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ABSTRACT. We consider the dynamics of bidirectionally coupled identical Ku-
ramoto oscillators in a ring, where each oscillator is influenced sinusoidally by
two neighboring oscillator. 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 at-
tracted 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 [12], and recently it has been
a hot topic in many scientific disciplines such as neuroscience, nonlinear dynamics,
statistical physics, engineering and network theory [2, 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, 5,7, 8, 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 synchronization (in short, sync) is the only stable phase-locked
state, which denotes the collapse of all phases into a single phase, see [17]. Hence,
almost all initial configurations of phases converge to the phase sync asymptotically.
It is reasonable to guess that different asymptotic patterns for Kuramoto oscillators
can emerge depending on different network topologies. For example, the literature
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[17] studies stability properties of the Kuramoto model with identical 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 identical Kuramoto oscillators with k-neighbor coupling
itk
i =w+ > sin(f; —0;), i=1,2,...,N,

j=i—k

by setting O ; := ;. One can assume w = 0 by applying substitution 6; — 6; +wt.
In [20] 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 [11, 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:

0; =sin(fi1 —0;), i=1,2,...,N.

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 oscillators is in either (=%, %) or (5, 3); however, when phase dif-
ferences equal to 7 or 37”, the system is not hyperbolic and zero eigenvalues arise so
that the linearization approach does not work well. In [11], Ha and Kang performed
nonlinear stability analysis and presented nontrivial proper subsets of synchroniza-
tion and splay-state basins with positive Lebesgue measure in N-phase space. In
this paper, we will concern the identical Kuramoto oscillators bidirectionally cou-
pled in a ring, which is given by the following system

éi :sin(HH_l 792')‘{»8111(01‘_1 791'), 1= 1,2,...,N. (11)

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 (1.1),
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 (1.1) (see
Theorems 3.1 and 3.2). This also enables us to determine the exact number of
(asymptotically) stable phase-locked states (see Remark 3.4). Second, for the stable
phase-locked states, we present their basins with positive Lebesgue measure in N-
phase space (see Theorem 4.3). Third, we calculate the Lojasiewicz exponent for
the stable equilibriums of (1.1) and clarify that the convergence towards the stable

phase-locked states is exponentially fast (see Theorems 3.6 and 4.3).

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 convergence of (1.1) 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:
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91’ = sin(9i+1 — (9,) + Sil’l(ei_l — Hi), (2 1)
0;(0) =00, i=1,2,...,N, '
where we set Oy11 := 61. It is easy to see that vazl éi = 0, so the phase-locked
solutions of the system (2.1) are its equilibrium points. Let

f@)ZE:ﬂ—wwwﬂl—&ﬂ, (2.2)

then system (2.1) can be written as a gradient system
0= —Vf(h). (2.3)

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

B(t) = =V f(x(t)). (2.4)

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 : RV — R be a real analytic function.

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

[f(2) = f@)]' " < ellVF@)Il, Vo € N(a). (2.5)

2. Let () be a solution of (2.4). If {x(t)}52, is bounded, then there exists an
equilibrium xo such that x(t) = Zeo.

The inequality (2.5) is referred as the celebrated Lojasiewicz’s inequality and
the constant r € (0, %] is called the Lojasiewicz exponent of f at xg. We note
that for a non-equilibrium, i.e., Vf(z) # 0, the inequality (2.5) certainly holds.
However, when an equilibrium is concerned, the above inequality reveals a funda-
mental 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
convergence rate; more precisely, the convergence is at least algebraically slow if
r € (0,1), and exponentially fast if r = 1 (see [3]). Using similar argument as in

2
[3] with Lojasiewicz inequality, the following result can be obtained.

Proposition 2.2. [3, 14] Let f : RV — R be a real analytic function and z(-) be a

bounded trajectory of (2.4) which converges to an equilibrium xo. Let 7, € (0, 1]

2
be the Lojasiewicz exponent of f at Too. Then we have:
1. Ifr, = %, then there exist constants C,T,\ > 0 such that

2(t) — 200 < Ce™ ™, t>T.
2. Ifr. < %, then there exist constants C,T > 0 such that

[#(t) — zo|| < Ct™ T35, t>T.
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Based on Lojasiewicz inequality, Absil and Kurdyka [1] 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).

Lemma 2.3. [1] 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 ¢ and j, there exists a path ¢ — ki1 — ky — -+ — ks — j with
(i,k1), (k1,ka), (k2,k3), ..., (ks,j) € E. The distance between ¢ and j is the number
of arcs in a shortest path connecting i and j. We now state a lemma from [10] as
follows.

Lemma 2.4. [10] Suppose that the graph G = (V,€) is connected and the set
{vi:1=1,2,...,N} has zero mean:

N
Z v = 0.
=1

Then, we have

2N ol al
—E 12 < E L '2<2N§ |2
1+ diam(G)|&°| i—1 hl” < i =il < il

(i.5)e€ =1

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
¢i:(9¢+1—9¢) mod 271', 221,2,,N (31)

Without loss of generality, we may set ¢; € (fg, 37”] for all i € {1,2,...,N}. By

(2.1), the variable (¢1, ¢, ..., dn) satisfies the following equations:
bi = sin i1 — 2sin @, + sin @1,
$i(0) = ¢io := Oit1,0 — bio, i=1,2,...,N.

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

(3.2)

Theorem 3.1. Every equilibrium ¢ = (¢1,¢2,...,dn) to system (3.2) corresponds
to a permutation of the vector

(a,...,,m—q,..., T —a), (3.3)
—_—— — ——
m N—m

where o € (—%,2%] and m € {0,1,..., N} satisfy ma+ (N —m)(m — a) = 21k for
some k € Z.
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Proof. Let ¢ = (¢1, ¢2,...,¢n) be an equilibrium of (3.2), that is,
sin ¢;41 — 2sing; +sing;—1 =0, i=1,2,...,N.

Let ¢1 = a, ¢ = 3, then we have

sin ¢3 = 2sin 8 — sin «

sin gy = 3sinf — 2sin«

sin ¢5 = 4sin § — 3sin«

(3.4)

singy = (N —1)sinf8 — (N —2)sina

sing; = Nsinf — (N — 1) sina

singo = (N + 1)sin 8 — Nsina.

Using sin ¢o = sin 3, sin ¢; = sin «, we can get sin 8 = (N +1) sin 8 — N sin a. Thus,
sin a = sin 3. We plug this relation to (3.4) to find that

sin¢; =sings = --- =singy.
In view of the setting (3.1) and ¢; € (fg, %’r], the equilibrium of equation (3.2) is
a permutation of the following configuration
(,...,a,m—a,...,mT— ), (3.5)
—_—— ——
m N—m

wherem € {0,1,...,N}. As (02—01)+(03—02)+ - -+(On—0n_1)+(On+1—0N) =0,

we have
ma+ (N —m)(r — ) = 27k

for some k € Z with —%<27Tl§?’NT’T. O

Next we prove that the equilibrium of the form
bo = (@, ..., ), with « € (—g,g), Na =2rk, ke Z. (3.6)

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 2.3 to show that the equilibrium of this type is the
only stable equilibrium for (2.1). Let

N
f@):}jp—w%wﬁl—mﬂ, (3.7)

K2

then system (2.1) can be written as a gradient system
6 =—Vf(0). (3.8)

Let 0% = (07,05,...,0%) be an equilibrium of system (2.1). By Theorem 3.1 it
corresponds to an equilibrium ¢* = (¢F, ¢3,...,¢%) of (3.2) which is given by a
permutation of
(ay...,a,m—q,...,m—a). (3.9)
—_—

m N—m



328 XIAOXUE ZHAO, ZHUCHUN LI AND XIAOPING XUE

We denote the index set G; = {i : ¢f = a} and Go = {i : ¢} = 7 — a} so that
G1UGy = {1,2,...,N}. Let N(6*) be a neighborhood of §*. For convenience we
set

331:91—9;*, Yi = Ti+1 — Ty, iZl,Q,...,N.

For any 6 € N'(6*), we have Zfil ~i = 0 and
cos(0iy1 — 0;) — cos(0;,, — 0;)
=cos(0iy1 —0; — 07 1 + 07 + 071 — 07) —cos(0;,, —07)
= cos(wir1 — x;) cos(07, 1 — 07) — sin(wijp1 — ;) sin(0;,, — 0;) — cos(0;,, — 07).

Then we have

£07) = £(0)
N N
= Zcos(&,-.;.l —0;) — Zcos(@fH —07)
N

= " [cos(i+1 — 0:) — cos(0741 — 67)]

=1

N

Z [cos(zi41 — 24) cos(07 41 — 07 ) — sin(zi41 — ) sin(0; 1 — 07 ) — cos(071 — 67)]

=1

= Z [cos(zit1 — i) cos o — sin(zip1 — @) sina — cos a
1€Gq
+ Z [(1 — cos(ZTi+1 — i) cos a — sin(zi4+1 — ;) sin a}
i€G2
=cosa Z (cos(xit1 —xi) — 1) —sina Z sin(ziy1 — ;)

1€Gy i€Gy
+ cosa Z (1 —cos(ziy1 — x;)) —sina Z sin(zit+1 — ;)
1€Go 1€Go
= cosa |:Z (1 = cos(wit1 — xs)) — Z (1 —cos(ziy1 — xi))
i€Go i€G1

—sina Z sin(zi41 — x5)

1€Gq
= Cosa {Z (i1 = 2:)* + o((wirr —x)") = D ((@ig1 — 2:)° + o((wi1 — -Ti)4)):|
i€G2 i€G1

— sinaz [(iy1 — i) + o ((wiy1 — sz)3)]

= e ngz (7 +0(31)) —iezgl (7?+0(%-4))} —sina (iv) +§;0(Wf’)
=== LZQQ (W?JrO(v?))*iEZgl (v +o (v } ’Smaz %)

We now consider several cases depending on « and the configurations of G; and Gs.

(1) Ifae (- 5 7) and G = 0, we can get that f(6*) < f(0), i.e., 6 is a local
mlmmum of () in N (#*). By Lemma 2.3, it is stable.
)Ifa € (—=%,%) and G, = 0, then f(6*) > f(0) and f(6*) is a local maximum
of f( ) in A/ (6*). Hence, it is unstable.
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(3) If @ € (%, 2F), this is equivalent to m — a € (=%, %). By cases (1) and (2),
we see that the equilibrium is stable if G; = 0 and it is unstable if G, = 0.

(4) If « € (=%, %] and both of G; and G are not empty, we will show that ¢*
is not a local minimum of f. Since NV > 3 and both of G; and Gs are not empty,
we find at least one of G; and G- contains two nodes. without loss of generality we

assume 1 € Gy and 2,3 € Gy. Let 6} € N'(0*) be corresponding to

Ol = (9] + 26,05 — 6,05 — €, 05, %, ..., dN), with 0<|e] < 1.

This means ;3 = 2¢, 79 = v3 = —€ and 4 = -+ - = vy = 0. On the other hand, we
let 62 € N'(6*) be corresponding to

97 = (91,05 + 6,05 — €04, 5, ), with 0< e[ <1,

which means vy = 0, 72 = —y3 = € and 74 = --- = vy = 0. Note that these two
choices make f(6*) — f(01) and f(0*) — f(6?) produce different signs. So 6* cannot
be a local minimum of f and this equilibria is unstable.
(5) If a = T, that is, #* is corresponding to ¢* = (g, T, %) Let 6. € N(6*)
be corresponding to
b = (ngZe,g—e,gfe,g,g,...,g), with 0 < |e] < 1.
We use (3.7) to find that

f(0e) — 1 (67)

N N
Zcos o; — ZCOS Qe.i
i=1 i=1
T T
Con(g 2 2o -
cos(2+ € cos 5 €
= sin2e¢ — 2sine = 2sine(cose — 1).

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

6) If « = 37“, we note that 7 — a = -5 ~ 37”, so 6* is corresponding to
o* = (37”, 37”7 e 37”) In this case, we consider 6. € N (6*) corresponding to

2 —
+ 672’27 72

P L 3m_ 3r_ 3w 3w 3«
<\ Ty T

), with 0 < |e| < 1.

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, «, ..., ) with a € (—g, g) Furthermore, we can
easily see from Case (1) that 6* is a strict local minimum. Therefore, by Lemma
2.3 we conclude that it is asymptotically stable. O

Remark 3.3. 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 differ-

ences in (=%, %) or (%,37), when the oscillators are unidirectionally coupled in a

ring. However, this approach based on linearization does not work when the phase
difference is Z or 2F which produces zero eigenvalue (system (3.2) is not hyperbolic).
In contrast, our analysis in Theorem 3.2 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.
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Remark 3.4. In [6], the authors considered the number of different, linearly stable
phase-locked solutions for Kuramoto oscillators on a single-circle graph (unidirec-
tionally 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
3.2 we can see that the number of stable phase-locked states is exactly

N -1
S
Actually, the number of the stable non-phase-sync equilibriums of (2.1) is exactly
the number of integer k’s with
23). e
which is given by 2 [%] . Therefore, the total number of stable phase-locked states
is given by 2 [%} + 1.

2kmr = Na, «€ (—

Remark 3.5. In the proof of Theorem 3.2, we can find that for the stable equilib-
rium given by ¢o = (a, @, ...,a) with o € (—%,%) and 6 € N(0*), the following
relation holds:

N N N
. cos « .
F(07) = O] = |———D_ (7 +o(3)) —sina Y o (v))| <CH A,
i=1 i=1 i=1
where C' is a positive constant.
Next,we will clarify that the Lojasiewicz exponent of the equilibrium (o, . . ., @)
with a € (=%, %) is exactly 3.

Theorem 3.6. The Lojasiewicz exponent of f at equilibrium 0* corresponding to
o = (,,...,a) with a € (—g,g) is %

5.
Proof. For 6 € N(0*), we have
Oip1 —0i + 07, — 07

cos 5 ~cosa >0
0;,—1—0; + 9;_1 — (9;K
cos 5 ~cosa >0
We now estimate the gradient of f at 6 € N'(6*) as follows:
IV O3
N

=3 [sin(8is1 — 0,) + sin(8—y — 6,)]?
1

.
Il

[sin(0;41 — 6;) + sin(0;—1 — 0;) — sin(0;,, — 0;) — sin(#;_, — 9-*)]2

K2

I
M=

.
Il
—

{2 cos Oiv1—0; 'g 071 — 07 sin Oiv1 — 0; ; 071 + 67

92‘,1 - 91 + 9;—1 - 05 . 91‘71 - ei B 9?—1 + 9: 2
sin :|

Il
.MZ

s
Il
—

7

2
+ 2 cos 5 5

Ois1 —0; + 07, — 07 i+1 — T
:Z{Qcos e 5 Cn S sinxﬂ2 x

—

1=
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+ 2 cos

Oi1—0;+0; 1 —07 x; y— xi]z
sin

2 2
Oip1 —0; + 07, —07 Oi1—0i+6; =0  yi1]?
2 cos sin — — 2 cos sin

2 2 2 2

[
AMZ

=1

Oiv1 —0;+07 4 — 07 /v 3
[2 o8 2 (5 + o0 )>

|
KMZ

i=1

O — 004 05— 07 /v 2
— 92cos 2L 5 ! (721 +0('Y?71))}
N 2
>C Y [ —yic1 +0(4)) —o(viy)]
i=1

N
> Oy Z’Y?
i=1

Here, Cy and C5 denote some positive constants, and we used Lemma 2.4 for the
last inequality. Then we combine the above relation and Remark 3.5 to find that

£(8) — F(6")|2 < CIIVf(O)], 0 N(O),
for some constant C' > 0. O

Remark 3.7. Theorem 3.6 gives the first result for Lojasiewicz exponent of Ku-
ramoto model when the phases of equilibrium are distributed in an arc which is
larger than a quarter of circle. Actually, in [14, 15] 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 system (2.1) the expo-
nent is still % This will enable us to conclude the exponential rate by Proposition

2.2 once we can show the convergence towards such an equilibrium.

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
equilibrium.

Proof. First of all, system (2.1) is equivalent to the gradient form (2.3), where the
potential f is real analytic and 2w —periodic, i.e., f(8+27K) = f(0) for any K € Z".
Let 6 : RT — R™ be any solution of (2.1) or (2.3). By (2.3) 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 limy_,o, f(0(t)) = 0. We now choose 0(t) € [0, 2r)™ such that

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

Ji={j:06;=0}, J={j:0; =2r}.
Obviously, we have
FO(t)) = f(B(t) — f(8%) = 0.
For this 6* € [0,27]™ C R", by Proposition 2.1 (1) there exist ¢ > 0, C > 0 and
rE (O, %] such that
[£(0) = F(O)"" < CIIVFO)], V6 € By (07, (4.1)

where Bg(é*) denotes the ball in R™ centered at §* with radius o. We can choose
o sufficiently small with o < min;eq12,. n)\(7,u5)107, 27 — 07 }. This implies that

0= (01,05, ....,0,) € By (0"
/ (6,62 ) (©) = 6, € (0,2n). (4.2)
S {1,2,...,”}\(J1UJ2)
According to the settings of § and 6*, we can choose ty € {t;}32, such that
10(tn) =6l < 5 and fT(B(tn)) < 22 (4.3)

Since 0(ty) = 0(ty) mod 27, we can denote 0(ty) = 2rKo+0(ty) where Ky € Z".
We then let 6% = 27 Ko + 6%, so by (4.3) we have [|0(tx) — 0*|| < . Let

T =inf{t >ty : [0(s) — 0%| < o, Vs € (tn, 1)}

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

16(¢) = 0%|| <o, Vtetn,T), and |6(T)—0"| =o. (4.4)
For t € [ty,T), we define 0(t) = (01(t),05(t),...,0,(t)) € [0,27]" as follows:
0:(t), ie{1,2,....n}\ (J1UJ),
0.(t), ieJ, and 6;(t)— 0 >0,
0:(t) =< 6;(t) —2m, ieJ; and 6;(t)— 0 <0,
0:(t) + 2, i€Jy and 6;(t) — 07 >0,
0:(t), ieJ, and 6;(t)— 60 <0
Then with (4.2) we can see that
0(t) = 0(t) mod 2w, and [|0(t)—0%|| <o, Vtetn,T). (4.5)

Now for ¢ € (tny,T), we combine (2.3), (4.1) and (4.5) to derive

d T _ r—1 d
gl @) = —rf ~(W))affe(t))
=rfTHOW)IVOW)]

> ZIVFEW)]
= ZIV i)l
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where we used the 2m-periodicity of f and Vf, and the relation 0(t) = 0(t) = 0(t)
mod 27, to see that f(0(t)) = f(0(t)) and Vf(6(¢t)) = Vf(0(t)). By integrating the
above relation we obtain
¢
T
FrOn) = f100) 2 5 | IVFO(s))ds|l, Ve (tn, T).
tN
This, together with (4.3), implies that
T o
[ 19sesn1as <.
tN
Therefore, we have
16(T7) = %[l < [[0(T) — 6(tn)[l + [|6(En) — 67|

T
< [ 168G ds + oen) — o]

< 50'.

This contradicts (4.4). So we conclude that T" = oo, that is, ||#(t) — %] < o for
all t € [ty,00). This proves the boundedness of the trajectory 6(-), and we recall
Proposition 2.1 (2) to see it converges. By the choice of 6*, we easily find that
0(t) — 0*. Furthermore, we insert T'= co to the above relations and obtain

[ 1906 < S <

tn
This implies that limy_,oc |V.f(8(t))]| = 0. Recalling that 8(t;) — 6*, so we have
IV£6%)] = Jim [ V70t = 0.

Hence, 6* is an equilibrium. O
4.2. Basin. For a given configuration ¢ = (¢1, ¢2, ..., ¢ ),we introduce the indices
M € argmiin ¢; and m € argmax oi,
then we have ¢y = maxi<;<y @; and ¢, = minj<,<n ¢;. Let ¢(t) be the solution
of (3.2). For time-varying configuration ¢(¢), the indices M and m depend on ¢

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

™ ™
Bcon:{¢€Rn:_§<¢mS¢M<§}-

Lemma 4.2. Let ¢ be the smooth solution to system (3.2) with initial condition
¢0 € Beon. Then ¢pr is noninceasing and ¢, is nondecreasing for all t € [0, +00).

Proof. e Step 1. Suppose for some T' € (0, co] we have
—5 <on®) <éu®) <3, tel0,D).
Then for t € [0,T), we have

T OM+1 — PM T
T Pl = Om T
2 2 - 2 2’
0< dm — b1

<7r 7r< <0
2 2’ 2 -7
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and for any 1 <i < N,
T Qi1+ T
2 < 2 < 2"
For a.e.t € [0,T) we can derive

G (t) = (singpr1 — singnr) — (sindar — sinpas_1)

= 2cos <¢M+12+ ¢M) sin <¢M+12_ (bM)

9 <¢M+¢M—1> . <¢>M¢M—1>

<0

)

and
(Z.Sm(t) = (Sin ¢m+1 — sin ¢m) - (Sin (bm — sin ¢m71)

= 2cos (quﬂ;_ (bm) sin <¢m+12_ ¢m>

2 <¢m+¢m1> . (¢m_¢m1>

—Z2CO08| —mmm——— |sm| ————
2 2

> 0.

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

T .= {T > 0’ T ) < m(t) < L, Vi e [O,T)}.
2 2
Since —5 < ¢ (0) < ¢ar(0) < 5, by continuity there exists § > 0 such that

—5 < bu(t) < out) < 3,

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

t € 0,9).

either liminf ¢ps(t) = T or lim Sup ¢ (t) = —z, (4.6)
t—Ty 2 - 2
0 t—1T,

and

—5 <m() Sou(t) < T, Vte[o,Ty).

By the analysis in Step 1 we get
Pm(0) < ¢m(t) < Pnr(t) < o (0), t € [0,Tp).

This implies

lim éar(t) < 6u(0) < 3ol Guu(t) 2 6u(0) > —5,

t—=T, t—=T,

which contradicts (4.6). This proves that Ty = oo and we conclude that ¢ is
nonincreasing and ¢,,, is nondecreasing for all ¢ > 0. O
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Theorem 4.3. Let ¢ be the smooth solution to system (3.2) with initial condition
@0 € Beon which satisfies

N
N N
Z¢io =2kn  for some k with — vy <k< 1
i=1
Then we have
) 2km
Am o(t) = - in.

Furthermore, the convergence is exponentially fast.

Proof. Step 1. We refine the estimate in Lemma 4.2 and claim that: (i) ¢,, is
strictly increasing; (ii) ¢as is strictly decreasing. We will prove (i) and ignore the
proof for (ii) since they are similar. Note that

ém(t) = (Sin ¢m+1 — sin Qj)m) - (Sin ¢m — sin Qﬁmfl) > 0.
If ¢,, is not strictly increasing, then we can find some open interval I such that
(Sin @pt1 — sin¢yy,) — (Sin gy, —sing,,—1) =0 on I.

Then it follows from the graph of sinusoidal function on (fg, g) that we should
have

either @ = Pm-1=0m+1 O Pmi1 < P < P—1.
The second case certainly contradicts the definition of ¢,,. So we should have
®m = Pm—1 = Gm+1 on L.
This implies that for ¢t € I
0= m = Gms1 = (SN P42 —5IN G 1) — (SIN Py 1 —SIN Gp) = $I Pyy 2 —SIN P 1.
Using similar argument we can obtain
o1 = O, VteI,V1<Il,m<N,
which implies that ¢ is an equilibrium. However, this contradicts the initial condi-

tion which is not an equilibrium. Thus, ¢,, is strictly increasing.

Step 2. Following the result in Step 1, we have
™
< Om(0) < B(t) < D(0) < Gu(0) <
This implies that ¢, (t) and ¢as(t) converge as t — oo and
7r . ) T
_5 < d)m(o) < tliglo ¢7n(t) S tllglo ¢M(t) < ¢M(O) < 5
By Theorem 4.1 and Theorem 3.1 we see that the solution of (2.1) or (3.2) converges
to some phase-locking with ¢; being a or m — « for some « € (—% 37“] Therefore,
we have

R

. (4.7)

tli>Holo ¢m(t)7 tll{go ¢M(t) € {O(, ™= Ol}.

e(_zz%:) N L
@ 9'9) T3 )

we invoke the relation (4.7) to find that for any 1 <47 < N,

. ™ T
ma=ac(3)

Since
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On the other hand, we have a conservation law that

N N
ST i) =D 6i(0) = 2k, t>0.
i=1 i=1

Thus, we have

N
Na = }E&qu)i@) =2km, ie, a=—.
That is, ¢(t) converges to the splay-state %T’TJIN as t — oo.
Finally, we use Theorem 3.6 and Proposition 2.2 to conclude the exponential rate
(see Remark 3.7). O

Remark 4.4. 1. If ¢ satisfies the framework in Theorem 4.3 with k # 0, then
Theorem 4.3 tells that the trajectory exponentially converges to a splay state.
2. If the initial configuration satisfies
T a
@ € (—5,5) Viel,2,...,N and ;¢? —0,
then the constant k& in Theorem 4.3 equals 0. As a consequence, we get the
following result

N
Na = tlgng@(t) =0

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

5. Conclusion. In this paper, we considered the dynamical properties of identical
Kuramoto oscillators bidirectionally coupled in a ring. By rigorous analysis we can
describe the formation of all phase-locked states and prove that the phase sync

us

state and splay states with phase difference less than 7 are the only stable ones.
Furthermore, we gave estimates for the basins for these stable phase-locked states
and we showed that the convergence rate is exponential fast by investigating the
Lojasiewicz exponent of its potential.
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