifold of n+ within S* C R". Since W"" (ii+)

a,loc

intersects ST transversely, there is an sy € [—1, 1) such that W‘;[;(]) (717 is a graph over s on

5o, 1]. Thus, the embedding and orientability properties carry over from ST to the entire
( g y prop y

(1) N ST is a codimension-one embedded

Wi[;]m(ffr) The condition for the stable eigenspace E, (771) to be normal to ST follows
from (a).

(c) For any r > 0, equilibrium e~ is a hyperbolic saddle with one-dimensional unstable eigen-
space E" (). This is because ¢~ is a hyperbolic sink within S~, and S~ itself is exponen-
tially repelling, adding one and the only unstable eigendirection with positive eigenvalue
g— = a. For any r >0, existence of the one-dimensional unstable manifold WZ’[V] (e7)
follows from the unstable manifold theorem. WZ’[V] (é~) depends on the rate parameter r
because the compactified vector field in (24) depends on r. The condition for the unstable
eigendirection E% (é~) to be normal to S~ follows from a similar argument to (a). O

6.6. Relating nonautonomous and compactified system dynamics

We now examine the relationship between:

(1) Solutions, regular R-tipping thresholds and edge tails in the nonautonomous system (3),
and

(ii) Equilibria e~ and 77+ as well as their invariant manifolds in the autonomous compactified
system (24).

First, we relate the local pullback attractor x"(7,¢™) to the rate-dependent unstable mani-
fold of &~ the time and rate dependent R-tipping threshold O] (7) anchored at infinity by an
equilibrium regular R-tipping edge state T to the rate-dependent local stable manifold of 77T,
and associate each edge tail x= ] and x= ) of 5 to a branch of the unstable manifold of 7.

Proposition 6.4. Consider a nonautonomous system (3) with exponentially bi-asymptotically
constant input A(7) and decay coefficient p. Choose any compactification parameter o €

(0, p).
(a) Suppose the past limit system (8) has a sink e~. Then,

o There is a Ty such that, for any r > 0 and all T < T, there exists a unique local pullback
attractor xU"! (7,e7) in nonautonomous system (3). Note that Tg may be +oc.

e For any r> 0, the local pullback attractor xU'] (1,e7) in nonautonomous system (3) can
be identified with sections of the one-dimensional unstable manifold
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welle) o {(x,s) c x=x(re7), s:ga(T)}

)
T<T0

of the saddle e~ = (e~ ,—1) in the extended phase space of the compactified system (24).

(b) Suppose the future limit system (7) has an equilibrium regular R-tipping edge state n™.
Then,

o There is a T¢ such that, for any r > 0 and all T > Ty, there exists an R-tipping threshold
ol (1) anchored at infinity by n* in nonautonomous system (3). Note that Ty may
be —o0.

e Forany r> 0, the R-tipping threshold OV (1) in nonautonomous system (3) can be iden-
tified with sections of the codimension-one stable manifold

Wf;[’}(fﬁ) D @L;] = {(x,s) i x€ @M(T), s=ga(7)} , 3D

T>T0

of the saddle 77+ = (n™,1) in the extended phase space of the compactified system (24).
e Each edge tail of n”* embedded in the compactified phase space of (24), namely

it = {(x,l) : xex[rﬂ} and 7] = {(x,l) : xEx[’f]}, 2
contains one branch of the unstable manifold W*(7*) of the saddle 77+ = (i/+,1).

Remark 6.4. These relations between nonautonomous and compactified system dynamics are
the main advantages of the compactification. They show that the temporal shape of the external
input A(7) and the magnitude of the rate parameter r > 0 are in a certain sense ‘encoded’ in the
geometric shape of the invariant manifolds W) (z=) and W5"" (57+) for the autonomous com-
pactified system (24). This observation allows us to use existing numerical methods from [65]
to compute families of regular R-tipping thresholds in low-dimensional nonautonomous sys-
tems (3) as local stable manifolds of saddles 7)™ in the extended phase space of the compactified
system (24).

Proof of proposition 6.4. The assumption of o means that the conclusion of proposition 6.1
holds.

(a) In the nonautonomous system (3), existence of a unique local pullback point attractor
x (7,e7) that limits to e~ as 7 — 400 for any r >0 follows from [11, theorem 2.2].
In the compactified system (24), existence of a unique one-dimensional unstable
manifold W (¢7) for any r>0 follows from proposition 6.3(c). These may exist
for all 7€R and s€ (—1,1), respectively, but this is not guaranteed. Noting that
{(x[’] (7),8a(7)) : T <0} is the trajectory of the compactified system that corresponds
to a solution x[" () of the nonautonomous system gives the result.

(b) We prove existence of a regular R-tipping threshold anchored at infinity by an equilibrium
regular R-tipping edge state 7 by construction, using sections of a suitably chosen subset
of ijm (™) at fixed values of s. Existence of a codimension-one embedded orientable

forward-invariant local stable manifold W* (7+) C W5 (7+) that is a graph over s for

a,lo

3270



Nonlinearity 36 (2023) 3238 S Wieczorek et al

s € (s0, 1] follows from proposition 6.3(b). Keeping in mind that s = g, (7), and setting
To = ha(s0), we construct

Oll(r) :={x: ()€ whl

otoc ()} C R, (33)
for any r>0 and all 7 € (75, +00). Note that 7 is —oc if 5o = —1. Such OUl(7) is a
codimension-one embedded orientable forward-invariant nonautonomous set by construc-
tion, and has the property (16). Thus, ©V(7) is a regular R-tipping threshold. Note that
OUl(r) is not unique in the sense that there is a different OVI(7) for every different
,[1]

codimension-one forward-invariant subset of W,

struction of O (1) in (33). To prove the last bullet point in (b), recall from definition 5.4
that each edge tail of " contains a trajectory of the future limit system (7) that limits to 5
in backwards time and does not depend on r or «v. It follows from proposition 6.3(b) that 7
is a hyperbolic saddle with one-dimensional unstable manifold W*(7;7) C ST. This means
that this unstable manifold contains precisely two trajectories (the branches of W*(7;7))
and hence each edge tail must contain one of these. O

(f77). Relation (31) follows from con-

Next, we state three relations between solutions Xl (7) of the nonautonomous system (3)
for r on different sides of a critical rate r., and the upper 1 and lower x| edge tails of an
equilibrium regular R-tipping edge state n*.

Proposition 6.5. Consider a solution x1(7) to a nonautonomous system (3) with an external
input A (1) that is asymptotically constant to \*. Suppose there is a regular R-tipping threshold
ol (1) anchored at infinity by an equilibrium regular R-tipping edge state n™, and there is
R-tipping for some critical rate r = r. > 0 so that x] (1) —=nT as 7 — +oo.

(a) Ifthere is a § > 0 such that xU) (1) lies on different sides of ©Vl(7) for r € (r. — ,r.) and
r € (re,re +0), then the upper and lower edge tails of 5" are different: ] £ xle ],

(b) If each edge tail of n* is a connection from n* to an attractor, then there is a § > 0 such
that x" (1) converges to an attractor for 0 < |r —r.| < 6.

(c) If each edge tail of 0™ is a different connection from n™ to a (possibly different) attractor,
then there is a 6 > 0 such that xV (1) lies on different sides of U (1) and converges to
the corresponding attractor for r € (r. — d,rc) and r € (re,re +90).

Remark 6.5. Note that different edge tails of n* do not imply that each edge tail is a different
connection from 5™ to an attractor. For example, different composite edge tails, each of which
consists of different connected trajectories or components, may have a common first compon-
ent that connects " to a saddle, and a different second component that continues away from
this saddle. Another example are different non-composite edge tails that diverge from 1™ to
infinity.

Proof of proposition 6.5. Choose the compactification parameter « that satisfies proposi-
tion 6.1. Recall from section 6.2 that s(7) = g, (7), and use

() = (3(r),5(7))

to denote the solution of (24) corresponding to a solution x!'! (7) of the nonautonmous sys-
tem (3) with a fixed r, and refer to 71 and #7<1 from (32) as embeded edge tails. Recall from
proposition 6.4(b) that W4 (77+) contains a family of regular R-tipping thresholds ©)(r),
and each embedded edge tail contains one branch of the unstable manifold W*(7;1).
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(a) Assume that x1(7) is on different sides of ©U1(7) for r € (r. — §,r.) and r € (r. + 0, r.)
in the nonautonomous system (3), and consider where the corresponding xiﬂ (7) intersects
the two branches of W*(77") in the extended phase space of the compactified system (24).
This intersection changes sides of Wf;[”] (™) as r passes through r... Thus, each embedded
edge tail contains a different branch of W*(7;), meaning that the edge tails xI1 and £l
are different.

(b) It follows from [132, proposition 3.1] that if a™ is an attractor for the future limit sys-
tem (7), thena™ = {(x,1) : x € a™} C ST is an attractor for the compactified system (24).
Thus, the assumption that each edge tail is a connection from 7T to an attractor implies
that each embedded edge tail lies in the basin of attraction of an attractor. This, in turn,
implies that each section that transversely intersects an embedded edge tail has an open
neighbourhood that lies in the basin of attraction of an attractor. We choose § > 0 small
enough so that X, (7) enters this neighbourhood for all 0 < |r — r.| < §. This implies that
the corresponding x[' () converges to an attractor for all 0 < |r — r.| < .

(c) The assumption that each edge tail of * is a different connection from ™ to a possibly dif-
ferent attractor implies that each embedded edge tail contains a different branch of W*(77T)
and thus lies on a different sides of W' (7+). This, in turn, implies that x"(7) lies on
different sides of Ol (7) for r € (r. — 6,r.) and r € (re,r. + 6). It follows from (b) that
x[(7) converges to the corresponding attractor for 0 < |r — r.| < 6. g

7. Criteria for tracking and R-tipping with regular thresholds

In this section, we give the main results on R-tipping via loss of end-point tracking in
nonautonomous system (2) or (3) with asymptotically constant inputs A. Our focus is on non-
degenerate (reversible and irreversible) cases of R-tipping, due to crossing regular R-tipping
thresholds anchored at infinity by an equlibrium regular R-tipping edge state. Specifically, we
use the compactification technique together with relations between nonautonomous (3) and
compactified (24) system dynamics given in section 6 to:

e Give rigorous testable criteria for tracking of moving sinks, and tracking of moving regular
thresholds in arbitrary dimension in section 7.1.

e Use the concept of threshold instability to generalise sufficient conditions from [11] for the
occurrence of irreversible R-tipping for moving sinks on / = R in one dimension to different
cases of R-tipping for moving sinks on / = R in arbitrary dimension in section 7.2.

e Relax the assumption of moving sinks on / = R and associate different R-tipping in (3) with
a connecting (heteroclinic) orbit in (24). Give necessary and sufficient conditions for the
occurrence of non-degenerate R-tipping in (3) in terms of non-degeneracy criteria for con-
necting (heteroclinic) orbits in (24). Use this result to give general methods for computing
critical rates for R-tipping in arbitrary dimension in section 7.3.

71. Criteria for tracking moving sinks and moving regular thresholds

We now demonstrate that a moving sink will be tracked by a solution of the nonautonomous
system if the rate parameter r is small enough. We also demonstrate that a (normally repelling)
moving regular threshold will be tracked by an R-tipping threshold if r is small enough. To
prove these results, we consider the compactified system (24) as a singularly perturbed fast-
slow system. This allows us to use results from geometric singular perturbation theory on the
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compactified system (24) with small parameter 0 < r < 1 from section 6.4, together with rela-
tions between nonautonomous (3) and compactified (24) system dynamics from section 6.6.

The first result states a sufficient condition that moving sinks are tracked. It reformu-
lates [11, lemma 2.3] for more general external inputs A(7) that are arbitrary dimensional and
not necessarily bounded between A~ and A*, and for solutions x"! (7, xo, 7 ) that are not neces-
sarily pullback attractors. The stronger assumption of exponentially asymptotically constant
A(7) is made here for simplicity, and the results can easily be extended to any asymptotically
constant A(7) by using [132, definition 2.2]; see also section 8.

Theorem 7.1. Consider a nonautonomous system (3) with an input A(7) that is exponentially
asymptotically constant to \*. Suppose there is a moving sink e(A(7)) on I = (19,+00), and
recall that e(A(T)) — e as T — +o0. Fix any 6 > 0.

(a) For any solution x")(1,xy,m0) with x¢ in the basin of attraction of e(A(1y)), there is an
r*(8) > 0and at*(r,8) = 0, such that X" (1,xq,70) d-close and end-point tracks the mov-
ing sink e(A(7)) on (7*,+00) C I for any r € (0,r%).

(b) Suppose in addition that A(T) is exponentially bi-asymptotically constant, e(A(7)) is a
moving sink onI =R, and recall that e(A(7)) — e~ as T — —oc. Then, thereis anr*(8) >
0 such that

e The unique local pullback attractor x!'! (1,e7) from proposition 6.4(a) exists for any
€ (0,r*) and all T € R.
e The local pullback attractor x!'! (1,e7) d-close and end-point tracks the moving sink
e(A(T)) on I =R forany r € (0,r%).

Remark 7.1. The compactification from section 6 allows us to prove theorem 7.1 using
Fenichel’s theorem [39, theorem 9.1] on persistence of compact normally hyperbolic invariant
manifolds. Alternative approaches that may give results similar to theorem 7.1(b) include: [6,
theorem III.1] which uses results from [13], [11, lemma 2.3] which uses results from [35] on
persistence of non-compact normally hyperbolic invariant manifolds in bounded geometry,
[70] which uses a Melnikov integral approach, and [75] which uses the hull construction,
although the last two examples are for one-dimensional (scalar) systems.

Proof of theorem 7.1. Choose the compactification parameter « that satisfies proposition 6.1
for any r > 0.

(a) Recall from proposition 6.2(a) that the moving sink e(A(7)) on I = (79, +00) corresponds
to a one-dimensional compact connected attracting normally hyperbolic critical manifold

INE([S] ={(e(Au(5)),s) : s € [s0,1]},

in the extended phase space of the compactified system (24), where sy = g, (70). It then
follows from [39] that, for r > 0 sufficiently small, EL?] perturbs to a one-dimensional con-
nected attracting normally hyperbolic invariant manifold ELC] that lies C'-close to E[C? ] and,
as e is isolated, contains €T . Thus, for any § > 0 and initial condition (x0,50) in the basin
of attraction of e(A(s0)), we can choose r* small enough so that: (i) EY is normally
hyperbolic (v from proposition 6.3(a) is the leading eigenvector), attracting, and lies J-

close to EX for any r € (0,7*) and all s € [so, 1], and (ii) (xo, so) is in the basin of attraction
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of EY for any r € (0,r*). Thus, x"! (7, x0, 70) will be attracted to the solution of (3) corres-
ponding to £2, and 5-close and end-point track e(A(r)) on (7*,+00) for any r € (0,7)
and sufficiently large 7* > 7.

(b) In this case, we have

EY = {(e(Aa(5)),s) = se[-1,1]},

so that E[CC] is connected, attracting and normally hyperbolic, contains ¢~ and é™, and lies

5-close to EX for any r € (0,r*) and all s € [—1,1]. Since ¢~ is a hyperbolic equilib-

]

rium with one unstable direction, E,[Xr contains the branch of the unique one-dimensional

]
a

unstable manifold of &~ in the compactified system (24). Hence, by proposition 6.4(a), E.
corresponds to a unique local pullback attractor x (7,e7) that limits to e~ as 7 — —oo in

the nonautonomous system (3). It then follows from the properties of E[of} that xU"] (1,e7)
exists for all 7 € R, and §-close and end-point tracks e(A(7)) on R for any r € (0,7*). 1

The next result is an analogous to theorem 7.1, but for moving thresholds.

Theorem 7.2. Consider a nonautonomous system (3) with an input A(7) that is exponentially
asymptotically constant to \*. Suppose the future limit system (7) has an equilibrium regular
R-tipping edge state . Then,

(a) There is a T¢ (that may be —o0), and

o A moving equilibrium regular edge state n(A (1)) on I = (19, +00) that limits to n™.
e A moving regular threshold (A (7)) on I = (79, +00) that contains n(A(1)).

(b) Additionally, there is an R-tipping threshold O] (1) anchored at infinity by . Further-
more, for any & > 0 there is an r*(8) > 0 such that the R-tipping threshold OVl (1) lies
§-close®® to the moving threshold 0(A(T)):

dy (@M (r), o(A(T))) <4, (34)

forany re (0,r*) and all T > 7.

Proof. (a) Note that, from definitions 4.1 and 4.2, the future limit system (7) has a regu-
lar threshold % containing ™, and ™ and n™ are normally hyperbolic. On applying
proposition 4.1 for the case \* = AT, they can be continued on some neighbourhood Q
of AT to families of equilibrium regular edge states 1(\) and regular thresholds ()
that vary C'-smoothly with A € Q. Pick any such Q C P, together with a ¢ such that
O ={A(7) : 7 € (19,+00)}. This gives a moving equilibrium regular edge state n(A(7)
on [ = (79, +00) that limits to ", and a moving regular threshold (A (7)) on I = (79, +0)
that limits to 0T and contains (A (7).

(b) Choose the compactification parameter « that satisfies proposition 6.1 for any r > 0. Let
50 = ga(70), and note that

O = {(6(Aa(9)),5) : s € [s0, 1]},

28 The notion of Hausdorff distance dy is discussed in appendix A.1.

3274



Nonlinearity 36 (2023) 3238 S Wieczorek et al

is a normally hyperbolic forward-invariant manifold in the extended phase space of the
r =0 compactified system (24), that corresponds to the moving regular threshold 6(A())
on [ = (79,+00). Note that (:)L?] contains 6+ and 7+, It then follows from [39, theorem 9.1]
that, for any § > 0, we can choose a sufficiently small r* > 0, so that there is a perturbed

normally hyperbolic manifold é[of] that lies d-close to C:)Q]

in the sense of (34) for any
r € (0,r*) and all s € [s¢, 1] in the compactified system (24). Furthermore, Ol contains
7", meaning that it is contained within the stable manifold of 7. For any r € (0, r*), pick
a forward-invariant subset of (Z)LC] on [sg, 1]. On applying proposition 6.4(b), this forward-
invariant subset corresponds to an R-tipping threshold ©(7) that is anchored at infinity by
n* and lies d-close to the moving threshold 0(A(7)) for all 7 > 79 in the nonautonomous

system (3). O

72. Threshold instability as a criterion for R-tipping

This section maintains our goal of a mathematical framework that is applicable, and follows
the approach in [11]. Specifically, we use simple properties of the autonomous frozen sys-
tem (4), and the external input A, to give rigorous yet easily testable criteria for R-tipping in
the nonautonomous system (2) or (3). These criteria are for moving sinks on /=R and R-
tipping from e~ via loss of end-point tracking, due to crossing regular R-tipping thresholds
anchored at infinity by an equilibrium regular R-tipping edge state.

Reference [11, theorem 3.2] uses the notion of ‘forward basin stability’ to give sufficient
conditions for such R-tipping to occur, and to be excluded, in one-dimensional (scalar) sys-
tems. Recent work [63, 133] suggests that simple testable criteria to exclude such R-tipping
will be much less easy to formulate for higher dimensional systems unless there are additional
constraints. The main reason is that, in higher dimensions, forward basin stability does not
exclude the possibility of R-tipping.

Below, we use the notion of ‘(forward) threshold instability’ introduced in section 4.3 to
give sufficient conditions for the occurrence of such R-tipping in arbitrary dimension. In case
(a), we give a sufficient condition to identify autonomous frozen systems that can exhibit such
R-tipping for suitably chosen external inputs A. In case (b), we give a sufficient condition for
such R-tipping to occur in a nonautonomous system with a (possibly reparametrized) given
external input A. This case is a generalization of [11, theorem 3.2 part 2].

Theorem 7.3. Consider a nonautonomous system (3) with a parameter path P. Suppose the
autonomous frozen system (4) has a hyperbolic sink e(\) that varies C'-smoothly with \ € P,
and an equilibrium regular edge state 1(\) with a regular threshold 6(\).

(a) If e(\) is threshold unstable on P due to 6()\), then there is an exponentially bi-
asymptotically constant input A(T) that traces out Py = P and gives R-tipping from e~
in the nonautonomous system (3).

(b) Consider a given exponentially bi-asymptotically constant input A(T) tracing out Py = P
such that e(A()) is forward threshold unstable due to O(A(7)), and n(A(7)) limits to
0. Then, there is R-tipping from e~ in the nonautonomous system (3) for A with suitably
reparametrised time, i.e. for some N(1) = A(c (7)) tracing out the same path P; = Py =
P, where o is a strictly monotonic increasing function.
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Remark 7.2. Note that:

e The R-tipping criteria in theorem 7.3 are sufficient but not necessary: there are examples of
(non-degenerate) R-tipping for a moving sink on / = R in the absence of forward threshold
instability and presence of forward basin stability [63, 133].

e The conditions in theorem 7.3 do not necessary imply that the R-tipping is non-degenerate.
Nonetheless, we expect that a solution x" (¢ ~) and the codimension-one R-tipping threshold
O©V1(7) will cross transversely on varying r, and suggest that ‘(forward) threshold instability’
will typically give non-degenerate R-tipping.

e The R-tipping in theorem 7.3 is from e~ and for a moving sink on / = R, which is often the
case of interest. We discuss generalisations of theorem 7.3 to R-tipping from a fixed (xo, 7o)
and/or for a moving sink on a finite or semi-infinite time interval / in section 8.

e In the simplest cases in theorem 7.3(b), we may be able to choose A = A and obtain R-
tipping for a suitable choice of the rate parameter r = r* [133], but more generally, Aisa
time reparametrisation of A with the same limiting behaviour. In other words, we can ensure
that the pullback attractor is on different sides of the R-tipping threshold for a fixed r and
different 1~\, but it is more complex to ensure that this occurs for a fixed A = A and different 7.

The proof of theorem 7.3 is given in appendix B.

73. Connecting orbit as a general criterion for R-tipping and a general method for computing
critical rates

While B-tipping can be found and continued in system parameters on applying tools from
theory of autonomous bifurcations [28, 32, 71] to the autonomous frozen system (4), this is not
the case for nonautonomous R-tipping. Furthermore, whereas section 7.2 considers R-tipping
for moving sinks on / = R (e.g. see figure 5(a)), some R-tipping occur from moving sinks on a
semi-infinite or even finite time interval I C R (e.g. see figure 5(b)). Therefore, there is a need
for general criteria and methods to find different nonautonomous R-tipping and continue them
in system parameters.

To address this need, in this section we continue with an applicable mathematical frame-
work. Our focus remains on R-tipping via loss of end-point tracking, due to crossing regular
R-tipping thresholds anchored at infinity by an equilibrium regular R-tipping edge state. How-
ever, there are two differences from section 7.2. First, we relax the assumption of moving sinks
on I = R. Second, we use properties of the autonomous compactified system (24) to give rig-
orous criteria for R-tipping and critical rates in the nonautonomous system (2) or (3).

The proof of theorem 7.3 used the compactification technique of section 6 to show there
is R-tipping in the nonautonomous system (3) by computing codimension-one heteroclinic
connections in the compactified system (24). A similar approach has previously been used on
a case-by-case basis to compute critical rates in specific examples of R-tipping [6, 11, 12, 95,
133]. We show here that connecting (heteroclinic) orbits of (24) can be used to:

e Give necessary and sufficient conditions for the occurrence of non-degenerate R-tipping
from e~ or (xo,70) for moving sinks on any time interval / C R.

¢ Give a general method for computing critical rates for R-tipping. This method also applies
to more complicated regular R-tipping edge states such as limit cycles or quasiperiodic tori.
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To be more specific, recall the notation from section 6 for equilibria of the limit systems
embedded in the extended phase space of the compactified system

et =(et,+1) and 7T =(n",1),

and keep in mind that sy = g, (70). In the case of asymptotic constant input with a future limit
AT, R-tipping from a fixed (xg,79) in nonautonomous system (3) depends on where (xg, o)

lies in relation to the stable manifold Wy, y (7") in the extended phase space of the autonom-

ous compactified system (24). Here, (xo, o) is fixed?, but the position of W (ii+) typically
changes with r. R-tipping from (xo, 79) occurs when there is a connecting orbit from (xg, so) to
7T in the compactified system. Such connecting orbits arise when (xo,sq) crosses Wy, y (n™)

under varying r. In the bi-asymptotic constant input case, R-tipping from ¢~ in nonautonom-
ous system (3) depends on where the one-dimensional unstable manifold W(';'j[r] (e7) lies in
relation to Wy, Y (77%) in the extended phase space of the compactified system (24). Here, the

positions of both W (2=) and W& (57+) typically change with r. R-tipping from e~ occurs
when there is a connecting heteroclinic orbit from ¢~ to i+ in the compactified system. Such
connecting orbits arise when We, g (e7) and Wy, 2 (n) cross each other under varying r. These
observations allow us to state necessary and sufficient conditions for the occurrence of certain
non-degenerate R-tipping in (3) in terms of non-degeneracy criteria for connecting (hetero-
clinic) orbits in (24). To formulate these criteria in a proposition, we use

trj[r] (X(),S()) CR"x [_17 1}7

to denote a trajectory started from (xg, so) in the phase space of the compactified system (24)

parametrised by the rate » > 0. If this trajectory converges to e~ backward in time, we write
ujll (@) c wall@),

using the relation from proposition 6.4(a). We also write

MR x [~1,1],

[e3%

trj

to mean either tr'g] (xo,50) or trj([;] (e7), depending on the context.

Proposition 7.1. Consider the nonautonomous system (3) with an input A (1) satisfying either
of the following conditions:

1. A(7) is exponentially asymptotically constant to \*. The future limit system (7) has an
equilibrium regular R-tipping edge state n™.

2. A(7) is bi-exponentially asymptotically constant to \~ and \. In addition to condition I,
the past limit system (8) has a hyperbolic sink e™.

Let trjl) = trjl"l(x¢,50) in cases I or 2, or trjl! =l () wel] (e7) in case 2. The
nonautonomous system (3) undergoes non-degenerate R-tipping at n* with critical rate r, > 0
if and only if, in the compactified system (24):

(a) Forr=r,, tr [Of] is a (heteroclinic) connection to the regular R-tipping edge state 7+ :
trilred Ws’[n](~+)
o o )
2 Note that a fixed (xo,%) in nonautonomous system (2) gives a rate-dependent (xo,x([;]) in the compactified sys-
tem (26).
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(b) There is a & > 0 such that for r € (r. — 8,r.) and r € (re,re +6), trj' lies on different sides

of W (i),
(c) Each branch of W*(i") is a connection from 7" to an attractor.

Remark 7.3. Various conditions are usually proposed for a heteroclinic orbit to be considered
as non-degenerate. These are typically assumptions about the orbit and the limiting states as
well as more subtle assumptions on parameter variation and the geometry of linearised beha-
viour; see for example [51]. We consider the connecting (heteroclinic) orbit to 7+ in sys-
tem (24) to be non-degenerate if:

(1) It is found at codimension one in r.

(ii) The trajectory of interest tr'([;] crosses from one side of Wy y (%) to the other at r =r,.
We do not require that the crossing occurs with non-zero speed in r, though this is likely
to be typically the case.

(iii) There are no homoclinic connections from 77" to itself or heteroclinic connections from
7 to other saddle(s). Note that this assumption about W*(771) is not explicitly about the
connecting orbit of interest or its limiting state(s).

Then, proposition 7.1 says that there is a non-degenerate R-tipping in system (24) from
definition 5.5(a) if and only if there is a non-degenerate connecting (heteroclinic) orbit to 7+
in system (24).

Proof of proposition 7.1. Choose any compactification parameter « such that proposition 6.1
applies. Recall from section 6.2 that s(7) = go(7), and relate trjl’) to a solution x)(7) of the
nonautonomous system (3) with fixed r > 0O:

trjg] = {(x[’] (T),S(T)) }TER.

Recall from proposition 6.4(b) that W4 (5%) contains a family of regular R-tipping
thresholds O] (), and each embedded edge tail contains one branch of the unstable manifold
W¥(777). Thus, conditions (a) and (b) imply that the nonautonomous system (3) undergoes R-
tipping: there are 7., 7, > 0 such that xl (1) — n* and x?(7) A n* as 7 — +00. Condition
(b) also implies that the rate r. is isolated in the sense that x"l(7) 4 n* for 0 < |r —r.| < 6.
Hence r, is a critical rate. Condition (b) together with proposition 6.5(a) imply that the lower
and upper edge tails of n* are different. Finally, condition (c) implies that each edge tail
connects " to an attractor. Hence R-tipping is non-degenerate. Conversely, non-degenerate
R-tipping implies conditions (a), (b) and (c). Specifically, R-tipping implies (a). Each edge tail
of 7™ being a different connection from n™ to an attractor, together with proposition 6.5(c),
imply (b). Each edge tail of 7 being a connection from n* to an attractor implies (c). O

In consequence, critical rates for R-tipping in nonautonomous system (3) can be found by
finding r that give codimension-one or higher connecting (heteroclinic) orbits to 77+ in the
compactified system (24). It is important to note that, unlike R-tipping thresholds, these con-
necting orbits are one-dimensional curves, which makes them relatively easy to detect in r,
and then continue in other parameters to obtain curves or even hypersurfaces of critical rates.
This allows us to produce nonautonomous R-tipping diagrams [88, 92, 133] akin to classical
autonomous bifurcation diagrams. Non-degenerate R-tipping has additional requirements that
7" is a regular edge state, the edge tails of ;T are different, and each edge tail is a connection
from 7" to an attractor. This means that parameter continuation of critical rates may give con-
tinuation of non-degenerate R-tipping, at least in cases where different edge tails connect to
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attractors that are simple enough (e.g. an equilibrium or a limit cycle) to continue as attractors
in these other parameters. In practice, critical rates and non-degenerate R-tipping can always
be computed using a shooting method. In cases where 77 is an equilibrium, a limit cycle, or
possibly a quasiperiodic torus, parameter continuation can be done using numerical imple-
mentations of detection and continuation methods such as that of Beyn [15] and Lin [66, 73],
or numerical software packages such as HOMCONT [22] or MATCONT [28] based on these
methods.

Finally, we point out that our approach relating R-tipping in the nonautonomous system (1)
to an ¢~ -to-7)" heteroclinic connection in the compactified autonomous system (24) has strong
parallels with an alternative approach relating R-tipping to a collision (loss of uniform asymp-
totic stability) of a pullback attractor that limits to e~ and a pullback repeller that limits to 1+
in the one-dimensional (scalar) nonautonomous system (1) [70, 75].

8. Summary and open questions

This paper describes nonlinear dynamics of a multidimensional nonautonomous system (1) (or
equivalently system (3)) for quite a general class of asymptotically constant external inputs, or
parameter shifts, that vary with time at a rate r and decay exponentially at infinity. It uses exten-
sion to the compactified autonomous system (24) and (25) by including autonomous dynamics
of the future (7) and past (8) limit systems from infinity. This approach allows us to under-
stand the dynamics of the nonautonomous system (1) in terms of compact invariant sets of the
autonomous future limit system. The focus is on genuine nonautonomous R-tipping instabilit-
ies that can occur at critical rates r = r.. Asymptotically autonomous systems have been stud-
ied in the past in terms of asymptotic equivalence of two separate systems: the nonautonomous
system (1) and the future limit system (7) [21, 50, 79, 105, 123]. A particular advantage of our
approach is that all invariant sets, including trajectories of the nonautonomous system (1) as
well as compact invariant sets of the autonomous limit systems (7) and (8), can be related to
the one autonomous compactified system (24) and (25).

Our strategy is to define R-tipping in the nonautonomous system, introduce the key con-
cepts of R-tipping thresholds as well as R-tipping edge states and their edge tails also in the
nonautonomous system, and derive the main results using the compactified system. As a start-
ing point, proposition 6.3 uses results from [132] to show for exponentially bi-asymptotically
constant inputs that the compactified system is in standard format for a C' smooth slow-fast
system, where the rate parameter r is the timescale separation. Small r corresponds to quasi-
static approximation, giving rise to tracking of a branch of base attractors for the frozen sys-
tem (4). R-tipping can be understood as a breakdown of the quasistatic approximation, giving
rise to loss of tracking (i.e. moving away from the branch of base attractors) due to crossing
an R-tipping threshold for some larger r.

We give methods to identify, classify and understand R-tipping in a wide variety of ODE
models from applications. In other words, we generalise and extend results from [11] on irre-
versible R-tipping in one dimension to arbitrary dimensions and to different cases of R-tipping,
some of which can occur only in higher dimensional systems. In particular, we give tools for a
fairly complete understanding of systems with equilibrium base attractors whose basin bound-
aries consist of regular thresholds anchored by regular equilibrium edge states. This culminates
in two results. Theorem 7.3 gives an easily verifiable set of sufficient conditions for R-tipping
to be present in a multidimensional nonautonomous system (1) for some choice of the external
input. Proposition 7.1 shows how R-tipping in the nonautonomous system corresponds to a
(heteroclinic) connection to an R-tipping edge state in the compactified autonomous system,
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and thus gives a numerical tool for quantifying R-tipping and computing critical rates in quite
general cases.

A challenge for the future is to understand and classify R-tipping for more complicated
cases such as:

(a) R-tipping for a moving sink on a semi-infinite or finite time interval I. Theorem 7.3 con-
siders R-tipping from an equilibrium attractor e~ for moving sinks on / = R. The res-
ult in cases of R-tipping from a fixed (x,79) for a moving sink on an infinite /=R or
semi-infinite / = (7_,4+00) C R will follow from a simple generalisation of theorem 7.3,
that is on considering the trajectory from (xg,7o) rather than the one that limits to e™.
Additionally, there are cases of R-tipping from e~ for a moving sink on a semi-infinite
I=(—00,71) C R, or from a fixed (xq,79) for a moving sink on a finite / = (7,7 ) CR
or semi-infinite / = (—oo, 74 ) C R. In such cases, the moving sink bifurcates or disappears
at some finite time, and need not even be forward threshold unstable (e.g. see figure 5(b)).
Thus, such cases will require a more extensive generalisation of theorem 7.3.

(b) R-tipping from non-equilibrium attractors v~. For systems with phase space of dimen-
sion higher than one, there can be R-tipping from more general attractors v~ including
limit cycles [5, 6], quasiperiodic tori, and chaotic attractors [3, 61, 74]. It is interesting to
note that results on R-tipping in such cases will depend to some extent on the approach
taken. For example, non-degenerate R-tipping according to definition 5.5 can be gener-
ically found at codimension one or zero, depending on whether we take the pointwise
or setwise approach. In the pointwise approach, where one considers a single solution
that limits to v~ as 7 — —o0, non-degenerate R-tipping can be generically found only at
codimension-one in 7, as explained in section 5.4. By contrast, in the setwise approach,
one considers the set of all solutions that limit to v~ as 7 — —oo. In this case, it is pos-
sible that non-degenerate R-tipping can be found at codimension-zero in r: there can be
an interval of r such that non-degenerate R-tipping is found for any value of r within the
interval and some solution in the set of solutions that limit to v~ as 7 — —oo. Furthermore,
non-equilibrium attractors can give rise to additional cases of R-tipping, such as ‘partial
R-tipping’ from a limit cycle v~ described in [6] (see also [5]), and to additional cases
of tracking, such as ‘weak tracking’ [3] where the pullback attractor limits to an unstable
subset of a chaotic attractor v~ as 7 — —oo. A physical measure on v~ can be used to
quantify the probability that R-tipping takes place [10, 87].

(c) R-tipping without crossing regular thresholds. For systems with phase space of dimension
higher than one, it is possible to have R-tipping where, as 7 — +00, the solution limits to a
compact invariant set 7 on the boundary of a basin of attraction that is not a regular edge
state. Such 1™ may be associated with a threshold that is irregular, or with no threshold at
all, for one of several possible reasons. More precisely, the boundary of a basin of attraction
may include any of:

(i) Saddle periodic orbits 5+ with codimension-one stable manifolds that are not orient-
able (irregular thresholds).
(ii) Chaotic saddles n™ with codimension-one stable manifolds that are not embedded
(irregular thresholds).
(iii) Compact invariant sets n* with stable invariant manifolds of codimension two or
higher, for example a source in R? (no thresholds).

In all three cases, R-tipping will occur without crossing a regular threshold. Case (i) leads
to R-tipping that does not give a change in the system behaviour. Case (ii) can generate
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basin boundaries with highly nontrivial fractal structure [80]. This means that R-tipping
may occur not only at isolated values of 7., but also at sets of r. with nontrivial accumu-
lation points. Case (iii) generically will not be of codimension one in 7, but it can be for
R-tipping from non-equilibrium attractors v~ ; see point (b) above. For example, in the
setwise approach, trajectories from a limit cycle attractor v~ may interact with an equilib-
rium i with two unstable directions at codimension one in . Such ‘invisible R-tipping’
is documented in [6].

(d) R-tipping due to crossing quasithresholds. In any dimension, it is possible for so-called
‘quasithresholds’ [40] to be present in system (1). The key difference from regular
thresholds is that quasithresholds do not contain an R-tipping edge state . Therefore,

(1) Quasithresholds cannot give rise to qualitative R-tipping via loss of end-point track-
ing. They can only give rise to quantitative R-tipping via loss of d-close tracking; see
section 3.3.

(ii) Rigorous definitions of quasithresholds and R-tipping via loss of d-close tracking that
are relevant for applications still remain a challenge [92, 95].

Quasithresholds can arise when a moving regular edge state disappears at some finite
time [133, section 4.9], or when the frozen system is slow-fast [40, 92, 129, 131]. Recent
examples of R-tipping due to crossing quasithresholds in slow-fast systems show that sin-
gular R-tipping edge states may appear in the limit of infinite time scale separation; see
e.g. [92].

(e) R-tipping for asymptotically constant external inputs with non-exponential asymptotic
decay. Our results assume asymptotically constant external inputs with exponential decay.
This ensures that (normally) hyperbolic compact invariant sets of the autonomous limit
systems remain (normally) hyperbolic when embedded in the extended phase space of the
compactified system. It should be possible to generalise our results to asymptotically con-
stant external inputs with slower than exponential decay, provided they are ‘normal’ in the
sense of [132, definition 2.2]. Although such inputs give rise to a centre direction in the
compactified system, one can show that both the ensuing centre manifold of e~ and the
centre-stable manifold of a regular equilibrium R-tipping edge state 77+ are unique [132,
theorems 3.3 and 3.4].

(f) R-tipping for external inputs that are not asymptotically constant. While we focus here on
asymptotically constant external inputs, more complex external inputs represent another
interesting direction of generalization. In particular, one could consider external inputs
that are asymptotically periodic or quasiperiodic. One proposed definition for R-tipping in
this general case is suggested in [53, 70, 75] as a bifurcation of a pullback attractor. There
are many parallels with our work on relating R-tipping to a heteroclinic connection in
the compactified system (see also the last paragraph in section 7.3), but obtaining general
results without imposing stringent hypotheses is likely to be a challenge. Also note that R-
tipping due to crossing a quasithreshold may not correspond to a bifurcation of a pullback
attractor.

(g) R-tipping in nonautonomous partial differential equations (PDEs). So far, analysis of R-
tipping have focused on nonautonomous ordinary differential equation models (1). How-
ever, there are important examples of R-tipping in spatially-extended systems modelled by
nonautonomous PDEs [24, 115] including heterogenous reaction-diffusion systems [14,
44]. Analysis of R-tipping in PDEs is more challenging, will likely involve new critical
factors such as critical spatial extent of the external input, and requires development of
alternative mathematical techniques; e.g. see [44].
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(h) R-tipping and Control Theory. The R-tipping framework presented here gives rigorous
results about asymptotic behaviour of a nonlinear system for a given external input, in
the spirit of dynamical systems theory. This approach is motivated by applications where
given inputs may be difficult to alter or control (e.g. climate, ecology, earthquakes or
neuroscience). An alternative approach is to specify the desired asymptotic state, and use
ideas from control theory to make rigorous statements about the class of ‘optimal’ external
inputs. This interesting direction of future research on R-tipping is of interest in applic-
ations where one has control over the external inputs (e.g. control engineering, climate
change mitigation strategy, disease treatment or epidemiological intervention strategy).
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Appendix A. Some geometric background

A.1. Hausdorff distance functions

Recall the Hausdorff semi-distance between a point x and a compact set A of a normed space
is given by

d(x,A) = inf ||x — 35
(r,A) = inf |lx—yl], (35)

For simplicity, we write

X (1) - A as 7— 400 todenote d (x[’] (T),A) — 0 as 7 — 400, and

xM(7) £ A as T — 400 todenote d (x[’] (T),A) 40 as 7 — 4o0.
In theorem 7.2 we use the Hausdorff distance between compact sets A and B:

dy(A,B) =max (d(A,B),d(B,A)), (36)
where

d(A,B) = sup |inf ||x — .
(4.8) =sup it x|

Note that that d(A,B) = 0 if and only if A C B and dy is a metric on the space of compact
subsets.
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A.2. Embedded and orientable manifolds

In order to define regular thresholds in section 4.1, we recall some properties of invariant
manifolds, and refer to [104] for a more general discussion. A set S € R" is an immersed
codimension-one manifold if there is an (n — 1)-dimensional manifold V and a smooth map

F:V—R"

such that F(V) =S and DF(v) has maximal rank at all v € V. The immersed manifold S is
embedded if F can be chosen such that F' is a homeomorphism onto its image. For the par-
ticular case of an embedded codimension-one manifold, F(V) =S C R” is orientable if there
is a normal unit vector v(x) that varies smoothly with x € S. Note that v(x) is normal to the
tangent space TS, and p € 7S if and only if v(x) - ¢ = 0. In such case, there are two choices
for a normal unit vector corresponding to +v(x). We say an embedded manifold S varies con-
tinuously (or smoothly) with X if the embedding map F can be chosen to be continuous (or
smooth) in \.

Suppose that S is a codimension-one invariant stable manifold of a (normally) hyperbolic
compact invariant set defined to contain the set. Then, S is an injectively immersed repelling
manifold [104] and thus a candidate for a threshold. However, S need not be orientable. For
example, if S is the stable manifold of a saddle limit cycle with a real negative Floquet mul-
tiplier [90], or the stable manifold of a saddle equilibrium that undergoes a non-orientable
homoclinic bifurcation [2], then S is non-orientable. Moreover, an orientable S need not be
embedded: it may be remarkably complex, locally disconnected and even fractal in structure;
see [1] for a review. In case S is non-orientable or not embedded, one may be able to restrict
to an orientable embedded submanifold of S, though this is not possible in general.

A.3. Signed distance near a threshold

Near an embedded orientable codimension-one manifold S, one can define a signed distance

between a point x and S. We choose an open set N such that S divides N into two components

which we call (arbitrarily) N_ and N, and use N¢ to denote the complement of N. We then

define

d(x,S) if xeNg,
0 if xes,

—d(x,S) if xeN_.
oo if xeN€

dy(x,8) = (37

Note that d; is a smooth function of x € N for a suitable choice of N [42, lemma 14.16].

A.4. Attractors and boundary of a basin of attraction

Suppose that 1)(7,x0) is the solution to the autonomous frozen system (5) at time 7 started
from the initial condition x = x¢ at 7 = 0. Consider any set D and define ¢ (7,D) = {¢(7,x) :
x € D}. Then the w—Ilimit set of D is

w(D) = ﬂ {¢(1,D) : 7> T}.

>0

We define an attractor as follows [84]:

Definition A.1. We say that a compact invariant set A C R" is an attractor for the autonomous
frozen system if:
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(i) A is the w-limit set of a neighbourhood of itself.
(i) A does not contain any proper subsets that satisfy (i).

The basin of attraction of A is
B(A) = {x: w(x) CA},

and its boundary is

OB(A) = B(A) \ B(A),
where B(A) is the basin closure. Note that, in general, a codimension-one basin boundary need
not divide the phase space into different basins of attraction. Indeed, the basin boundary need
not be connected or even locally connected.

Appendix B. Proof of theorem 7.3

We give a detailed proof of statements (a) and (b).

(a) Threshold instability of e(\) on P due to #(\) implies that there is a C'-smooth fam-
ily of 6(X), as well as A\, and )\, in P and in the domain of existence of #()), such that
ds(e(Ng),0(N\p)) =0 and di(e(A),0(\2)) takes both signs in any neighbourhood of (A, Ap)
in P2. Recall from (14) the signed distance notation A (71,72) at different points in time, and
from appendix A.3 that A (7, 72) is smooth and well defined near (7,,7;). Now choose any
C'-smooth function A(7) such that:

e A(7) traces out Py = P and is exponentially bi-asymptotically constant to A*.

e There are 7, < 73, such that®* A(7,) = A\, and A(7) = Ay,

o Ap(74,7) =0, and A (71,72) takes both signs in any neighbourhood of (7,,7,) € R?.
e The future limit A™ of A(7) is in the domain of existence of (\) € O(\).

For such external input A(7), the moving sink e(A(7)) is forward threshold unstable due
to a moving regular threshold (A (7)) with a moving equilibrium regular edge state n(A(7))
that limits to an equilibrium regular R-tipping edge state . We then apply case (b) of this
theorem for this A(7) to obtain the result.

(b) Choose any convex neighbourhood NV of (7,,75) in R?. Forward threshold instability of
e(A(7)) due to 8(A(7)) means that we can choose a small enough ¢ > 0, as well as the time
pairs (7,,7, ) and (7,5, 7;") in \V, such that

Ap(TF ) )=6>0 and Ax(r,,7, ) =—6<0; (38)

see figure 7 for an illustration of this.
Next, consider a time reparametrisation of the prescribed external input A(7):

A(T) = A(0ry ry,e(T)), (39)

using a parametrised family of strictly monotone increasing functions o, -, (7) with range
R and three parameters®! € >0 and 7, < 75 € N. We define this reparameterisation of time
by means of a function

Ororsne(T) i =Ta+eT+ (15 —Ta —€)E(T]€), (40)

30 Note that A(7) passes through )\, before Ay, though it may pass through either or both of these values several times.
31 Note that the subscript in 7, is not related to the compactification parameter cv.

3284



Nonlinearity 36 (2023) 3238 S Wieczorek et al

A

T2

7—__
b é«\

>

T1

Figure 7. An illustration of the threshold in the proof of theorem 7.3: the (71,72)-

plane with a (blue) convex neighbourhood N of (74,7,) in the region where 7, >
71. Shown are examples of time pairs: (74,7,) where Ax(7a,7) =0, (7,5, 7,)
where AA(T;,T;) =06>0,and (7, ,7, ) where Ax(7, ,7, ) = —06 < 0. A time pair
(72,77, where dy (xI" M (e,e7), 0 Al (€)) = 0, is guaranteed to lic somewhere on the

(green) line from (7,7, 7,7) to (7,7, 7).

where £(v) is a smooth function such that {(v) =0 for v< 0, {(v) =1 for v > 1 and £(v) is
strictly monotone increasing for v € (0, 1). For example, we can take

- x(v)
)= )

where

[ exp(—1/v) for v>0,
X(V)'{ 0 for v<O0,

takes values in the interval [0, 1) and is strictly monotone increasing for v > 0. One can check
that o, -, () defined by (40) is C>°-smooth in all three parameters, strictly monotone
increasing in 7 as long as e < T3 — Ta, linear with slope € for 7 < 0 and for 7 > e

o (r) = Ta+er if  7<L0,
T e tate(t—e) if T >,

and satisfies

Orpr5,e(0) =74 and o, 7, c(€) =73 (41)

In other words, for € small compared to 73 — 7, there is slow change for 7 <0, rapid
change for 7 € (0,¢), and slow change thereafter. In the limit ¢ =0, the reparameterisa-
tion function (40) has a jump discontinuity at 7= 0. Most importantly, if A(7) is exponen-
tially bi-asymptotically constant with decay coefficient p > 0, then /~\(T) is also exponentially
bi-asymptotically constant with decay coefficient €p, so the results in sections 6.6 and 7.1
apply to A(7).

For the reparametrised input A in (39), we write the unique pullback attractor from proposi-
tion 6.4(a) as x>} (7, ¢7) to indicate that, in addition to r, it depends on £ and 7, < 73 through
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A. We fix the rate parameter r = r* > 0 and show that there is a choice of the parameters ¢ and
To < Tp in A such that the ensuing A(7) gives R-tipping at this r = r*.

By the argument in theorem 7.1(b), solution x" *A](7,e~) exists and d-close tracks the
moving sink e(A(7)) for all 7 <0 if € is small enough. Similarly, by the argument in the-
orem 7.2(b), a regular R-tipping threshold ©"Al(7) anchored by nT at infinity exists and
d-close®? tracks the moving regular threshold 6(A (7)) for all 7 > € if € is small enough. This
means that there is an €; > 0 such that if 0 < € < ¢; then

d(x[r*’[\](T,e_),e(]\(T)))<%(5 forall 7<0 and (7a,75) €N, (42)
and

dy(@[r*’]\](r),&(]\(T)))<%5 forall 7>e€ and (74,73)€N. (43)

Furthermore, local continuity of XAl (7,e7) on varying time and the three parameters in A
means that there is an €, > 0 such that if 0 < € < ¢; then

d (x[r*fx] (0,e7),x" A (g7e*)) < %5 forall (7,,73) €N. (44)

We chose 0 < € < min{ej, € }.

We now examine the signed distance®® between x" Al(7,e~) and O Al (1) at time 7 = e,
its dependence on the two remaining parameters 7, < 73, and choose (7,,73) € N that give R-
tipping. Recall the triangle inequality d(a,b) < d(a,c) + d(c,b) for points a,b,c € R", and also
note that |ds(a,S) —ds(a’,S)| < d(a,a’) and |di(a,S) —ds(a,S")| < du(S,S’) for any codi-
mension one sets S, S’, and points a,a’ in some convex neighbourhood of S and §', respectively,
where d;(a,S) and d;(a,S’) are defined. Using these inequalities together with (42) and (44),
note that

[y (" M(e,e7),00A()) — d (e(A0)),0(A(9))|
<d (" (e.e7).e(4(0)))

. . i . . 45
< d(x[’ A(e,e™),xlA (O,e_)> —|—d(x[’ A(0,e7),e(A(0 )
1 1 2
< §§+ 5(5 = §§ forall (7,,73) €N.
Similarly, using (43), note that
dy (e(A(0)),01" M (€)) — d, (e(A(0)),0(A(9))|
<dn (01" M(e),0(A(e)) (46)

<%6 forall (7,,73) €N.

32 The notion of Hausdorff distance dj is discussed in appendix A.1.
33 The notion of signed distance dj is discussed in appendix A.3.
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The triangle inequality |a — b| < |a — ¢| + |c — | for a,b,c € R, together with (45) and (46),
gives

d, (x[r*’;\] (e,e”),00 Al (e)) —d, (e(A(O)),e(A(e)) ‘

<diy (O M(0),6(A(0))) +d (7 V(e.e).e(A(0))) @7
< %54— %5 =0 forall (7,,73) €N.

Finally, note from (41) that
dy (e(A(0)),6(A(€)) = An(Tas75),
and use (47) to arrive at

A (7o) = 6 < dy (7N (e,7), 01 M (€) ) < Ap(ras7s) +6
forall (7,,73) €N.

(48)

For (74,73) = (T:—,T;_), it follows from (38) and (48) that
0<d, (x[r*N (e,e”),0cA (e)) < 24.

The same argument applied to (7.,73) = (7,7, ) gives
—26 < dy (x[r*’[\](e,ef),@[r*’m(e)) <0.

Now consider pairs (7,,7g) on the line in A from (7,5, 7,7) to (7,7, 7, ); see the green line in
figure 7. Noting that

dy (x[’*’[\](e,e_),@[’*’[\](e)> ,

is continuous on this line, the intermediate value theorem guarantees a choice of (74,73) =
(7o 77) on this line such that

dy (x[’*’]\](e,e_),6“”“(6)) =0.
It then follows from the properties of ') (7) in definition 5.3 that

XA (1 em) 5T as T — oo,

for the chosen 0 < e < min{ey, 2} and (74,75) = (75, 75) € N; see figure 8 for an illustration
of this. Hence we conclude there is R-tipping for this A(7) at r = r*. [J
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) External input A(7)

&“ )

Y4, )

Ta

b) Reparametrised external input A(7) = A0z 75.e(T))

“(())
e(A7)
\ -,1"‘"“"\3("7 ™)

Figure 8. Construction of the time reparametrization in the proof of theorem 7.3 for
x € R%. (a) Forward threshold instability of the moving sink e(A (7)) due to crossing the
moving regular threshold 0(A(72)) for (71,72) = (74, 7). (b) For some fixed r = r* >
0, there is a reparametrisation A(7) = A(0ry,m4,¢(T)) such that the (cyan) pullback

attractor x"** (¢~ 7) enters a regular R-tipping threshold ©**I () (see the snapshot
at time 7 = ¢) for a suitable choice of ¢ and (7, 73) = (7,7, ) shown in figure 7. The
pullback attractor then tracks n(A(7)) and limits to the regular equilibrium R-tipping
edge state . For non-degenerate R-tipping, the pullback attractor switches (red/green)
edge tail on crossing r*.

References

[1] AguirreJ, Viana R L and Sanjudn M A F 2009 Fractal structures in nonlinear dynamics Rev. Mod.
Phys. 81 333-82

[2] Aguirre P, Krauskopf B and Osinga H M 2013 Global invariant manifolds near homoclinic orbits
to a real saddle: (non)orientability and flip bifurcation SIAM J. Appl. Dyn. Syst. 12 1803—46

[3] Alkhayuon H and Ashwin P 2020 Weak tracking in nonautonomous chaotic systems Phys. Rev.
E 102 052210

[4] Alkhayuon H, Ashwin P, Jackson L C, Quinn C and Wood R A 2019 Basin bifurcations, oscillatory
instability and rate-induced thresholds for atlantic meridional overturning circulation in a global
oceanic box model Proc. R. Soc. A 475 20190051

[5] Alkhayuon H, Tyson R C and Wieczorek S 2021 Phase tipping: how cyclic ecosystems respond
to contemporary climate Proc. R. Soc. A 477 20210059

[6] Alkhayuon HM and Ashwin P 2018 Rate-induced tipping from periodic attractors: partial tipping
and connecting orbits Chaos 28 033608

3288


https://doi.org/10.1103/RevModPhys.81.333
https://doi.org/10.1103/RevModPhys.81.333
https://doi.org/10.1137/130912542
https://doi.org/10.1137/130912542
https://doi.org/10.1103/PhysRevE.102.052210
https://doi.org/10.1103/PhysRevE.102.052210
https://doi.org/10.1098/rspa.2019.0051
https://doi.org/10.1098/rspa.2019.0051
https://doi.org/10.1098/rspa.2021.0059
https://doi.org/10.1098/rspa.2021.0059
https://doi.org/10.1063/1.5000418
https://doi.org/10.1063/1.5000418

Nonlinearity 36 (2023) 3238 S Wieczorek et al

[7] Arnold L 1998 Random Dynamical Systems (Springer Monographs in Mathematics) (Berlin:
Springer)
[8] Arnscheidt C W and Rothman D H 2022 Rate-induced collapse in evolutionary systems J. R. Soc.
Interface 19 20220182
[9] Arumugam R, Chandrasekar V K and Senthilkumar D V 2021 Rate-induced tipping and regime
shifts in a spatial ecological system Eur. Phys. J. Spec. Top. 230 3221-7
[10] Ashwin P and Newman J 2021 Physical invariant measures and tipping probabilities for chaotic
attractors of asymptotically autonomous systems Eur. Phys. J. Spec. Top. 230 3235-48
[11] Ashwin P, Perryman C and Wieczorek S 2017 Parameter shifts for nonautonomous systems in
low dimension: bifurcation- and rate-induced tipping Nonlinearity 30 2185-210
[12] Ashwin P, Wieczorek S, Vitolo R and Cox P 2012 Tipping points in open systems: bifurca-
tion, noise-induced and rate-dependent examples in the climate system Phil. Trans. R. Soc.
A 370 1166-84
[13] Aulbach B, Rasmussen M and Siegmund S 2006 Invariant manifolds as pullback attractors of
nonautonomous differential equations Discrete Contin. Dyn. Syst. A 15 579-96
[14] Berestycki H, Diekmann O, Nagelkerke C J and Zegeling P A 2009 Can a species keep pace with
a shifting climate? Bull. Math. Biol. 71 399
[15] Beyn W J 1990 The numerical computation of connecting orbits in dynamical systems IMA
J. Numer. Anal. 10 379-405
[16] Bezekci B, Idris I, Simitev R D and Biktashev V N 2015 Semi-analytical approach to criteria for
ignition of excitation waves Phys. Rev. E 92 042917
[17] Bishnani Z and MacKay R S 2003 Safety criteria for aperiodically forced systems Dyn. Syst.
18 107-29
[18] Boers N 2021 Observation-based early-warning signals for a collapse of the atlantic meridional
overturning circulation Nat. Clim. Change 11 680-8
[19] Budd CJ and Wilson J P 2002 Bogdanov—Takens bifurcation points and Sil'nikov homoclinicity
in a simple power-system model of voltage collapse IEEE Trans. Circuits Syst. 1 49 575-90
[20] Bury T M, Bauch C T and Anand M 2020 Detecting and distinguishing tipping points using
spectral early warning signals J. R. Soc. Interface 17 20200482
[21] Castillo-Chavez C and Thieme H 1994 Asymptotically autonomous epidemic models Biometrics
Unit Technical Reports U-1248-M (Ithaca, NY: Cornell University)
[22] Champneys A R, Kuznetsov Y and Sandstede B 1996 A numerical toolbox for homoclinic bifurc-
ation analysis Int. J. Bifurcation Chaos 6 867-87
[23] Chen Y, Gemmer J A, Silber M and Volkening A 2019 Noise-induced tipping under periodic
forcing: preferred tipping phase in a non-adiabatic forcing regime Chaos 29 043119
[24] Chen Y, Kolokolnikov T, Tzou J and Gai C 2015 Patterned vegetation, tipping points and the rate
of climate change Eur. J. Appl. Math. 26 945-58
[25] Clarke J, Huntingford C, Ritchie P and Cox P 2021 The compost bomb instability in the continuum
limit Eur. Phys. J. Spec. Top. 230 3335-41
[26] Dakos V, Carpenter S R, van Nes E H and Scheffer M 2015 Resilience indicators: prospects and
limitations for early warnings of regime shifts Phil. Trans. R. Soc. B 370 1659
[27] Dakos V, Scheffer M, van Nes E H, Brovkin V, Petoukhov V and Held H 2008 Slowing down as
an early warning signal for abrupt climate change Proc. Natl Acad. Sci. 105 1430812
[28] Dhooge A, Govaerts W and Kuznetsov Y A 2003 MATCONT: a MATLAB package for numerical
bifurcation analysis of ODEs ACM Trans. Math. Softw. 29 141-64
[29] Dijkstra H A 2008 Dynamical Oceanography (Berlin: Springer)
[30] Ditlevsen P D and Johnsen S 2010 Tipping points: early warning and wishful thinking Geophys.
Res. Lett. 37 1L.19703
[31] Dobson I and Chiang H D 1989 Toward a theory of voltage collapse in electric-power systems
Syst. Control Lett. 13 253-62
[32] Doedel E J, Fairgrieve T F, Sandstede B, Champneys A R, Kuznetsov Y A and Wang X 2007
AUTO-07P: continuation and bifurcation software for ordinary differential equations Technical
Report (Concordia University)
[33] Drétos G, Bédai T and Tél T 2015 Probabilistic concepts in a changing climate: a snapshot
attractor picture J. Clim. 28 3275-88
[34] Benoit E (ed) 1991 Dynamic Bifurcations (Lecture Notes in Mathematics vol 1493) (New York:
Springer)

3289


https://doi.org/10.1098/rsif.2022.0182
https://doi.org/10.1098/rsif.2022.0182
https://doi.org/10.1140/epjs/s11734-021-00139-4
https://doi.org/10.1140/epjs/s11734-021-00139-4
https://doi.org/10.1140/epjs/s11734-021-00114-z
https://doi.org/10.1140/epjs/s11734-021-00114-z
https://doi.org/10.1088/1361-6544/aa675b
https://doi.org/10.1088/1361-6544/aa675b
https://doi.org/10.1098/rsta.2011.0306
https://doi.org/10.1098/rsta.2011.0306
https://doi.org/10.3934/dcds.2006.15.579
https://doi.org/10.3934/dcds.2006.15.579
https://doi.org/10.1007/s11538-008-9367-5
https://doi.org/10.1007/s11538-008-9367-5
https://doi.org/10.1093/imanum/10.3.379
https://doi.org/10.1093/imanum/10.3.379
https://doi.org/10.1103/PhysRevE.92.042917
https://doi.org/10.1103/PhysRevE.92.042917
https://doi.org/10.1080/1468936031000080795
https://doi.org/10.1080/1468936031000080795
https://doi.org/10.1038/s41558-021-01097-4
https://doi.org/10.1038/s41558-021-01097-4
https://doi.org/10.1109/TCSI.2002.1001947
https://doi.org/10.1109/TCSI.2002.1001947
https://doi.org/10.1098/rsif.2020.0482
https://doi.org/10.1098/rsif.2020.0482
https://doi.org/10.1142/S0218127496000485
https://doi.org/10.1142/S0218127496000485
https://doi.org/10.1063/1.5083973
https://doi.org/10.1063/1.5083973
https://doi.org/10.1017/S0956792515000261
https://doi.org/10.1017/S0956792515000261
https://doi.org/10.1140/epjs/s11734-021-00013-3
https://doi.org/10.1140/epjs/s11734-021-00013-3
https://doi.org/10.1098/rstb.2013.0263
https://doi.org/10.1098/rstb.2013.0263
https://doi.org/10.1073/pnas.0802430105
https://doi.org/10.1073/pnas.0802430105
https://doi.org/10.1145/779359.779362
https://doi.org/10.1145/779359.779362
https://doi.org/10.1029/2010GL044486
https://doi.org/10.1029/2010GL044486
https://doi.org/10.1016/0167-6911(89)90072-8
https://doi.org/10.1016/0167-6911(89)90072-8
https://doi.org/10.1175/JCLI-D-14-00459.1
https://doi.org/10.1175/JCLI-D-14-00459.1

Nonlinearity 36 (2023) 3238 S Wieczorek et al

[35] Eldering J 2013 Normally Hyperbolic Invariant Manifolds: The Noncompact Case vol 2 (Berlin:
Springer)

[36] Fenichel N 1971 Persistence and smoothness of invariant manifolds for flows Indiana Univ. Math.
J. 21 193-226

[37] Fenichel N 1974 Asymptotic stability with rate conditions Indiana Univ. Math. J. 23 1109-37

[38] Fenichel N 1977 Asymptotic stability with rate conditions, I Indiana Univ. Math. J. 26 8§1-93

[39] Fenichel N 1979 Geometric singular perturbation theory for ordinary differential equations J.
Differ. Equ. 31 53-98

[40] FitzHugh R 1955 Mathematical models of threshold phenomena in the nerve membrane Bull.
Math. Biophys. 17 257-78

[41] Ghil M and Lucarini V 2020 The physics of climate variability and climate change Rev. Mod.
Phys. 92 035002

[42] Gilbarg D and Trudinger N S 1983 Elliptic Partial Differential Equations of Second Order
(Grundlehren der Mathematischen Wissenschaften vol 224) 2nd edn (Berlin: Springer)

[43] Hartl M 2019 Non-autonomous random dynamical systems: stochastic approximation and rate-
induced tipping PhD Thesis Imperial College London

[44] Hasan C R, Mac Cirthaigh R and Wieczorek S 2022 Rate-induced tipping in heterogeneous
reaction-diffusion systems: an invariant manifold framework and geographically shifting eco-
systems (arXiv:2211.13062)

[45] Hastings A, Abbott K C, Cuddington K, Francis T, Gellner G, Lai Y C, Morozov A, Petrovskii S,
Scranton K and Zeeman M L 2018 Transient phenomena in ecology Science 361 eaat6412

[46] Hill A V 1936 Excitation and accommodation in nerve Proc. R. Soc. B 119 305-55

[47] Hoang Duc L, Paez Chavez J, Thai Son D and Siegmund S 2016 Finite-time lyapunov exponents
and metabolic control coefficients for threshold detection of stimulus—response curves J. Biol.
Dyn. 10 379-94

[48] Hobbs C, Ashwin P, Wieczorek S, Vitolo R and Cox P 2013 Tipping points in open systems:
bifurcation, noise-induced and rate-dependent examples in the climate system: corrected ver-
sion Phil. Trans. R. Soc. A 371 20130098

[49] Hodgkin A L 1948 The local electric changes associated with repetitive action in a non-medullated
axon J. Physiol. 107 165-81

[50] Holmes P J and Stuart C A 1992 Homoclinic orbits for eventually autonomous planar flows Z.
Angew. Math. Phys. 43 598-625

[51] Homburg A J and Sandstede B 2010 Homoclinic and heteroclinic bifurcations in vector fields
Handbook of Dynamical Systems vol 3 (Amsterdam: Elsevier) pp 379-524

[52] Hoyer-Leitzel A, Nadeau A, Roberts A and Steyer A 2017 Detecting transient rate-tipping using
Steklov averages and Lyapunov vectors (arXiv:1702.02955)

[53] Hoyer-Leitzel A and Nadeau A N 2021 Rethinking the definition of rate-induced tipping Chaos
31053133

[54] Hsu S Y and Shih M H 2015 The tendency toward a moving equilibrium SIAM J. Appl. Dyn. Syst.
14 1699-730

[55] Idris I and Biktashev V N 2007 Critical fronts in initiation of excitation waves Phys. Rev. E
76 021906

[56] Idris I and Biktashev V N 2008 Analytical approach to initiation of propagating fronts Phys. Rev.
Lett. 101 244101

[57] Izhikevich E M 2007 Dynamical Systems in Neuroscience (Cambridge, MA: MIT Press)

[58] Jezkova T and Wiens J J 2016 Rates of change in climatic niches in plant and animal populations
are much slower than projected climate change Proc. R. Soc. B 283 20162104

[59] Jones C K R T 1995 Geometric singular perturbation theory Dynamical Systems (Lecture Notes
in Mathematics vol 1609) ed R Johnson (Berlin: Springer) pp 44-118

[60] Jones C KR T 2021 It’s not the heat, it’s the rate SIAM News (Conf. on Applications of Dynamical
Systems (DS21)) vol 54

[61] Kaszds B, Feudel U and Tél T 2019 Tipping phenomena in typical dynamical systems subjected
to parameter drift Sci. Rep. 9 8654

[62] Kaur T and Dutta P S 2022 Critical rates of climate warming and abrupt collapse of ecosystems
Proc. R. Soc. A 478 20220086

[63] Kiers C and Jones C K R T 2020 On conditions for rate-induced tipping in multi-dimensional
dynamical systems J. Dyn. Differ. Equ. 32 483-503

3290


https://doi.org/10.1512/iumj.1972.21.21017
https://doi.org/10.1512/iumj.1972.21.21017
https://doi.org/10.1512/iumj.1974.23.23090
https://doi.org/10.1512/iumj.1974.23.23090
https://doi.org/10.1512/iumj.1977.26.26006
https://doi.org/10.1512/iumj.1977.26.26006
https://doi.org/10.1016/0022-0396(79)90152-9
https://doi.org/10.1016/0022-0396(79)90152-9
https://doi.org/10.1007/BF02477753
https://doi.org/10.1007/BF02477753
https://doi.org/10.1103/RevModPhys.92.035002
https://doi.org/10.1103/RevModPhys.92.035002
https://arxiv.org/abs/2211.13062
https://doi.org/10.1126/science.aat6412
https://doi.org/10.1126/science.aat6412
https://doi.org/10.1098/rspb.1936.0012
https://doi.org/10.1098/rspb.1936.0012
https://doi.org/10.1080/17513758.2016.1204016
https://doi.org/10.1080/17513758.2016.1204016
https://doi.org/10.1098/rsta.2013.0098
https://doi.org/10.1098/rsta.2013.0098
https://doi.org/10.1113/jphysiol.1948.sp004260
https://doi.org/10.1113/jphysiol.1948.sp004260
https://doi.org/10.1007/BF00946253
https://doi.org/10.1007/BF00946253
https://arxiv.org/abs/1702.02955
https://doi.org/10.1063/5.0046420
https://doi.org/10.1063/5.0046420
https://doi.org/10.1137/140981484
https://doi.org/10.1137/140981484
https://doi.org/10.1103/PhysRevE.76.021906
https://doi.org/10.1103/PhysRevE.76.021906
https://doi.org/10.1103/PhysRevLett.101.244101
https://doi.org/10.1103/PhysRevLett.101.244101
https://doi.org/10.1098/rspb.2016.2104
https://doi.org/10.1098/rspb.2016.2104
https://doi.org/10.1038/s41598-019-44863-3
https://doi.org/10.1038/s41598-019-44863-3
https://doi.org/10.1098/rspa.2022.0086
https://doi.org/10.1098/rspa.2022.0086
https://doi.org/10.1007/s10884-019-09730-9
https://doi.org/10.1007/s10884-019-09730-9

Nonlinearity 36 (2023) 3238 S Wieczorek et al

[64] Kloeden P E and Rasmussen M 2011 Nonautonomous Dynamical Systems (Mathematical Surveys
and Monographs vol 176) (Providence, RI: American Mathematical Society)

[65] Krauskopf B, Osinga H M, Doedel E J, Henderson M E, Guckenheimer J, Vladimirsky A,
Dellnitz M and Junge O 2006 A survey of methods for computing (un) stable manifolds of
vector fields Modeling And Computations In Dynamical Systems: In Commemoration of the
100th Anniversary of the Birth of John von Neumann (Singapore: World Scientific) pp 67-95

[66] Krauskopf B and Rie3 T 2008 A Lin’s method approach to finding and continuing heteroclinic
connections involving periodic orbits Nonlinearity 21 1655

[67] Krauskopf B, Schneider K, Sieber J, Wieczorek S and Wolfrum M 2003 Excitability and
self-pulsations near homoclinic bifurcations in semiconductor laser systems Opt. Commun.
215 367-79

[68] Kuehn C 2011 A mathematical framework for critical transitions: bifurcations, fast-slow systems
and stochastic dynamics Physica D 240 1020-35

[69] Kuehn C 2015 Multiple Time Scale Dynamics vol 191 (Berlin: Springer)

[70] Kuehn C and Longo I P 2022 Estimating rate-induced tipping via asymptotic series and a
melnikov-like method Nonlinearity 35 2559

[71] Kuznetsov Y 2004 Elements of Applied Bifurcation Theory (New York: Springer)

[72] Leemans R and Eickhout B 2004 Another reason for concern: regional and global impacts on
ecosystems for different levels of climate change Glob. Environ. Change 14 219-28

[73] Lin X B 1990 Using Melnikov’s method to solve Silnikov’s problems Proc. R. Soc. A 116 295-325

[74] Lohmann J and Ditlevsen P D 2021 Risk of tipping the overturning circulation due to increasing
rates of ice melt Proc. Natl Acad. Sci. 118 €2017989118

[75] Longo I P, Nunez C, Obaya R and Rasmussen M 2021 Rate-induced tipping and saddle-node
bifurcation for quadratic differential equations with nonautonomous asymptotic dynamics
SIAM J. Appl. Dyn. Syst. 20 500-40

[76] Lucarini V and Bédai T 2017 Edge states in the climate system: exploring global instabilities and
critical transitions Nonlinearity 30 R32

[77] Lucarini V, Calmanti S and Artale V 2005 Destabilisation of the thermohaline circulation by
transient changes in the hydrological cycle Clim. Dyn. 24 253-62

[78] Luke C M and Cox P M 2011 Soil carbon and climate change: from the jenkinson effect to the
compost bomb instability Eur. J. Soil Sci. 62 5-12

[79] Markus L 1956 Asymptotically autonomous differential systems Contributions to the Theory of
Nonlinear Oscillations (Annals of Mathematics Studies vol 3) (Princeton, NJ: Princeton Uni-
versity Press) pp 17-29

[80] McDonald S W, Grebogi C, Ott E and Yorke J A 1985 Fractal basin boundaries Physica D
17 125-53

[81] Menck P J, Heitzig J, Marwan N and Kurths J 2013 How basin stability complements the linear-
stability paradigm Nat. Phys. 9 89-92

[82] Merker J and Kunsch B 2021 Rate-induced tipping phenomena in compartment models of epi-
demics Analysis of Infectious Disease Problems (Covid-19) and Their Global Impact (Berlin:
Springer) pp 307-28

[83] Meyer K, Hoyer-Leitzel A, Iams S, Klasky I, Lee V, Ligtenberg S, Bussmann E and Zeeman M L
2018 Quantifying resilience to recurrent ecosystem disturbances using flow—kick dynamics
Nat. Sustain. 1 671-8

[84] Milnor J W 2006 Attractor Scholarpedia 1 1815

[85] Mitry J, McCarthy M, Kopell N and Wechselberger M 2013 Excitable neurons, firing threshold
manifolds and canards J. Math. Neurosci. 3 14

[86] Morris J T, Sundareshwar P V, Nietch C T, Kjerfe B and Cahoon D R 2002 Responses of coastal
wetlands to rising sea level Ecology 83 2869-77

[87] Newman J and Ashwin P 2023 Physical measures of asymptotically autonomous dynamical sys-
tems Stoch. Dyn. 2350020

[88] O’Keeffe P E and Wieczorek S 2020 Tipping phenomena and points of no return in ecosystems:
beyond classical bifurcations SIAM J. Appl. Dyn. Syst. 19 2371-402

[89] Oljaca L, Ashwin P and Rasmussen M 2022 Measure and statistical attractors for nonautonomous
dynamical systems J. Dyn. Differ. Equ. 1-37

[90] Osinga H M 2003 Nonorientable manifolds in three-dimensional vector fields Int. J. Bifurcation
Chaos 13 553-70

3291


https://doi.org/10.1088/0951-7715/21/8/001
https://doi.org/10.1088/0951-7715/21/8/001
https://doi.org/10.1016/S0030-4018(02)02239-3
https://doi.org/10.1016/S0030-4018(02)02239-3
https://doi.org/10.1016/j.physd.2011.02.012
https://doi.org/10.1016/j.physd.2011.02.012
https://doi.org/10.1088/1361-6544/ac62dc
https://doi.org/10.1088/1361-6544/ac62dc
https://doi.org/10.1016/j.gloenvcha.2004.04.009
https://doi.org/10.1016/j.gloenvcha.2004.04.009
https://doi.org/10.1017/S0308210500031528
https://doi.org/10.1017/S0308210500031528
https://doi.org/10.1073/pnas.2017989118
https://doi.org/10.1073/pnas.2017989118
https://doi.org/10.1137/20M1339003
https://doi.org/10.1137/20M1339003
https://doi.org/10.1088/1361-6544/aa6b11
https://doi.org/10.1088/1361-6544/aa6b11
https://doi.org/10.1007/s00382-004-0484-z
https://doi.org/10.1007/s00382-004-0484-z
https://doi.org/10.1111/j.1365-2389.2010.01312.x
https://doi.org/10.1111/j.1365-2389.2010.01312.x
https://doi.org/10.1016/0167-2789(85)90001-6
https://doi.org/10.1016/0167-2789(85)90001-6
https://doi.org/10.1038/nphys2516
https://doi.org/10.1038/nphys2516
https://doi.org/10.1038/s41893-018-0168-z
https://doi.org/10.1038/s41893-018-0168-z
https://doi.org/10.4249/scholarpedia.1815
https://doi.org/10.4249/scholarpedia.1815
https://doi.org/10.1186/2190-8567-3-12
https://doi.org/10.1186/2190-8567-3-12
https://doi.org/10.1890/0012-9658(2002)083[2869:ROCWTR]2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083[2869:ROCWTR]2.0.CO;2
https://doi.org/10.1142/S021949372350020X
https://doi.org/10.1137/19M1242884
https://doi.org/10.1137/19M1242884
https://doi.org/10.1007/s10884-022-10196-5
https://doi.org/10.1142/S0218127403006777
https://doi.org/10.1142/S0218127403006777

Nonlinearity 36 (2023) 3238 S Wieczorek et al

[91] Osinga H M 2014 Computing failure boundaries by continuation of a two-point boundary value
problem Proc. 9th Int. Conf. on Structural Dynamics, EURODYN pp 1891-7
[92] O’Sullivan E, Mulchrone K and Wieczorek S 2022 Rate-induced tipping to metastable zombie
fires (arXiv:2210.02376)
[93] Ott E 2002 Chaos in Dynamical Systems (Cambridge: Cambridge University Press)
[94] Perryman C G 2015 How fast is too fast? Rate-induced bifurcations in multiple time-scale systems
PhD Thesis University of Exeter
[95] Perryman C G and Wieczorek S 2014 Adapting to a changing environment: non-obvious
thresholds in multi-scale systems Proc. R. Soc. A 470 20140226
[96] Pierini S and Ghil M 2021 Tipping points induced by parameter drift in an excitable ocean model
Sci. Rep. 11 1-14
[97] Pisarchik A N and Feudel U 2014 Control of multistability Phys. Rep. 540 167-218
[98] Potzsche C 2010 Nonautonomous bifurcation of bounded solutions I: a Lyapunov—Schmidt
approach Discrete Contin. Dyn. Syst. B 14 739-76
[99] Rasmussen M 2007 Attractivity and Bifurcation for Nonautonomous Dynamical Systems (Lecture
Notes in Mathematics vol 1907) (Berlin: Springer)
[100] Rasmussen M 2010 Finite-time attractivity and bifurcation for nonautonomous differential
equations Differ. Equ. Dyn. Syst. 18 57-78
[101] Ritchie P, Alkhayuon H, Cox P and Wieczorek S 2022 Rate-induced tipping in natural and human
systems EGUsphere 1-19
[102] Ritchie P, Clarke J, Cox P and Huntingford C 2021 Overshooting tipping point thresholds in a
changing climate Nature 592 517-23
[103] Ritchie P and Sieber J 2016 Early-warning indicators for rate-induced tipping Choas 26 093116
[104] Robinson C 1999 Dynamical Systems: Stability, Symbolic Dynamics and Chaos (Boca Raton, FL:
CRC Press)
[105] Robinson J C 1996 The asymptotic completeness of inertial manifolds Nonlinearity 9 1325-40
[106] Rubin J E, Signerska-Rynkowska J and Touboul J D 2021 Type iii responses to transient inputs
in hybrid nonlinear neuron models SIAM J. Appl. Dyn. Syst. 20 953-80
[107] Rushton W A H 1937 Initiation of the propagated disturbance Proc. R. Soc. B 124 21043
[108] Scheffer M 2009 Critical Transitions in Nature and Society (Princeton, NJ: Princeton University
Press)
[109] Scheffer M, Bascompte J, Brock W A, Brovkin V, Carpenter S R, Dakos V, Held H, Van Nes E H,
Rietkerk M and Sugihara G 2009 Early-warning signals for critical transitions Nature 461 53
[110] Scheffer M, Van Nes E H, Holmgren M and Hughes T 2008 Pulse-driven loss of top-down control:
the critical-rate hypothesis Ecosystems 11 226-37
[111] Schneider T M, Eckhardt B and Yorke J A 2007 Turbulence transition and the edge of chaos in
pipe flow Phys. Rev. Lett. 99 034502
[112] Schneider T M, Marinc D and Eckhardt B 2010 Localized edge states nucleate turbulence in
extended plane Couette cells J. Fluid Mech. 646 441-51
[113] Scholten R C, Jandt R, Miller E A, Rogers B M and Veraverbeke S 2021 Overwintering fires in
boreal forests Nature 593 399-404
[114] Siteur K, Eppinga M B, Doelman A, Sierro E and Rietkerk M 2016 Ecosystems off track: rate-
induced critical transitions in ecological models Oikos 125 1689-99
[115] Siteur K, Siero E, Eppinga M B, Rademacher J D M, Doelman A and Rietkerk M 2014 Beyond
turing: the response of patterned ecosystems to environmental change Ecol. Complex. 20 81-96
[116] SkufkaJ D, Yorke J A and Eckhardt B 2006 Edge of chaos in a parallel shear flow Phys. Rev. Lett.
96 174101
[117] Slyman K and Jones C K R T 2022 Rate and noise-induced tipping working in concert
(arXiv:2210.00873)
[118] Smith J B er al 2009 Assessing dangerous climate change through an update of the Intergov-
ernmental Panel on Climate Change (IPCC) “reasons for concern” Proc. Natl Acad. Sci. USA
106 4133-7
[119] Starmer C F 2007 Initiation of excitation waves Scholarpedia 2 1848
[120] Stocker T F and Schmittner A 1997 Influence of CO, emission rates on the stability of the ther-
mobhaline circulation Nature 388 8625
[121] Suchithra K S, Gopalakrishnan E A, Surovyatkina E and Kurths J 2020 Rate-induced transitions
and advanced takeoff in power systems Chaos 30 061103
[122] Szmolyan P and Wechselberger M 2004 Relaxation oscillations in R> J. Differ: Equ. 200 69104

3292


https://arxiv.org/abs/2210.02376
https://doi.org/10.1098/rspa.2014.0226
https://doi.org/10.1098/rspa.2014.0226
https://doi.org/10.1038/s41598-021-90138-1
https://doi.org/10.1038/s41598-021-90138-1
https://doi.org/10.1016/j.physrep.2014.02.007
https://doi.org/10.1016/j.physrep.2014.02.007
https://doi.org/10.3934/dcdsb.2010.14.739
https://doi.org/10.3934/dcdsb.2010.14.739
https://doi.org/10.1007/s12591-010-0009-7
https://doi.org/10.1007/s12591-010-0009-7
https://doi.org/10.5194/egusphere-2022-1176
https://doi.org/10.1038/s41586-021-03263-2
https://doi.org/10.1038/s41586-021-03263-2
https://doi.org/10.1063/1.4963012
https://doi.org/10.1063/1.4963012
https://doi.org/10.1088/0951-7715/9/5/013
https://doi.org/10.1088/0951-7715/9/5/013
https://doi.org/10.1137/20M1354970
https://doi.org/10.1137/20M1354970
https://doi.org/10.1098/rspb.1937.0083
https://doi.org/10.1098/rspb.1937.0083
https://doi.org/10.1038/nature08227
https://doi.org/10.1038/nature08227
https://doi.org/10.1007/s10021-007-9118-8
https://doi.org/10.1007/s10021-007-9118-8
https://doi.org/10.1103/PhysRevLett.99.034502
https://doi.org/10.1103/PhysRevLett.99.034502
https://doi.org/10.1017/S0022112009993144
https://doi.org/10.1017/S0022112009993144
https://doi.org/10.1038/s41586-021-03437-y
https://doi.org/10.1038/s41586-021-03437-y
https://doi.org/10.1111/oik.03112
https://doi.org/10.1111/oik.03112
https://doi.org/10.1016/j.ecocom.2014.09.002
https://doi.org/10.1016/j.ecocom.2014.09.002
https://doi.org/10.1103/PhysRevLett.96.174101
https://doi.org/10.1103/PhysRevLett.96.174101
https://arxiv.org/abs/2210.00873
https://doi.org/10.1073/pnas.0812355106
https://doi.org/10.1073/pnas.0812355106
https://doi.org/10.4249/scholarpedia.1848
https://doi.org/10.4249/scholarpedia.1848
https://doi.org/10.1038/42224
https://doi.org/10.1038/42224
https://doi.org/10.1063/5.0002456
https://doi.org/10.1063/5.0002456
https://doi.org/10.1016/j.jde.2003.09.010
https://doi.org/10.1016/j.jde.2003.09.010

Nonlinearity 36 (2023) 3238 S Wieczorek et al

[123] Thieme H R 1994 Asymptotically autonomous differential equations in the plane Rocky Mz.
J. Math. 24 351-80

[124] Thompson J M T and Sieber J 2011 Predicting climate tipping as a noisy bifurcation: a review
Int. J. Bifurcation Chaos 21 399-423

[125] Thompson J M T, Stewart H B and Ueda Y 1994 Safe, explosive and dangerous bifurcations in
dissipative dynamical systems Phys. Rev. E 49 1019

[126] van der Bolt B and van Nes E H 2021 Understanding the critical rate of environmental change for
ecosystems, cyanobacteria as an example PLoS One 16 0253003

[127] Vanselow A, Halekotte L and Feudel U 2022 Evolutionary rescue can prevent rate-induced tipping
Theor. Ecol. 15 29-50

[128] Vanselow A, Halekotte L, Pal P, Wieczorek S and Feudel U 2022 Rate-induced tipping can trigger
plankton blooms (arXiv:2212.01244)

[129] Vanselow A, Wieczorek S and Feudel U 2019 When very slow is too fast—collapse of a predator-
prey system J. Theor. Biol. 479 64-72

[130] Wechselberger M 2012 A propos de canards (apropos canards) Trans. Am. Math. Soc. 364 3289—
309

[131] Wieczorek S, Ashwin P, Luke C M and Cox P M 2011 Excitability in ramped systems: the
compost-bomb instability Proc. R. Soc. A 467 1215-42

[132] Wieczorek S, Xie C and Jones C K R T 2021 Compactification for asymptotically autonomous
dynamical systems: theory, applications and invariant manifolds Nonlinearity 34 2970

[133] Xie C 2020 Rate-induced critical transitions PhD Thesis University College Cork

3293


https://doi.org/10.1142/S0218127411028519
https://doi.org/10.1142/S0218127411028519
https://doi.org/10.1103/PhysRevE.49.1019
https://doi.org/10.1103/PhysRevE.49.1019
https://doi.org/10.1371/journal.pone.0253003
https://doi.org/10.1371/journal.pone.0253003
https://doi.org/10.1007/s12080-021-00522-w
https://doi.org/10.1007/s12080-021-00522-w
https://arxiv.org/abs/2212.01244
https://doi.org/10.1016/j.jtbi.2019.07.008
https://doi.org/10.1016/j.jtbi.2019.07.008
https://doi.org/10.1090/S0002-9947-2012-05575-9
https://doi.org/10.1090/S0002-9947-2012-05575-9
https://doi.org/10.1090/S0002-9947-2012-05575-9
https://doi.org/10.1098/rspa.2010.0485
https://doi.org/10.1098/rspa.2010.0485
https://doi.org/10.1088/1361-6544/abe456
https://doi.org/10.1088/1361-6544/abe456

	Rate-induced tipping: thresholds, edge states and connecting orbits
	1. Introduction
	1.1. Motivation: critical factors and R-tipping
	1.2. Summary of main results and outline of paper

	2. The problem setting
	2.1. Parametrised nonautonomous system: rates of change
	2.2. Frozen system
	2.3. Asymptotically constant inputs: future and past limit systems
	2.4. Solutions and trajectories of the parametrised nonautonomous system
	2.5. Parameter paths

	3. Tracking and failure to track of moving sinks
	3.1. Moving sinks
	3.2. Tracking moving sinks
	3.3. Failure to track: nonautonomous R-tipping instability

	4. Thresholds and edge states for autonomous frozen systems
	4.1. Regular thresholds, regular edge states and excitability
	4.2. Moving regular thresholds and moving regular edge states
	4.3. Threshold instability of a sink

	5. Nonautonomous R-tipping definitions
	5.1. R-tipping and critical rates
	5.2. R-tipping thresholds and R-tipping edge states
	5.3. Edge tails
	5.4. Reversible, irreversible and degenerate R-tipping

	6. Compactification
	6.1. Exponentially asymptotically constant inputs
	6.2. Autonomous compactified system
	6.3. Compactified system as a singularly perturbed fast-slow system
	6.4. Compact normally hyperbolic critical manifolds
	6.5. Compactified system dynamics
	6.6. Relating nonautonomous and compactified system dynamics

	7. Criteria for tracking and R-tipping with regular thresholds
	7.1. Criteria for tracking moving sinks and moving regular thresholds
	7.2. Threshold instability as a criterion for R-tipping
	7.3. Connecting orbit as a general criterion for R-tipping and a general method for computing critical rates

	8. Summary and open questions
	Appendix A. Some geometric background
	A.1.  Hausdorff distance functions
	A.2.  Embedded and orientable manifolds
	A.3.  Signed distance near a threshold
	A.4.  Attractors and boundary of a basin of attraction

	Appendix B. Proof of theorem 7.3
	References


