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Many systems in biology, physics, and chemistry can be modeled through ordinary differential
equations (ODEs), which are piecewise smooth, but switch between different states according to
a Markov jump process. In the fast switching limit, the dynamics converges to a deterministic ODE.
In this paper, we suppose that this limit ODE supports a stable limit cycle. We demonstrate that a
set of such oscillators can synchronize when they are uncoupled, but they share the same switching
Markov jump process. The latter is taken to represent the effect of a common randomly switching
environment. We determine the leading order of the Lyapunov coefficient governing the rate of decay
of the phase difference in the fast switching limit. The analysis bears some similarities to the clas-
sical analysis of synchronization of stochastic oscillators subject to common white noise. However,
the discrete nature of the Markov jump process raises some difficulties: in fact, we find that the Lya-
punov coefficient from the quasi-steady-state approximation differs from the Lyapunov coefficient
one obtains from a second order perturbation expansion in the waiting time between jumps. Finally,
we demonstrate synchronization numerically in the radial isochron clock model and show that the
latter Lyapunov exponent is more accurate. Published by AIP Publishing. https://doi.org/10.1063/1.

5054795

There are a growing number of systems in physics and
biology where a population of oscillators can be synchro-
nized by a randomly fluctuating external input applied
globally to all of the oscillators, even if there are no inter-
actions between the oscillators (noise-induced phase syn-
chronization). Experimental evidence for such an effect
has been found in neural oscillations of the olfactory bulb,
synthetic genetic oscillators, laser dynamics, and vari-
ations in geographically separated animal populations.
Most previous studies of noise-induced phase synchroniza-
tion have taken the oscillators to be driven by common
Gaussian noise. Typically, phase synchronization is estab-
lished by constructing the Lyapunov exponent for the
dynamics of the phase difference between a pair of oscil-
lators and averaging with respect to the noise. If the
averaged Lyapunov exponent is negative definite, then
the phase difference is expected to decay to zero in the
large time limit, establishing phase synchronization. In
this paper, we extend the theory of noise-induced syn-
chronization to the case of a common randomly switching
environment. Each oscillator then evolves according to a
piecewise deterministic Markov process, which involves
the coupling between a piecewise continuous differential
equation and a time-homogeneous Markov chain. In the
fast switching limit, the dynamics converges to a deter-
ministic ordinary differential equation (ODE), which is
assumed to support a stable limit cycle. We demonstrate
that an uncoupled population of such oscillators can syn-
chronize when they share the same switching Markov
jump process. We determine the leading order of the Lya-
punov coefficient governing the rate of decay of the phase
differences in the weak noise regime (fast but finite switch-
ing rates) and show that it differs from the standard
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expression obtained using a Gaussian approximation of
the noise.

I. INTRODUCTION

Self-sustained oscillations in biological, physical, and
chemical systems are often described in terms of limit cycle
oscillators where the timing along each limit cycle is spec-
ified in terms of a single phase variable. Phase reduction
methods can then be used to analyze synchronization of an
ensemble of weakly-coupled oscillators by approximating
the high-dimensional limit cycle dynamics as a closed sys-
tem of equations for the corresponding phase variables.!™
More recently, there has been considerable interest in apply-
ing phase reduction methods to the analysis of noise-induced
phase synchronization.!%'¢ This concerns the observation that
a population of oscillators can be synchronized by a randomly
fluctuating external input applied globally to all of the oscilla-
tors, even if there are no interactions between the oscillators.
Evidence for such an effect has been found in experimental
studies of neural oscillations in the olfactory bulb!” and the
synchronization of synthetic genetic oscillators.'®!” A related
phenomenon is the reproducibility of a dynamical system’s
response when repetitively driven by the same fluctuating
input, even though initial conditions vary across trials. Exam-
ples include the spike-time reliability of single neurons,?’?!
improvements in the reproducibility of laser dynamics,?? and
synchronized variations in wild animal populations located in
distinct, well-separated areas caused by common environmen-
tal fluctuations.”

Published by AIP Publishing.
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FIG. 1. Pair of non-interacting limit cycle oscillators with phases 6;(¢),
Jj = 1,2, driven by a common switching external input /(z).
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Most studies of noise-induced synchronization take the
oscillators to be driven by common Gaussian noise. Typi-
cally, phase synchronization is established by constructing the
Lyapunov exponent for the dynamics of the phase difference
between a pair of oscillators and averaging with respect to
the noise. If the averaged Lyapunov exponent is negative def-
inite, then the phase difference is expected to decay to zero in
the large time limit, establishing phase synchronization. How-
ever, it has also been shown that common Poisson-distributed
random impulses, dichotomous or telegrapher noise, and other
types of noise generally induce synchronization of limit-cycle
oscillators.>*?6 Consider, in particular, the case of an addi-
tive dichotomous noise signal /() driving a population of M
identical non-interacting oscillators according to the system of
equations x; = F(x;) + I(¢), where x; € R? is the state of the
jth oscillator, j = 1,...,M? (see Fig. 1). Here, () switches
between two values Iy and /; at random times generated by
a two-state Markov chain.?’ That is, 1(f) = Io[l — N(©)] +
LiN(t) for N(t) € {0, 1}, with the time T between switching
events taken to be exponentially distributed with mean switch-
ing time 7. Suppose that each oscillator supports a stable limit
cycle for each of the two input values [y and /. It follows that
the internal state of each oscillator randomly jumps between
the two limit cycles. Nagai et al.?> show that in the slow
switching limit (large 7), the dynamics can be described by
random phase maps. Moreover, if the phase maps are mono-
tonic, then the associated Lyapunov exponent is generally
negative and phase synchronization is stable.

The dichotomous noise-driven system is just one example
of a much more general class of randomly switching pro-
cesses known as piecewise deterministic Markov processes
(PDMPs).282° More explicitly, let N(f) e I' = {0,..., Ag —
1} denote the state of the randomly switching environment.
When the environmental state is N (f) = n, each oscillator x;(t)
evolves according to the piecewise deterministic ordinary dif-
ferential equation (ODE) x; = F,(x;), i=1,...,M, where
the vector field F, : R? — R? is a smooth function. The
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discrete stochastic variable N(f) evolves according to a sta-
tionary, continuous-time Markov chain with transition matrix
W. The additive dichotomous noise case is recovered by tak-
ing A9 =2 and F,(x) = F(x) + I,. One major application of
PDMPs is stochastic gene regulatory networks, where the con-
tinuous variables x; are the concentrations of protein products
(and possibly mRNAs) and the discrete variables represent
the various activation/inactivation states of the genes.***" The
common randomly switching environment could represent the
state of a promoter site that is common to a pair of genes
within the same cell or the state of the extracellular environ-
ment that drives gene expression in a population of cells. It is
thought that synchronous oscillations may have an important
functional purpose in systems biology.>*

In this paper, we develop the theory of noise-induced
synchronization for a population of non-interacting PDMPs
evolving under a common randomly switching environment.
(The population model is presented in Sec. II.) In the slow
switching limit, one could generalize the approach of Nagai
et al.® by assuming that each of the vector fields F,(x;),
n € I', supports a stable limit cycle and constructing the asso-
ciated random phase maps. Here, instead, we consider the fast
switching regime in which the transition rates between the dis-
crete states n € I' are much faster than the relaxation rates of
the piecewise deterministic dynamics for x; € R¢. Thus, there
is a separation of time scales between the discrete and contin-
uous processes, so that if r is the characteristic relaxation rate
of the continuous dynamics, then r/e is the characteristic tran-
sition rate of the Markov chain for some small positive dimen-
sionless parameter €. If the Markov chain is ergodic, then,
in the fast switching limit ¢ — 0, one obtains a determinis-
tic dynamical system in which one averages the piecewise
dynamics with respect to the corresponding unique station-
ary distribution. Suppose that in the deterministic limit, we
have a population of independent limit cycle oscillators. Since
there is no coupling or remaining external drive to the oscilla-
tors, their phases are uncorrelated. The basic issue we wish to
address is whether or not phase synchronization occurs when
€ > 0; we will refer to the resulting oscillators as stochastic
hybrid limit cycle oscillators. We will proceed by construct-
ing the Lyapunov exponent for a pair of such oscillators driven
by a common randomly switching environment.

In Sec. III, we obtain an approximate expression for the
Lyapunov exponent by considering a quasi-steady-state (QSS)
diffusion approximation of the underlying PDMPs*! (see also
Appendix A), in which each oscillator is approximated by a
stochastic differential equation (SDE) with a common Gaus-
sian input. This allows us to adapt previous work on the
phase reduction of stochastic limit cycle oscillators'%'>% and
thus establish that phase synchronization occurs under the dif-
fusion approximation. However, the QSS approximation is
only intended to be accurate over timescales that are longer
than O(e). Hence, it is unclear whether or not the associated
Lyapunov exponent is accurate, since it is obtained from aver-
aging the fluctuations in the noise over infinitesimally small
timescales. Therefore, in Sec. IV, we derive a more accurate
expression for the Lyapunov exponent by working directly
with an exact implicit equation for the phase dynamics. We
exploit the fact that multiple switching events (jumps) occur
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during small excursions around the limit cycle for small e,
which allows us to express the Lyapunov exponent in terms
of discrete sums over these events. Taking expectations then
yields an expression for the Lyapunov exponent that dif-
fers significantly from the one obtained using the diffusion
approximation. Note, however, that both are negative defi-
nite, so they both imply phase synchronization but at different
rates. Our derivation of the Lyapunov exponent from the exact
phase equation also allows us to obtain greater insights into
the nature of the QSS approximation and the meaning of the
associated Brownian motion (see also Appendix B). Finally,
we illustrate the theory by considering the particular example
of radial isochron clocks (Sec. V).

Il. POPULATION OF STOCHASTIC HYBRID LIMIT
CYCLE OSCILLATORS

Consider a population of identical, noninteracting
dynamical systems labeled i =1,...,M, whose states are
described by the pair [x;(#),N(f)] € £ x I', where x;(f) is
a continuous variable in a connected bounded domain ¥ C
R? and N(¢) is an i-independent discrete stochastic variable
taking values in the finite set I' = {0,..., A9 — 1}. The lat-
ter represents the state of an environment that is common
to all members of the population. When the environmental
state is N(f) = n, x;(t) evolves according to the piecewise
deterministic ODE

Xi=F(x), i=1,....M, (2.1

where the vector field F,, : R? — R is a smooth function. We
assume that the dynamics of x; is confined to the domain X.
The discrete stochastic variable is taken to evolve accord-
ing to a homogeneous, continuous-time Markov chain with
x-independent generator A, where

Anm = Wum — (Sn,m E ka
kel’

and W is the transition matrix. We make the further assump-
tion that the chain is irreducible, that is, there is a non-zero
probability of transitioning, possibly in more than one step,
from any state to any other state of the Markov chain.
This implies the existence of a unique invariant probability
distribution on I', denoted by p, such that

ZAnmpm =0, Vnerl.

mel’

2.2)

As a simple example, suppose that N(¢) evolves according to
a two-state Markov chain. That is, N(t) € ' = {0, 1}, and the
generator of the Markov chain is given by the matrix

o~k kg
(5

The corresponding stationary distribution of the Markov chain
then has components

(2.3)

- S 24)

po_k++k,, pl—k++k7' .
Equation (2.1) defines a PDMP?® on R? for each
i=1,...,M, also known as a stochastic hybrid system

(SHS). A useful way to implement the PDMP is to decompose
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the transition matrix of the Markov chain as W,,, = P,uAm,
with Zn ~m P.n, = 1. Here, A, is the rate of the exponential
waiting time density for transitions from state m, whereas
P, is the probability of the transition m — n, n # m. Sup-
pose that N(#) = ng and let ¢; be an exponentially distributed
random variable with rate A,,. That is,

P(t; < 1) =1 —exp(—hyt).

Then, in the random time interval s € [0, #;), the state of
the ith system is [x©(s), ng] with x evolving according to
Eq. (2.1) for n = ny. (For the moment, we drop the population
label i.) At the random time #;, we choose an internal state
n; € I' with probability P,,,, and call xV(¢) the solution of
the following Cauchy problem on [#;, 00):

V(@) = F, [xV ()],
x V(1) = xO(1)).

r=1,

Iterating this procedure, we construct a sequence of increasing
jumping times (#)r> o (setting #p = 0) and a corresponding
sequence of internal states (74 )~ o. The evolution [x(¢), N ()]
is then defined as (see Fig. 2)

x(®,N©®] = [x© @), ]

We introduce the population vector x(¢) = [x(?),...,xy (?)]
and define the probability density p,(x,?), given the initial
conditions x;(0) = x;0, N(0) = no, according to

ifyy <t < Tht1- 2.5

pn(X,0)dx = P{x(¥) € (X,X + dx), N(¢) = n|Xo, no}.
It can be shown that p evolves according to the forward

differential Chapman-Kolmogorov (CK) equation®>*?

apy,
ot

with the generator L defined according to

= Lpn, (2.6)

M
1
Lpa(%,0) = = Y Vi [Fa0)pn( 01+ = 3 Aunipn (%, 1).

i=1 mel’
Q2.7)

Here, V; denotes the d-dimensional gradient operator with
respect to x;. The first term on the right-hand side represents
the probability flow associated with the piecewise determinis-
tic dynamics for a given n, whereas the second term represents
jumps in the discrete state n. Note that we have rescaled

x©(0) X0 = Fp (x©) xOt1)  ng
_/ Wning
— !
x((t1) x(Vtg) Ny
_/ Wnon
o !

%2 (tg) ——| %2 = Fn (x?) |— x@t3) N2

FIG. 2. Schematic diagram of a PDMP for a sequence of jump times {7}, ...}
and a corresponding set of discrete states {ng,ny,...}. See text for details.
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the matrix A (and hence the rates A,) by introducing the
dimensionless parameter €, € > 0. This is motivated by the
observation that many applications of PDMPs involve a sep-
aration of time-scales between the relaxation time for the
dynamics of the continuous variables x and the rate of switch-
ing between the different discrete states n of the environment.
The fast switching limit then corresponds to the case € — 0.
Now, we introduce the averaged vector field F : RY — R? by

F() =Y puFa(®) 2.8)
nel
and define the averaged system
X =Flx®], i=1,....M,
{ x;(0) = xp. 2.9

Intuitively speaking, one expects the PDMP (2.1) to reduce to
the deterministic dynamical system (2.9) in the fast switching
limite — 0. That is, for sufficiently small €, the Markov chain
undergoes many jumps over a small time interval Az during
which Ax = 0, and, thus, the relative frequency of each dis-
crete state n is approximately p,. This can be made precise in
terms of a law of large numbers for PDMPs proven in Ref. 43.
In the fast switching (deterministic) limit, each member
of the population becomes independent, since the dependence
on the current state of the environment disappears. In this
paper, we will assume that for each i = 1,..., M, the aver-
aged dynamical system (2.9) supports a set of stable periodic
solutions with the same natural frequency @ = 27 /A, where
A is the period. That is, we have a population of identical,
independent oscillators in the fast switching limit. In state
space, each periodic solution is an isolated attractive trajec-
tory or limit cycle. The dynamics on the limit cycle can be
described by a uniformly rotating phase such that
“_ 5 2.10
a @ 2.10)
and x; = ®[0;(1)] = P (ot + ;) with ¢ being a 27 -periodic
function and ; the initial phase. Note that ® satisfies the
equation

ki F[®(9)] (21D
w— = . .
deo
Differentiating both sides with respect to 6 gives
d (do —_’IJ(G) (2.12)
do \ do '
where J is the 277 -periodic Jacobian matrix
- dF,
Jap(0) = —~ (2.13)
3)6;,
x=®(6)

fora,b=1,...,d.

In the deterministic limit, there is no mechanism for phase
synchronizing the population of oscillators, since 6;(f) —
0i(t) = ¥j — ; for all £. The main issue we wish to address in
this paper is whether or not the presence of a common switch-
ing environment can synchronize the population of stochastic
hybrid oscillators when € > 0, analogous to the noise-driven
synchronization of SDEs.!%-14
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lll. DIFFUSION APPROXIMATION AND PHASE SDE

One approach to analyzing synchronization in the fast
switching regime (0 < e « 1) is to use a QSS diffusion
approximation, in which the CK equation (2.6) is approxi-
mated by a Fokker-Planck (FP) equation for the total density
Cx,1) =) ,p(X £).*! The latter determines the probability
distribution of solutions of a corresponding SDE for a popula-
tion of oscillators driven by a common O(+/€) multiplicative
noise term, which can then be reduced to an effective SDE
for the phases along the lines of Ref. 10. The resulting FP
equation in the Stratonovich representation takes the form
(see Appendix A)

e ZV [Fx)C] (3.1a)
—€ Z Z Amnpn i G (xl)v [Gn(xj)c]}
ij=1mnel’
with
Gp(x) = Fp(x) — f(x) (3.1b)

Since Eq. (3.1a) is symmetric with respect to the exchange
(ni, mj) < (mj, ni), we can replace Ap by its symmetric part
~ 1
Amn = E(A;npn + A,-Zmpm)' (32)
Note that the matrix A is negative semi-definite, which can
be inferred from (B.7) in Appendix B. For example, in
the case of a two-state Markov chain, A = diag[—po/(k+ +
k=), —p1/ (ks + k)]
It follows that under the diffusion approximation, the
PDMP (2.1) can be approximated by the Stratonovich SDE

dXi(t) = FX)dt + vV2€ Y Gu(X)BudW, () (3.3)
m,nel’
fori=1,...,M, where BB" = —A, and W (¢) is a vector of
uncorrelated Brownian motions in RM,

E[WOW®) '] =

and I is the identity matrix. [Note that it does not matter which
Hermitian square root of —A we take for B, since they all
yield the same statistical behavior of X;(¢).] Equation (3.3)
represents a population of independent, non-interacting limit
cycle oscillators, driven by common external white noise. One
can now use phase reduction methods developed for SDEs.

A. Phase reduction

First, suppose that the noise amplitude € is sufficiently
small relative to the rate of attraction to the limit cycle, so
that deviations transverse to the limit cycle are also small
(up to some exponentially large stopping time). This suggests
that the definition of a phase variable persists in the stochas-
tic setting, and one can derive a stochastic phase equation by
decomposing the solution to the SDE (3.3) according to

Xi(1) = [6:(n)] + Vevi(0),

with 6;(¢) and v;(¢) corresponding to the phase and amplitude
components, respectively, of the ith oscillator. However, there

(3.4)
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\isochron

'.X(l')

-

1 @
R(®) 0'(t)
‘7’9\(0

x(0)

FIG. 3. Different choices of amplitude-phase decomposition. Two possibili-
ties are orthogonal projection with phase 6’(r) and isochronal projection with
phase 6(z). In the latter case, the response to perturbations depends on the
phase response curve R(6), which is normal to the isochron at the point of
intersection with the limit cycle.

is not a unique way to define the phase 6;, which reflects the
fact that there are different ways of projecting the exact solu-
tion onto the limit cycle***” (see Fig. 3). One well-known
approach is to use the method of isochrons,'%!>1* which we
briefly outline here.

Consider the unperturbed deterministic system x; =
F(x;). Stroboscopically observing the system at time intervals
of length A leads to a Poincare mapping

Plxi(®],

for which all points on the limit cycle are fixed points.
We choose a point x} on the limit cycle and consider all
points in the vicinity of x} that are attracted to it under the
action of P. They form a (d — 1)-dimensional hypersurface
7 called an isochron,">*%7 crossing the limit cycle at x}. A
unique isochron can be drawn through each point on the limit
cycle (at least locally) so that the isochrons can be param-
eterized by the phase, Z = Z(6;). Finally, the definition of
phase is extended by taking all points x; € Z(6;) to have the
same phase, ® (x;) = 6;, which then rotates at the natural fre-
quency o (in the unperturbed case). Hence, for an unperturbed
oscillator in the vicinity of the limit cycle, we have

dO() _
dt

Now, we consider the Stratonovich SDE (3.3). For the
moment, we replace the O(¢!/?) term by a bounded deter-
ministic function H € R? so that we have the perturbed
deterministic equation

dx;

dr
The additional complications arising from a stochastic pertur-

bation will be addressed below. Differentiating the isochronal
phase using the chain rule gives

‘Z_(? =VO) - [F(x;) + eH (x;,1)]

xi() > x;(t+ A) =

w =

Vo) - —- - VO - Fx).

— = F(x) + «/€eH (x;, 1).

=+ /eVO(x) - H(x;,1).
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We now make the approximation that deviations of x; from
the limit cycle are ignored on the right-hand side by setting
x;(t) = ©[6;(¢)] with ® being the 27 -periodic solution on the
limit cycle. This then yields the closed phase equation

d
do;
— =w R,(0)H,[D (), 1], 3.5
- w+ﬁ;<)[<>] (3.5)
where
00
R,(0) = (3.6)
0%a |y, (0)

is a 2w -periodic function of & known as the ath component of
the phase resetting curve (PRC).">*%7 One way to evaluate
the PRC is to exploit the fact that it is the 2 -periodic solution
of the linear equation

a)@ =—J@)" -R©O), (3.7)
do
under the normalization condition
R(@®) - w =1 (3.8)
do

J(6)T is the transpose of the Jacobian matrix J(6).

Returning to the Stratonovich SDE (3.3), treating the
stochastic perturbation along identical lines to the determinis-
tic case (i.e., substituting H (t)dt = ﬁzm,ner {F,[®0)] —
f[cb(ei)]} B,,,dW, (), and exploiting the fact that the usual
rules of calculus hold (in contrast to Ito SDEs) would then
lead to the following SDE for the phase 6;(¢):

do; = @dt + /2¢ Z Fo(0)BondW, (1),  (3.9)
m,nel’
where
Fu6) = ZRa(G) Foa®6)] — [<I>(9)]} (3.10)

a=1
Introducing the population phase vector 6(r) = [6,(?),...,

Oy ()], the corresponding phase FP equation for the popula-
tion probability density C(8,?) is

M
ac =—w e (3.11)
ot — 90;
+e Z > A {f )57 m(e)CJ}
ij=1mnell

However, there are a number of major differences from the
deterministic case. Probably, the most significant is that a
Wiener process is not bounded, which means that over suf-
ficiently long time intervals, there is a small but non-zero
probability that the stochastic term induces large deviations
from the limit cycle, resulting in a breakdown of the pertur-
bation analysis. This issue can be addressed using variational
methods and large deviation theory,*”*3 which show that for
sufficiently small €, the system remains in a neighborhood of
the limit cycle up to exponentially long times. The second
issue is that there are no O(\/€) corrections to the deter-
ministic part of the phase equation so that one has to go to
O(e) in order to determine the leading order corrections to the
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drift term. There are two sources of O(¢) terms: one arises
from the coupling between the phase and amplitude fluctu-
ations transverse to the limit cycle, and the second arises
from changing between Stratonovich and Ito versions of the
SDE based on Ito’s formula.'4#¢=8 The precise form of these
terms will also depend on the particular choice of the phase
reduction method. However, if the limit cycle is sufficiently
attracting, then they tend to have a small effect.'* Moreover,
such drift terms do not contribute to the leading order expres-
sion for the Lyapunov exponent describing the evolution of
phase differences [see Eq. (3.16)]. Therefore, we shall drop
such contributions in our subsequent analysis and reinterpret
Eq. (3.9) as an Ito SDE.

B. Lyapunov exponent

We now use the phase SDE (3.9) interpreted in the
Ito sense to investigate the effects of a common switch-
ing environment in the small € regime, following previous
studies.!®?"15 The first step is to consider the SDE for the
phase difference ¥ = 6; — 6, for any fixed j such that j # 1.
Assuming 1 is infinitesimally small, we have

dy /
o= V2ey (1) [ Z fm(¢)ande(t)} ; (3.12)

mnel’

where ’ denotes differentiation with respect to ¢, and we have
set 01 (1) = ¢ (¢) so that ¢ (¢) evolves according to Eq. (3.9) for
i = 1. Introducing a new variable y = log(¥) and using Ito’s
formula yields the SDE

dy=—€ > Fp (@A F,($)dt

m,nel’

+ /2¢ [ Z ]-',/n(¢)Bm,,de(t)i| . (3.13)
m,nel’
We define the Lyapunov exponent according to
o1
Agss = lim —[y(T) — y(0)]. (3.14)
T—oo T

(More precisely, we only take the limit in 7 up until the time
that the system leaves a neighborhood of the limit cycle.) In
the previous work,* we have demonstrated that such times
are typically of exponential length, so there is plenty of time
for the Lyapunov exponent to converge to the expected value.
It follows that A corresponds to the long-time average of the
right-hand of Eq. (3.13). Assuming that the system is ergodic,
we can replace the time average by an ensemble average with
respect to the Wiener processes. Given

E [ > f;,,(¢>)ande<r>} =0

mmnel’

for the Ito stochastic process, it follows that

hoss = €E [ 3 f,;<¢>Am,,f,;<¢)] <0, (.15)

mnel’

provided F,(¢) is not a constant (since the matrix A is
negative definite). Since the Lyapunov exponent is then neg-
ative definite, we infer that the population of phases evolving
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according to Eq. (3.9) synchronize, in the sense that

lim [6,() —61(0] =0, forallj=1,....M.
— 00

Moreover, assuming that a stationary density Ps(¢) exists,
with Pg(¢) ~ 1/(2m) in the weak noise regime, then we can
approximate the expectation by an integral around the limit
cycle:

2 _ d
Agss = € /0 [Z f:,,<¢>Amnf,;<¢>} BN NERT)

mnel’

This then implies that if we had included O(e) contribu-
tions to the drift, then these would yield a total derivative
in the phase difference equation, which would vanish when
averaged around the limit cycle.

In conclusion, we have established that under the dif-
fusion approximation, a population of identical, stochastic
hybrid limit cycle oscillators will phase synchronize when
driven by a common switching environment in the fast switch-
ing limit. This then raises the issue as to whether or not this
ensures synchronization of the corresponding population of
PDMPs evolving according to the exact dynamics of Eq. (2.1).
In particular, the QSS approximation is only intended to be
accurate over timescales that are longer than O(e). Hence, it
is not clear to what extent the above Lyapunov exponent Agss
is accurate, because it is obtained from averaging the noise
fluctuations over infinitesimally small timescales. Indeed, it
follows from the smoothness of the functions {F,,} that the
infinitesimal of the exact isochronal phase 6; = ®(x;) satis-
fies d9; ~ O(dt), whereas under the diffusion approximation,
do; ~ \J/€O(dt'?). This implies that no matter how small
we take €, the isochronal phase will never exhibit the rel-
atively large fluctuations over very small timescales that is
characteristic of SDEs.

In fact, the above issue also raises some questions
about the conventional approach to phase synchronization in
stochastic differential equations. We are not aware of any
application of SDEs that is intended to be accurate over
infinitely short timescales (i.e., for infinitely high frequen-
cies): in practice, there is always a very short timescale over
which the noise is not white, but highly correlated. For exam-
ple, in stochastic models of stock price fluctuations, this
timescale must be at least as long as the time it takes for
the central computer to process a single trade. However, the
Lyapunov coefficient that one obtains from the conventional
stochastic phase synchronization analysis derives from aver-
aging over these infinitesimally fine fluctuations. In fact, one
finds that phase synchronization still occurs in the case of
more realistic forms of environmental noise.?®

IV. STOCHASTIC HYBRID PHASE EQUATION

In this section, we consider an alternative approach to
deriving the Lyapunov exponent, which avoids the need for
the QSS diffusion approximation. The method involves ana-
lyzing the PDMP for the exact isochronal phase defined
according to

0i(t) = Bxi (1], 4.1
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where x;(f) now evolves according to the exact PDMP (2.1),
rather than the approximate SDE (3.3).

A. Exact PDMP for the isochronal phase

Suppose that there is a finite sequence of jump times
{t1, ...t} within the time interval (0, T'), and let n; be the cor-
responding discrete state in the interval (f, fx41) with 7y = 0
(see Sec. II). Introducing the set

T =1[0,TI\ Uj_, {t},

it follows that Eq. (2.1) holds for all € 7. Hence, using the
chain rule fort € T,

do;
P VO(x;) - F(x;)
=+ VO(x) - [F,(x) — F(x)]
=o+ H,(x), (4.2)
where
Hy(x) := VO©) - [F,(x) — Fx)]. (4.3)

We will use Eq. (4.2) to derive a more accurate expression for
the Lyapunov exponent that has the same sign as Eq. (3.16)
but differs in explicit form. The direct method has a num-
ber of other advantages. First, it is more intuitive to preserve
the piecewise nature of the stochastic dynamics, rather than
replacing it by a continuous Markov process. Indeed, it is
not clear which aspect of the PDMP the Brownian motion
W, (¢) corresponds to. (In Appendix B, we explicitly identify
a random variable that corresponds to the Brownian motion
in the QSS SDE. This then allows us to identify over what
timescale the QSS approximation is accurate.) Second, since
Eq. (4.2) is exact, it is possible to numerically solve for 6;(f)
outside the fast switching regime and thus determine how
phase synchronization varies as € is increased.

For sufficiently small €, there is a high probability that
the environmental state switches multiple times during one
period Ag. Hence, although H,,(x;) is not necessarily O(¢), it
only applies for a small time interval before switching, and the
accumulative effect of the perturbation over one cycle remains
small. This suggests that we can set x; = ®(6;) on the right-
hand side of Eq. (4.2), which yields the closed PDMP for the
phase

de; _ £

ar o + Fu(6),
with F,(0) = H,[®(0)]. The corresponding probability den-
sity p,(0,t) evolves according to the CK equation

teT, N =n (44

Toa 1
=- ; 35, @+ Fu(@)lpn(6.0) + > Aunpu(®. ).

€
mel’

9pn
at

4.5)

One way to proceed, by analogy with the analysis of SDEs,'?
would be to consider a pair of oscillators, introduce slow
phase variables ¢; = 6; — wt, and average over a single period
of the limit cycle. One could then attempt to find the steady-
state probability density for the resulting phase difference and
establish that the phase difference is localized around zero.
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However, it is difficult to make this approach rigorous, and
finding the stationary solution of the CK equation for a PDMP
is non-trivial.

B. Lyapunov exponent

Therefore, we will proceed by considering a pair of
isochronal phases 6 (#) and 6,(f) evolving according to Eq.
(4.2). We set 0; = ¢, 6 = ¢ + Y and define y = logy as
before. [Without loss of generality, we take 6,(0) > 6;(0).]
Exploiting the fact that the inter-switching times Aty = ;4 —
t, are exponentially distributed with an O(1/¢) rate, we Taylor
expand Ay := y(tx+1) — y(f) to second order in Az,

1
Aye = ¥ () Ay — Ewk)—%w,% + 0(AYY),

where Ay = ¥ (fx41) — ¥ (%), and

A = Aty[Hy, (x2) — Hyy (x1)]

1
+ EAt,%[Q,,k(xz) — Q,, (xD]+ O(AR),

with x; evaluated at time ¢ = 1,

Q.(x) = VO - {JyF,(0)} + {Jo ) F, ()} - F(x),
(4.6)

and Jg is the Hessian of the isochronal phase map, and J,, is
the Jacobian of F,,. Hence, we have

Ay = Y () [Hoy, (2) — Ho, (x1)1 AL 4.7

1
- 5w<rk>—2[an (x2) — Hp )P AL

1
+ Ew(zk)*l[gnk (x2) — Qu, (xD]AL; + O(AR).

Our goal is to understand the asymptotics of the rate of
increase of y with respect to time, i.e., the typical value of

Zszo Ayg
Zsz() Aty

for large K. We will show that the second term in the decom-
position (4.7) dominates the numerator of the above fraction.
It is not immediately obvious why this should be the case, par-
ticularly since the second term is itself asymptotically small
in €, since At,% scales as €2. In fact, over short time scales, the
fluctuations due to v (f;) ! [Hn, (x1) — Hyy (x2)] Aty are dom-
inant. However, we will see that the reason that they are not
dominant in the long time average is that their mean is zero,
and the fluctuations decorrelate exponentially quickly in time.

The first step is to note that for sufficiently small €, the
system will switch many times during one period A, while
Y will hardly change. To this end, we introduce the cycle
times 1, = pA and set Ayp = ¥(Tp+1) — ¥(7p). If there are an
average of V' jumps during one cycle, we then have

I=k+N

Ay, ~ Z Ay, (4.8)
1=k
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We recall that At is exponentially distributed with rate A, !
when the current discrete state is n. This means that

2¢?

€
E[At|ny =n]l = —, SER
n

» E[AL | =n] =

Noting that E[A#|n; = n] is the mean waiting time in state 7,
over any particular time interval 6¢, we can estimate that the
number of jumps from state n to some other state per cycle to
be §tp,A,/€ (obtained by dividing the expected time spent in
state n by the average time it takes to leave state n). Summing
over n, the total number of jumps is approximately

€Y puka

nel

(4.9)

In particular, over the course of one cycle, we expect that the
total number of jumps is approximately

N~ éankn

nell

(4.10)

Since x,x, will not be static over the limit cycle, we must
further partition the set of N jumps into blocks of M jumps,
for 1 « M « €71, such that over these M jumps, x;, and
x (as well as ) are approximately constant. (The motiva-
tion for this choice of scaling is as follows: M must be small
enough that x; and x, do not change substantially over all M
jumps, but large enough that the number of jumps that the
system makes to each state is determined by p.) It follows
from Eq. (4.9) that the total elapsed time over M jumps is
approximately

I=k+M eM

Z Atl_z

Furthermore, the number of these M jumps that enter state n
is approximately Mp,A,/ Y, cr Pmrm

The next step is to evaluate the sum of each of the terms
on the right-hand side of Eq. (4.7) over M jumps. Because
there are many jumps, the Law of Large Numbers implies
that the sum can be approximated by its average. (We discuss
this in more detail in Sec. IV C.) For the sake of illustration,
let us focus on the second term and consider the following
summation:

” .11)
nel’ Pnfn

I=k+M
D @) My (2) — H )P AL
1=k
I=k+M
~ 3 E[w(n)‘z[ml(xz)—Hn,(xl)]zm,z}
I=k
~ -2 _
S gpm (M (62) = Hi(x1))
X E[Atﬂnl = m]
e My ZZ—{HW,m) — Hux))
Zmer‘)" 10 mel m
~ 2etat (i) 2Z—[H (X2) = Hp(x) 1.

mel Am

Chaos 28, 123123 (2018)

Ignoring transverse amplitude fluctuations, which can be
justified using methods from Ref. 49, we have

X X 0(P), =P+ Y)=x + D(P)y.
Therefore,
Hn(x2) — Hiu(x1) = H,, [P (9)]D' (@)Y,
and
V(1) {Hon(x) — Hu(x1)} = F (),
where F,,(¢) = H,, [P(¢)]. Hence,
I=k+M
D W) Hy (61) — My () P AL
1=k
~ 2 Z Py (d). 412
mel’ m
We similarly find that
I=k+M
D Y@ Q) — Oy ()]AL
1=k
Pm d
~ 26}%; A—de)ka[q:@k)]. (4.13)

If we apply the same analysis to the summation of the lin-
ear term in Af; in Eq. (4.7), we notice that its expectation is
approximately zero. That is,

I=k+M
D ) My (1) — Hay ()] A
1=k
=~ ﬁm)” ; P Hon (1) — Hin(62)}
x E[Af|n = m)]
ey > ol Hn(x1) — Hn(x2))
2 _mer MmP mel
=0,

since ) _,.r PmHm(x;) = 0. This suggests that its contri-
bution to the Lyapunov exponent is negligible over long
times. A more rigorous analysis indeed establishes that (see
Appendix B)

q—sz) My, () = Hy @)IAL —> 0 (4.14)

=0

as g — 00, as long as both oscillators stay close to the limit
cycle.

Finally, we can take the rate of change of the phase
to be approximately that of the deterministic system, over
one course of the limit cycle. That is, we assume that for
all t € [1, Tpy1], (1) — @ (1) = @(t — 7,) + O(e). Since, by
assumption, M <« €~!, the expressions in (4.12) and (4.13)
are excellent approximations to the derivative with respect to
time. Combining the above results and choosing k to be such
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that 7, >~ f,

Tp+1
W(p) — ¥(1) = / ¥ (e

P

Tp+1 Om d ,
Zéﬁp (ZE{%Q’”[CD(@)] _}—m((ﬁt)z})df

mel

~ EA 2 P d / )
= ) (ZE{EQm[cb(a)] — Fl () })da’

mel’

upon a change of variable. Now

2 d
/ L0, [®(@)]da = Op [D(27)] — O [©(0)] = 0
0 da

due to the periodicity of ®. We thus find that taking ¢
revolutions around the limit cycle (which take a time gA)

LN VRS PORL 3 2 F@)da
qA 1 Pi= 21 0 el )\m " ’
We thus obtain the Lyapunov exponent

A= —¢€ /ZH Zp )f']—'/(d))zd—d) <0
0 nn " 2 '

nel’

(4.15)

C. Remarks

The above analysis establishes that the Lyapunov expo-
nent A obtained from the exact isochronal phase equation dif-
fers significantly from the Lyapunov exponent Agss obtained
under the diffusion approximation, i.e., A # Aqgss, With Agss
given by Eq. (3.16). Since they are both negative definite
[assuming F; (¢) # 0], they both predict that phase synchro-
nization will occur, but at different rates. The origin of the
discrepancy is that Agss is obtained by averaging with respect
to noise fluctuations over infinitesimally small timescales that
do not occur in the exact PDMP. As we show in Appendix B,
one can write

K 2
1
A ~ — lim —E F At R 4.16
Qss P [(; ! 1)} (4.16)
whereas

1 X 2

A~ — lim —E F At . 4.17

R DTN Y

(Again, the limit should only really be taken up until the time
that the system leaves a neighborhood of the limit cycle.)
Our derivation of X is also useful in helping us understand
how the QSS approximation works. It is not immediately
obvious where the Brownian motion of Eq. (3.3) comes
from. In Appendix B, we demonstrate that in Eq. (4.7), the
term linear in Af; corresponds to the stochastic integral of
the QSS reduction in (3.13). More precisely, the probabil-
ity law of v/2¢ fék Y mner Fn(@)BundW, (1) is very close to
the law of Zfzo F,, Aty Indeed, it can be shown that their
first two moments are equal to leading order in €. (One
could straightforwardly extend the analysis of Appendix B to
demonstrate that their higher order moments must also con-
verge as € — 0.) However, the probability laws of the above
two random variables are only convergent over timescales
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much larger than O(e), and this essentially accounts for the
discrepancy in the Lyapunov exponents.

V. EXAMPLE: RADIAL ISOCHRON CLOCK

In order to illustrate the above general theory, we will
consider a particularly simple model of an oscillator based on
the complex amplitude equation that arises for a limit cycle
oscillator close to a Hopf bifurcation:

dA
= HmA-(+i@lAPA AeC. ()
In polar coordinates, A = re'®,
d d
d—: =r(u— rz), 7? =n— ar’. 5.2)

This system is also known as a modified radial isochron clock
model. The solution for arbitrary initial data r(0) = ry, 6(0) =
90 is
2 —1/2
r(t) = /i [1 + %MW] , (5.3a)

0

B (1) = o + wt — %log[ré +(u— e, (5.3b)

where @ := n — au is the natural frequency of the stable limit
cycle at r(% = u. In Cartesian coordinates,

dx

o =Fi(x,y) = ux—ny — ()c2 + yz)(x —ay), (5.4a)
dy _ _ 2, .2

7= Fr(x,y) = py+nx— (" +y)(y+ax). (5.4b)

One of the useful features of the radial isochron clock
model is that the isochronal phase can be calculated explicitly.
Strobing the explicit solution (5.3) at times t = nA, we see
that

lim ¢ (nAg) = ¢pp —alnry mod2rm.
n— oo

Hence, we can define an isochronal phase on the whole plane
according to

O(r,¢)=¢ —alnr. (5.5

It follows that the isochrones are logarithmic spirals with
¢ — aInr = constant. Now, we rewrite the phase (5.5) in
Cartesian coordinates,

0Kx) = tan™! r_% log(x2 +y2),
x 2

so that

00 y X 00 X y
x 22 _O‘x2+yz’ By 2ty _ax2+y2'
On the limit cycle ®(0) = ,/i(cos 8, sin6), so that the com-
ponents of the PRC are

_eel _ 1

R.(0) = a0 «/I_L[ sinf —acosf], (5.6a)

Ry(0) = w = % [cos® — asinf]. (5.6b)
x w
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Given the deterministic model, the next step is to specify
the corresponding PDMP for a single oscillator. One possibil-
ity is to assume that one or more of the coefficients switch.
For example, in polar coordinates, we could take

d¢ _ .

dr
2 =n, —or.
dt

— =71(n = 17),

0 (5.7)

That is, both the amplitude and angular frequency of each
oscillator switch. In Cartesian coordinates, we have

dx 2 )
pri w1 (X) = wpx — Yy — (X" +y)(x —ay), (5.8a)
dy 2 2
i n2(X) = Wy + 7px — (" +y)( +ax).  (5.8b)

It immediately follows that the averaged system is given by

dx _ = = 2, .2
i Fi(x) :==px =7y — (" +y)(x — ay), (5.9a)
Y Fox) = Ty + 75 — (62 + 32 5.9b
i 2(X) ==y +1x — (" +y) (@ + ax), (5.9b)
where
E= tabws T= Nupn (5.10)

nel nel

The corresponding natural frequency is @ =7 — au. Also,
note from Eq. (3.1b) that

G (%) = (n — 10X = (10 — N)Ys (5.11a)

Gu2(X) = (n — W)y + (1 — M. (5.11b)

The phase PDMP (4.4) for the radial isochron clock takes the
form of a simple velocity jump process

do

o (5.12)

= w}’l?

since

Fa(0) = Z Ry(0) {Fpa[®(0)] — F,[®(0)]}

a=1,2
=[—sinf —acosO][(in, — @) cosh — (n, —n) sinf]
+ [cos O — asinO][(u, — @) sinb + (n,, — 1) cos O]

= =10 —aliy — 1) = 0, — . (5.13)
In this case, F, = 0, so Eq. (4.15) implies that the Lyapunov
exponents is zero (to leading order in €). This means that one
cannot establish that synchronization occurs using the anal-
ysis of this paper. It is possible that synchronization might
still occur, but the Lyapunov coefficient would be o(€), and it
is not easy to ascertain the synchronization in the numerical
results.

A second possibility is to assume that the environments
drive the x coordinate with a switching input 7, such that I =
Zn pnl, = 0. As a concrete example, we take the evolution in
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Cartesian coordinates to be given by

dx @A) — @) + ! (5.14a)
— =ux—ny— (x X—a ———Fv,, (5.14a
il y SRl
Dyt mr— (@ )0+ an) + —=2i2. (5.14)
dt /242"

Here, v, = (v;,v}) is a jump Markov process, assuming the
following 4 states

vi=@2,-D, vn=(-4-4,
v3 =(-3,2), vq4=(8.8,7.2),
with transition matrix
0o 2 25 0.1

1 0 05 4
05 07 0 2
3 04 025 0

(5.15)

The state vector and transition matrix were chosen arbitrarily,
except for the normalization

4
Z oxvi =0,
e

to ensure that the averaged system supports a deterministic
limit cycle. Hence, the averaged system is given by Eq. (5.4),
whereas the phase PDMP takes the form

do
i w — (sinf + acos@)v,l, + [cosf — a sinf] vﬁ. (5.16)

In this case, F,, # 0, and we expect a pair of hybrid oscillators
to synchronize.

Numerical simulations of a pair of radial isochron oscil-
lators evolving according to Eq. (5.14) with a common envi-
ronmental drive confirm that synchronization does occur. An
example set of results are shown in Fig. 4. Note, in particular,
that the quantity

1
—;1og|¢1<r) o a0]

converges to the Lyapunov exponent A given by Eq. (4.15),
which was calculated directly from the underlying PDMP,
rather than the quasi-steady-state Lyapunov exponent Agss of
Eq. (3.16).

VI. DISCUSSION

In this paper, we proved that stable oscillators subject to a
common rapidly-switching noise will synchronize, in the vast
majority of cases. We identified the leading order contribution
to the Lyapunov exponent and explained why this is different
from the Lyapunov exponent predicted by the QSS diffusion
approximation. These results were shown to be consistent
with a simulation of the radial isochron oscillator subject to
a common environmental noise.

In more detail, we considered a population of M identi-
cal stochastic hybrid systems in R, evolving according to the
piecewise deterministic ODE (2.1) and subject to a common
switching environment. In the fast switching limit, the result-
ing dynamical system (2.9) was assumed to support a stable
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FIG. 4. Synchronization of two radial isochron oscillators with common switching noise. We set € = 0.01. The radii of the initial conditions differ by 0.1, and
the phases of the initial condition differ by 0.1. In the top left, we plot the radii of the two oscillators, and in the top right, we plot the angle (one oscillator is
plotted in black and one in blue). In the bottom right, we plot the x — y trajectories of the oscillators: one in black and one in blue. In the bottom left, we plot
—e 117 log ¢! (1) — ¢ ()| in black. We plot € ') pss in green and e ~!2 in blue. It can be seen that X is the correct Lyapunov exponent.

limit cycle. We showed that the phases of rapidly-switching
oscillators converge at a rate e <!, where € is the timescale of

the switching, and the Lyapunov exponent A = —ek is given
by Eq. (4.15):
2
d
K= f an,\;lf,;(¢)2—¢ > 0.
0 nel 2

Here, {p,}ner is the stationary distribution of the Markovian
switching process, A, is the rate of the exponential waiting
time density for transitions from state n, and F, is given by
(3.10),

d
Ful@) = ZRa(¢) {Fral®@)] = F®@)]},

a=1
where x = ®(¢) specifies the deterministic limit cycle in R,
{R,(p),a =1,...,d} is the phase resetting curve, and

Fu®) =) puFa(x).

nel’

We also established that errors occur in estimating the rate of
phase convergence under the QSS diffusion approximation.
That is, the latter yields a rate e™“QsS’, where Agss = —€kqss
is given by Eq. (3.16):

__[7 FL@Am@) |2 50
Kgss = /O > Fa@AmF @) | >0,

mnel’

where
A 1 T T
Amn = E(Amnpn +Anm;0m)7

and A" is the pseudo-inverse of the generator A of the
switching process.

In the limit as the switching gets faster and faster (i.e.,
€ — 0), the rate of synchronization gets slower and slower.
This is not surprising, since we know that in the deterministic
€ = 0 limit, the oscillators will in general never synchro-
nize if their starting conditions are different. These results
are contingent on the two oscillators staying in the attracting
neighborhood of the limit cycle. Indeed, we have shown in
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Ref. 49 that the timescale over which the oscillators remain
close to the limit cycle scales as exp (ce" ), for a constant c.
In fact, if one were to continue the analysis of this paper, and
develop precise error bounds for the probability of the two
oscillators synchronizing, then one would find that the smaller
€ is, then the more likely it is that the oscillators, once they
are almost synchronized, stay almost synchronized. In sum-
mary, as € — 0, the oscillators synchronize at a slower and
slower rate but stay synchronized with a higher and higher
probability.
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APPENDIX A: QUASI-STEADY-STATE (QSS)
REDUCTION

The basic steps of the QSS reduction of the population
equations (3.3) are as follows:
(a) Decompose the probability density as

Pn(X, t) = C(X, t)lon + GWn(X, t)’

where ) p,(x,1) = C(x,7) and ), w,(X,1) = 0. Substitut-
ing into Eq. (2.6) yields

oy ="

AL §ij (Fa()[onC + €wa])
= - i n(Xi n eEWy
ot ot L p

1
- Anm mC ml-
+GZ [omC + W]

mel’

Summing both sides with respect to n then gives

-2l

[FeCl+e) Vi F(x»wn]}.

nel

(AL)
(b) Using the equation for C and the fact that Ap = 0, we have

Wy
€ ;; =ZAanm

mel

M

0|

i=1

M
—€ Z {|:Vi [Fn(xi) o] — pn Z Vil
1 mel’

(c) Introduce the asymptotic expansion

V- [Fa(x)C] = V; - [F(x)C]}

Fm(xi)wm]]} .

W ~ w® 4 ew® 4+ e2w® 4.

and collect O(1) terms:

> Awl? =

mel

M
pn Y Vi [Fulx) = F(x)IC].
i=1

The Fredholm alternative theorem show that this has
a solution, which is unique on imposing the condition
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> w0, 1) =0:

D Anmbn Z

mel’

w?(x) = [Fn(x) —F(xp]C},

where A" is the pseudo-inverse of the generator A.
(d) Combining Egs. (A2) and (A1) shows that C evolves
according to the Fokker-Planck (FP) equation

= Zv [F)C] — e Z > ALLom

ij=1nmel’
Vi (Fa@x)Vj - [Fu(x) — F(x)C]).

Using the fact that ) w, = 0, this can be rewritten in the
Stratonovich form (3.1a). One typically has to determine the
pseudo-inverse of A numerically.

APPENDIX B: ANALYSIS OF O(Aty) TERM IN
LYAPUNOV EXPONENT

In this appendix, we show that the O(A#) term in Eq.
(4.7) does not contribute to the Lyapunov exponent in the long
time limit. First, recall that

Y (0)~ [Hay (61) — Hyy (x2)] = F, ($).

From now on, we drop the dependence of F on ¢ to simplify
notation. We start by understanding the leading order second
moment of M terms, i.e.,

I=k+M 2
A(E )
1=k

(An important reason that we do this is that, as noted in
Sec. IV C, the rate of change of this term with respect to time
yields the Lyapunov exponent of the quasi-steady-state reduc-
tion.) M will be taken to be large enough that the system has
switched sufficiently many times for the quasi-steady-state
approximation to be accurate, but M is also taken to be suffi-
ciently small that x|, x,, and ¢ are approximately constant. In
other words, 1 << M <« e€~!. To this end, we expand out the
square to obtain

I=k+M 2
()
I=k
I=k+M j=k+M
=> 3 ]E[At,m,f,;[f,;j]
I=k Jj=k

+M

IZ

M
Z I:At/At/-an[fn 'H]

The reason why the above approximation is very accurate is
that the number of extra terms obtained through the reindexing
is negligible compared to the total number of terms.

Now, we can approximate the above equation by using
the fact that the correlations between A7F;, and A, F, "
decay exponentially fast in j, thanks to the Perron-Frobenius
theorem. The Perron-Frobenius theorem applies because
the Markov chain is irreducible. Since, as demonstrated in

1=k
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Sec. IV, the mean of At,JrjAF,,I is 0, the contribution of the
terms with asymptotically large j will be negligible. We now
explain these statements in more detail.

Let P = (Py,) be the matrix with elements Py, =
A,;l Wian. If one knows that the system was in state m, and that
it has jumped, then it jumps to state k with probability Py,,.
The Perron-Frobenius theorem implies that

lim P? = B,

q—> 00

(B1)

where B is the rank-1 matrix with the ith element of each col-
umn equal to +)\,~p,‘. Furthermore, the convergence is
Zasl" Para

exponentially fast, i.e.,

|IP? — B|| = O[ exp(—q)],

50

(B2)

for any matrix norm.

Now,
I=k+M M
2 Z ZE[AI}AI}JFJJ:,,].F;, +lj|
=k j=0
I=k+M
=2 Z P(n = m)E[At;}",’llmz =m]
I=k p,mel’
M .
X Z (P])me[Atl+J n+,|nj+l p]
=0
I=k+M f/f/ M ‘
=2 ), ), SerBu=m)) (P),,
I=k pmel’ Amd. Jj=0

Because xj,x, change by a negligible amount over this
timescale [as M = o(e™ "], if n; = nj, then F, =~ F,’lj.
If we substitute P’ for its limit B in the above, we obtain

M I=k+M FF

S o 2 o B

aerpaajo I=k p,mel Amh

=m)pphp =0,

since Z[)EF ppAF, = 0. This is what we expect in light of
the above discussion, because the system decorrelates after
infinitely many jumps, and the mean is zero.

In light of (B2), the above discussion means that for large
M, we can extend the summation to oo, without much of a
loss of accuracy

I=k+M M
2 Z ZJE[AtIAtH]]: ]-",;H}
I=k j=0
I=k+M _'F/f/ 00 ‘
~ 2¢? Z > S Pu=m) Y (P),,
1=k pmel’ m j=0
2€2M pm:/t,ﬁ/n .
- Z DPak A Z (P])pm’ (B3)
acl Pa™a |, \yer P Jj=0

since, as explained above, the number of jumps to state m is
approximately M puim/( Y e Pata)-

Now, we wish to understand how the above term relates
to the pseudo-inverse of A (which occurred in the QSS SDE

Chaos 28, 123123 (2018)

of Appendix A). In fact, we claim that

- Z Z Anph! (Pj)pq P Ty = Ty (B4)

J=0 p,gel’

which will allow us to establish the identity in (BS).

Note that the summation on the left converges because
Zper Ampk;prq = 0 for every g,m € I', and, therefore, the
convergence is exponential in j thanks to (B2). We expand
out the left hand side, substituting A and using a truncated
summation, i.e., for some R € Z™,

—ZZA,“,,A (P) pq Fip

J=0 p,qel’
= —Z 2 [Wop = 2p80m. ) ]2, (P),,, g
j=0 p.gel’
R Rtl
SR DI MW
qel’  j=0 j=1
= f;;yom - Z (PRJrl)mqf;
gel
Now, qur By F,pq = 0, because, as noted just below (B1),

the columns of B are all the same, and 3 _ - H,0, = 0. Since

PR+l 5 B as R — 0o, when we take R — oo, we obtain
(B4).
It follows from (B4) that

00
o Z Z)LP_I (Pj)pq’oqj:/ ZAIWLIOWL m + Clop» (B5)

j=0 gel’ mel’

for some C, where we recall the pseudo-inverse AT, defined in
Appendix A on the QSS approximation.
Substituting this identity into (B3), we find that

I=k+M M

Z ZE[AtlAtlﬂ]: .7:]+li|
1=k j=0

T ! !
- Z DOak Z Aﬁq}—ﬁ}—qpfl (B6)
acl” Fa’a p.gel
This implies that
1
—Vy =~ — AT .7-' F pg, B7
TRVEIC DY b B

Pgel

using the expression for thq = fy o — # in (4.11). Just like
the end of Sec. IV B, we find that

(2 7e) ]

€ n a !
= > AL FLO)F,0)pdo
0 g€l
= Agss. (BS)

We have thus established the claim in (4.16).
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The final step in the proof is to show that

gM
P(ﬂA Y Fnhnz 0(6)) <L (BY)

1=0

(Technically, this probability is conditional on both systems
staying in a neighborhood of the limit cycle until the time 7, 4.
We have demonstrated that this occurs for very long times,
with very high probability, elsewhere.*’) To this end, we use
Chebyshev’s inequality, noting that

gM
IP(@{,( Z]—“,;lm, > a)
=0

= (ath)2 [(Z ”’M> ]

We now bound the rate of growth in time of the expectation
on the right. The immediate use of this bound will be to show
that the probability is negligible. A secondary use is that it will
help us understand how this discrete approximation compares
to the QSS SDE.

We must thus understand the second order moment of
gM terms, i.e.,

(B10)

gM gM

[(Z At,ﬂ SR VT

=0 j=0

E
<

At Aty F, F, }

njti

q I=rM gM

=2Z Z ZIE[At,At,+,]: f,’w}

r=1 I=(r—)M j=0
Using the estimate derived in (B6), we find that

2
fr/L,Atl) i|

@(ﬁw)ﬁ—ﬂ(”ﬁ

26 M 3 AL

- pu
Zael" p“ a puel’

Hence, using the expression for the time for M jumps in
(4.11),

Z, . 1)1M+1 Aty [(Z Atl>2]

(g—HM 2
(% 7
_ Znel" p")‘” ZGZM

eM Zaer Para

=—2¢ Y A F Fipu.

p.uel’

> AT Fibu

p.uel’
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Since the above expression approximates the derivative with
respect to time, after re-integrating, we find that

gM
IE[(Z]—"[AQ)Z] _—2ef D ALF 00 F; (0) puds.
=0

p.uel’
(B11)

It then follows from the above expression and (B10) that

gM ¢
P} F Aty>a)=0 .
< M ; met = a> (athM>

This clearly goes to zero as ¢ — oco. We have thus justified
why the linear terms in Az; in (4.7) are o(€) over long peri-
ods of time, and this implies (4.14). This is why the quadratic
terms in A¢; dominate the linear ones over long periods of
time. More powerful bounds could be obtained by taking
exponential moments, but we do not go into this in this paper.
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