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Abstract: Synchronization phenomena are abundant in nature, science, engineering and social life. Synchronization was first recogni
Christiaan Huygens in 1665 for coupled pendulum clocks; this was the beginning of nonlinear sciences. First, several examples of synchrol
in complex systems are presented, such as in organ pipes, fireflies, epilepsy and even in the (in)stability of large mechanical systems as
These examples illustrate that, literally speaking, subsystems are able to synchronize due to interaction if they are able to communicate.
general physical mechanisms for synchronization and de-synchronization phenomena in coupled complex systems are presented and cond
synchronizability are discussed. It is explained that diffusion properties give a crucial insight into this problem. | will show that the general cor
of curvature and recurrence are helpful to uncover complex synchronization. Third, applications of these new techniques are given. They ran
El Nino A— Monsoon interactions via electrochemical oscillators and lasers to cognitive processes during reading and to neuroscience.

Pirsa: 05090013 Page 1/141



5 Alexander Dolgov, Dark energy from a particle physics perspective

12

19 Reka Albert  Lessons from modeling the dynamics of genetic re
networks

26 Charlie Bennett TBA

November

2.

4 (special date) Evelyn Fox Keller
9 Sundance Bilson-Thompson

16

23 Phillip Manheim

30

0013




g Synchronization: A Universal Concept in

Nonhnear Sciences

Jurgen Kurths

‘DHHO I University Potsdam

_ Center for Dynamucs of Complex Systems (DYCOS) and

Institute of Physics, Potsdam, Germany

http:/ /www.agnld.uni-potsdam.de /~juergen /juergen.html
Toolbox TOCSY

Jkurths@agnld.uni-potsdam.de

irsa: 05090013 Page 3/141




__ Synchronization |

Take home messages:

* Synchronization is not a state but a process
of adjusting rhythms due to mteraction.

* When subsystems (e.g. people, animals, cells,
neurons) synchronize, they also can
communicate.
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Nonlinear Sciences

Start in 1665 by Christiaan Huygens
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* Christtaan Huygens:
Pendelum clocks hanging at the same
wooden beam (halt-timber house)

It 1s quite worth noting that when we suspended two clocks
so constructed trom two hooks imbedded in the same
wooden beam, the motions ot each pendulum m opposite
swings were so much in agreement that they never receded
the last bit from each other...Further, 1f this agreement was
disturbed by some interterence, it reastablished itself i a
short tume...after a caretul examination I tinally found that
the cause of this 1s due to the motion ot the beam, even

though this 1s hardly perceptible (Huygens, 1673)

irsa: 05090013 Page 6/141




irsa: 05090013

Hand clapping (common rhythm)

Ensemble of doves (wings i synchrony)
Organ pipes standing side by side —
quenching or playing in unison (Lord
Rayleigh, 19th century)

Firetlies in south east Asia (Kampfter, 17th
century)
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London’s Millenium Bridge

- pedestrian bridge
- 325 m steel bridge over the Themse

- Connects city near St. Paul’s Cathedral with Tate
Modern Gallery

Big opening event in 2000 - mowvie
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* Unstable modes always there
* Mostly only 1n vertical direction considered

* Here: extremely strong unstable lateral Mode
— It there are sutficient many people on the
bridge we are beyond a threshold and
synchronization sets in

(Kuramoto-Synchronizations-Transition)
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Most systems not stmply periodic

=» Synchronization in complex (non-periodic)
systems

Interest in Phase Synchronization

How to retrieve a phase in complex dynamics?
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Rossler Oscillator — 2D Projection

Phase-coherent
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* Linear increase of the phase

P O=t o

w =211 / T — frequency of the pertodic dynamics
T — period length

=> © (t) increases 2 [T per period

e d @ () /dt = @




H Phase Defimtions ‘

Analvytic Signal Representation (Hilbert Transform)

T )

W(t)=s(t)+3s(r)=A(r)e”™"

Direct phase
O(1)=arctan( (1) x(1))

Phase from Poincare” plot
)
o(t)=2nk + 2n—— e <t< )

(Rosenblum, Pikovsky, Kurths, Phys. Rev. Lett., 1996).
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Rossler Oscillator — 2D Projection

Phase-coherent
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H Phase Definitions H
Analvtic Signal Representation (Hilbert Transform)

i)

W(t)=s(t)+)s(r) = A(r)e

Direct phase
¢(1)=arctan( (1) x(1))

Phase from Poincare” plot
.
() =2nk + 2n——— (n<t<ta)

(Rosenblum, Pikovsky, Kurths, Phys. Rev. Lett., 1996)..




(a)

Phase for coherent chaotic oscillators
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. 3.3. (a) Chaotic signal x(r) of the chaotic Rossler oscillator. (b) Phase of the chaotic signal. Solid line: phase of

(3.5); dashed line: phase of Eq. (3.7

); and dotted line: phase of Eq. (3.8).

’hase dynamics and phase synchronization phenomena very similar in
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periodic and phase-coherent chaotic systems,
€.g. one zero Lyapunov exponent becomes negative
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H Synchronization due to periodic driving ‘I

~|:- —_ —fl_jI]' i ESII’H Qe'r}
1 = (X + ay .,

f:.ft-l-:l.l' C)

0.20
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Synchronization of two coupled non-identical chaotic oscillators

100 . T T

0,0,

(b) A
{a) time

Phases are synchronized — Amplitudes almost
uncorrelated
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Synchronization region

C — coupling strength
A® — parameter mismatch
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H Two coupled non-identical oscillators ‘I

@ =arctan(yvx). A=(x" + v e,

we get
-'i]__‘_‘ =ad; » Eiﬂ: P12 —Z1acosd >+ C(A>cosdhr jcoshy» — Ao COS:ffJ[_: | 3
*,s’-!._: =2 +asin@yrc08 P2+ Z12/A1 281N Py >
—C{ As Ay cos @ sin II;‘IJL: — COS @y » sin @Dy2).
Zpar= LTI — Zya+ ApaZyp o cos ¢y o

» =

Equation for the slow phase 6:  d12=wor + 012

Averaging vields (Adler-like equation):

d(H 0>)=2A & ('{: +'4' in(#; — 6
Bl — bt )= 240 — — — | sIn — U2)
dr I - 2 Ay A I K
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H Synchronization threshold ‘|

Fixed pomt solution (by neglecting amplitude fluctuations)

-l'_\-i e l*_-[ 3
C(4; + 43)

”1 = H: — arcsin

Fixed point stable (synchronmization) 1f coupling

1s larger than

Cp_t.;, = 4AwA 5_-1_.‘-"[_-1'1: + ;lg ).
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Understanding synchronization by means of unstable periodic orbits

Phase-locking regions for periodic orbits with periods 1-3:
overlapping region — region of full phase synchronization
me*{(dark, = natural frequency of chaotic system — ext force)
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Understanding synchronization by means of unstable periodic orbits

Phase-locking regions for periodic orbits with periods 1-3:
overlapping region — region of full phase synchronization
me*{(dark, = natural frequency of chaotic system — ext force)
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