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Outline  
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Examples of complex networks 
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Synchronization in complex networks  

   

  



Synchronization in delay-coupled networks  
* M. Soriano, J. Garcia-Ojalvo, C. Mirasso, 

   I. Fischer: Rev. Mod. Phys. 85, 421 (2013).  

*  I. Fischer,  R. Vicente, J.M. Buldu, M. Peil,  

   C. Mirasso, M. Torrent, J. Garcia-Ojalvo:   

   PRL 97, 123902 (2006)  

 
Chaotic synchronization of lasers: 

 

 

 

 

 

 

 

 

 

Theme Issue on Dynamics, Control and  

Information in Delay-Coupled Systems  

V. Flunkert, I. Fischer, and E. Schöll  (Eds.):  

Phil. Trans. Royal Soc. A 371,  28 Sept. (2013) 

 



Group synchrony 

   

  
  T. Dahms, J. Lehnert, E. Schöll: Phys. Rev. E 86, 016202 (2012) 



Symmetry-breaking in neuronal systems 
● Unihemispheric sleep: some birds and dolphins sleep with 

one half of their brain, while the other half remains awake 

 

 

 

 

 

 

● Bump states in neural networks:                                   
Localized patch of incoherent                         
asynchronous firing                                                           - 
- partial synchronization  
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Chimera states in networks of identical 
oscillators with nonlocal coupling 

● Spatially coexisting domains of coherent/phase-locked 
and incoherent/desynchronized oscillators 

● Chimera in Greek mythology: fire-breathing monster 
with three heads: lion’s head, goat’s head, serpent’s 
head 

● Prototype behavior of system on the                   
transition from complete coherence                                         
to complete incoherence 

● Essential: nonlocal coupling of range r                                   
between local and global coupling 

 

 

http://de.wikipedia.org/w/index.php?title=Datei:Chimera_Apulia_Louvre_K362.jpg&filetimestamp=20080204193906
http://de.wikipedia.org/w/index.php?title=Datei:Chimera_Apulia_Louvre_K362.jpg&filetimestamp=20080204193906


Chimera states in networks of identical 
oscillators 

● Theory:   Kuramoto and Battogtokh 2002                                                                               
.              Abrams and Strogatz 2004 

 

 

 

 



Chimera states in networks of identical 
oscillators 

● Theory:   Kuramoto and Battogtokh 2002                                                                               
.              Abrams and Strogatz 2004 

 

 

 

● Experimentally verified only recently (2012/2013): 

May 2013 



Experiments on chimera states  

● Optical experiment:   
Spatial light modulator 

 

● Chemical experiment:    
Light-sensitive BZ reaction 

Hagerstrom, Murphy, Roy, Hövel, Omelchenko, Schöll:         Tinsley, Nkomo, Showalter:  

Nature Phys. 8, 658  (2012)                                                    Nature Phys. 8, 662  (2012)              



Experiments on chimera states  

● Mechanical experiment:   
coupled pendula 

 

● Electronic experiment:    
frequ. modul. delay oscillator 

Martens, Thutupalli, Fourriere, Hallatschek,  

110, 10563 (2013) 

                                                     Larger, Penkovsky, Maistrenko, PRL 111, 054103 (2013) 



Networks with nonlocal coupling 
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Dynamics of networks with nonlocal 
coupling of range r 
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Generalization of nonlocal coupling  
in the continuum limit of large N (space x) 

 

 

Kuramoto phase oscillator model: 

 

 

 

 

Spatial coupling functions (integral kernels):    

phase lag a 
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Exponential coupling function:  
specially prepared initial condition (high multistability) 

 

 Local order parameter: 

spatial phase cohererence                     average frequency 
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Cosine coupling function 
specially prepared initial condition (high multistability) 

 

 

Local order parameter: 
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Step-like coupling function: 

 

 

unstable with respect to  

asymmetric perturbations 
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Time-discrete maps (logistic map)  
with step-like coupling function 
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Spatially coherent states 
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Bifurcation diagram 

 

 

coherence-incoherence tongues: 

CIB = 

Coherence- 

Incoherence 

Bifurcation  
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Coherence-incoherence transition (r=0.32) 
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Analytical results: critical coupling strength 

 

 

Continuum limit (large N), period-2 dynamics: 

 

Transition from coherence to incoherence: 

Profile becomes discontinuous (infinite slope)  

at some point x      ->  neglect coupling term 

 

Multiplying the eqs for even and odd time steps: 

 

 

Logistic map f(z)=az(1-z),   f‘(z)=a(1-2z) 

G(z)=0 at turning points  xc  ->  sc 

  

Analytical approximation: z0(x)=z1(x)=z* if G=0 

with fixed point of map z*=f(z*)=1-1/a 

 

 

 

 

  

different s 

I. Omelchenko, B. Riemenschneider, P. Hövel, Y. Maistrenko, E. Schöll: Phys. Rev. E85, 026212 (2012) 
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Experimental realization 
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Comparison with time-continuous systems 
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Structure of coherence-incoherence 
tongues 
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Neural networks: FitzHugh-Nagumo system 

   

  

           
operation in the oscillatory regime 
(a < 1) 

 

uncoupled: oscillates periodically  

                                

 



FitzHugh-Nagumo (FHN) network 
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For what parameters expect chimeras?  
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Compare with phase oscillator model: 
find appropriate value of f 
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Chimera states in FHN networks 
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Chimera states in FHN networks 
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Multi-chimera states for strong coupling 
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Two-chimera states 
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Three-chimera states 
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u Chimera states in nonlocally coupled networks  
  

u Spontaneous synchrony breaking in networks of identical          
oscillators: splitting in spatially coherent and incoherent domains    
 

u   Transition from coherence to incoherence via chimera states: 
       logistic map, Rössler oscillator 

 
u Experiment with liquid crystal spatial light modulator 
 
u    Multi-chimera states in the FitzHugh-Nagumo model   
 
u    Application to neurosystems:  
       some dolphins and birds sleep with one  
                      half of their brain 
 
 

 

  

   
 

Conclusions  
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Suppression of chaos, 

stabilization of unstable  

states: Steady states,  

periodic states,  

spatio-temporal patterns 

Published 2008 



Local order parameter als measure for 
spatial coherence 
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Analytical results for spatial light modulator 
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Experimental setup: spatial light modulator 
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