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KURAMOTO OSCILLATORS BIDIRECTIONALLY COUPLED IN A
RING

XIAOXUE ZHAO, ZHUCHUN LI, AND XIAOPING XUE

ABSTRACT. We consider the dynamics of bidirectionally coupled identical Kuramoto oscil-
lators in a ring, where each oscillator is influenced sinusoidally by two neighboring oscilla-
tor. Our purpose is to understand its dynamics in the following aspects: 1. identify all the
phase-locked states (or equilibria) with stability or instability; 2. estimate the basins for
stable phase-locked states; 3. identify the convergence rate towards phase-locked states.
The crucial tool in this work is the celebrated theory of Lojasiewicz inequality.

1. INTRODUCTION

Collective behaviors in coupled nonlinear oscillators have attracted numerous attentions
owing to its significance in both dynamical theory and various applications. Among coupled
nonlinear systems, we concern the sinusoidally coupled oscillators which was pioneered by
Kuramoto [I2], and recently it has been a hot topic in many scientific disciplines such
as neuroscience, nonlinear dynamics, statistical physics, engineering and network theory
[1, 18]. In this work, we study dynamical behavior of a finite group of Kuramoto oscillators
bidirectionally coupled in a ring by performing nonlinear stability analysis.

The classic Kuramoto model was set as a population of sinusoidally coupled oscillators
with all-to-all coupling. A lot of studies have been done for this model, see [4, 5] 6] [7, 9]
for example, and a nice property that is useful in analysis is the mean-filed property. For
identical Kuramoto oscillators with all-to-all coupling, it is well known that the phase syn-
chronization (in short, sync) is the only stable phase-locked state, which denotes the collapse
of all phases into a single phase, see [I7]. Hence, almost all initial configurations of phases
converge to the phase sync asymptotically. It is reasonable to guess that different asymptot-
ic patterns for Kuramoto oscillators can emerge depending on different network topologies.
For example, the literature [I7] studies stability properties of the Kuramoto model with i-
dentical oscillators by linear stability analysis and the authors presented a six-node example
to point out that a stable non-sync equilibrium arises for oscillators bidirectionally coupled
in a ring. Recently, Wiley, Strogatz, and Girvan [20] addressed the problem of “the size of
the sync basin” for the Kuramoto model with k-neighbor coupling

itk
9i:w+ Zsin(ﬁj—ﬁi), i1=1,2,...,N,
j=i—k
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by setting O ; := 0; and investigated the size of the sync basin. They found that when k/N
is greater than a critical value, then the phase sync is the only stable phase-locked state;
as k/N passes below this critical value, other stable phase-locked states are born which
takes the form of twisted waves (or splay-state). They also numerically investigate how
the size of basin of phase sync or splay-state depends on the winding number of the state.
In [I1} 19], the stability of phase-locking was considered for identical Kuramoto oscillators
unidirectionally coupled in a ring, which takes the form of a system on an asymmetric
network:

9i:w+Si1’l(9i+1—97j), 74:17277]\[

In particular, in [19], Rogge and Aeyels used an extended Gershgorin disc theorem to derive
the linear stability /instability of phase locking when the phase difference of neighboring os-
cillators is in either (=3, %) or (5, 37”), however, when phase differences equal to 5 or 37”,
the system is not hyperbolic and zero eigenvalues arise so that the linearization approach
does not work well. In [II], Ha and Kang performed nonlinear stability analysis and p-
resented nontrivial proper subsets of synchronization and splay-state basins with positive
Lebesgue measure in N-phase space. In this paper, we will concern the identical Kuramoto

oscillators bidirectionally coupled in a ring, which is given by the following system
(1.1) 0; = sin(0; 11 — 0;) +sin(f;_1 — 6;),  i=1,2,...,N.

The main tool is the theory of Lojasiewicz inequality of analytic potential, by which we
can determine the stability /instability of all possible phase locked states of , including
those with phase differences equal to 5 or 37”

The main contributions of this paper are as follows. First, we will identify the formation
and stability /instability of all phase-locked states for system (see Theorems and
. This also enables us to determine the exact number of (asymptotically) stable phase-
locked states (see Remark . Second, for the stable phase-locked states, we present their
basins with positive Lebesgue measure in N-phase space (see Theorem [4.2). Third, we
calculate the Lojasiewicz exponent for the stable equilibriums of and clarify that the
convergence towards the stable phase-locked states is exponentially fast (see Theorems

and .

Organization of paper.- In Section 2, we give some preliminaries. In Section 3, we
identify the formation and stability/instability of all phase-locked states. The Lojasiewicz
exponent of stable phase-locked states is also presented. In Section 4, we prove the conver-
gence of and give an estimate on the basin of stable phase-locked state. Section 5 is
devoted to be a brief summary of this paper.

2. PRELIMINARIES

We consider N(N > 3) coupled oscillators. The dynamics of the i-th phase 6; is governed
by the following system:

(2.1) .
Hi(O):Qio, 1=1,2,...,N.
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where we set 1 := 601. It is easy to see that sz\i 1 0, = 0, so the phase-locked solutions
of the system ([2.1)) are its equilibrium points. Let

N

(2.2) £0) = [1—cos(Bip1 —65)],
i=1

then system (2.1)) can be written as a gradient system

(2.3) 0=—Vf).

Next, we present some results for gradient systems with analytic potential. Consider the
following system

(2.4) i(t) = =V f(z()).
A crucial tool in this study is the nice theory for gradient inequality which was first developed
by Lojasiewicz [16]. In his earlier work he proved the following result.

Proposition 2.1. Let f : RY — R be a real analytic function.

(1) For any x. € RY, there exist a neighborhood N'(z.) of z« and some constants ¢ > 0
and r € (0, 3] such that

(2.5) (@) = f@)'" < el V@), ¥V o€ N(x).

(2) Let z(-) be a solution of (2.4). If {x(t)}{2, is bounded, then there exists an equilib-
TiUm Too such that x(t) — Too.

The inequality is referred as the celebrated Lojasiewicz’s inequality and the constant
e (0, %} is called the Lojasiewicz exponent of f at xyg. We note that for a non-equilibrium,
ie., Vf(x) # 0, the inequality certainly holds. However, when an equilibrium is
concerned, the above inequality reveals a fundamental relation between the potential and
its gradient near the equilibrium. Owing to this inequality, he could prove the second
assertion in Proposition [2.1} Thus, the Lojasiewicz inequality provides a powerful tool to
analyze the convergence of a trajectory towards a single equilibrium. To catch some idea
from Lojasiewicz inequality to convergence, we refer to [3] for the so-called finite-length
argument.

Furthermore, the value of Lojasiewicz exponent gives some information on the conver-
gence rate; more precisely, the convergence is at least algebraically slow if r € (O, %), and

1

exponentially fast if 7 = 5 (see [3]). Using similar argument as in [3] with Lojasiewicz

inequality, the following result can be obtained.

Proposition 2.2. [3,[14] Let f : RN — R be a real analytic function and z(-) be a bounded
trajectory of (2.4) which converges to an equilibrium r~. Let r, € (0, %] be the Lojasiewicz
exponent of f at xo. Then we have:

(1) If re = %, then there exist constants C, T, A > 0 such that
|2(t) — zoo|| < Ce™, t>T.
(2) If r < %, then there exist constants C,T > 0 such that
|z(t) — 2oo|| < C+ T3, t>T.

Based on Lojasiewicz inequality, Absil and Kurdyka [2] gave a sufficient and necessary
condition for the stability of equilibrium of gradient system. We restate it here and this
will be the main tool to identify the stability /instability for each equilibrium of (2.1)).
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Lemma 2.1. [2] Let f be real analytic in a neighbourhood of z, € R™. Then, z. is a
stable equilibrium of (2.4) if and only if z. is a local minimum of f. Furthermore, it is
asymptotically stable if and only if it is a strict local minimum.

Before we close this section, we present an inequality which will be useful in this paper.
Let us consider a symmetric and connected network G = (V,&) where V = {1,2,...,N}
and £ C V x V are vertex and edge sets, respectively. For a given network or graph
G, we assume that Kuramoto oscillators are located at the nodes of the network, and
they interact symmetrically through the interacting channels registered by the interaction
topology £. We say G = (V, £) is connected if for any two nodes i and j, there exists a path
i —> ki = ko — - = ks — j with (i,kl),(kl,kQ), (k‘g,kg),...,(lﬂs,j) € £. The distance
between i and j is the number of arcs in a shortest path connecting ¢ and j. We now state
a lemma from [10] as follows.

Lemma 2.2. [I0] Suppose that the graph G = (V,&) is connected and the set {~; : i =
1,2,...,N} has zero mean:

N
Z%‘ =0
i=1
Then, we have
N
1—|—d1am G)jE 2 ZI%I2 (JZ);SI —yl* < 2N;|vil2-

where diam(G) denotes the diameter of a graph which is the shortest distance between any
pair of nodes in G.

3. FORMATION AND STABILITY OF PHASE LOCKING

Let
(31) ¢2:(01+1_‘91) mod 27‘1’, i:1,2,...,N.
Without loss of generality, we may set ¢; € (—g, 7] foralli € {1,2,...,N}. By (2.1), the
variable (¢1, ¢2,...,¢n) satisfies the following equations:
(3.2) ¢i = sin i1 — 2sin ¢; + sin 1,

?i(0) = ¢io := iy1,0 — o, 1=1,2,...,N.

Next we identify the equilibriums of (3.2]) which also gives the formation of phase-locked
states for system ([2.1).

Theorem 3.1. Every equilibrium ¢ = (¢1,02,...,0n) to system (3.2)) corresponds to a
permutation of the vector

(3.3) (,...,0,m—a,...,m— ),
———

m N—m

where a € (—%,3%] and m € {0,1,..., N} satisfy ma+ (N —m)(m — a) = 2wk for some
keZ
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Proof. Let ¢ = (¢1,¢2,...,¢n) be an equilibrium of , that is,
sin ;41 — 2sin ¢; + sin ;1 = 0, i=1,2,...,N.
Let ¢1 = o, ¢9 = (5, then we have
sin ¢3 = 2sin 8 — sin «
sin ¢4 = 3sin f — 2sin«

sin ¢5 = 4sin f — 3sin«

singy = (N —1)sin 8 — (N — 2)sin«
singg = Nsinfg — (N — 1)sina
singg = (N 4+ 1)sin§ — Nsina.

Using singe = sinf,sin¢; = sina, we can get sinff = (N + 1)sinf — Nsina. Thus,
sina = sin 8. We plug this relation to (3.4]) to find that
sing; =singy = --- =sin¢y.

In view of the setting (3.1) and ¢; € (—%, 37”], the equilibrium of equation (3.2) is a
permutation of the following configuration

(3.5) (o, ..,,m—q,..., T —a),
———
m N—m

where m € {0,1,...,N}. As (92 —91) +(93 —92) + -+ (9]\[ —91\7_1)4- (9N+1 —QN) =0,
we have
ma+ (N —m)(m — a) =27k
for some k € Z with —% < 2wl < 3NT” O
Next we prove that the equilibrium of the form
. T T
(3.6) ba = (w), with o € (—5, 5) , No =27k, ke Z.

N
is the only stable equilibrium for (3.2)) or equivalently ({2.1]).

Theorem 3.2. The equilibrium in (3.6|) is the only stable equilibrium of (3.2]). Moreover,
The equilibrium in (3.6|) is asymptotically stable.

Proof. First, we use Lemma to show that the equilibrium of this type is the only stable
equilibrium for (2.1]). Let

N

(3.7) F0) = [1 = cos(Biy1 — 6:)],
=1

then system can be written as a gradient system

(3.8) 0 =—Vf(0).

Let 6* = (07,65, ...,0%) be an equilibrium of system (2.1). By Theorem it corresponds
to an equilibrium ¢* = (¢7, ¢35, ..., ¢} ) of (3.2) which is given by a permutation of

3.9 Qyoo y QT — Qe ey T — Q).
(3.9) ( )

m N—m
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We denote the index set Gy = {i : ¢ = a} and Go = {i : ¢ =7 — a} so that G UGy =
{1,2,...,N}. Let N(0*) be a neighborhood of 6*. For convenience we set
x; =0, — 0, Vi =Tiy1 — x5, t=1,2,... N.
For any 6 € N(0*), we have Zfil ~i = 0 and
cos(0iy1 — 0;) — cos(0; 1 — 07)
=cos(0ip1 —0; — 071 + 6] +07 1 —07) —cos(, —0;)
= cos(xit1 — xi) cos(0; 1 — 07) — sin(ziy1 — x;) sin(b; — 07) — cos(0;, — 6;).
Then we have

f(07) — f(0)
N N

= Z cos(bi+1 — 6;) — Z cos(07y1 — 0;)
— i=1

I
I

[cos(0i+1 — 0;) — cos(6;, — 6;)]

I
WE

1

<.
Il

I
WE

[cos(zit1 — x;) cos(0f, — 0F) — sin(wi1 — ;) sin(0},; — 07) — cos(0;, — 67)]
1

.
Il

[cos(wip1 — ;) cos a — sin(ziq1 — @) sinov — cos

1€G1
+ Z [(1 = cos(zit1 — ;) cos a — sin(zi11 — ;) sina
i€Ga
= cos Z (cos(xiy1 —x;) — 1) —sina Z sin(zij41 — ;)
1€G1 i€Gi
+ cos Z(l —cos(zijt1 — ;) — sina Z sin(zij41 — ;)
1€G2 1€G2

=cosa Z (1 —cos(xir1 — x;)) — Z (1 —cos(xjy1 —x;))| —sina Z sin(zj41 — ;)

1€Go 1€G1 1€Gy
= Cosa > (@ivr — 20)® + o(wirr — 2)") = > (i1 — 2:)* + o((wir1 — 2:)*))
i€Go i€G1
N
—sina Z [(ig1 — x) + o ((wiv1 — ml)?’)}
i=1
cos a i ] N N
== Z (7?+0(7§1))—Z (v +o0(7}))| —sina (Zm) +Zo(fy§)
| 1€G2 1€G1 i =1 =1
i i N
= | (o) =D (o ()| —sinad o (+).
| 1€G2 1€Gy i =1
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We now consider several cases depending on « and the configurations of G; and Gs.

(1) If o€ (—%,%) and Go = 0, we can get that f(*) < f(6), i.e., 6% is a local minimum
of f(0) in N'(6*). By Lemma [2.1] it is stable.

(2) Ifa e (—%,5) and Gy =0, then f(6*) > f(6) and f(6*) is a local maximum of f ()
in MV (6*). Hence, it is unstable.

(3) If o € (%,2F), this is equivalent to m — o € (=%, 3). By cases (1) and (2), we see
that the equilibrium is stable if G; = () and it is unstable if Go = ().

(4) If @ € (%, %] and both of G and G are not empty, we will show that 6* is not a
local minimum of f. Since N > 3 and both of G; and G- are not empty, we find at least one
of G1 and Gy contains two nodes. without loss of generality we assume 1 € G and 2,3 € Go.

Let 6! € N(6*) be corresponding to

Ol = (¢ + 26,05 — €, 05 — €, ¢4, 0%, ..., dN), with 0< | < 1.

This means v; = 2¢, 729 = 73 = —e¢ and 74 = --- = vy = 0. On the other hand, we let
6? € N'(6*) be corresponding to

02 = (1. 85 + €05 — €, ¢, 85, o), with 0<|e <1,
which means 4 = 0, 79 = —y3 = e and 74 = --- = 7y = 0. Note that these two choices
make f(6*) — f(0') and f(6*) — f(0?) produce different signs. So #* cannot be a local
minimum of f and this equilibria is unstable.
(5) If @ = 7, that is, 6* is corresponding to ¢* = (g,%,,g) Let 6. € N(6*) be
corresponding to
T i s
e— |5 2 v S o
¢ (2 MR
We use (3.7)) to find that

m™T ™
— €Ty Ty o ith 1.
€5 geng)s With 0<d<

N N
f(ee) _f(e*) — ;COSQﬁ; —;COSQﬁE,Z‘ = —cCos (g+26> — 2cos (g —6)

= sin2e — 2sine = 2sine(cose — 1).

The sign of f(6c) — f(0*) depends on the sign of e. This means that 6* is not a minimum
of f in N(6*). Therefore, it is unstable.

6) If « = 37”, we note that 7 —a = —§ ~ 37”, so 0* is corresponding to ¢* =
(37”, 37”, e 37”) In this case, we consider . € N(6*) corresponding to

3 9 3m 3T 3m 3w 3m

Pe = (2 T R R )

Similar to Case (5), we find the equilibrium is unstable.

We now summarize the above cases (1)-(6) to conclude that the only stable equilibrium

is the state ¢ = (o, «,...,a) with a € (—g, %) Furthermore, we can easily see from Case

(1) that 6* is a strict local minimum. Therefore, by Lemma we conclude that it is
asymptotically stable.

), with 0 < |e] < 1.

O

Remark 3.1. A classic method for stability/instability analysis is based on the linearization
and eigenvalues. In [19], Rogge and Aeyels applied Gershgorin disc theorem to perform
the linear stability analysis for phase locking with phase differences in (=%, %) or (§,50),
when the oscillators are unidirectionally coupled in a ring. However, this approach based
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on linearization does not work when the phase difference is 5 or 37” which produces zero

eigenvalue (system (3.2)) is not hyperbolic). In contrast, our analysis in Theorem does
not rely on any information on the algebraic spectrum of linearization, and we can determine
the stability/instability for all possible phase locked states.

Remark 3.2. In [8], the authors considered the number of different, linearly stable phase-
locked solutions for Kuramoto oscillators on a single-circle graph (unidirectionally coupled
in a ring) and gave an upper bound 2[] + 1. Here, [-] denotes the integer part of a given
positive number. For Kuramoto model (2.1)), by Theorem we can see that the number of
stable phase-locked states is exactly

N -1

2| —— 1.

Sl
Actually, the number of the stable non-phase-sync equilibriums of (2.1)) is exzactly the number
of integer k’s with

2kr = Na, «€ (—g,g), a#0,

which s given by 2 [%] Therefore, the total number of stable phase-locked states is given
by 2 [N + 1.

Remark 3.3. In the proof of Theorem|[3.4, we can find that for the stable equilibrium given

by ¢ = (o, @, ..., a) with a € (—g, %) and 0 € N(6%), the following relation holds:

N N N
cos a )
FE) = SO = |=—5= D (3 +0(3)) —sina) o (1) <CY 7,
i=1 i=1 i=1
where C is a positive constant.
Next,we will clarify that the Lojasiewicz exponent of the equilibrium (o, «, ..., a) with
a € (—%,3) is exactly 3.
Theorem 3.3. The Lojasiewicz exponent of f at equilibrium 6* corresponding to ¢o =
(a,a,...,«) with a € (—g,%) 18 %
Proof. For 0 € N(6*), we have
Oiv1 —0; +05 , —0F Oi—1—0; +07_ | —0F
cos 11 22 1 T~ cosa >0, cos Z2 =1~ cosa > 0.
We now estimate the gradient of f at § € N (6*) as follows:

IVF )13

[sin(9i+1 — 92) + Sin(@i_1 — 0»]2

I
WE

1

..
I

[sin(0i1 — 0:) + sin(0;_1 — 0;) — sin(6F,, — 67) — sin(67_, — 67)]°

I
M) =

1

-
Il

[2 COs Ot — 0i + 9;;1 —0 sin Oir1 — 0 — 9;11 0
2 2
i1 —0;+0;_,—-07  0;,_1—0;,—07_,+0772
5 sin 5 ]

|
.MZ

=1

+ 2 cos
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2 cos

Il
.MZ

.
Il

—
T

* * * * 2
O — 0 —; HHI _ ei sin xi+12_ i + 2 cos bio1 — 0 —g 01'—1 _ Hi sin xi_12_ xz]

byt — 0+ 67, —6; N A Y
2 cos 2 sm;—Qcos > sin >

|
.MZ

.
Il

—
r

2 cos

Oip1 —0i + 070 — 07 (i 3
5 (— + o(%; )) — 2cos

Oi1—0;+07_, — 07 (%’—1
2

2
' 5ot )|

I
,MZ

-
Il
A

v
Q

M=

2

1) i =i+ 0(7)) — o(viy)]

i=1

N
> Oy Z 7

i=1
Here, C; and Cs denote some positive constants, and we used Lemma for the last
inequality. Then we combine the above relation and Remark to find that

£0) = FO)2 <CIVFO), 0N (@),
for some constant C' > 0. ]

Remark 3.4. Theorem gives the first result for Lojasiewicz exponent of Kuramoto
model when the phases of equilibrium are distributed a arc which is larger than a quarter
of circle. Actually, in [14], 5] it was proved that the exponent is % when the phases are
distributed inside a quarter of circle. On the other hand, an example in [14] also shows that
the exponent can be less that % when they are distributed on the boundary of the quarter of
circle, which implies the algebraic convergence shown in [11]. In this paper, we show that for
Kuramoto model the exponent is still % which enables us to conclude the exponential

rate by Proposition |2.9 once we can show the convergence.

4. CONVERGENCE AND A BASIN FOR STABLE PHASE LOCKING

In this section, we will concern the global dynamics of system ([2.1)). We will show that
any trajectory of (2.1) must converge and we present a non-trivial subset of the basin for
the stable phase-locked state in (3.6)).

4.1. Convergence. A general form of the following theorem was presented in [13] for
gradient system with analytic and periodic potential. For readers’ convenience, we state it

for system ([2.1) and give a proof here.

Theorem 4.1. For any initial data, the solution of system (2.1)) converges to some equi-
librium.

Proof. First of all, system is equivalent to the gradient form , where the potential f
is real analytic and 27 —periodic, i.e., f(0+27K) = f() forany K € Z". Let 6 : RT — R" be
any solution of or (2.3). By we see that f(6(t)) is bounded and non-increasing in
time, then it must converge and without loss of any generality let’s say lim;_, . f(0(t)) = 0.

We now choose (t) € [0, 2r)™ such that

~

6(t) =6(t) mod 2.
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Since 0(-) is bounded, there exists a sequence {t;} with ¢; — oo such that 6(t;) — 6* as
k — oo for some 0* € [0,27]". We denote the index sets

Ji={j:0=0},  J={j:0 =2r}
Obviously, we have A )
f(0(te)) = f(0(ty)) — f(67) = 0.

For this §* € [0,27]" C R", by Proposition (1) there exist ¢ > 0, C > 0 and r € (0, 1]
such that

(4.1) 1f(8) = F(6)'" < CIVFO), Ve Bs(8"),

where B, (6*) denotes the ball in R” centered at §* with radius o. We can choose o suffi-
ciently small with o < min;e(i2, n)\(7us) 10,27 — 07 }. This implies that

0 = (01,0s,...,0,) € B, (0
(61,02 ) € Bol )}:>0i€(027r).

(42) .
1€ {1,2,...,71}\(J1 U Jo)

According to the settings of § and 6*, we can choose ty € {tr}72, such that
A~ ~ o ~ ro
. tn) — 0" - "(O(t —.
(43) 0(tx) 01 < S and 7 (B(tx)) < 22
Since O(ty) = O(ty) mod 27, we can denote O(ty) = 27Ky + 0(ty) where Ky € Z". We
then let 0" = 27 Ko + 0%, so by (4.3) we have ||0(tn) — 07| < 5. Let
=inf{t >ty : ||0(s) = 0%|| < o, Vs € (tn,t)}.

We claim that T' = oo. Otherwise, we have T' < co and

(4.4) 16(t) — 0*|| < o, Vte[ty,T), and ||6(T) -0 =o.
For t € [ty,T), we define 0(t) = (01(t), 02(t), ..., 0,(t)) € [0,27]" as follows:
(0:(t), ie{1,2,...,n}\ (J1U.Jy),
0:(t), ieJ and 6;(t) —60; >0,
0:(t) =< 0i(t) —2n, ieJy and 6;(t) -6 <0,

0:(t)+2r, ieJy and 6;(t) —6; >0,
0:(t), ieJy and 6;(t) — 67 <0.

Then with we can see that

(4.5) 0(t) =60(t) mod 2r, and ||6(t) — 6| <o, Vtetn,T).

Now for ¢t € (tn,T), we combine , and to derive
d T _ r— d
5/ (0) = —j‘f 1(9(t))£f(9(t))
=N OV FO@)]
> LIV f@)]
= =IVFAO@)I,

Q‘EQ
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where we used the 2m-periodicity of f and V f, and the relation 0(t) = (t) = 6(t) mod 2m,
to see that f(6(t)) = f(6(t)) and Vf(0(t)) = Vf(6(t)). By integrating the above relation
we obtain .
r
fr0n)) = f70() =2 5
tN

This, together with (4.3]), implies that

IVF(0(s))ds|l, Vte (tn,T).

T o
| 19 ses) s < 5.
tn
Therefore, we have
16(T) — 07[| < [|0(T") — 0(tw)|| + [|0(tn) — 07|

T
g/ 16(s)llds + [18(tx) — 6%

tN

< 2
—0.
3

This contradicts (4.4). So we conclude that T = oo, that is, [|0(t) — 6*|| < o for all
t € [tn,00). This proves the boundedness of the trajectory 6(-), and we recall Proposition
(2) to see it converges. By the choice of 8*, we easily find that 6(t) — 6*. Furthermore,
we insert 1" = oo to the above relations and obtain

/ "IV s < 7 < .

This implies that limy_ |V £(0(t))]| = 0. Recalling that 0(t,) — 6%, so we have
IVfE)I = lim [[VFO(t)]| = 0.
—00
Hence, 6* is an equilibrium. O
4.2. Basin. For a given configuration ¢ = (¢1, ¢2, ..., ¢n),we introduce the indices
M € argmin¢; and m € argmax ¢;,
(2 (2

then we have ¢pr = maxj<i<n ¢; and ¢, := minj<;<n ¢;. Let ¢(t) be the solution of (3.2)).
For time-varying configuration ¢(t), the indices M and m depend on t and the extremal

phase differences ¢ — ¢y, is Lipschitz continuous and piecewise differentiable. We will
show that the set:

Boon = {$ €R": =2 < 6m < b1 < T |

Lemma 4.1. Let ¢ be the smooth solution to system ([3.2) with initial condition ¢po € Beon-
Then ¢pr is noninceasing and ¢, is nondecreasing for all t € [0, +00).

Proof. e Step 1: Suppose for some T' € (0, cc] we have

—*727 < ¢m(t) < (Z5M(t) < *;T, t e [0,1 )
Then for ¢t € [0,T"), we have
™ Oyl — Om Om+1 — Pm ™
- — L - T K < - —
5 < 5 0, 0 5 < 5

¢m - ¢m71

O —Pm—1 T T
o< ——— — —— —— T -0
- 2 <27 2< 2 -
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and for any 1 <7 < N,
T _ ¢t T
2 < 2 < 2"
For a.e.t € [0,T) we can derive
bar(t) = (sin ppr1 — sindar) — (singas — sin gpr_1)
2 2 2 2
and

¢m(t) = (Sin Gm+1 — sin ¢m) - (Sin Gm — sin ¢m71)
— 92¢0os <¢m+1 + ¢m) sin <¢m+1 - Qbm) — 9¢cos <¢m + ¢m1> sin <¢m - ¢m1) > 0.
2 2 2 2

Therefore the continuous function ¢y, is nonincreasing and ¢,, is nondecreasing in the time
interval [0,7).
e Step 2: We define a set T

T = {T>O‘ —g<¢m(t) < u(t) < g Vit e [o,T)}.

Since —F < ¢ (0) < ¢ar(0) < 7, by continuity there exists 6 > 0 such that
—g < o (t) < om(t) < g, t €10,9).

That is T # 0. Let Ty = sup7. We next claim that Ty = co. Suppose not, i.e., Tp < oo.
Then by the definition of Ty, this yields

(4.6) either liminf ¢/ (t) = T or lim sup ¢m(t) = —E,
t=Ty 2 =T 2
and
T

7r
_5 < ¢m(t) < ¢M(t) < §a
By the analysis in Step 1 we get

QZ)m(O) < ¢m(t) < ¢M(t) < ¢M(0)7 t e [O,To).

Vit e [O,To)

This implies
lim grr(t) < ar(0) < 5 and  lim é(t) > 6 (0) > -

t—=Ty t—=Ty

which contradicts (4.6)). This proves that Ty = oo and we conclude that ¢j; is nonincreasing
and ¢,, is nondecreasing for all ¢ > 0. O

Theorem 4.2. Let ¢ be the smooth solution to system (3.2)) with initial condition ¢o € Beon
which satisfies

I

bo | 3

N

N N
Z(bio =2kmw  for some k with — 1 <k< R
i=1

Then we have
2km

Am ¢t) = 1w

Furthermore, the convergence is exponentially fast.
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Proof. Step 1: We refine the estimate in Lemma and claim that: (i) ¢, is strictly
increasing; (ii) ¢y is strictly decreasing. We will prove (i) and ignore the proof for (ii) since
they are similar. Note that

G (t) = (SIN g1 — SN Gy ) — (SID Py — SIN Ppy—1) > 0.

If ¢, is not strictly increasing, then we can find some open interval I such that
(Sin @41 — Sin ¢y, ) — (sin @y, — singy,—1) =0 on 1.

Then it follows from the graph of sinusoidal function on ( oy 2) that we should have

either  @Om = Qm—1=Pm+1 OF  Omt1 < P < Om—1-
The second case certainly contradicts the definition of ¢,,. So we should have

Om = Pm—-1 = Pm+1 on I.
This implies that for ¢t €
0= 0m = bmi1 = (SN G2 — SN Gpy1) — (SN g1 — Sin Gpy) = SN Gy — SIN Gy
Using similar argument we can obtain
O1 = Om, Vtel, V1<l m<N,

which implies that ¢ is an equilibrium. However, this contradicts the initial condition which
is not an equilibrium. Thus, ¢,, is strictly increasing.

Step 2: Following the result in Step 1, we have

5 < 0m(0) < Om(t) < dar(t) < 31(0) < T
This implies that ¢y, (t) and ¢/ (t) converge as t — oo and
(4.7) I < hm(0) < Jim @y () < lim o (t) < oar(0) < z

2

By Theorem [4.1} H and Theorem [3.1] - we see that the Solutlon of or . converges to
some phase-locking with ¢; being o or m — « for some « 6 . Therefore, we have

ggﬁﬂﬁgﬁﬁMwe{%ﬂ—a}

c ( s 7r> o c T 3T
=) Ty
we invoke the relation (4.7) to find that for any 1 <i < N,

- _ _Tr
moa=os (5.3).

On the other hand, we have a conservation law that

N N
ST hi(t) =Y ¢i(0) = 2km, >0,
=1 =1

Since

Thus, we have

2k
Na = lim Z(ﬁz = 2km, ie, a= il

t—o00
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That is, ¢(t) converges to the splay-state 2’“TwlN as t — oo.

Finally, we use Theorem and Proposition to conclude the exponential rate (see

Remark . ]
Remark 4.1. (1) If ¢o satisfies the framework in Theorem with k # 0, then Theo-

rem [4.2 tells that the trajectory exponentially converges to a splay state.
(2) If the initial configuration satisfies

N
R (D) vicnan v md S0
=1

then the constant k in Theorem[].q equals 0. As a consequence, we get the following
result

N
Na =tg@o2¢i<t> =0

That is, a = 0. In other words, the trajectory exponentially converges to a phase
sync state.
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