9. RAKENDUSED

earity

-—— No

Nonlinear

Number of variables ——

n=1 n=2 nz3 n>>1 Continuum
Growth, decay, or Oscillations Collective phenomena Waves and patterns
equilibrium
Linear oscillator Civil engineering, Coupled harmonic oscillators Elasticity
Exponential growth structures
R sircal Mass and spring Solid-state physics Wave equations
circuit
o RLC circuit Electrical engineering Molecular dynamics Electromagnetism (Maxwell)
Radioactive decay - —
2-body problem Equilibrium statistical Quantum mechanics
(Kepler, Newton) mechanics (Schrdinger, Heisenberg, Dirac)
Heat and diffusion
Acoustics
Viscous fluids
The frontier
e —
Chaos | Spatio-temporal complexity
Fixed points Pendulum Strange attractors | Coupled nonlinear oscillators Nonlinear waves (shocks, solitons)
Bifurcations Anharmonic oscillators (Lovessz) | Lasers, nonlinear optics Plasmas
Overdamped systems, Limit cycles 3-body problem (Poincaré) | Nonequilibrium statistical Earthquab
relaxational dynamics oo oncilators Chemical kinetics | - mechanics General relativity (Einstein)
Logistic equation (neurons, heart cells) Tterated maps (Feigenbaum) | Nonlinear solid-state physics Quantum field theory
for single species Predator-prey cycles Fractals | (semloonducwrs) Reaction-diffusion,
1 . (Mandelbrot) biological and chemical waves
I | Josephson amays
{van der Pol, Joaegeion) Forced nonlinear oscillators | Heart cell synchronization Fibrillation
(Levinson, Smale) | Neural networks Epilepsy
— = = T 77 Immunesystem Turbulent fluids (Navier-Stokes)
| Practical uses of chaos Beosystems Life
Quantum chaos ?

Economics
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1. SA-node
2. AV-node
3. His bundle
4 5. Bundle branches
6. Purkinje fibres
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1. Normally beating heart

3. Wenckebach — second order AV block with progressively increasing PQ-time
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Derivation of the NPE:
Engelbrecht J. An Introduction to Asymmetric Soli-
tary Waves. Longman. London & Har!low, 1991.

Nerve pulse equation:

W+ ew(w —wy)(w —wr)w + w =0, wiwy > 0.

Van der Pol equation:
i+ eu(u? — 1)a 4+ u = 0.

k=—c0
where

e =3.265 w;=05 wy=19, T=21



NPE driven by Dirac delta spikes:

@ 4 e(w — wyl{w — ws)i +w=I Z 5(:5—@)

R.h.s. given as a Fourier series:

e @)
I Z ( —%) = Ip+2Ip Y cosnut,

n=1

where

Tw
Ig = —
0 27

The NPE after a transformation and truncation of

r.h.s.

v+ e(v—v1)(v —v)v + v = 2Ig COs wt,
where

v=w—Ip, v1 = w1 — Ip, v2 =wp — Ip.

For constant w and increasing I we expect
(a) Iop = wi,” Neimark-Sacker;

wy+ w
L 5 --—2, symmetric van der Pol equation —

(b) Ig =

no inversion-symmetric solutions of even period (inver-
sion-symmetry: F(4,9,v,t) = —F(—19, —v, —v,t +T/2));

(c) Iop = woy, inverse Neimark-Sacker.
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NPE driven by Dirac delta spikes
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Poincare section  w”+F(h)(w-w1)(w-w2)w’+w=A*delta(Bt)
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A=0 .. 3, B=5, phase="max’, w1=0.5, w2=1.9, h=-1.6
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Poincare section ~ w"+F(h)(w-w1)(w-w2)w'+w=A*delta(Bt)
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5:13:1 2] - 2:2 1:1

1:1>52:2,2:1—>4:2—>chaos—>3:1—

6 : 2, quasiperiodic, 4 : 1, quasiperiodic — etc

Difference: 4 :1 becomes quasiperiodic
via saddle-node bifurcation
Chialvo et al.: period doubling

Here, NPE describes earlier development
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AYS(t—nT), A=4.0 (2.5x threshold)
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Experimental action potential from a driven sheep car-
diac Purkinje fibre. ' .

Bifurcation diagram
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Driving period T= 1.0 .. 11.0, amplitude A = (3/4)pi

Action potential calculated from the driven nerve pulse

equation.
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Saddle-node < Bistability — Quasiperiodic blue sky catastrophe
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Saddle-node - Ristability -~ Chactic olue sky catastrophe
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