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Abstract

This article explores the Kuramoto model describing the synchronization of a population of coupled oscillators. Two
versions of this model are considered: a discrete version suitable for a population with a finite number of oscillators, and a
continuum model found in the limit of an infinite population. When the strength of the coupling between the oscillators exceeds
a threshold, the oscillators partially synchronize. We explore the transition in the continuum model, which takes the form of
a bifurcation of a discrete mode from a continuous spectrum. We use numerical methods and perturbation theory to study
the patterns of synchronization that form beyond transition, and compare with the synchronization predicted by the discrete
model. There are similarities with instabilities in ideal plasmas and inviscid fluids, but these are superficial. © 2000 Published
by Elsevier Science B.V.
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1. Introduction

Mutual synchronization is a common phenomenon in biology. It occurs at different levels in and among many
different organisms. For example, synchronization occurs on a small-scale of the cardiac pace-maker cells of the
SA (sinoatrial) and AV (atrioventricular) nodes in the human hearth that synchronously fire and give the pace to
the whole muscle. But synchrony also arises as the coordinated behaviours of crickets that chirp in unison and of
fireflies that flash together. Although this article is motivated by these biological problems, our aim here is primarily
mathematical and not directly relevant to biology; we study an idealized mathematical model constructed to explore
the dynamics of a population of coupled oscillators.

Inthe biological context, mathematical studies of problems of this kind began with van der Pol’s analogy between
the heart and a system of coupled relaxation oscillators, and with Wiener’s interpretation of the alpha rhythms in
the human brain in terms of synchronously firing neurons. Somewhat later, Winfree [1] highlighted the generality
of the synchronization problem, and fixed some simple first assumptions for a mathematical model. Subsequently,
Kuramoto [2] built on Winfree's ideas and proposed a detailed model in which each oscillator is identical to the
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others upto the frequency and phase (so that the amplitudes are all constant and equal), and the ensemble is coupled
through amean field The equation of the model for theth oscillator is

dgn
dr

K N
zwn‘l‘NZf(ej —6) + &, (1)
j=1
wherew, is a random variable chosen from a distribution with a probability density fungtioh K is thecoupling
strength f (¢) is the form of coupling and, is white noise. Kuramoto, and most subsequent workers, have further
setf(¢) = sing. We, too, will follow that lead and use this mean field throughout the current article (but see [3,4]
and our final remarks).

Because the model is composed of distinct oscillators, we refer to the set (1) of ordinary differential equations
(ODESs) as the discrete Kuramoto modelThis system is not just an idealized mathematical toy that describes
biological populations but has also appeared as a normal-form equation for systems of general coupled oscillators;
for example, the model arises as an asymptotic description of a weakly coupled or disordered array of Josephson
junctions [5].

Following Kuramoto, we define aorder parameterr, through the relation

N
réV = %Ze“%. )
j=1

This parameter measures the synchronization among the oscillator phasds.corresponds to the completely
incoherent state, and finiteto some level of synchrony. The information contained in the phasés mostly
ignored.

Kuramoto studied steadily oscillating populations in the case of no added random#)oised}, and showed
that the incoherent state= 0 exists for all coupling strengths. More interestingly, he also showed that there were
other, non-trivial solutions with a finite degree of synchrony in the population. Specifically, these are populations
for which the oscillator frequencies become modified to

Q for|w, — Q| < Kr,
Q+ (0, — DV1— K2r2)(w, — Q)2 for|w, — Q| > Kr,

~
wp =

®3)

where 2 is the frequency of the synchronized sub-population. Kuramoto found that these partly synchronized
populations exist for coupling strengths that exceed some critical threskiold: K. = 2/[7¢(0)]. Below that
threshold, only incoherent populations exist. In a particular case with a Lorentzian frequency distriputios,

[ (14 w?)] ™1, Kuramoto derived the relation

r=Vi-Z/K (4)

(and 2 = 0) for the partly synchronized populations, the critical threshold b&ipg= 2. Eq. (4) illustrates a
near-threshold scaling behaviour,- (K — K¢)? with g = % which also holds for generglw) [6].

The synchronized sub-populations are apparently stable in the discrete model, and so their appearance coincides
with the onset of order, as in a phase transition. When noise is added to the system, a similar threshold and transition
arises, although the value of the critical coupling strengif),is different. To illustrate the dynamics, we display
the results of numerical simulations of the ODEs (1), with= 256 and two different values of the coupling

parametelk in Fig. 1; we add noise in the form of random perturbatigndrawn from a normal distribution with

1By “discrete” here we refer to a finite population; later we use “continuous” to mean the infinite population. This terminology should be
distinguished from other models in which one uses a discrete time variable (so the governing equations are coupled maps rather than ODES).
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Fig. 1. Numerical simulations of the discrete Kuramoto model with= 256 andD = 0.01. The frequencies are selected from the distribution
(24), and the initial condition is a population of oscillators with phases chosen 2x [&according to the distribution described in Section 4
witha = 2,& = 0.1 andL = 0. Panels (a) and (c) show a sub-threshold case Mith 0.65 ~ 0.9K., and panels (b) and (d) show an unstable
case withk = 0.80 ~ 1.1K. (K. = 0.739). Panels (a) and (b) show time evolution of the probability density function computed by counting
the number of oscillators whose instantaneous valu@s @ll into bins of sizerr/32; the density in the bins is then shaded according to the
greyscale displayed in the key. Panels (c) and (d) show the time evolution of the order parameter,

standard deviation2 = 0.02. In the upper panels of these figures, we show the time evolution of the instantaneous
distribution of phases of the oscillators, obtained by dividing the intervalinfo a finite number of bins (in this

case 64) and counting the number of oscillators in each bin. In the lower panels, the time evolution of the order
parameterr, is displayed.

For the case shown on the left, the coupling strength is below threskold: 0.65 < K. Here, the order
parameter fluctuates at low amplitude, indicating that a collective, coherent behaviour does not suddenly appear.
In the phase distribution, however, some low-amplitude collective structures can be noticed: a small population
of oscillators cluster in phase and drift erratically. Presumably this structure is connected to the vacillations in
but there is no tendency for strong, sustained synchrony. By contrast, &her0.8 > K¢, in a very short time
the phases of the oscillators gather together in a small range of angles and then drift coherently. The amplitude of
the order parameter grows quickly, and then saturates, whereupon it exhibits small fluctuations. In other words, a
fraction of the population synchronizes.

The discrete model formulated by Kuramoto has the advantage that it is straightforward to solve numerically for
a small number of oscillators, but the procedure becomes unweildy once the population becomes large. Moreover,
the discrete formulation is not especially suited to analytical avenues of approach. An alternative approach is to
take the continuum limit of the discrete model [7,8] and capture the behaviour of an infinite poputatienco.

The continuous model takes the form of a partial differential equation (PDE) for the distribupttany, ¢), of the
oscillators in phase and frequency at timén this study, we adopt this model, and explore the predicted dynamics
of the oscillator population. In particular, we study in detail the dynamics in the vicinity of the critical coupling
thresholdK .

In the PDE, the transition occurs when the incoherent equilibrium gtate(2r)~1, suffers the onset of a linear
instability. The instability takes the form of a normal mode with structuré;iwhen this mode grows to finite
amplitude and saturates nonlinearly, a synchronized state appears. This rationalizes Kuramoto’s transition in terms
of bifurcation theory.
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Several previous works [9,10] have also studied this transition, dealing mainly with the noisy version of the
formulation. In the continuum description, the noise is modelled by a diffusion in an@lensequently, the PDE
is dissipative and techniques of centre-manifold reduction furnish a simple amplitude equation for the onset of
f-structured states (see Section 8.1). Here we are more interested in the limit in which the noise is very slight, and
to leading order, the PDE is non-dissipative. This is the case considered by Crawford and Davies [3] and that article
played a key role in motivating the present study.

The important facet of the non-dissipative problem that changes the complexion of the transition is the linear
eigenvalue spectrum of the incoherent state. Unlike many dissipative systems, that eigenspectrum contains a neutrally
stable continuous spectrum. Moreover, although the instability results from a discrete normal mode, the distinguished
mode bifurcates to instability by detaching from the continuous spectrum. This added ingredient to the problem leads
to significant complications in the weakly nonlinear description. Notably, because at onset there is no separation
between the distinguished mode and the remainder of the spectrum, we cannot apply centre-manifold techniques
directly, and standard weakly nonlinear expansion fails (but see [3]).

Similar difficulties arise for ideal plasmas [11,12] and inviscid shear flows [13-16]. In these situations, the
unstable mode is also embedded in a continuous spectrum at the onset of instability. The failure of standard weakly
nonlinear techniques is seen as the appearance of singularities in the equations along a special surface that locates the
wave-particle resonance for the plasma, and the inviscid critical level for the fluid. To circumvent the singularities,
one abandons the standard weakly nonlinear theory in a slender region surrounding the singular levetiticahis
layerone finds another solution that varies on a much finer spatial scale, and then matches with the customary weakly
nonlinear solution which remains valid outside. In other words, one proceeds with a matched asymptotic expansion.
But the essential physical point is that the mode, as it grows, overturns the plasma or fluid inside the critical layer
and generates a “cat’s eye” pattern. This physical effect is not captured in the relatively simple structure of the
unstable mode, and a low-order equation for the modal amplitude is unable to describe the dynamics of the forming
patterns. By performing matched asymptotics, we add the needed extra physics. One of our goals in this article is
to explore the parallel for synchronizing populations of coupled oscillators.

The similarity in the linear problem also poses further questions in the coupled oscillator problem. For ex-
ample, pattern formation can result even for stable fluid flows or plasma equilibria; do oscillator populations
also show such sub-threshold effects? Less specifically, the fact that all three problems are characterized by a
bifurcation from the continuous spectrum leads one to wonder whether there is some underlying, unifying “nor-
mal form” that may guide theoretical explorations. In this article, we also consider the Kuramoto model in this
light.

2. Mathematical formulation

2.1. The continuous model

The continuous version of the model takes the form of a PDE for the distribut{éne, 1), of the oscillators in
phase and frequency at time

pr +wpg + K(pG)g = Dpgg, 5)

where

o 21
G(9,t)=/ /o f(@—0)p, 0, 1)g(w)dp do, (6)
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0 € [0; 2r] andw € [—o0; o0], and as described in Section 1, we tgk@) = siné until Section 11. The density
function p is periodic ind and must also satisfy, for eagh a normalization law

2
/0 00, w,1)do = 1. (7)

The derivation of these equations has the flavour of the BBGKY hierarchy in plasma physics and can be found in
[3].

The system has equilibrium solutions withindependent of, which represent incoherent states. For these states,
any structure inw reflects an internal frequency distribution. But this frequency structure supplements the intrinsic
frequency variation of the uncoupled oscillators givergly), and is therefore superfluous. The only equilibrium
state of relevance is the particular solutipgn= (27)~%, for which the oscillators are uniformly distributed in
frequency, but their intrinsic frequencies are distributed accordiggdag.

Our measure of order in (2) becomes, in the continuous limit

. 0o p2m
reV = / / €900, w, 1)g(w) do do. (8)
—o0J0
Strictly speaking, wherf (6) # sind, this definition should be generalized [4].
2.2. Symmetrical systems
The equations are symmetrical under the transformatioh,w, t) = p(—6, —w, t), providedg (w) is an even

function and the initial condition also possesses the symmetry. We refer to populations with this property as
symmetrical systems. The symmetry has the useful consequenceg(tha) is separable i@ and::

G@6,1) = —G(r)sing, )
where
0o 2w
g = / / p(0, w, 1)g(w) cosd db dw, (10)
—o0J0
oo 2w
/ / 00, w,t)g(w)sind dd dw = 0. (12)
—00J0

Moreover,-é¥ — G(t), and soy = 0 orr, andr = |G(z)|. In later sections we exploit this symmetry.

3. Linear theory

We commence our study of the Kuramoto model by discussing the linear stability of the incoherent state,
p = (27)~L. To some degree, this repeats the work of Strogatz and Mirollo [8], but we sketch results which
prove useful for the discussion that follows.

We perturbp around the steady-state solution:

b= % + 3 lem(@, n€™ + c.cl, 42

m=0
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where cc. denotes complex conjugate amds the integral angular wave number. With this decomposition, we find

. 00 00
G = ine'ef c1(w,t)g(w)dw +cc. or G@) = 271/ c1(w, 1) g(w) dw, (13)
—0Q —0o0
and a linearization of Eq. (5) gives
1 o
Cmt = —(sz +imw)c,, + EKSmlf cm(v, )g(v) dv (14)
—00

3.1. Eigenvalue spectrum

The eigenvalue spectrum can be computed by seeking solutions with temporal deperndeAdsy ebecause
of the form of the coupling functiorf (¢) = sin¢g, only them = 1 mode appears in the mean field and is therefore
important to stability. For this mode, it is straightforward to derive

o
D(A)zl—EK/ 8@ 4,_0 (15)
2 J i+ D+iw

There is a discrete eigenvalue provid®gr) has a zero somewhere in the spectral (compleplane. When
Re(L) < 0, the discrete mode is damped and its contribution to an arbitrary initial perturbation will decay with
time. If Rg(A) > 0, on the other hand, the discrete mode is unstable.

However, the eigenvalue problem is not as straightforward as it first seems: the dispersion fixzdidras
the form of a Cauchy integral and is not an analytic function over the whole corhgiane. The non-analyticity
reflects the presence of the continuous spectrum along thg kne-D — iw (see [8]).

By way of illustration, consider a delta-function and a Lorentzian frequency distribution:

g1@) =8 and g2(o) = [r(1+0)] " (16)
In these cases we may explicitly perform the integral in the dispersion relation. Then
A=-D+3iK and A=-D+ 3K —sgn+ D). (17)

The second of these expressions is non-analytic.fer —D, as expected. The relation for the delta-function
frequency, however, is analytic, which illustrates how this particular frequency distribution is special because the
continuous spectrum decouples from the discrete mode. The mode is unstable- féf., with

This is the critical coupling strength.

For the Lorentzian, we summarize the stability calculation as follows: Fer0 < 2, the system is stable and
has no discrete modes. At = 2, an eigenmode appears out of the continuous spectrum, and wheéh 2 2+2D
the system has a single discrete mode, but is still stabke.# 2 + 2D there is an unstable growing mode. If the
dissipation is zero, the system can only be either unstable, with a growing rkiode?), or neutrally stable with
no discrete modesk{ < 2). Moreover, the eigenmode bifurcates out of the continuous spectrum at the onset of
instability.

3.2. Aninitial-value problem
Although the incoherent state is only neutrally stable whes: 0 andK < K¢, the order parameter still decays

with time in the linear initial-value problem. The decay reflects the phase mixing of integral superpositions of modes
in the continuous spectrum and as pointed out by Strogatz et al. [17], is analogous to Landau damping in plasmas.
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We illustrate this peculiar form of damping by solving the initial value problem for the Lorentzian frequency
distribution withK < K¢, D = 0 and the initial condition

iLw
a
c1(w, 0) = P R +c.c., (19)
whereL > 0 anda are constants. By using Laplace transforms, we may derive the solution
G 28K [ et el (K /2D
@-1D|K—-4 a(K—-2a-2)
Zaet—L ea(t—L)
— H(L —1t
@-1D@4-K) @—1D2a+2-K) ( )
8ueK—2)(t—L) e—alt—L)
H(i— L), 20
* |:[(K—2)2—4a2](K—4)+(a+1)(2—2a—K):| -5 (20)
whereH (¢) is the Heaviside function.
To highlight the Landau damping, we take= 0. Then
2(K + 2a)eK /27D _ ggmat
g 2K+ (21)

(a+ 1) (K +2a—2)

Evidently, the order parameter decays exponentiallykfoe 2. Part of this decay, given by the term proportional
to €K/2-D1 reflects an intrinsic property of the oscillator population, and its form is not dependent on the initial
condition (except for the numerical value of the prefactor); this is Landau damping. The other decaying term in
(21) is not a general property of the population and arises from the form of the initial condition (as evidenced by
the damping rate, which depends on the width of the Lorentzian initial condition); this second form of damping is
usually ignored in comparison to Landau damping, often without justification. We refer to the combined effect as
continuum dampingand is illustrated in Fig. 2. This figure shows the order parameter for this particular case, and
two other cases witlh, # O.

For generaL, in addition to the ultimate decay, Eq. (20) also indicates that there can be sustained transients: for
t < L, the order parameter contains exponentially growing terms (see Fig.[2$o20 and 40). We discuss the
transients in more detail a little later. But all of these features of the linear, initial-value problem are familiar from
plasma theory and fluid dynamics [18,19]. Soon, we answer the question of whether the nonlinear dynamics is also
similar.
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Fig. 2. Evolution of the order parameter f&r = 1.5, « = 2 and three values df (0, 20 and 40). In the second panel, the trend of Landau
damping is also shown.
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(a) t=1

Fig. 3. Crenellating solution (23) to the linear initial-value problem wkth= 1.25 at (a) = 1, (b)z = 2, (c)¢t = 5 and (d)r = 10.

To understand the dynamics underlying the decay of the order function, and also to differentiate it from the decay
of a normal mode, we must examine the probability density. For brevity, we do this in the special-ea3ek = 1
anda = 2, for which

rt) = Wei/2 _ 872, (22)
2 1 5 1 1 1 i, 5 €2 1 e?

== i S el I ot 2w 23

c1(w, 1) (nw2+4 9 2iw — 1 9712—|a)> 97r2|w—1+9n2—|w (&

Evidently, the functionc1(w, ) contains the non-decaying and non-separable tet¥#f eand hence cannot be
described in terms of a normal mode. As time proceeds, this term becomes progressively more crenellated and,
through increasing cancellations, integral averages @b, r) decay. Because the order parameter is essentially
such an integral averagetherefore decays in time.

The crenellation process is illustrated in Fig. 3 which displays four snapshots of the perturbation to the probability
distribution as densities on tli@, w)-plane. The crenellation results from a tilting over of the initially vertical stripes
of the pattern of the perturbation. The tilt itself arises from the evolving phase difference between oscillators with
different frequencies. In other words, crenellation and continuum damping are just the phase mixing of the oscillator
population.

4. Numerical schemes

The continuous model is most efficiently solved by Fourier decompositiéngn= Y>> s (o, nem? For
each value ofv, we truncate the Fourier seriesmat= L. We usedL up to 512 in the computations; the smaller
the dissipation or the longer the time of integration, the more Fourier modes are needBd>Fud—2 and stable
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coupling strengths, we found that= 32 was a good compromise in many situations. For smallenore Fourier
modes are essential, and we used upto 512 for the computation®dwithO and the largest initial probability
densities. In the unstable casés= 64 was adequate fap > 10~2. But for the non-diffusive computations we
again used. = 512,

The simplicity of the truncated system above relies on the form of the mean-field interaction term; for more
generalf (0), the equations are not tri-diagonal, but the generalization is straightforward.

To simplify the numerical computations, we considered frequency distributions with compact suppett & [
In particular, as an analgoue of the Lorentzian, we consider the probability density function

(1-w?)

¢ =1 (=2 t0?] for |w| < 1,
0

(24)
for|w| > 1.

The oscillator population witho| > 1 then decouples from the problem and we may solve for the remainder of the
population on the finite domain.

Following Crawford and Davies [3], we evaluate the integrals avesing Gauss—Legendre quadrature, splitting
the integration range into sub-intervals to improve resolution if necessary. This requires the valusaafet of
guadrature points, which is where we solve the ODEs for the Fourier decomposition. Almost always, we used 501
guadrature points. However, when the diffusivity was small, we used up to 1201 points. In all cases, we verified
that resolution in botl# andw was sufficient.

With the Fourier decomposition and Gaussian quadrature in hand, we integrate the system using a semi-implicit
Adams-Bashforth—Moulton predictor—corrector scheme. In the predictor—corrector time integration, we extrapolate
forwards forp at the beginning of the time-step. Given this approximatign twe evaluatés (9, ¢), and then correct
p implicitly (which requires the inversion of a tri-diagonal matrix) to finish the time-step. This makes the scheme
a semi-implicit one and ensures numerical stability.

In all the numerical integrations, we used the initial conditions

p(0, w,0) = %-}- £cog0 + L), (25)

a
7(w? + a?)
whereL, a and¢ are constants. This starting distribution corresponds to the initial condition used to compute the
solution of the linear initial-value problem in Section 3.2 (whére> 0). Practically, we take = 2. Because the
initial density must be positive, the amplitude of tkiek given to the system to knock it out of the steady state
cannot exceed a maximum valdex %

Though we focus on the continuous version of the Kuramoto model, we also solve the discrete ODEs (1) to verify
the correspondence of the two systems and to check that there are no special effects introduced by discreteness.
The integration of the ODEs is performed with a fixed stap & 0.1), fully implicit, predictor—corrector scheme
whenD # 0. The fixed time-step is forced by the noise term that prevents the convergence of adaptative methods.
If D = 0, we use a more accurate and efficient variable step, Runge—Kutta scheme.

To parallel the initial condition used in the numerical integrations of the PDE, we first select the frequency of the
jth oscillator from theg (w)-distribution in (24). Then, we choose the initial phase randomly from a distribution of
the form (25) withw = w;, L = 0,a = 2 and¢ suitably prescribed.

5. Nonlinear perturbations in stably incoherent populations

Before passing on to the transition to synchrony, we first consider finite-amplitude perturbations in stable popu-
lations. The aims are two-fold. First, the linear initial-value problem only captures the dynamics of disturbances of
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infinitesimal amplitude, and it is not clear whether this property extends to disturbances of finite amplitude. Second,
depending on the structure of the initial condition, one can find perturbations that grow for arbitrarily long intervals
of time in the linear initial-value problem. This raises the important question of what happens to these disturbances
when they enter the nonlinear regime.

5.1. Nonlinear continuum damping

One feature of the dynamics of fluid shear flows and plasmas is that nonlinear perturbations need not always
crenellate and decay, despite the linear Landau damping. Given sufficient initial amplitude, perturbations can sustain
themselves against tilting, wrap up the equilibrium distribution and again create a chain of cat's eyes [20-22]. In
other words, continuum damping only proceeds if the initial amplitude is sufficiently small; otherwise, the flow
evolves to structured patterns. Thus, pattern formation can occur even on perturbing stable equilibria in shears and
plasmas. This poses the question of whether a similar effect arises in stable, noise-free oscillator populations — can
nonlinearity halt the Landau damping? If so, structured patterns of synchrony could emerge even at sub-threshold
coupling strengths provided the population is given a sufficiently strong initial perturbation.

In Fig. 4, we display numerical solutions fp(6, w, t) at six successive instants of time, with initial condition
(25) anct = 0.1. One of the curves in Fig. 5a displays the corresponding evolution of order parameter (equivalently,
|G(2)]). Atilting, periodic array of stripes of probability is evident, much like the solutions of the linear initial-value
problem displayed earlier. In other words, the oscillators again phase mix and the finite-amplitude perturbation
decays by continuum damping.

To determine whether nonlinearity has any effect on continuum damping, we performed a set of computations
with varying é. The results are shown in Fig. 5. The oscillations that arise for long times and low amplitudes in

(a) t=1

(c) t=10

-0.5

025

1

=1
[v]

Fig. 4. p(0, w, 1) at six successive instants of time obtained via numerical integration with frequency distribution (24), initial condition (25),
andD =0,£ =0.1,K =0.5,a =2 andL =0 (K. = 0.727).
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D=0, K=0.65, [K,=0.727, »=-0.0664] D=0.01, K=0.65, [K,=0.739, A=-0.0764]

— £-05
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Fig. 5. Time evolution of the order parameter for the Kuramoto continuous model with frequency distribution (24) and initial condition (19).
Several stable, noisy cases are displayed Witk 0.65. In panel (a), withD = 0, we show cases with= 10-3, 0.1 and 05; the dashed-dotted
line shows the trend of Landau damping. Panel (b) shows the same picture, butf@01.a = 2 andL = 0.

this figure are due to the finite computational domain, which limits the continuous spectrum to a finite cut on the
spectral plane [17]. The oscillations have a perioded 2whered is the maximum coupled frequency (in this case
d =1).

Even for the biggest kick, with = % there is no significant difference between the decay of the order parameter
and the linear Landau damping. Thus no new, nonlinearly induced phenomena apparently occur. This is quite unlike
the fate of nonlinear perturbations in inviscid fluid shears and ideal plasmas. However, the information contained
in the order parameter missebana fidenonlinear effect.

We observe this effect by looking at the probability distribution. As illustrated in Fig. 6, wherelatively large,
the probability collects into narrow regions and disappears from large portions @f,tée-plane. This creates a
sharply peaked distribution which indicates that the oscillator population shows significant synchronization even
below the critical threshold. The synchronization is much more pronounced than one expects from linear theory, as
illustrated in Fig. 7 which shows the peak valuep ébr &£ = 0.5. (However, with the larger values ®flinear theory
predicts negative probability densities.) The larger nonlinear densities arise through two effects. First, the peaks
of the probability distribution sharpen through a nonlinear focussing effect. Second, the depletion of probability
between the peaks creates flat plateaus of negligible density.

5.2. Transient amplification

The possibility of unlimited transient amplification in the linear initial-value problem can be seen from the solution
considered in Section 3.2. There, for L, the order parameter grows exponentially (see Fig. 2). These transiently
amplifying perturbations are inclined backwards with respect to the intrinsic phase evolution of the oscillators. As a
result, they tilt forwards tain-crenellatethe distribution for a time. Ultimately, the perturbation decays, but, in the
interim, integral averages such as the order parameter may grow by many orders of magnitude. This is analogous
to the classical shear-tilting mechanism of Kelvin and Orr in fluid mechanics, which has recently been brought
back into fashion with the rejuvenated idea that such tilting perturbations may rise to sufficiently large amplitude
to enter the nonlinear regime and spark the transition to turbulence in pipe and channel flows [23]. Physically, for
our coupled oscillators, transient amplification corresponds to a brief flash of coherence in the population before it
lapses to asynchrony. But, such amplification may induce nonlinear disturbances and produce sustained coherence
in the population for coupling strengths below the critical threshold.
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Fig. 6. p(0, w, 1) att = 10 for three different numerical integrations with frequency distribution (24) and initial condition £25),0 and
K = 0.65 (K. = 0.727). Panels (a)—(c) shogv= 103, 0.1 and 05, respectively. Panels (d)—(f) show slices through the probability density at
0 =0.a =2andL = 0.

To explore this possibility, we numerically integrated the PDE with the initial condition (25Y.ard40. The
resulting evolution of the order parameter is shown in Fig. 8. As for the linear solution, the order parameter grows
by orders of magnitude before decaying. But, the ultimate behaviour is still the decay predicted by linear theory.
There are two notable differences between the linear solution and the nonlinear integration. First, for small times, the
order parameter oscillates at a level of about“@ather than rising from much lower values. Second, oscillations
also set in for large times. Both effects result from the finiteness of the computational domain (and, eventually, the
resolution) and not from nonlinearity.

Transient amplification does not therefore lead to an entry of the system into the nonlinear regime and the creation
of sustained synchrony. Indeed, the only apparent effect of nonlinearity is to focus and sharpen the peaks in the

5 K=0.65, £=0.5
10 T T T T T
— - D=0.01
D=0.0001

10’ — D=0 ]
s
=)
S Linear D=0 saturation value ———— + « « « « ¢ « « « ¢

10 E

1 0“ L L L L | L L | L

0 20 40 60 80 100 120 140 160 180 200

time

Fig. 7. Time evolution of the peak value pf6, w, t). Three noisy stable cases are displayed uiith= 0, 0.0001 and 1, for K = 0.65,
& = 0.5andL = 0. The dots show the peak value expected from linear theoryith0,a = 2 andL = 0.
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D=0.01, K=0.65, £=0.5 [K _=0.739, k=-0.0764]

order parameter

L L L L L
0 20 40 60 80 100 120 140 160 180 200
time

Fig. 8. Time evolution of the order parameter. A noisy stable case is displayedwith0.01, K = 0.65,& = 0.5, = 2 andL = 40
(K¢ = 0.739). The broken line shows the expected linear decay rate.

probability distribution as for nonlinear continuum damping. Whilst this heightens the amount of synchrony in the
population over intermediate times, it does not alter the ultimate coarse-grained decay to incoherence. Instead, we
must look to unstable populations to observe longlived coherence.

6. A vision of synchronization

In this section, we begin our discussion of sustained synchronization and describe numerical integrations of
unstable populations. One such integration is illustrated in Figs. 9 and 10, which shows the order parameter, and
shapshots 0b (0, w, t) on the(d, w)-plane.

In Fig. 10, the probability initially gathers into tilting stripes. However, rather than continually tilting, phase
mixing ends and the stripes evolve into a quasi-steady pattern in which probability gradually collects into two
regions and depletes elsewhere. The probability distribution evolves into a finer structure in these special regions,
as illustrated in Fig. 11 (the evolution of the order parameter corresponding to this integration is shown in Fig. 12).
This shows how fine scales develop inside a “critical region” much like how structure forms inside the critical layer
of an unstable mode in an ideal plasma or shear flow. However, the geometry is quite different from a cat’s eye
pattern.

As fine structure develops in the critical region, the peak probability density increases dramatically (see Figs. 11
and 13a). The peak amplitude (occurringat 6 = 0) eventually levels off at a value dictated by the degree of noise
(Fig. 13b); forD — 0, the peak amplitude appears to increase without saturation (the peak never diverges in the

D=0.01, K=0.8, §=0.001 [K =0.739, 4=0.0501]

order parameter

L L L ! L
0 20 40 60 80 100 120 140 160 180 200
time

Fig. 9. Time evolution of the order parameter. An unstable noisy case is showmDwith0.01, K. = 0.739,& = 0.001 andK = 0.8. The
broken line shows the expected linear growth rate: 2 andZL = 0.
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Fig. 10.0(9, w, t) at six successive instants of time obtained via numerical integration, and corresponding to Fig. 9.

computations due to artifical diffusion caused by finite resolution). Also, although the peak probability may diverge
asD — 0, the order parameter shows no such singular behaviour and, in fact, approaches a level indepé&ndent of
(see Fig. 12). Both of these observations are consistent with the boundary-layer theory presented in Section 7.2 that
constructs steady solutions to the PDE. The predictions of the asymptotic theory are included in Figs. 12b and 13b.

p(6,0,1)

30~
25*.-':

20"

10‘ (qdqdnnaang

150 100

Time,t

Fig. 11. Snapshots @f(9, 0, r) drawn above théd, 1)-plane for a numerical integration witi = 0.8, D = 104, ¢ = 2, L = 0 and¢ = 0.001.



N.J. Balmforth, R. Sassi/Physica D 143 (2000) 21-55 35

(b) K=0.8, £=0.001
. (a) K=0.8, £=0.001 087
10 T T T T T T T
-------- SR e e | 0561 * %
T -7 *
=~ _ - 055
107'E 7 4 8 *
-7 i
. -7 — 054
P 8
1072L < - p— g 053
= - D=0.0001
= - D=0.001 052
— - D=0.01 *
10'3 1 L L 1 I L L L T 051
0 20 40 60 80 100 120 140 160 180 200 ’ 107 107 102
time D

Fig. 12. (a) Time evolution of the order parameter for numerical integrationskvith0.8,a = 2, L = 0 andé = 0.001. Four values oD are
shown. ForD = 0, the computation becomes unreliable just belaw100 and is not plotted thereafter. (b) Final value @k a function ofD.
The line shows the value expected from the boundary-layer theory of Section 7, as given by (41).
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Fig. 13. (a) Time evolution of the peak of the probability distribution for the same numerical integrations as in Fig. 12. Adais; thease is
halted when the code becomes unreliable. (b) Final peak value as a functioiTbé curve shows the value expected from the boundary-layer

theory of Section 7, as given by (37).

Because the probability density develops ever finer and higher peaks in populations with very low noise levels, a
cascade to smaller scales occurs as evolution proceeds. As a result, the accuracy of the numerical scheme ultimately
breaks down when the width of the peak reaches the wavelength of the highest Fourier mode. This is illustrated
in Fig. 14; the two cases with = 0.01 and 10 are resolved, but for > 100, theD = 0 computation is not
reliable. (Note the large number of Fourier modes used in this particular computation.) The cascade makes long-time
computations especially difficult in the noise-free limit.

The phenomenology of the supercritical evolution for noise-free populations is reminiscent of the formation of
an irregular solution. Indeed, the “potential’defined byy = p, evolves towards an almost discontinuous profile
much like a shock layer. This is, perhaps, not so surprising in view of similarities between the equation satisfied by
u and Burger's equation. We give further analogies with shock formation later.

7. Steadily oscillating populations

A feature of the numerical simulations illustrated above is that, wtien K. andD # 0, the population evolves
to a steady solution in whic becomes constant andapproaches a stationary patternDif= 0, there is some
suggestion thaf again levels off, bup appears to focus continually into special regions. This motivates a search for
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Fig. 14. This figure shows the amplitude of the Fourier moflgsw, ¢)|, as a density on the, m)-plane atw = 0 for numerical integrations
with K = 0.8,a = 2, L = 0 and¢ = 0.001. The greyscale is logarithmic, as given by the key. The three panels are for=(a).01, (b)
D = 10"*and (c)D = 0. Note that different resolutions are used in the three cases.

steady solutions of the PDE. More generally, these particular solutions are special examples of steadily oscillating
populations in whichG (9, r) andp (0, w, t) take the form of rigidly “rotating” or “propagating” patterns in phase.
In this section, we look for these steadily propagating solutions.

7.1. The absence of silent smooth solutions

The steadily propagating solutions take the form,
pO,w, 1) =pO —Qt,w)=p(O,w) and G@,1) =GO — Q) = G(O), (26)

where( is the propagation velocity arél = 6 — Q.
Eq. (5), forD = 0, becomes

(w0 —Q)pe + K(Gp)e = 0. @7)
On integrating in®:

J (@)
=—" 28
P W Q+KG (28)
whereJ (w) is an arbitrary function of». But, as a probability density, cannot have a non-integrable singularity.
Yet, becausev is a real variable that spans the entire real axis, the pole from the denominaids d¢fard to
avoid. This is an interesting point: if the dissipation is zero the system does not admit steadily propagating, smooth
solutions withr > 0. However, there are solutions when the dissipation is finite, but small, and there are irregular

solutions withD = 0, as we show in the next section.

7.2. Noisy boundary layers

If D # 0, we have

(0 —Q+KG)p = J () + Dpe. (29)
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As indicated above, because there is always a curve qitthe)-plane for whichw — Q +KG = 0, or® = A(w),
we cannot neglect the dissipative term in this equation. This curve lies inside the frequency inigra] [=
[2 — KGmax, 2 — KGnmin], which we refer to as theynchronizing zone

If @ —KGmin < worw < Q—KGpax We are outside the synchronizing zone and there is no pole in the noise-free
solution (28). Here, ifD « 1, we may ignore the noise term and adopt that solution. Moreover, nhormalizing as in
Eq. (7) gives

T de -1
so-|[ sairem] o

On the other hand, whefe — KGmax < @ < 2 — KGnin, there is a value o® = A(w) for which the noise-free
solution (28) diverges. In the vicinity of this special angle;- 1/(® — A), and we cannot ignore the dissipative
term. This sets the stage for a boundary-layer calculation of the solution.

Inside the noisy boundary layer, we set

1
®—A=68VD and pzﬁR. (31)

On substituting in Eq. (29) and noting thieg = D135, we find that, to leading order
KGe(A)SR = J(w) + Rs. (32)

Hence

R=eK0e"2| N — 7 / eKaoi2g5| = k002 | i e (5,/KC0) [T (33)
0 2 )V 2KGe |’

whereN () is another arbitrary function and we omit the argument fiGg(A).

We next demand that, fgs| — oo, R(8, w) matches with the “inner” limit of the outer, noise-free solution,
o~ J/[KGg(A)(® — A)]. By using the asymptotics of the error function, it is straightforward to see that the only
possible way in which we can perform this matching is to take- 0. Moreover, we must further tak§ = 0 if
G > 0. This leaves us with an exponentially localized, Gaussian boundary-layer solution in the vicinity of that
part of the curven = Q@ — KG(®) for which Gg < 0. Fig. 15 shows a sketch of the situation o= 0.

The value ofV (w) for Gg(A) < 0 is computed using the normalization condition (7):

-1
N = [/we—ch@'ﬁz/Z da} _ JKIGe| (34)
oo 2

To complete the construction of the solution, we need only to evaluate the integral deter@iniings integral
constraint provides a relation that determines the order function, giv&ecause the contribution of the noise-free
solution (73) from outside the synchronizing zone vanishes, the integral is limited to the boundary layer, and

oo 21 [2F]
G©O,1) = [ / sin(® — ©)p(P, w)g(w) dd dw ~ / sin[A(w) — ©]g(w) ds dw. (35)
—o00J0 w1
D does not enter this expression, and so the order parameter becomes independent of the noise level in the limit.
To summarize, steadily propagating solutions cannot developfet O; with D finite, but small, there are
solutions with noisy boundary layers that follow the line- Q + kG(®) = 0, whereGg(A) < 0.
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Fig. 15. Steadily propagating solutions. The left-hand panel shows a skei¢® o). There is a special cun@ = A, wherew +KG(A) = 0,

which locates the boundary layer. Due to the periodicity;0®), there are two locations i® for eachw inside the synchronizing zoné;
andA;. Only one of these haG’(A) < 0 (A1 is chosen to havé’(A1) < 0 in the sketch), and in the vicinity of this location, there is a noisy
boundary layerlight grey regior) in which the solution is exponentially localized. Above and below the synchronizing zone, the solutions are
essentially noise-free. The structure is illustrated in detail in the right-hand side panels which show steady solutions conifiitedifathree
different values ofD and (a)w = % (inside the synchronizing zone, with boundary-layer structure) an@ éb)g (outside the synchronizing
zone, with structure approximately independenbDgf

7.3. Symmetrical stationary solutions

By way of example, we consider symmetrical stationary soluti@ns, O. In this case, the solution is concentrated
around that part of the line = KG(r) sin6 with G cosf > 0:

[0? — K2G2
[27(w — KG SinB)]

[(Kzgz _ wz)]1/4 ( 82./K2G2 — o2

for w? > K2G2,

(36)

172 > > H(Gcost) forw? < K2G2,
whereH (x) denotes the Heaviside function. Note that the two formulae are not consistent in the vicinity &G
andd = +m/2. Strictly speaking, in those regions, which surround the “tips” of the special eusvek G sin6, we
need a different asymptotic expansion (see Section 8). However, to determine the leading-order form of the solution
it is not necessary to uncover these technical details.

In Fig. 16, the special curve is superimposed on a numerical solution, using the steady vakjgpobached at
the end of the computation. The probability collects in exactly the region predicted. The exponential localization of
the steady solution to the boundary layer also explains the depletion of probability in the middiggfdhelane.
It is straightforward to read off the peak probability density from (36):

Kg

Pmax ~ 22D

7D’ (37)

which agrees with the results of numerical integration (see Fig. 13).
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Fig. 16. p(0, w,t) att = 180 obtained via numerical integration (see Fig. 9 for further details). In panel (a) we superimpose the line,
w = KGsin(®), on a contour plot op, whereg is set to the final, steady value obtained in the integration.

For general values fab, we may explicitly integrate the dissipative equation:

J w —2nw/D
0= %e”(e’ ) |:P(9, w) + ]-_G_Tw/DP(O, a))i| s (38)

whereJ (w) must be fixed by the normalization

2
p(0, w) = %(a)@ +KGcosd) and P, w) = /0 e PO gg’ (39)
Solutions forKG = 1 are shown in Figs. 15 and 17. In Fig. 17, the solution is not computed consistently by using
(35) to determingj at the same time as constructinglnstead, we construgtfor fixed K G, and then compute the
integral forG, which finally gives the corresponding coupling strength(For the two cases shown in the figure,
D = 0.01 andK ~ 2.4 in panel (a), and = 0.1 andK ~ 2.6 in panel (b).) This technique can be used to
construct numerically the locus of dissipative solution brancfies,G(K); a selection is shown in panel (c). The
branches bifurcate from the incoherent solution at the critical coupling strength, as expected from the dissipative,
weakly nonlinear theory, and the structure of the solutions is comparable to the end states of numerical integrations.
By using the boundary-layer form fer, we may also compute the integral in (35):

g~ /Kgg(w) do,[1 - Kﬁ—ﬂﬁwNe_SZ [K2G2-0?/2 45 _ /Kgg(w) do /1_ chgz- (40)

For our compact distribution (24),

B — 21 4/n)/K

g (K +2—4/7)

: (41)

which is compared with the results of numerical integrations in the previous section (see Fig. 12). For the Lorentzian,

G~,1-2/K, (42)

which is identical to Kuramoto’s solution (see Section 1). This equivalence raises the question of what Kuramoto’s
noise-free solutions correspond to in the PDE, a question we answer in Section 7.4.
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Fig. 17. Dissipative steady solutions for (@)= 0.01 and (b)D = 0.1, with KG = 1. Panel (c) locates the dissipative solution branches on the

(K, G) plane for four values oD. The squares show the bifurcation poimtg, = 2 + 2D. The solid curve is Kuramoto's solution (42). The

dotted curves show the weakly nonlinear solution derived in Section 8.1, which assume significant noise. Near the bifurcation, the numerical
scheme becomes inaccurate.

7.4. Irregular solutions

Another possible solution to (28) is the distribution

K|Go(A)|§(w— Q2+ KG)H(—Gg) forwi < w < wy,
p= J () (43)
I —— elsewhere
(w—Q+ KG)
which corresponds to an integrably singular probability density along our special curve, together with an essentially
noiseless density outside the synchronizing zone. This irregular solution is algd the O limit of the noisy
structures described above, and corresponds exactly to Kuramoto’s solution given in (3). The singular distribution
simply represents the sub-population of perfectly synchronized oscillators.
The irregular stationary solutions are given by

VK2G2 — 28(w — KGsink)H (cosd) for — KG < w < KG,
o= Vo2 — KG2 (44)

Isewh
[27 (& — K G sing)] elsewhere

Once again, the only contribution to the integral determigiagises from the synchronized portion of the population,
and so

/2
1=K coSd g(KG sind) dd. (45)
—/2

For the Lorentzian, the integral may be explicitly evaluated to give the familiar résuit,/1 — 2/K .
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Thus, although there are no smooth stationary solutions to the noise-free Kuramoto model, there are irregular
solutions with an obvious correspondence to weakly dissipative structures. Moreover, the numerical integrations
described earlier suggest a dynamical evolution to structures of this kind.

8. Weakly nonlinear analysis and critical layer theory

The appearance of slender regions in which the solution develops fine scales is reminiscent of the formation of
critical layers in ideal plasmas and shear flows. This motivates a weakly nonlinear expansion in which matched
asymptotics are exploited to resolve critical level singularities. However, whismot small, the matched asymp-
totics are not necessary and weakly nonlinear theory proceeds in a standard way; we summarize this case first. On
appreciating how the theory breaks down whgn- 0, we sketch out the critical-layer analysis.

8.1. Dissipative theory

WhenK = K. andD # 0, one can derive a Landau equation for the amplitude of the marginally unstable mode
[9,10]. The weakly nonlinear expansion proceeds as follows. Wit 1, a parameter organizing the expansion,
let

=T or 9 =e%r, K=Kc+e’Ka+---, (46)
1 A .

p =5 +elaT)pr) é% +c.c] + e2p2+ €3p3 4+ O(e?), (47)

G=¢€G1+€’Ga+--, (48)

whereT is a slow time on which amplitude growth occurs, @@v) denotes the neutral eigenmode with amplitude,
a(T). The scalings inthese formulae are “Hopf scalings”, suitable for unfolding the bifurcation of complex conjugate
mode pairs.

From Egs. (5) and (6) at first order (8), it follows that we may take

A K¢ 0o
"= 5w—ip) 2™ /_ _h@g@) do = 1. o)

These relations are consistent by virtue of the definitioi @&nd p1. Continuing on, and in particular to(€?),
one derives the amplitude equation

ar = 3Koa + (Kem)?Zlal%a, (50)
where
o A
18(w)
7= — " dw. 51
,/;oow—ZiD @ (1)

From the Landau equation, we can construct the steady, dissipative solutions near the onset of synchrony. These
must satisfy
K — K¢

2
=——F—. 52
lal 272KET (2)
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Moreover, to leading orde§ ~ 27 |a|. Hence, for the Lorenztian,

N \/(1+2D)(K/2— 1-D)
~ 1+ D) '

This approximation is also drawn in Fig. 17.

We can see from the expression farthat the approach breaks down when= 0; p has a pole ab = 0, but
as a probability density, this cannot have any physical meaning and must be avoided. At higher order, the situation
becomes progressively worse, with even stronger singularities appearing in the solution. These singularities all
occur at the critical level and signify the breakdown of standard weakly nonlinear theory in a system with a critical
layer.

g

(53)

8.2. Consequences of Hopf scaling in the low-noise limit

In this section, we sketch the asymptotic expansion for the casell = 0. We choose the variables to scale
as in the previous case (Hopf scaling) but tdke= €3 D3. The motivation for Hopf scaling can be found in our
numerical experiments and in the analyses of Daido [4] and Crawford and Davies [3]. The scdlicgstitutes
a distinguished limit, and ensures that the noise level enters the asymptotic expansion exactly where we want it.
On substituting the scalings into the governing equations, we find

wpg + €2p1 + (0G)o (K + €2K2) = € D3ppg. (54)

We solve this equation by introducing the expansgios 1/(27) + ep1 +€2po + - - - . At the first and second order,
we derive expressions fan and oy :

K.G
Oe): pp=—-"1 (55)
2t w
K2G? K.G
O?): pp=_C"1_—c72 (56)

T 2102 27w

Here, we immediately see the “critical-level” problem: the solution at both orders diverges-a®. Moreover,
for w ~ €, ep1 ande?p, are of similar magnitude, indicating that the asymptotic sequence becomes disordered in a
slender region neas = 0. In this “critical layer”, we must search for another solution.

Inside the critical layer, we use the new independent and dependent variablesy andp = Z(0,y,T) =
Zo+€Z1+ --- . The equation then becomes

€?Zr + €yZy + (ZG)g(Kc + €2K2) = €2 D3Zpy. (57)
At the first two orders,
O): b+ KcG1)Zo=TJo(y, T), O(e?) : [(y + KcG1) Za]o = —Zor — (ZoG2)e K,

whereJo(w, T) is currently undetermined.

Despite our attempt to regularize the singularities by including the critical layer, problems still remain: near
y+ KcGyr =0,Zo ~ 1/(y + KcGy) andZy ~ 1/(y + K.G1)2. Thus the first inner layer is not sufficient to
avoid critical-level problems and it is necessary to include another critical region inside the first, much like a nested
boundary layer. The inner layer has a non-trivial shape given by-thependence ofi (6, T) and is sketched in
Fig. 18.
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Fig. 18. For small dissipationi{ = O(¢®)), when an unstable mode grows, a critical layer develops areuad (light grey region); the width
of this layer is of ordet in w. Within this first critical region, a second, critical layer also develops around the specialycyri@s; (©) = 0.
The inner critical or boundary layer is of widéhin 6, and has further distinguished regions near the tips of the special curve.

To continue with the critical-layer analysis we must enter a fully fledged, multi-deck, asymptotic analysis; we
point out the salient features here. First, we proceed to the inner critical region and we define

1
0=A(T)+e5 and Z==¢(,y,T), (58)
€

wherey + KcG1(A, T) = 0. Then, to leading order, we find a noisy boundary-layer solution

= Nex 1KG 5 — ar_\° (59)
= p 2D5 e 19 X.Gu ,

in the regionG19(A, T) < 0.

However, the inner boundary layer solution is exponentially localized and cannot be matched to the solution inside
the first critical region. This is because there are slender regions at the “tips” of the speciaf euikigG, = 0
where the scalings of the inner boundary layer break down (bedause= 0 there). For the problem at hand,
these distinguished regions surround the poifits) = (/2, KcG1) and(@, y) = (37/2, —KcG1). In these “tip”
regions, another expansion is needed: for example,

0 = % +e?Pu,  y=KGi1(1+ Y3y, Z= e%n(ﬂ, Y, T). (60)

Fig. 18 illustrates the different regions and their scalings, and rationalizes the structure of our numerical solutions.
To leading order in each of the regions, we may then construct solutiopsdind evaluate the contribution of

each region to the integral far. Of these, the contribution of the outer solution vanishes to leading order, and that

from the tip region is higher order. Only the inner boundary layer contributés f@and the resulting relation is

automatically satisfied providekl; is correctly chosen. The evolution equation fothat constitutes the ultimate

goal of critical layer theory lies at higher order. Suffice to say that the analysis at this stage becomes involved and

technical, but can presumably be carried through with much effort. We do not head down this tortuous route, here,

and instead move onto other issues that prove more revealing.
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9. Characteristics

In previous sections, we constructed asymptotic solutions in the low noise limit. The idea is that, with a small
amount of noise, boundary layers can form in which the probability density saturates at finite levels. But all evidence
so far suggests that the probability does not saturate when there is no noise. In this sectibn2withwe present
two solutions, one exact and one approximate, thatillustrate the non-dissipative dynamics and bolster the conclusions
we reached with numerical simulations in Section 6.

9.1. An exact solution: the cagéw) = §(w)

For a simplified special case of the Kuramoto model, we may find an exact solution using the method of character-
stics. This special case is the population of coupled oscillators with identical frequegieigss §(w), considered
earlier. For such a population, only= 0 is important, and with a symmetric initial condition, the Kuramoto system
becomes

pi — Kdg(pG sing) =0, (61)
2
G@,1) = —sin@/ p(p, 1) cospdp = —G(t) Sinb. (62)
0
The characteristic equations for this PDE are
do . dop
P —KGsin and Pl KGpcosh. (63)
The solution is
% _ 6o _Kq
tan(z) _tan<2> e Ka, (64)
sinég e Kq
= - = , 65
P= %o ~ M e2ka coR(0/2) + sin©@,2) (63)
wheref (0) = 6o, p(6o, 0) = po(o), and
t
q= / G(tdt'. (66)
0

Note that, if; becomes largeg must become small everywhere except over a small region obsize X4, and
therep ~ €K7 > 1.
Given the solution for the probability density(r) becomes

sing
Consider now the initial conditiomy = (1/27) + A cosfg. Then

1+ 4Ar e Ka — g 2Kq

2 H
G(t) = / 202N 050 do. (67)
0

= 68
g e Ki 7 17?2 (68)
Finally, on recalling from the definition af thatG(r) = dg¢/drf, we end up with the ODE
dg 1+ 4Ane K1 _e2Ka
g 1+4Ame € ’ (69)

dr (e Ka +1)2
which can be solved in closed form.
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(a) Evolution of the order parameter

1F T T

Time, t

(b) Evolution of the probability density

Time, t

Fig. 19. Panel (a) shows the order parameter and (b) the probability density for our exact soluti&n=withandA = 0.01.

In Fig. 19, we plot the order parametg(r) and evolving probability density foA = 0.01. As with the nu-
merical integrations of the system with the Lorentzian frequency distribution, the order parameter initially grows
exponentially due to the linear instability (see Section 3.2), and then saturgtes at

Wheng saturatesg begins to grow linearly with time. Consequenttybecomes small everywhere except in a
narrow region wheré ~ e~X4, and here the solution grows exponentiappy~ e€X¢. Thus, the dynamics brings
probability towards a singular phase, and the solution takes the form of a spike-shaped object (or a shock-like object
in the potential, given byuy = p). This is the counterpart of what we saw in the numerical simulations, though
with different g(w) and along a curve on th@, ) plane. Evidently, evolution proceeds to one of the irregular
solutions described in the previous section.

9.2. Populations with slowly varying order parameter

Even though we can only solve the Kuramoto model exactly in the special case described above, we may still use
the method of characteristics to gain a deeper understanding of what happens in the vicinity of the synchronization
threshold. In particular, for situations in which the order parameter evolves slowly, we may find approximate
solutions for the limiting population density. This occurs near the threshold of linear instability, Wign@avs
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(b) KG=1.2

(c) Phase portrait of characteristic curves
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Fig. 20. Characteristic curves for (&) = 0.5 and (b)x = 1.2. In (b) the vertical dashed lines show the fixed points of the equation
6 = w(1 — « sing), of which one is stable and the other unstable= 1. Panel (c) shows a phase portrait of the characteristic curves on

the (0, w)—plane forK G = 1. The solid curve shows = K G sin6.

exponentially with a small growth rate, and in the late stages of evolution of the population, where the numerical

integrations of the PDE suggest tlgasaturates at a constant level.
To illustrate, we consider symmetrical systems, for which we may write the characteristic equations in the form

dr do dp
1 =" 70
1 w(l—«sind) wpk COSH’ (70)

wherex = KG/w. Hence

do . do
P w(l—«ksind) and P —wpk COSH. (71)
The complication in solving this system lies in the time dependenge Bt if « ~ constant, we find
k+1—k2tany  if k2 <1,
tan9/2) = (72)
kK — k2 —1tanhre if k2> 1,
(73)

o(1 -k sing) = constant
wherey = o(t — 19)v'1 — k2/2r and¢ = w(t — to)~/k2 — 1/27 andzg is a constant.

Depending on whether? is greater or less than unity, the characteristic curve either continually winds in angle
(k2 < 1), or converges to the poifit= A = sin%(1/«) (2 > 1); see Fig. 20. In the? < 1 region, (73) indicates
thatp oscillates in time. Where? > 1, howeverp = constant(1—« sing) focusses continually into the vicinity of
the special angl®, = A; the convergence of the characteristics is our analogy with shock formation. The focussing
is illustrated further in Fig. 21, which reproduces many of the features of the full numerical solution.

The characteristic curves of the PDE also have significance for the discrete Kuramoto model. Rt lamgeas
tempted to take the ODE (1) and replace the sum by an integral (see [4,6]). For symmetrical systems, the resulting
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Fig. 21. The evolving probability density predicted by solution (73) viitfi = 1.

ODE is exactly th@-equation solved above. In other words, the characteristic curves are the orbits of the oscillators
in the continuum limit, and so the phase portraitin Fig. 20 shows the evolution of individual oscillators for cgnstant

10. Discrete vs. continuous

The discussion of characteristics ultimately leads us back to the discrete version of Kuramoto’s model, and in
this section we undertake a more systematic comparison of the finite dimensional system with the solutions of the
PDE. The underlying question we address in this section is whether the continuous approximation, made in the
limit N — oo, predicts the dynamics of a finite number of oscillators. That is, if the results obtained in the previous
sections are applicable to Eqg. (1).

10.1. Synchronized structures in phase space

To compare the PDE solutions with the discrete model, one can prepare the results of the simulation of the ODEs
in the same way as Figs. 4 and 10 (i.e., counting the instantaneous population density in sub-intervals of phase and
frequency). Figs. 22 and 23 show the pictures that result on replotting the data also shown Fig. 1. These should be
compared with Figs. 4 and 10. The initial behaviours of the continuous and discrete models are much the same:
we see the probability gathering into tilting stripes on thew)-plane. Furthermore, for the unstable case, the
probability continues to build up in the vicinity of the special curve (compare Figs. 23 and 10).

10.2. Finite sampling and drifts

Despite some similarities between the PDE and ODEs, there are important differences. For example, one pe-
culiarity of the unstable discrete case is that the concentration of probability driftésiee Figs. 1 and 23). This
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(b) t=20 (c) t=40

(e) t=100 (f) =200
10

Fig. 22. The discrete probability density at six successive instants from the numerical integration of Kuramoto’s ODEs. This is a sub-threshold
population and corresponds to Fig. 1a (see caption of Fig. 1 for more details of the computatiof)arithe axes are sub-divided into 64
intervals and the density is obtained by counting the number of oscillators in each bin.

is primarily related to the fact that, although the frequency distribution from which the intrinsic frequencies are
extracted is symmetric, any finite sampling of the actual population is biased to either positive or negative frequen-
cies. This induces an asymmetry in the population that can lead to a drift. If we prepare a discrete population in
which the initial frequencies are chosen in pairs with opposite signs, so that the frequency distribution is artificially
symmetrizedthen the drift largely disappears, as shown in Fig. 24.

10.3. Residual synchronization and ephemeral structures

Another feature of the discrete model is that at sub-threshold coupling strengths, although the order parameter
remains at low levels;(r) does not decay (see Fig. 1). Moreover, in Figs. 1a and 22, coherent structures are evident.
These structures drift irregularly and resemble the formations that appear above the critical threshold. In some cases,
they persist indefinitely; in others, they occasionally disappear and reform, often at different phases.

In any finite population, one expects fluctuations (r), and standard arguments suggest that these should scale
as ¥+/N. Indeed, the low-level fluctuations in the order parameter show precisely this scaliny ygtre Fig. 25
and also [24]. But the detailed time evolution of the fluctuations also seems intimately connected to the ephemeral
coherent structures. Moreover, there are strong periodicities in the order parameter that are not associated with any
important intrinsic variability of the uncoupled oscillators (in Fig. 1, there is an obvious strong periodicity with a
frequencyw ~ 0.3).

Some rationalization for the sub-threshold structures comes from the nonlinear effects observed in the numerical
simulations of the PDE. There we saw that nonlinearity acts to focus probability into narrow regions to create sharp



N.J. Balmforth, R. Sassi/Physica D 143 (2000) 21-55 49

(a) t=1 (b)t=10 (¢) t=60

(d) t=100

(=T .

Fig. 23. The discrete probability density at six successive instants from the numerical integration of Kuramoto’s ODEs. This is a super-threshold
population, corresponds to Fig. 1b (see caption of Fig. 1 for more details of the computation), and is constructed in the same way as Fig. 22.

peaks in probability even fak < K. However, in the continumm model, these regions subsequently tilt over and
phase mix, leading to the leading to the decay of the order parameter. By contrast, in the discrete model, the order
parameter remains at low amplitude, and the probability concentrations sustain themselves against tilting.

10.4. Finite-sampling curiosities

In addition to asymmetries that can induce drift in phase, the finite sampling of the frequency distribution can
also have some other unusual effects. For example, some samplings can lead to sustained synchronization in the
population fork < K. Conversely, other samples are essentially incoherent even-ifK.

0 50 100 150 200
time

Fig. 24. Evolution of the phase distribution for a realization of the discrete modellwith0.01, K = 0.8 andN = 256. The initial conditions
in this case areymmetrizedby selectingt pairs of frequencies, and the synchronized cluster does not&#ft0.01,a = 2 andL = 0.
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Fig. 25. Order parameters for the discrete model with= 256, 1024 and 4096, fab = 0, K = 0.65 and the standard initial conditions with
& =0.1,a = 2 andL = 0. The arrows indicate the mean values in the three cases, which decay ik

A different kind of “curiosity” is shown in Fig. 26, which shows an example in which the initial sampling is sym-
metrized (as described above) and produces a population with a bi-modal frequency distribution. Such distributions
can suffer oscillatory instabilities [10,25], and the evolution shown in Fig. 26 is certainly more reminiscent of an

oscillating population than a convergence to steady synchronized cluster. Panel (b) of this figure shows the discrete
analogue of the mean field amplitude:

1 N
Gp(t) = N]Zﬂcosej. (74)

Another example is displayed in Fig. 27. For this population, there is an irregular switching on a long timescale
between a partially synchronized state in which the probability density is concentrated reanw, and a

250
time

150 200 300 350

Fig. 26. Evolution of (a) the phase distribution and (b) the amplitude of the meardig({d), for an anomalous realization of the discrete model

with N = 256,K = 0.8 andD = 0. The realization is anomalous because the actual sampling of the frequency distribution, shown in panel (c),
produces a bimodal population which suffers an oscillatory instakijlity.0.1,a = 2 andL = 0. In (c), the dot-dashed curve shows distribution

(24), and the solid curve shows a fitted bi-modal distribution.
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Fig. 27. Evolution of (a) the phase distribution and (b) the amplitude of the meandigldor an anomalous case in which there is an irregular
switching on long timescales between states with probability concentratighs=aBnz and states with concentrationstat= (2n + 1),
n:O,l,Z,....K:O.S,D:O,S :0.1,a=2andL:0.

similar state with concentrations aroufié= (2n + 1), n = 0, 1, .... Simultaneously, the mean field amplitude,

Gp (1), shows reversals of sign. This sequence occurs on a relatively long timescale and reminds one of a low-order
dynamical system with perturbed heteroclinic orbits. In fact, such orbits are expected near the Takens—Bogdanov
bifurcation (in which a complex pair of eigenvalues bifurcate to instability with zero frequency), which are known

to occur for populations with bi-modal frequency distribution [25]. Thus, finite sampling can lead to phenomena
more usually associated with populations with more complicated frequency distributions.

11. Conclusions

In this study, we have explored the transition to synchronization in a population of weakly coupled oscillators
governed by the continuum limit of Kuramoto’s model. What we have seen is that, when the coupling strength
exceeds some noise-dependent threshold, the population develops spike-like solutions with noisy boundary layers
(for D # 0), or into a delta function (whep = 0). This behaviour parallels what happens in the discrete version
of the Kuramoto model.

However, the discrete model also has other features not captured by the PDE if the population is finite. For
example, we have seen that much more complicated behaviour can occur for sub-threshold coupling strengths.
Here, the finite population has complicated temporal dynamics and behaviour (ephemeral coherent structures,
switching patterns) which reminds one of the spatio-temporal complexity seen in the complex Ginzburg—Landau
and Kuramoto—Sivashinsky equations. Certainly, this dynamics deserves more investigation.

The onset of synchronization in the Kuramoto model is quite unlike what happens in nearly inviscid shear flows
and almost ideal plasmas, despite similarities in the linear stability problem. There, a global instability “overturns”
the equilibrium structure in a thin critical layer, leading to the formation of a cat’s eye pattern. In the characteristic
curves, this pattern corresponds to an array of elliptic islands and hyperbolic points connected by separatrices, much
like the phase portrait of the pendulum. For the Kuramoto model, the instability develops in very different way,
and the structure of the characteristic curves is rather different. Moreover, we have also seen that the sub-threshold
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dynamics of the coupled oscillators is unlike that of the plasma or fluid. Thus not all bifurcations of modes from
a continuous spectrum are governed by similar dynamics. This raises the question of what details of the problem
are important to determining the dynamics of the instability, and poses the problem of catagorizing the different
kinds of bifurcations. Certainly, we have ignored one important aspect of the fluid and plasma systems: both have
an underlying Hamiltonian structure of a similar flavour. Curiously, and by contrast, in another recent model of a
coupled oscillator population [26] (with a built-in Hamiltonian structure) the bifurcation to instability is identical

to the plasma and fluid problem.

Lastly, it has been suggested [3,4] that the Kuramoto model is very special in the form of its mean-field interaction.
More specifically, the coupling has the form,—lKan(en — 0 With f(¢) = sing. With this coupling, a
characteristic scaling of the order parameter emerges in the vicinity of the critical coupling strergth: — K¢)*
with o = % Yet, Daido and Crawford and Davies suggest that couplings yth a generic function, produce
ordered states that do not scale in this way. In fact 1 is the typical case.

Daido’s analysis is based on a generalization of Kuramoto’s theory, and considers steadily oscillating, noise-free
populations; effectively, it generalizes the contents of Section 7.4. Daido contends with arbitrary coupling functions
and intrinsic frequency distributions; his theory becomes mathematically complicated as a result. Crawford and
Davies present a theory based on an extension of the centre-manifold method. They are able to extract systematically
the scalingy, but the result of the theory is an amplitude equation for the unstable mode containing an infinite number
of terms. Neither Daido nor Crawford and Davies offer an intuitive physical explanation akwhy is the generic
scaling and Kuramoto’s scaling is special.

To explore this issue further we have performed some additional studies with the coupling fugictipr:
sind + o sin . A key feature of this modified coupling term is that it neither changes the linear stability theory
of them = 1 mode, nor breaks the symmetpf, o, t) = p(—6, —w, t) (the origin of the generic scaling has
nothing to do with the existence of this symmetry). The latter allows us to write

G@6,1) = —G1(t) Sind — Go(¢) sin », (75)
where
oo 21
G () = am—lf / 00, w, 1)g(w) cosmb dd dw, m =1,2 (76)
—00J0

are a pair of new mean-field components, with corresponding order paramgtersg,, |.

The modification to the coupling function does not change any of the arguments surrounding the structure of
slightly noisy steady populations or the characteristic curves of the PDE: one still expects the steady populations
to divide into noisy synchronized boundary layers and a de-synchronized outer population, and the characteristic
curves to trace out orbits that converge to a section of the curve defined BYs = 0. Thus, although the geometry
of the synchronizing zone will be slightly modified, the overall aspect of the solutions should not be very different.
Indeed, this is precisely what one observes in simulations of the discrete model [4], and in Fig. 28, which shows
numerical solutions of the PDE with = —%; the appearance of the solution is little different from the “special”
Kuramoto case.

Despite the apparent similarity of the structure of the solution, the scaliggiofplies that the extent of the
synchronizing zone is much smaller in the generic case than for Kuramoto’s example (see also Fig. 28). To understand
why this is so, we have explored the numerical solutions in detail and derived a version of Daido’s theory in the special
case at hand. We conclude that the scaling is determined by the way that the oscillator population contributes to the
mean field. More specifically, Daido’s theory implies that, just beyond onset and for steady noise-free solutions,
we may divide the integrals in (76) into contributions from the synchronizing zone and from the de-synchronized
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Fig. 28. Panels (a) and (b) shgw®, w, t) att = 200 obtained from a numerical integration with= 0.8,a = 2, L = 0 and¢ = 0.001. The

coupling function isf (¢) = sing — % sin2p (soo = —%). In panel (a), we superimpose the liae= K G1 sin6 — %ng sin 29, on a contour

plot of p, whereG; andG, are set to the final, steady values obtained in the integration. The time histories of the order parameters are shown in
panel (c). In panels (d) and (e) we show the final value (at200 or more) of the order parametefsandr; as functions ofk . In panel (d),

we also display the same result for Kuramoto'’s couplimg= 0). The circles show the critical coupling fé& = 0 (K. = 2 — 4/x) and the

square in (d) show& ¢ for D = 0.01 (K. = 0.739). The dotted lines show the expected valueg ér D = 0 according to the current version

of Daido’s theory: for the compact frequency distributien~ 37*(K — Kc)/[8(r — 2)2(7 + 2)] andr, ~ (w2 — 4)G2/(47?). The dashed

line shows the asymptotic theory for Kuramoto’s case.

oscillators outside it. Further approximations in the vicinity of onset then indicate that, for the Lorentzian frequency
distribution (and assuming; positive),

16
G1=3KG1 + 3, 02+ O(K — Ko)®) and Go =0 (262 + G2) + O((K — K¢)®),

(77)
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which imply that

— 2 -
=SR2k ko 4 OK - Ko and ra= 27l k)2 1 O(K — Ko)). (78)

& 320 10290 |

The key feature of these formulae that is elementally different from Kuramoto’s case is the presencéfof the
contribution toG,. These areuter-fieldcontributions from the desynchronized oscillators. In other words, the onset

of the synchronization through = 1 induces a nonlinear mean field in the desynchronized part of the population
that organizes am = 2 response (measured By). This, in turn, reacts back on the synchronizing population to
limitits growth. The overall effect is a saturating, quadratic nonlinearity. For Kuramoto’s model, the outeefield
contributes to the mean field and the saturation of the instability occurs through a cubic nonlinearity coming from
the synchronizing zone (see Section 7). (This term is also present for the modified coupling, but lies at higher order.)
The nonlinear effects can also be observed in the numerical solutions. For example, Fig. 28 shows the ghaling of
andg, with K — K¢, which is in agreement with the asymptotic theory. (The computations are slightly dissipative,
and this shifts the onset of synchronization and modifies the solution branch.)

The quadratic saturation effect is quite different to what happens for a dissipative population. There, the controlling
nonlinearity is always cubic, which results from the rotational symmetry of the incoherent equilibrium and demands
that the amplitude equation be invariant with respect to changing the sigf pfthe amplitude of the unstable mode.

For the noise-free system, this symmetry effect no longer operates because the creation of a singular distribution in
p (the synchronized oscillators) immediately breaks the symmetry and allows quadratic nonlinearity to feed back
on the growing mode. In other words, the convergence to the irregular distribution breaks the Hopf scaling.
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