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Stability of Phase Locking for Bidirectionally
Non-symmetric Coupled Kuramoto Oscillators in a
Ring*
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Abstract This paper deals with the stability of phase locking for the identical
Kuramoto model, where each oscillator is influenced sinusoidally by two neigh-
boring oscillators. By studying the model with bidirectionally non-symmetric
coupling in a ring configuration, all phase-locked solutions are comprehensively
delineated, and the basin of attraction for the stable phase-locked state is es-
timated. The stability of these phase-locked solutions is clearly established,
highlighting that only the synchronized state and splay-state are stable equi-
libria. The crucial tools in this work are the standard linearization technique
and the nonlinear analysis arguments.
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1. Introduction

Background.- The synchronization (in short, sync) process of large populations
of weakly coupled oscillators often appears in natural systems and it has received
considerable attention because of its application in diverse areas such as biology,
neuroscience, engineering, computer science, economy and sociology [1,2,5,12,19].
Among the many mathematical models of sync, our interest in this paper lies in
the Kuramoto model for identical oscillators with a bidirectionally non-symmetric
topology. For identical Kuramoto oscillators with all-to-all coupling, a lot of studies
have been done for this model, see [3,6,9,17,22]. Tt is well known that the phase sync
is the only stable phase-locked state, which denotes the collapse of all phases into a
single phase, see [14]. 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 topolo-
gies. For example, in [21], Wei et al. consider the periodic sampled-data coupling
in the scenario with a generally connected and undirected communication topology,
where the connected communication topology means that no isolated oscillator ex-
ists in the Kuramoto oscillator network. In [7], Ferguson studies bifurcations in the
Kuramoto model on a ring network using a novel vector flow and derives criteria for

Tthe corresponding author.
Email address: zhaoxiaoxue@hit.edu.cn
1School of Mathematics, Harbin Institute of Technology, Harbin 150001, China
*This work was supported by the National Natural Science Foundation of
China (Grant No. 12201156), the China Postdoctoral Science Foundation
(Grant No. 2021M701013), and the Heilongjiang Postdoctoral Science Foun-
dation (Grant No. LBH-Z21158).


http://dx.doi.org/10.12150/jnma.2025.62

Bidirectionally Non-symmetric Coupled 63

certain bifurcations. As network topologies are varied, different stable phase-locked
states will emerge asymptotically, and hence it would be an interesting problem to
classify all possible stable asymptotic states and initial configurations converging to
a given stable equilibrium. This kind of question comes down to the identification
of the basin of attractions in dynamical systems theory. There is some literature
addressing this issue for the locally coupled Kuramoto model. The literature [14]
studies the stability properties of the Kuramoto model with identical oscillators by
linear stability analysis and the authors present a six-node example to point out
that a stable non-sync equilibrium arises for oscillators bidirectionally coupled in a
ring. In [20], Wiley et al. address the problem of “the size of the sync basin” for the
locally coupled Kuramoto model with symmetric forward and backward k-neighbor
coupling. They have found that when N is the number of oscillators and % is
greater than a critical value, then the phase sync is the only stable phase-locked
state; as % passes below this critical value, other stable phase-locked states are
born, which takes the form of the splay-state. In [10,15], the stability of phase-
locking is considered for identical Kuramoto oscillators unidirectionally coupled in
a ring. In [23], Zhao et al. consider the Kuramoto model with bidirectionally
symmetric coupling network and use Lojasiewicz theory to prove the stability of
phase-locked solutions. Dong et al. [4] study the interplay of time-delayed inter-
actions and network structure on the collective behaviors of Kuramoto oscillators.
In [11], an adaptive control law for inducing in- and antiphase sync in a pair of
relaxation oscillators is proposed. Ito et al. show that the phase dynamics of the
oscillators coupled by the control law can be reduced to the dynamics of Kuramoto
phase oscillators, and they choose a ring topology to show the time series data of
states and controlled thresholds for differential initial conditions.

In this work, we study the dynamical behavior of a finite group of Kuramoto
oscillators bidirectionally non-symmetric coupled in a ring by performing nonlinear
stability analysis. We consider the oscillators labeled as 1,2,..., N, with each i-th
oscillator coupled by the (i+1)-th and (i —1)-th oscillators sinusoidally, in which the
first oscillator is coupled by the second and N-th oscillators; the last N-th oscillator
is influenced by the 1-th and (N — 1)-th oscillators. This situation appears in many
engineering applications and biological modeling of animal locations [8,13,18]. For
non-symmetric coupling, the total phase is not conserved quantities which causes
considerable mathematical difficulty. Of course this lack of symmetry in the coupling
makes the asymptotic dynamics of Kuramoto oscillators richer than that of the
mean-field case, because there is room for the emergence of other stable phase-
locked states other than sync.

Contributions.- The bidirectionally non-symmetric coupling strength makes
it difficult to study the phase-locked states for the Kuramoto oscillators in a ring.
The contributions of this paper are threefold. First, we identify the formation of
all phase-locked states for system (2.3) (see Theorem 2.1). This will enable us to
count and classify the phase-locked states. Second, we prove that the sync and
splay-state are the only stable phase-locked state (see Theorem 2.2 and Section 3).
Third, we present proper subsets of basins of sync and splay-state using nonlinear
analysis arguments asymptotically, which says that a given initial configuration will
converge to sync or splay-state (see Theorem 3.1).

Organization of paper.- In Section 2, we present the model system and list

the formation of all phase-locked states and their stability properties. In Section
3, based on linearization technique and nonlinear analysis arguments, we strictly
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prove the stability and instability of all phase-locked states. Finally, Section 4 is
devoted to providing a brief summary of this paper.

2. Description of model and main results

In this section, we consider N(N > 3) coupled oscillators. First, we discuss the
model and its deformation written by phase difference. Second, the definition of
phase-locked solutions is given, and then the formation of all phase-locked solutions
and their stability are listed.

2.1. Model

In this subsection, we present a sinusoidal coupling system in a ring with a bidi-
rectionally non-symmetric structure. For ¢ = 1,2,..., N, let 6; = 6,(t) € R be
the phase of the i-th oscillator. Assume that the i-th oscillator is influenced by
the (¢ + 1)-th and (i — 1)-th oscillators only, and 6y := Ox,0n+1 := 61. In this
circumstance, our governing system with identical oscillators for 6; reads as

éi =0+ Ksin(9i+1 — 91) + K/ sin(é’i_l — Qi),

0;(0) =0, i=1,2,...,N, t>0,
where 6; := Cfft", Q) represents the intrinsic natural frequency and parameters K, K '
are two nonnegative coupling strengths. Throughout this paper, without loss of

generality, we may assume that

Q=0 t>0.

If necessary, we may consider the shifted frame 6, — 6; + Qt. Then the time
evolution of @ = (6;,0s,...,0x) € RV is governed by the following system:

91‘ = KSiH(GH_l - 97,) + K/ sin(@i_l - 01), (2 1)
0;(0) =0, i=1,2,...,N, t>0. )
Note that if 6;(t),s = 1,2,..., N is the solution to the system (2.1), then its trans-
lation 6;(t) + a,a € R,;i = 1,2,..., N, is also a solution, which shows that system
(2.1) induces a dynamical system on N-tori TV.

As a simple case of (2.1), when K = K = 0, then 6(t) = 6(0),¢ > 0. Most
aforementioned works focused on the unidirectionally coupled or the bidirectionally
symmetric coupled. Ha et al. [10] and Rogge et al. [15] presented the long-time
dynamics of unidirectionally coupled identical Kuramoto oscillators in a ring, when
each oscillator is influenced sinusoidally by a single preassigned oscillator, i.e., K >
K =0.In [23], combining a nice theory for Lojasiewicz inequality with the gradient
system, Zhao et al. studied the dynamics of bidirectionally coupled with K =
K' > 0. In the above two cases, the authors identified all the phase-locked states
with stability or instability, estimated the basins for stable phase-locked states and
showed the convergence rate towards phase-locked states. But these studies did not
involve the bidirectionally non-symmetric coupled, i.e.,

K>K >0 or K >K>0.
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In this paper, we consider the case of K > K' > 0. The analysis for K >K>0is
similar. In order to highlight that K is larger than K , it is advisable to set

K=K +Ky, K =Ky, and K, Ky > 0.
Then system (2.1) takes the form of
0; = (K1 + Ko)sin(0; 41 — 0;) + Kosin(0;,_1 — 6;),
0;(0) = 00, i =1,2,...,N. t>0.
For any i = 1,2,..., N, we denote the phase differences by
¢i = (0ig1 — 0;) mod 2,

then there exists k; € Z such that 0,1 — 0; = ¢; + 2k;w. Without loss of generality,

we may set
T 37
#i € <2’ 2} '
3T s

Hence ¢; = 5 and ¢; = —3 are the same, which will be encountered later. From

(2.2), the variable ¢ = (¢1, @2, ..., ¢n) satisfies

¢i = (I + Ka)(sin g1 — sin ¢;) — Ka(sin ¢y — sing;_1),

i (2.3)
¢i(0) = ¢s0,1=1,2,...,N. t>0.
Next we recall the definitions of phase-locked solutions to system (2.2).

Definition 2.1. Let 6 and ¢ be the solutions to systems (2.2) and (2.3), respec-
tively.
(1) 8 is a synchronized state to (2.2) if and only if ¢ satisfies

¢ =0n.
(2) 0 is the splay-state to (2.2) if and only if ¢ satisfies

2k
=—I1Nn,k=1,2,...,N—1.
¢ N N> ) 4y )

Here, O and 1y denote constant vectors in TV defined by

Oy = (0,0,...,0) and 1y =(1,1,...,1).

2.2. Formation and stability of phase-locked states

In this part, we first show the equilibria of (2.3) which also gives the formation
of phase-locked states for system (2.2). More specifically, each phase difference of
(2.2) is one of the values 3 or m — 8 with the value 3 € S.

Theorem 2.1. Every equilibrium ¢* = (¢7, 95, ..., ¢N) to system (2.3) corresponds
to a permutation of the vector

B,y....Bm—=p,....,m—B), (2.4)
m N—m

where B € (=%,28] and m € {0,1,..., N} satisfy mB + (N —m)(x — 3) = 27k for
some k € Z.
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Proof. For any equilibrium ¢* = (¢7, ¢35, ..., ¢} ) of the system (2.3), we see that

sin ¢3 — sin ¢35 = ﬁ(sm ¢5 — sin ¢7),
sin ¢ — sin ¢} = %(gm; —singl) = (ﬁf(siw; — sing?),
sin ¢; — sin ¢; = ﬁ(sinqﬁ —singsz) = (%)S(Sinqﬁ — sin@7),

. * . * K . * . * K —_ . * . *
sin ] —sin gy = ﬁz&(smdn\; —singy_1) = (KIT2K2)N 1(s1n¢>2 — sin ¢7),
sin ¢3 — sin ¢] = L(sinqﬁ —singy) = (L)N(sin(b; —sin¢7).

K1+ K> K+ K>
(2.5)
It follows from the last formula that
K> N
1—(————— sin ¢5 — sin ¢7) = 0.
(Kl =+ KQ) ( ¢2 ¢1)

From K; > 0, Ky > 0, we obtain sin ¢ = sin ¢3. Plug this relation to (2.5) to find
that
sin 9] =sin¢; = --- = sin ¢y .

20 2
;) = 0, we see that

o7 € (—%, 22] implies that ¢* is a permutation of configuration (2.4). As Z;\;l (Oj41—

N N N N
0="> (¢;+2k;m) =D ¢}+2r Y ki =mpB+(N—m)(m—p)+2r Y ki, k; € Z.
j=1

j=1 =1 j=1

Therefore, mf + (N — m) (7 — ) = 2rk for some k € Z. O
For symbol simplicity, denote

QS*(ﬁam) = (67"'3&;7‘-7&;"'371—76)3 Wlthﬂe (23327(
—_— —

m N—m

],mE{O,l,...,N}.

It is easy to see that when g = 7, for any m, ¢*(3,m) can only be
T i
(5757"')5)7
when 3 = 37”, for any m, ¢*(/3,m) can only be

(37r 3 37T>
5 5 g )
Next, the main stability result is listed in Theorem 2.2.

Theorem 2.2. The stability of the equilibrium ¢*(5, m) in system (2.3) is as fol-
lows.

(1) If B e(=5,3), then

o when m = N, ¢*(8,m) is asymptotocally stable;
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e whenm € {0,1,...,N — 1}, ¢*(8,m) is unstable;

(2) If B € (3,%), then
e when m =0, ¢*(8,m) is asymptotocally stable;
e whenm € {1,...,N}, ¢*(8,m) is unstable;

(3)IfB=75 or 37”, that is, ¢*(8,m) is

) or (

(’R' s m
272,...,2

then ¢* (B, m) is unstable.

3. Stability analysis

In this section, we aim at providing a rigorous proof of Theorem 2.2. First of all, we
prove Theorem 2.2 (1) and (2) by using standard linearization technique; and then

for Theorem 2.2 (3), we will prove that the initial value ¢(0) near (5, 75,..., %) or
(37”7 37”, ol 37”) does not converge to (5, %,...,%) or (37”, 37”, A 37”)

3.1. Linearization

The linearization about an equilibrium ¢* of system (2.3) is the Jacobian matrix

— (K1 4+ 2K32)cos¢p] (K1 + K2)cosps ... K> cos dy
K> cos ¢7 — (K1 +2Ks2)cos¢s ... 0
e = 0 K> cos ¢ 0
0 0 ... (Ki+ Ka2)cos ¢y
(K1 + K2) cos ¢ 0 oo = (K1 +2K2)cosopn

One can observe that Js- is an non-symmetric real matrix. Proposition 3.1
below indicates that, when ¢* = (8,4,...,0) with 8 € (=%, %), Jy= is a specific
Toeplitz matrix and ¢* is an asymptotically stable equilibrium of system (2.3).

Proposition 3.1. If 3 € (=%, %) and m = N, then the equilibrium ¢*(5,m) is
asymptotically stable of system (2.3).

Proof. For m = N, the Jacobian matrix Jy- (g n) is

—(K1 +2K3) (K + K») 0 0 K>
Ko —(K1 +2K2) (K1 +K2) 0 0
0 K> —(K1 +2K3) (K1 + K2) ... 0
cos f3
0 0 0 0 . (K1 + Ka)

(K1+K2) 0 0 0 —(K1+2K2)
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The desired conclusion is proved by calculating eigenvalues of matrix Jy- (g n)-
Set an N x N matrix as follows

0 1 0 0 ...0

0 0 1 0 0

0 0 0 1 .0
A=

0 0 0 O 1

1 0 0 O 0

It is easy to verify that the characteristic polynomial of A is [A\E — A| = AN — 1, so
the eigenvalue A\ and eigenvector xj are

% 2%
)\k:coswﬂ- +jsinTﬁ, o= (1A A2 AT =01, N1

Observing that Jy«(5 ) is a special Toeplitz matrix and can be represented by
Tgr(8.N) = €08 B[ (K1 + 2K2) E + (K1 + K2) A + K AN,

Hence, we have that

2km
Xo(Jg=(3,3)) = 0, ReAp(Jg+(5,n)) = — cos B(K1+2K2)(1—cos 7)7 k=1,...,N—1.

The eigenvalue 0 is simple and it has an eigenvector 1, which is due to the global
phase shift invariance of system (2.2). § € (=5, §) implies ReA(Jg-(5,n)) <0, k =
1,...,N — 1, and hence the asymptotic stability of ¢*(5, m) is obtained. O

Proposition 3.2. If 3 € (=5,%) and m € {0,1,...,N — 1}, then the equilibrium

¢*(B,m) is unstable of system (2.3).

Proof. The proof is divided into three parts. First, we show that the result holds

when m = % Second, a proof is given for m € {0,1,...,N — 2} and m # %
Finally, we consider the result of m = N — 1.
(1) Owing to m = %, it is possible to perform a permutation of the phase

differences such that Jy-(g ) transforms into —Jy«(5,m). It has been shown that
the eigenvalues of linearization are invariant under such a permutation, implying
that the set of eigenvalues of Jy«(g ) is equal to that of —J4«(g ). Hence, if A is
an eigenvalue of Jy« (g m), then so is —Jg«(g,m)-

Jg=(8,m) has some nonzero eigenvalues, since it is different from the null matrix
(B # %). Gershgorin’s theorem [16, Theorem 6.1.1] shows that these nonzero eigen-
values are not located on the imaginary axis. From this it can be concluded that at
least one of the eigenvalues of Jy-(3,,) has a strictly positive real part. This proves
the stability of the corresponding phase locking solution.

(2) In order to prove the case of m # %, we consider the characteristic polyno-
mial of matrix Jy«(g,m):

IAE — Jg=(5,m)]
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A+ (K1 + 2K32)cos¢p]  —(K1+ K2)cosgs ... — K> cos ¢y
— K> cos ¢ A+ (K1 4+ 2K2)cos s ... 0
0 — K> cos ¢3 0
0 0 .. — (K14 K2)coson
— (K1 + K2) cos ¢1 0 coo A+ (K1 + 2K5) cos o

By adding all the other rows to the first row, and then extracting the common
factor A from the new first row, we obatin that

IANE — Jg=(8,m)]
1 1 1
— K5 cos ¢F A+ (K1 + 2K2)cosos ... 0
0 —-K: 3 s .. 0
— A 200863 (3.1)
0 0 .o — (K1 + K2)cosdy
— (K1 + K2) cos ¢1 0 coo A+ (K1 + 2K32) cos ¢y
=:D(X)
From (3.1), 0 is an eigenvalue of Jy«(3,,,). Define other eigenvalues as A1, Ao, ..., Ay _1.
Then
N—-1
IAE = Jy(gmyl = AN = A1) - (A= Ayon) = A AV o (DY T A
i=1
which enables us to see that
N—-1
D) =" (DT M
i=1

N—1
In particular, D(0) = (=1)V=1 T .
i=1

i—

For m € {0,1,...,N — 2} and 8 € (=%, %), we claim that when D(0) # 0,
@*(8,m) is unstable. In fact, If there exist two or more phase differences belonging
to (%, 37"), two or more Gershgorin discs lie in the closed right half plane. By [15,
Theorem 4], two or more eigenvalues are located in the closed right half plane. Since
D(0) # 0, exactly one eigenvalue is zero, which implies that one or more eigenvalues
have a strictly positive real part. So ¢*(f, m) is unstable.

For m € {0,1,...,N — 2} and m # &, we note that D(0) in (3.1) is

1 1 1 1
— K5 cos ¢] (K14 2K2)cos¢s ... 0 0
0 — K5 cos ¢35 0 0
0 0 v (K14 2K2)cospn_1 — (K1 + K2)cos oy
— (K1 + K2) cos ¢ 0 —Kscospn_1 (K1 + 2K2) cos pn
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For any ¢ = 1,2,..., N, extract the common factor cos ¢ from the i-th column,
and bring ¢*(8,m) into it to get

_1 _1 1 1
cos ¢} cos ¢3 cos oy _4 cos o
—Ks5 (Kl —|—2K2) 0 0
N
0 —-K. 0 0
D(0) = Hcos ON ?
=1
0 0 ... (K +2K) —(Ki + K»)
—(K1 + K>) 0 K5 (K1 +2K5)
1 1 -1 -1
— K> (K1 +2K2) 0 0
1 0 —Ks 0 0
_ m(_ N—m
= (cos §)™(—cos ) cos
0 0 . (K1+2K2) —(K1+K2)
— (K1 + K2) 0 —Ks (K1 + 2K>3)

By adding all the other columns to the first column, and then applying the Laplace
expansion theorem (also known as the determinant expansion theorem) to the first
column, we obtain that

2m — N 1 —1 —1
0 (K1 -+ 2K2) - 0 0
0 —-K 0 0
D(0) = (=1)N " (cos B)N i
0 0 . (K1 +2K3) — (K1 + Ka)
0 0 —K> (Kl +2K2)
(K1+2K2) 7(K1+K2) 0
—Ky (K1 +2K3) ... 0
0 —K 0
= (=)™ (2m — N)(cos )N ! ’
0 0 oo —(K1+ Ka)
0 0 . (K14 2K>)
$N — (EN
= (=D ""™2m — N)(cos g)N 12 (3.2)
Tr1 — T2

where the final determinant is of order (N — 1), and z1,z2 (x1 > x2 > 0) are the
two different roots of 22 — (K + 2K3)x + Ko(K; + Ka) = 0. Thus, m # % and

B € (=%, %) show D(0) # 0, leading to the conclusion.
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(3) For m = N — 1, equation (3.2) enables us to see that

— (V- N2 —
D(0) = —(N —2)(cos f) pam——

in which z1, 2z are the same as in (3.2). Then we have D(0) < 0. Due to m =
N —1, the phase locking solution possesses exactly one phase difference ¢; € (7, 37’7),
exactly one Gershgorin disc lies in the closed half plane. At most one eigenvalue is

positive. Recalling

D)= ()" [ M <o,

it follows
Re(N\;) #0,i=1,2,...,N—1 and 3\,,s.t. Re();,) > 0.

If not, we have Re()\;) < 0,7 = 1,2,...,N — 1, which contradicts D(0) < 0.
Therefore, ¢*(3,m) is unstable. O

Remark 3.1. It can be seen from Proposition 3.2 that in order to fully consider
the possible value of N, a separate proof is provided for m = % However, if N is

an odd number, then % is not an integer. At this point, the proof of Proposition
3.2 (1) is omitted.

We next complete the proof of Theorem 2.2 (1) — (2).
Proof of Theorem 2.2 (1). The result can be obtained directly from Propo-
sition 3.1 and Proposition 3.2.

Proof of Theorem 2.2 (2). The result of 8 € (%,2F) and m = 0 can be

directly obtained by that of B ( %,%) and m = N. Similarly, the result of
pe(—%,5)and m € {0,1,.. — 1} enable us to conclude that of 8 € (%, 2F)

and m € {1,2,...,N}.

2. Global dynamics

In this subsection, we prove Theorem 2.2 (3) and consider the global dynamics
of system (2.3). Also, we present a non-trivial subset of the basin for the stable
phase-locked state in (2.2). Define U(¢) = N — Zfil cos ¢;. The equation (2.3)
means

N
9 _ > singid
’L;l

= Zsin ¢i [(K1 + K2)(sin @41 — sin ¢;) — Ka(sin¢; — sin¢;_1))]
i—1

N
= (K1 + Ks) Z sin ¢; sin ¢; 41 — sin? o;) —|—ng sin ¢; sin ¢;_1 — sin ¢1)
i=1

i=1
N

K + K . . .
2 Z (sin® i1 + sin® ¢; — 2sin ;41 sin ¢;)
i—1
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Ky &
72 sin® ¢; + sin® ¢;_1 — 2sin ¢; sin ;1)

N

- K ;K Z(Sin his1 — sin¢;)? — % Z(Sm ¢i —sin¢i1)?,

i=1 i=1

N . 9 N . 2
where we use Z 1 sin? ¢; 1 = doimqsin® gy =" sin® ¢y and dni1 = @1, 00 =

¢n- It can be noted that dU(¢) < 0 in the torus and every trajectory goes to the
set
au
Cc=A{ d(t¢) =0} = {sin;j41 =sing;,i =1,2,..., N}, (3.3)

which contains the phase-locking solutions as its only invariants. Similar to the
analysis in [14], we see that almost all the trajectories in the torus converge to one
of the stable phase-locking solutions.

Let ¢(t) be the smooth solution of system (2.3). For ¢ = (¢1,¢2,...,0N), we
introduce the indices

Mearg 1rnm ¢; and mearg _max i,

12,00 N 14y,

which indicate ¢p; = max{p1, Pa,...,¢n} and ¢, = min{ep, ¢2,...,¢n}. For
time-varying configuration ¢(t), the indices M and m depend on ¢ and the extremal
phase differences ¢; — ¢, are Lipschitz continuous and piecewise differentiable.

Lemma 3.1. Let ¢ be the smooth solution of system (2.3) with initial condition

¢>(O)eBsp:={¢eRN:—g<¢m§¢M<g}.

Then ¢ar is noninceasing and ¢, is nondecreasing for t > 0.

Proof. e Step 1: Show that for some T' € (0, o0], if

—5 <o) Sout) < 3, te[0.1),
then ¢js is noninceasing and ¢,, is nondecreasing.
For ¢t € [0,T), we see
Pr+1— Pm Pmt1 —Pm T
oML T g, g omH T2
2 2 -7 - 2 < 2’
oM —dm—1 T T Om— Pm—1
o< M _TMAL 2 . <0
- 2 < 2’ 2 < 2 -7
and
7T<¢)Z4>1—’_QSZ<7T :172).. 7N

|

2 2

These inequalities indicate
gﬁM(t) = (K1 + K2)(sinppr+1 — sindpy) — Ko(sindpr — sindpr—1)

= 2(K1 + k) cos (W) sin <¢M+12—¢M)
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oM+ ¢M1> sin (¢M - </>M1)
2 2

— 2K5 cos (
<0, tel[0,T),
and

G (t) = (K1 + K>) (Sin ¢pny1 — SN drn) — Ko (Sin dpy — Sin 1)
)

(Kl + K2 oS <¢m+12+ ¢m> sin <¢m+12 @bm)

— 2K cos Gm + Pm1 +2¢m_1) sin <¢m _2¢m_1>
>0, t € [0,T).

Therefore, the function ¢,; is nonincreasing and ¢, is nondecreasing for all t €
[0,T).

e Step 2: Show that the maximal time interval with the aforementioned mono-
tonicity property is in fact T = oo.

Define the following set

T = {T>0‘ —g<¢m(t) < dult) < g Vte [o,T)}.

Since ¢(0) € Bs, and the continuity of ¢;(t), there exists a sufficiently small § > 0
such that

-Z< Om(t) < dm(t) <

v
5 50 L€ [0,0).

Hence, T # () and Ty := sup T can be well defined. Next we claim that Ty = co.

Suppose not, i.e., Ty < co. Then

™

—5 < om(t) <om(t) <

i
- 0,7p).
2 27 6[70)

Step 1 tells us that

¢m(0) < dm(t) < dnr(t) < om(0), t € [0,Tp),

and

lim ¢,,(t), lUm ¢n(t) exist.
t—=T, t—=T,

The definition of Ty implies

|3

either  lim ¢,,(t) = —
t—Ty

or lim ¢p(t) ==,
t—=Ty 2

oS

which is contradictory to

lm G (t) > ¢m(0) > —=,  lim dar(t) < dar(0) < =
t—Ty 2 t—T, 2

This leads to Ty = oo, showing the desired result. O
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Theorem 3.1. Let ¢ be the smooth solution of system (2.3) with initial condition
#(0) € Bsp which satisfies

N

N N
Z@(O) =2km  for some k € Z with — 7 < k< T
i=1

Then
. 2km
Jim o(t) =~

Proof. e Step 1: We refine the estimate in Lemma 3.1 and claim that ¢,, is
strictly increasing and ¢y is strictly decreasing.
Note that

Q.Sm(t) = (K1 + K2)(sin ¢pt1 — sin ¢y, ) — Ko (sin ¢y, — sin gpp—1) > 0, t € [0, 00).
If ¢, is not strictly increasing, then we can find some open interval I such that
(K1 + Ko)(sin ¢ppp1 — singy,) — Ko(sin gy, — sing,,,—1) =0, t € I.

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

either ¢m = Qsmfl = ¢m+1 or ¢m+1 < ¢m < ¢m71~
The second case certainly contradicts the definition of ¢,,. So we have
(bm = d)mfl = ¢m+17 tel.
This implies that for ¢t € I,
0= ¢m - Q.Sm+1
= (Kl + KQ)(SiIl ¢m+2 — sin ¢m+1) — KQ(SiIl ¢m+1 — sin ¢m)
= (Kl + KQ)(Sin Gm+2 — sin ¢m+1)7

and ¢pmy2 = @m1. Using the similar argument we can obtain
O = Om, forany te€l and 1 =1,2,...,N,

which implies that ¢ is an equilibrium. However, this contradicts the initial condi-
tion which is not an equilibrium. Thus, ¢, is strictly increasing. The strict decrease
of ¢ps can be proved by the similar argument.

e Step 2: Following Step 1, we have

z, t € ]0,00).

% <6m(0) < m(t) < () < Gua(0) < 3

2
This implies that ¢,,(¢t) and ¢ (t) converge as t — oo and

T . . T

2 < Om(0) < Jim (1) < lim Gar(t) < Gar(0) < 5. (3.4)
Combining (3.3) and Theorem 2.1, we see that the solution of (2.3) converges to
some phase-locking with ¢; being S or m — 8 for some [ € (—%, 3777] Hence,

Jim ¢, (), im g (8) € {8, 7 — B}
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pe(BDyerse(35),

we invoke the relation (3.4) and use the Squeeze theorem to find that

lim ¢i(t) = 8 € (—W 7T),i:l,Q,...,N.

t—o0 5’ 5

Due to

It follows from the conservation law

N N
S hit) =D 6i(0) =2kr, t >0,k eZ
=1 i=1

that
al 2km
Nﬁ:tlggo;@(t)z%w,kez ie, f= g keZ
Therefore, the desired result is obtained. O

Proof of Theorem 2.2 (3). From Theorem 3.1, the initial value ¢(0) near

(5,%,--+, %) converges to 2%ﬁlN, so the equilibrium (7, 7,..., %) is unstable.

From ¢; € (—%, 37“]7 o = 37“ and ¢; = — 75 are the same. By Theorem 3.1, the
initial value ¢(0) near (—%,—%,...,—%) converges to 2X1y, so the equilibrium
(37”7 37”, el 37”) is also unstable.

Remark 3.2. (1) Suppose that the initial configuration ¢(0) satisfies the conditions
in Theorem 3.1 with k # 0. Then the trajectory 6(t) of system (2.2) converges to a
splay-state.

(2) If the initial configuration ¢(0) satisfies

N
¢i(0)e(—g,g),i:172,...71\7 and > ,(0) =0,
=1

then we have k£ = 0 in Theorem 3.1, which indicates
N
NB = lim »_ ¢;(t) =0.

t—o0
=1

Then S = 0 means that the trajectory 6(t) of system (2.2) converges to a phase
sync state.

Remark 3.3. Let 6(¢) be the smooth solution of system (2.2) with initial condition

7T . ﬂ'
-3 < Z.erg}vr.le(oi+1(O)_9i(0)) mod 27 < i:{flz?ﬁN(giﬂ(O)—@i(O)) mod 27 < 5
then

lim éi(t) = lim [(Kl + KQ) Sin(9i+1 — 49,) + K2 Sin(@;l — 91)}
t—oo t—o0
= thm [(Kl + KQ) sin sz — Kz sin Qbi—l]
—00
2
= K] sin %,

where the constant k& = Zf\il k; and ¢; = 0,41 — 0; + 2k;m.
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4. Conclusion

This work introduces the dynamical properties of identical Kuramoto oscillators
that are bidirectionally non-symmetric coupled in a ring configuration. Through the
definition of phase difference, the formation of all phase-locked states is described,
and the almost global stability of the stable phase-locking solution is shown. Addi-
tionally, estimations for the basins of attraction for these stable phase-locked states
are provided. These results enrich the study of the non-symmetric coupled, and in
addition, k-nearest-neighbor couplings will be an interesting problem to be invested
in future work.
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