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Photosensitive BZ Oscillator Svstem: Experimental Setup
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J+n

b=t + > K (,(t—1)—1,(1)

P=j—n

N R. Tinslev. S. Nkomo. KS. Nature Physics 8, 662 (2012).




Kuramoto Nonlocal Coupling: Chimera Dvnamics

Effactive Coupling
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Nonlocal Coupling

@; 1s the imposed light intensity on
L‘I&Llllﬂtﬂl‘ J- @, 1s the background intensity.
[, and 7/ are the transmitted light intensities
of oscillators ;J and 5, x and A" are the
coupling constants. and 7 1s the time delay.

Local Order Parameter R
11 18 the sampling radius and & 1s the phase.

S. Nkomo, M. R. Tinslev, KS.
Plns. Rev. Letr. 110, 244102 (2013).
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Chimera Dynamics for Heterogeneous Oscillators
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Chimera tor Homogeneous and Heterogeneous

cillators
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Homogencous oscillators. (a) Local order parameter R as a function of time, with m =
3. (b) Scatter plot of 500 consecutive periods for cach oscillator 1n (a): inset: leneth of
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Chimera Dvnamics for Heterogeneous Oscillators
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Chimera for Homogeneous and Heterogenecous Oscillators

a 1 b |
- ® I
§ 10 /0 t‘lf 40 l*-L.L.. L] ...'l— -Lu
5 20 E 60 50 1001
= e Reﬂcd rurnt-er
2 30 >0
— 40 =% _#'"
40 |
500 1000 1500 1 10 20 40
time (104 Oscillator lru:iex
(c) 1
2 10 -
=
_g 20 Frage
2 30 . HF
- e
40 - : ey
500 1000 1500 10 40
time (104 C'sclltamf Index

Homogencous oscillators. (a) Local order parameter R as a function of tume, with m =
3. (b) Scatter plot of 500 consecutive periods for cach oscillator 1n (a): inset: leneth of
consecutive periods of a synchronmized oscillator (j = 20. red) and an unsvnchronized
oscillator (j = 12. blue). Heterogenecous oscillators. (¢) R as a tunction of time. (d)

Scatter plot of 500 consecutive periods for cach oscillator 1in (¢). Stmulations with
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Chimera tor Homogeneous and Heterogeneous Oscillators
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B/ Oscillator Experiment: Random Initial Phase Distribution
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Heterogeneous Oscillators: Random Initial Phase Distribution
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Heterogeneous Oscillators: Chimera-l.ike States with Phase Waves
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(a) Phase of each oscillator at t = 1200 s. (b) Period scatter plot over 20 periods. (¢) The
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Phase-Cluster Chimeras: Homogeneous & Heterogeneous Svstems
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Homogeneous B/ Oscillators: Traveling Phase-Cluster Chimera
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Simulations of 90 coupled 1dentical BZ oscillators. (a) Local order parameter R as
a function of time. (b) Snapshot of phase of ecach oscillator at times t = 3000.
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Random mitial phase distribution. Simulations carried out for 10000 periods.




Homogeneous BZ Oscillators: Multistability
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From 200 realizations with 40 homogencous BZ oscillators:

121 simple chimera (1-phase-cluster). 358 2-phase-cluster chimeras, 20 traveling
phase-cluster chimeras with 3 clusters. and 1 collapsed to a tully svnchronized state.
All parameters are the same except tor the random mitial seed for the
unsynchronized oscillators. Simulations carried out for 12000 periods.
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System of oscillators

fully synchronized (+), synchronization clusters (Q), splay state (C), simple chimera (x),
phase-cluster chimera (IU), traveling phase-cluster chimera (O). chimera-like states with phase

waves (O), phase slip behavior (9).

For x =0.4:
Homogencous oscillator
svstem:

tully synchronized.
simple chimera. splav
state, phase-cluster
chimera. traveling phase-
cluster chimera. and
phase-slip behavior.
Heterogeneous oscillator
svstem:

fully synchronized.
simple chimera. phase-
cluster chimera. phase-
slip behavior. and phase-
wave chimera behavior.
Experimental svstem:
same as heterogencous
svstem except no phase-
slip behavior.




Spiral Chimeras: BZ Oscillator Simulation
Irregular LLooping

Phase: 2500 Local order parameter .
BZ oscillators Trajectory of asynchronous core.

50 50 BZ oscillators 1n a square lattice: coupling radius n = 4.
Simulation mnitiated with a pair of svmmetric counter rotating spirals with t = 0.
Delav 1s switched on at t = 500 and simulation continued to t = 3500.

Delav T = 3.4




Spiral Chimeras: BZ Oscillator Simulation
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Spiral Chimeras: BZ Oscillator Simulation
Irregular LLooping
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Spiral Chimeras: BZ Oscillator Simulation

Irregular LLooping
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Spiral Chimeras: B/Z Oscillator Simulation

Irregular Looping

Phase: 2500 Local order parameter X
BZ oscillators Trajectory of asvnchronous core.

50 50 BZ oscillators 1n a square lattice: coupling radius n = 4.

Simulation mitiated with a pair of symmetric counter rotating spirals with = 0.
Delayv 1s switched on at t = 500 and simulation continued to t = 3500.

Delay t = 3.4.




Spiral Chimeras: BZ Oscillator Simulation
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Spiral Chimeras: B/Z Oscillator Simulation
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Spiral Chimeras: BZ Oscillator Simulation
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Spiral Chimeras: B/Z Oscillator Simulation

Iirregular Looping
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Spiral Chimeras: B/Z Oscillator Simulation

Irregular Looping
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Phase: 2500 Local order parameter X
BZ oscillators Trajectory of asvnchronous core.

50 50 BZ oscillators 1n a square lattice: coupling radius n = 4.

Simulation initiated with a pair of svmmetric counter rotating spirals with T = 0.
Delayv 1s switched on at t = 500 and simulation continued to t = 3500.

Delav t = 3.4




Spira

real BZ array

real array || real array
t= 51s t = 10s

44 64 = 2816 BZ oscillators 1n real arrav. Ru(Il) 1s excited by 440 nm illumination:
phase of oscillator determuned by fluorescence of Ru(Il)*. Distance between
oscillators 1s sufficient to prevent diffusive interaction. Oscillators are sorted for

rerfections and to narrow freg v dastributio
TR S = _ ;




Spira

real BZ array

real array || real array
t= 51s t= 11s

44 64 = 2816 BZ oscillators 1n real arrav. Ru(Il) 1s excited by 440 nm illumination:
phase of oscillator determuned by fluorescence of Ru(Il)*. Distance between
oscillators 1s sufficient to prevent diffusive interaction. Oscillators are sorted for

rerfections and to narrow freg v diastributio
TR S = _ ;
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Spiral Chimeras: BZ Oscillator Experiments

real array
t= 51s

44 64 = 2816 BZ oscillators 1n real arrav. Ru(Il) 1s excited by 440 nm illumination:
phase of oscillator determined by fluorescence of Ru(Il)*. Distance between
oscillators 1s sufficient to prevent diffusive interaction. Oscillators are sorted for
impertections and to narrow frequency distribution.




Spira,

Playing "Virtual BZ array’: 829 K bits/second

virtillvirtual array
t = = 46s

40 40 = 1600 BZ oscillators 1in virtual arrav.
Frequency distribution: T =85.8 + 7.0 s.
Periodic forcing mitial conditions to give radially aligned phases. Delav = 2.0 s.
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Spira, |

Playing "Virtual BZ array’: 829 K bits/second

virtillvirtual array
g = lt= ass

40 40 = 1600 BZ oscillators 1in virtual arrav.
Frequency distribution: T =85.8 + 7.0 s.
Periodic forcing mitial conditions to give radially aligned phases. Delav = 2.0 s.
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Spiral Chimeras: BZ Oscillator Experiments

virtual array
t= 427s

40 40 = 1600 BZ oscillators 1n virtual arrav.
Frequency distribution: T =85.8 + 7.0 s.
Periodic forcing mitial conditions to give radially aligned phases. Delav = 2.0 s.




Spira,

40 40 = 1600 BZ oscillators in virtual arrav. Delav time = 2.0 s.

Top row: panel 1 — raw data grav levels: panel 2 — instantancous period.

Bottom row: panel 1 — oscillator phases: panel 2 — local order parameter. with core
tracking.
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Spiral Chimeras: B/Z Oscillator Experiments
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Bottom row: panel 1 — oscillator phases: panel 2 — local order parameter. with core
tracking.




Spiral Chimeras: Core Splitting Experiments
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Spiral

Connecting...
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40 40 = 1600 BZ oscillators 1in virtual arrayv. Delay time T = 5.0 s.

Top row: panel 1 — raw data grav levels: panel 2 — mstantancous period.

Bottom row: panel 1 — oscillator phases: panel 2 — local order parameter. with core
tracking.
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Spiral
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Spiral Chimeras: Core Sphitting Experiments
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tracking.




Dependence on Delav Time

(@)40

710°

delay 7

Rotational period of the spiral wave (solid black line)

Time-averaged period of the incoherent core oscillators (solid gray line)
Time-averaged fraction of the network made up of incoherent oscillators
(dashed grav line).

A sharp mcrease 1n the fraction of the oscillators exhibiting asynchronous
behavior can be seen 1n the calmon-colored reocion.




Transition from Spiral Wave Chimeras to Incoherence
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Simulation of splitting and growth of spiral wave chimeras: 64 64 BZ oscillators.
(a) Asvmptotic behavior 1s dyvnamic in nature with up to 9 small meandering cores.
(b) Imitially small spiral wave chimera grows rapidly without splitting.
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Simulation of splitting and growth ot spiral wave chimeras: 64 64 BZ oscillators.
(a) Asvmptotic behavior 1s dvnamic in nature with up to 9 small meandering cores.
(b) Imitrally small spiral wave chimera grows rapidly without splitting.
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(a) Asvmptotic behavior 1s dvnamic in nature with up to 9 small meandering cores.
(b) Imitrally small spiral wave chimera grows rapidly without splitting.
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Transition from Spiral Wave Chimeras to Incoherence
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(a) Asvmptotic behavior 1s dyvnamic in nature with up to 9 small meandering cores.
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(a) Asvmptotic behavior 1s dvnamic in nature with up to 9 small meandering cores.
(b) Imitrally small spiral wave chimera grows rapidly without splitting.

. T — t.'l [ - _ -—.J — | —i -y b T — - u | e

oy



==y

.

Transitio oherence

W
-

fig3 bottom A

t = 8700

(b)
&4

o
Ln

32

-
L]

| -.r
—
1
e

=
L

t = 1990

Simulation of splitting and growth of spiral wave chimeras: 64 64 BZ oscillators.
(a) Asvmptotic behavior 1s dyvnamic in nature with up to 9 small meandering cores.
(b) Imitrally small spiral wave chimera erows rapidly without splitting.
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Transition from Spiral Wave Chimeras to Incoherence
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Simulation of splitting and growth of spiral wave chimeras: 64 64 BZ oscillators.
(a) Asvmptotic behavior 1s dyvnamic in nature with up to 9 small meandering cores.
(b) Imitially small spiral wave chimera grows rapidly without splitting.
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Core Splitting 1n the FitzHugh-Nagumo Model
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(a)-(¢) The phase distribution as 64 - 64 FHN oscillators evolve in time. The spiral
wave chimera exhibits core splitting, with t=0.51.
(d)-(t) The corresponding local order parameter at times t = 67.8. 94.5_ and 143.8.
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