Chinese Physical Society
Mﬂﬁﬁ Acta Physica Sinica :

€D Institute of Physics, CAS

ERME EHBIESK: FRES BRSSKEARS
IR X FE
Partial synchronization in complex networks: Chimera state, remote synchronization, and cluster synchronization

Wang Zhen-Hua  Liu Zong-Hua

5|5 &, Citation: Acta Physica Sinica, 69, 088902 (2020) DOI: 10.7498/aps.69.20191973
TEZER 2 View online: https:/doi.org/10.7498/aps.69.20191973
AN View table of contents: http://wulixb.iphy.ac.cn

R REBOGER I HAB S B

Articles you may be interested in

SR M A EREDRE AL T 125 B SO SR

Improved algorithm of spectral coarse graining method of complex network

PB4, 2017, 66(6): 060502  htips://doi.org/10.7498/aps.66.060502

LT RS B B A 52 2 P 28 T RURE AR T vk
A spectral coarse graining algorithm based on relative distance

WIFL2EAR. 2019, 68(10): 100501 https://doi.org/10.7498/aps.68.20181848

SRR P S 2R 28 A ) SIIE I 5 5 0B
Empirical study of knowledge network based on complex network theory

WIHEAEAR. 2019, 68(12): 128902 https://doi.org/10.7498/aps.68.20190106

BT 52 A 4 2y 3 S AR TG ) A R 2% 77 5 T B DA
Evaluation methods of node importance in undirected weighted networks based on complex network dynamics models

YA 2018, 67(9): 098901  https:/doi.org/10.7498/aps.67.20172295

S 2R 2R B ] TIUI P AR AETE AL A
The link predictability of complex network from a spectrum perspective

PrPeEd. 2020, 69(8): 1 https://doi.org/10.7498/aps.69.20191817


http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.69.20191973
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.66.060502
https://doi.org/10.7498/aps.68.20181848
https://doi.org/10.7498/aps.68.20190106
https://doi.org/10.7498/aps.67.20172295
https://doi.org/10.7498/aps.69.20191817

) 32 % 3R Acta Phys. Sin. Vol. 69, No. 8 (2020)

088902

B HITYMENERRS

ExME ERES ETH: FRE.
ERTSEHRES

T ¥ 2

x| 2 A

(RIS L Rhe2abe, Bl 200241)

(2019 4£ 12 H 26 Bk, 2020 4E 2 A 14 HUE B )

UTARR, SZR M 2% R AR T R A T2 A5 DR T TR R i 9 1, v A 7 I A S DR 20 ] 28 1
TRE VT AE R I 4 v )2 A7 A, FEAR AT RE-S R 19 A A s GCAZ 55 T RE A 8 D) AR 28 . AR SO X 46 9 Ji& A ] o
(9 R 25 55 0, 42 B 2438 TR B9 A ) D00 A, o L0 B =5 TR BEAT A 4, B3y S 2 L 3 [ 4 5 4R AT ) 2
b 3 E IR =R A& B IR S0 BT SRR | ARG I ) 5 v LA R N A R Y AR ) B R A D T
FERFEAT =3 Z 18] B AH B 28 S 4 B RIT ST 1) A — 26 iy B G £

PACS: 89.75.Hc, 05.45.Xt, 68.18.Jk

1 5 =

TRIEF g A FRNEE, HE 1990 4
& [EVAF 425286 % ) Pecora Al Carrolllt) & FHI~4:
[F TR Tl R e S b AT LARZEAR Y, AT S350 T
TR R G0 0 — AW H 2 1 o —— PR A P
RT3 ARH], TAFE S R GE R TR T A 20 A2 3]
THRBYICTE, IR T — R A2 72, an
St FA  AHIERD | IR R0 S SR A4 BE)S,
AW B T 2GRN Y, GHEHE
B WG AE - IS R4 X SR 20k — >3
[FIAAE ARG 14+ RGAAT N —3L, 2Eh—1
AR R IR FRE Y.

SR b, BR T X SRR A DA AN, AR LA
AR AT R AR B R0 Ak, Ledn, ZE AR
W E, SR AREAN R ZS [ B R 2T S5 EATTRY
PRGN (40—60 Hz) S [R5 19 Bl SR, X > 8L
SHETEZE, WHE 2000 £ 4, A5 T

* K HRBRESLS (S 11675056, 11835003) ¥ BRI

t iBfE1E#E . E-mail: zhliu@phy.ecnu.edu.cn
©2020 HEHEFS Chinese Physical Society

DOI: 10.7498/aps.69.20191973

N RS 7 6 i 7\ i %7 1 B2 2 o e P P
BN AR DL H SR FECEH AN 2 KK B
. b A &R AR w2 R0 Y, A A A
FHAGSENFZE, Hitk RGERHER ISR —1H
[ 20 A8 i e RN Ze k25 (] =7 L an % &
SAMRT 2y, AR A IRIE RS, #5732 AT
PIKRHEHEIRT 25 g2 o 5 2 28], =4
PRFIHAGXPE L. TR E RS T 555
BEIE 39,

IR, TC R RIS R, A
TRGHEMAKR, BEHA 2—6 1T RE. 7
Hh, IXEFRA Y EE D ORI AN, A 4R i
$ RN 4% 55, AT M SR 2 i 28 45
Fa, TR I A DR 114 45 A ) 25 B 1y T S B AN
K. w2, #2272 MR, MY
{URF RS BY KRB A TRy, M Bk
1 AAE B 2R 224 D000 DA % 42 31 5
MR, R P T 2R Mg 120, Tt
5T, NATTR B A= 4% 1 BB 4 [a) 25 ] LA S B

http://wulixb.iphy.ac.cn

088902-1


http://doi.org/10.7498/aps.69.20191973
mailto:zhliu@phy.ecnu.edu.cn
mailto:zhliu@phy.ecnu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 3B 3R Acta Phys. Sin. Vol. 69, No. 8 (2020) 088902

R Z R WBER, 1T i B 5 1Y 2
FEMEZG T —FP T GEAHILE]. FRATTHE, Kk )2
FRREERE 14 5 2% b 2T 22 A R J Ha [19:161
¥ 5 A R B TR OC, HLA i X AT 55 4 ¢
1 o P A5 ST T (top-down processing) )
o RAR R AR DG 07 S 4b, Pt i gl i [m) 20 B 51 ik
HRIGTCT K% A, Han, W0 & VERT, e Ik
X AR5 m BE R 2D HAR A A [) 25 081, e 2k
2T R A S B A A AR TG, TR0 S
SITEREE I i DX 191, PRI, 52 2% 2% 1= 3 43 [
AR ST S RN Y R D RE, A 51212
ST T — R O, AR — IR A T £

W TR e M4 B R 0 2 ek, st |,
AT BRI FE /NS ) B4 1 AR 20 T AN TR ) A PR
TR ELA B4 0 A [ T I 4 531l i 44 R 45
S D MR RIS, A S R R 4 I,
IR AR PR 5 ORI A4, A
i IR 5 1 WG 0, S A I IR 0 5 BRI R R 3
[ R a0, R A B R
[ETR T P U RTINS e W-ata o [ B5 2 (51 B N RTINS E Sl )
P RI2CRBLGE, v ] T3 BB i o3 A =55
P NFERLT . TS RS, JR R 2R M
28 AR A3 4 IR B SR AOREFR A T B[R] 20
AR ELGE, AT B B[R] 20 B R i 2. B
SRIX = PR3 A0 A RS 2 B ) 46 B ] s A A
[|], AEXHE A M ) i JR I I AT 4 X A S )i, T 2
G TR AN = T o 1 I M T S v v 1 3 M T 2
IREFEA R MM 1Y, o 2 A Bl () 2 /] —
PR G BB ] A OB 0 S it e AT 28 ad, I XT
EATRIAAH EOC R TR BRI .

2 #AAA

Al AR Y 2 [ 20 5 TP — o JE AR 2
) R Bk 15 B, J& Abrams 5 Strogatz' F
2004 4F-1ig 44 1. 9 4 A Chimera state, X
F A BEE A — Sk L SR B IR AT
XA FHAGFIE 4, AMUATE T B XS i
“PoT EEEE R TR RGPk
i AR B R R BOULAIL . ok A TS5 2RI 1) EEG £
Pa 2B, A — 20 15 28 55T VR 0 7L 3h ) 104 e IR el
BRI R AP Y, 1 05— R R

[F20 1, SRR A2 K L D) — 2 B AT R i
U N i N Rl N P 9 s o 1
2 fi AR 21220 AR B JRL A, NS RS AE LUl i
VA by PP I 75 2P By P2 ) ek, PRI sk e
L MRSV R BT ROZ IS A HE LR IR S Fh
Wi B2 2016 4 A PLILRAESE, By < WAL B3,
VRE R 2 AT H 25 30 5 i 565 — GG 118 B IR 30 73 AN
B, TR A 22000 i v B A R BB KT A
SUE I E o D =R R o

H—IJ7H, WSS RIS TIEL
Pl Ji2e A IR T HLS. KILOE, A1T—HE A
15 W22 53R 20 ) A7 2 BR IR AR B A0 8 M 4%
thy, Horh B AR U R 4R AT DL R AR [R2E, T
TS e iy 125 SV 51450 33 35 TR ) A1 = D (R 4 AN A G i TR
. L, kM RIRFAEMR G i
AL B A R SIER R WAL, B35 5280, 50
MARAS |4 NIREZ 1, B oy 2 (el 2 Ve
R, RN BE AR BRI R, XFE, 7ER
—FB R B ) 2 RS A AR S B AR R T
FRATRE PRI AL BTR B A A8 BORH B 3 A2 A .

FHA L, A FAX PG A HAr 24 0 P AT T
i Kuramoto 5 Battogtokh?!! £ Ginzburg-Landau
FREHERR T, HSEIREA RN TE SR E
P, 3t N —AMN TR BERA T i 44 B B AR
K, — PR R R, ANFET AR 4
SRR G G AR A, H B WA TRV S, 1F
FRT — TR R BOE 5, FROVAE SRk
#i4 (nonlocal coupling). i 8RX PR ey R A%
A Rkl 2 AR A A8 Az B E A, (HE WA
ZHINH, TLanfE 2y kb 4 | fb2= R+ thF ot
158 XA P 28 I 2% S IR A 35 45 80 4% Abrams 5
Strogatz 4K T X N 3E SR A 0 B, HRZ
DA Kuramoto 4R ALY, e ah, Al 138K F8 B0
TR 5 A O A R B %, (AR T ] LA AT
SRfi.

A7 S A B FH 29 J2 Kuramoto AHR +
BEAY, XY R B iR AR SRR IE 200 15 I
P37 PR R B A 2R B R AR TR G TN
T IR R . Abrams 5 Strogatz20 % J& 5 Rl
BRI — AR, H R
¢

5 =W /_7; G(x — ) sin[g(z,t) — ¢(x', t) + ada’,

(1)

088902-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 69, No. 8 (2020)

088902

X ¢, t) NIRRT AEALE o B8] ¢ A9 AH, f 2
0<a<n/2 N HSH ARG — o) BUE R
LURI 75w

Gz) = 541+Awmo )

Hi o< A< 5IAFRSERX JREIRE AT
5Tk, & 2 CRIEFHEZR K AR,
0 = ¢ — QUIREIRTFAXT T RXAHELA, T=H

T
R(l’,t)ei@(w’t) :/ G(l’ _ x')eie("’”"t)dx’, (3)

Hrt RAF
AZH

ZhE, O NJRTCFEA. IR, J7FE (1)

00
ot

faZsit, R 5 o fpah sy i), i Rk as
. AFZRE e B=n/2-a5A=w- 2. K 1(a)
NI (4) PRI, P SEIT 2« = d+n BOR T 2B
SAAOCHY, RIEATTLARE [ By B A5R 2 gl Ak ik
AR TEIAR. TTEs, J&] 1(a) Hhia) i o Bl 7 R IR
TeI . & 1(b) Mg H T xR 1(a) fF S
2, IR RS BARG Y RAH, ML SAAH
/N RAA. B 1(c) WSRO (2) .

=w— 2 — Rsin[d — O + . (4

~—

us

EB1 (aTFSHER, 38 A=0.99, =018, N
= 256 MR F; (b) >k B T 2 (3) YR & A B R(z), 8t
WRTIE R(z) > A; (c) RERPFEIAAO () . Bt H Sk [20]
Fig. 1. (a) Phase pattern for a chimera state, parameters:
A =0.995, 8=0.18, N =256 oscillators; (b) local phase
coherence R(z), computed from Eq. (3), locked oscillators
satisfy R(z) > A; (c) local average phase O(z). Figure
adapted from Ref. [20].
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Fig. 2. Order parameter r versus time. In all three panels,
Ny =Nz =128 and S =0.1: (a) A=0.20, stable chi-
mera; (b) A = 0.28, breathing chimera; (c) A =0.35, long
period breather. Numerical integration began from an ini-
tial condition close to the chimera state, and plots shown
begin after allowing a transient time of 2000 units. Figure
adapted from Ref. [25].
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Fig. 3. Stability diagram for chimera states. Bifurcation
curves: saddle-node (dotted line) and supercritical Hopf
(solid line), both found analytically; homoclinic (dashed
line), found numerically. Figure adapted from Ref. [25].
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Fig. 4. Alternating chimera states induced by external signals: (a) A=1,2=1 and 72 =1.5;(b) A=1,2=0.5 and 72 =1.5;
(¢ A=15,2=1and 2 =15;(d) A=1,2=1 and 7 = 3.0. Figure adapted from Ref. [27].
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operator on the data set shown in (a). Figure adapted from Ref. [36].
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Fig. 6. Transition from a classical chimera state with one incoherent domain to multichimera states with two (a)—(d), and three

(e)—(h) incoherent domains. In each panel the left column shows snapshot of variables uk, and the right column shows the corres-
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Fig. 7. Four typical behaviors in the cerebral cortex with o =n/2 — 0.1 where the up and down panels represent the two hemi-
spheres, respectively, and the insets are their corresponding dynamics of u; at a moment ¢. The parameters are Ay, = 0.1 and
Xout = 0.3 in panels (a) and (e) of disorder; Ay, =0.1 and Aow = 1.8 in panels (b) and (f) of chimera state; Aj, = 0.4 and
Aout = 3.5 in panels (¢) and (g) of an emergent state conceptually similar to the state of unihemispheric sleep; and A\, = 4.0 and

Xout = 3.5 in panels (d) and (h) of synchronization. Figure adapted from Ref. [13].
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Fig. 10. Remote synchronization between node groups A
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dynamics of the nodes in B are incoherent. Figure adapted
from Ref. [61].
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Fig. 11. Six typical patterns of RS for 7 = 0.5 and £ = 0.1. Each pattern is chosen by the conditions: (i) There is no synchroniza-
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tion between the hub and its peripheral nodes; (ii) all the peripheral nodes are synchronized each other. Figure adapted from Ref. [62].
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Fig. 12. A schematic figure of the new framework of RS
with two huns, where the nodes with red, blue and pink
numbers represent the hub, leaf and common leaf nodes, re-

spectively. Figure adapted from Ref. [62].
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Fig. 13. Examples of symmetries in networks: (a) A net-
work of four identical oscillators coupled through three
identical links; (b) the same network after a reflection opera-
tion; (c) the same network after a rotation operation; (d) an
11-node network showing three clusters (blue, green, and
white). Figure adapted from Ref. [73].
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Fig. 14. Patterns of clusters in a five-node network. Left: All possible patterns displayed when the network connectivity is given by

the adjacency matrix (Eq. (20)); right: Additional patterns displayed when the network connectivity is given by the Laplacian ma-

trix (Eq. (21)). Figure adapted from Ref. [73].
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Fig. 15. Grouping of symmetry clusters in a CS pattern for

a 24-node network. Figure adapted from Ref. [68].
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SPECIAL TOPIC—Statistical physics and complex systems

Partial synchronization in complex networks: Chimera state,
remote synchronization, and cluster synchronization”

Wang Zhen-Hua

Liu Zong-Huaf

(School of Physics and Electronic Science, East China Normal University, Shanghai 200241, China)

( Received 26 December 2019; revised manuscript received 14 February 2020 )

Abstract

In recent years, the study of partial synchronization of coupled oscillators in complex networks has

attracted great attention. The underlying reason is both the extensive existence of the patterns of partial

synchronization in brain network and their close relationship to brain functions of cognition and memory. In

this paper, we briefly review the research progress in this field. According to the researches by different groups,

we classify them as three types, i.e. chimera state, remote synchronization, and clustering synchronization. We

mainly discuss the conditions of these three states, as well as their models, detections, and their applications in

biology. We discuss the relationship among the three types of states and give some outlooks for future studies.
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