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1911
Premiere réaction chimique oscillante

Action de |'eau oxygénée
sur les composés iodés

Victor Auger
(1864-1949) SEANCE DU 20 NOVEMBRE 1911. | 1005

C_HIMIE' MINERALE, — Action de Ueau oxygénée sur les composes oxygenes
- de l'iode. Note de M. V. Aveer, présentée par M. A, Haller.

L’action de l'eau ‘oxygeénée sur les acides iodique et periodique, et sur
leurssels, a été étudiée presque simultanément par Péchard (') et Tanatar(?);
les résultats obtenus par ces deux savants étant assez discordants sur cer-
tains points, j’ai cru utile de reprendre la question pour fixer les condi-
tions dans lesquelles se produisent les phénoménes observés. Voici d’abord




1262 WILLIAM' C. BRAY.

. 1921
[CONTRTBUTION FROM THE CHEMICAL ILABORATORY OF THE UNIVERSITY OF CALIFORNI
A PERIODIC REACTION IN HOMOGENEOUS SOLUTION AND

ITS RELATION TO CATALYSIS.

By Wiriam C. Brav.
Recelved March 28, 1021,

In 1916 A. L. Caulkins and the writer began an investigation of the
dual rble of hydrogen peroxide as an oxidizing agent and as a reducing

agent. The reactions considered were the oxidation of iodine to iodic
acid, and the reduction of iodic acid to iodine, vz.:

5H202 + Ig - 2H103 + 4H20

dH.0; + 2HIO; = 50, + I, -~ 6H.0,
which, it is R T .
“couple.”

Z

=

Concentration of iodide, 1,,
mols X 10 per liter )

12 14 18
Time in days.
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Modelle der Nervenerregung.

Von K. F. BONHOEFFER, Gottingen.

Un modele 2D (incomplet!)
dxidt = {(x,

jat = j( Iy)_ g

dyldt =g(x,y) ¢

Z

1

Systeme lent/rapide

Un modéle de la conduction nerveuse Cite B. van der Pol & J. van der Mark




A QUANTITATIVE DESCRIPTION OF MEMBRANE
CURRENT AND ITS APPLICATION TO CONDUCTION SV
AND EXCITATION IN NERVE

By A. L. HODGKIN a~xp A. F. HUXLEY
From the Physiological Laboratory, Unwversity of Cambridge

A(\{!glr_"fg::)\ Courant membranaire total | Andrey, Hle
av (1917 y
I=Ciy g+ (V ~Vig) + g (V = Vi) +5,(V ~ V),
where dn/dt =o, (1 —n)—B,n,
dm/dt =e,(1 —m)—B,, m, )
dh/dt =c,(1 — k) — By, JIW‘”‘“
N conductance adimensionnelle du potassium b o Im"”‘mz
M fraction des molécules actives dans la membrane Akmln ——
—_— L L

h fraction des molécules inactives dans la membrane



MATHEMATICAL MODELS OF THRESHOLD PHENOMENA
IN THE NERVE MEMBRANE 1955

RICHARD FlTZHUGH
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POTASSIUM ION CURRENT IN THE SQUID
GIANT AXON: DYNAMIC CHARACTERISTIC

KENNETH S. COLE and JOHN W. MOORE

From the National Institutes of Health, Bethesda, Maryland, and the Marine
Biological Laboratory, Woods Hole, Massachusetts

Kenneth Cole
(1900-19g4,

HUVLLY \(WAWWEL LIVIL a PUDILWLYE DITPULSLLIUAL LU ULIT 165D PUDILIYE ) 4lv dlIUwil ad a uId~™
placement of this one curve along the time axis. As has been emphasized to us by
Dr. FitzHugh, these results are highly indicative of a single variable of state and
will follow if this variable is given by a first order differential equation. Less simple
differential equations are not, however, excluded.

The time dienlacement annraoach mav ha af cancidarahle thenratical cionificance




IMPULSES AND PHYSIOLOGICAL STATES IN
THEORETICAL MODELS OF NERVE MEMBRANE

RICHARD FITZHUGH
From the National Institutes of Health, Bethesda

X+cx*—=1Dx4+x=0

ABSTRACT Van der Pol’s equation for a relaxation oscillator is generalized by
the addition of terms to produce a pair of non-linear differential equations with
either a stable singular point or a limit cycle. The resulting “BVP model” has two
variables of state, representing excitability and refractoriness, and qualitatively
resembles Bonhoeffer’s theoretical model for the iron wire model of nerve. This
BVP model serves as a simple representative of a class of excitable-oscillatory
systems including the Hodgkin-Huxley (HH) model of the squid giant axon.

The possibility of representing excitable systems by a generalization of the van der Pol
equation was suggested to the author by Dr. K. S. Cole.




IMPULSES AND PHYSIOLOGICAL STATES IN
THEORETICAL MODELS OF NERVE MEMBRANE 1961

RICHARD FITZHUGH
From the National Institutes of Health, Bethesda

Diagramme des états physiologiques
obtenu par projection plane
de I'espace des états
du systeme de Hodgkin-Huxkley

U=V=-36 m, w=(n-h)/2.
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SUSTAINED OSCILLATIONS IN A CATALYTIC CHEMICAL SYSTEM
By R. A. SPANGLER* and F. M. SNELL

Department of Biophysics, University of Buffalo School of Medicine, Buffaio, New York

Etude d'un systéme catalytique intercouplé

kl E‘z k3 N
source A-—>A + Bz BB + P>smke I A I'aide d'un

ke N , ordinateur analogique
wl + B =1 o' + B =21 (1)

k_y kg 12
’ L k?
, , , Fa B o L e B pr 10
gsource A" —- A" 4+ K = — , —> 8N
Eoy'




J. Theoret. Biol. (1967) 16, 381-405

Transfer Function Analysis of an Oscillatory Model
Chemical System

ROBERT A. SPANGLER

AND

Systeme chimique 5D

dC
C.= _dTA =js—k_sCq—k CyCpt+k_1Cc.

Ce= kiCCp—Cclk_+ky);
Cp=kyCo—k3Cp+j_3—1,(kaCFCp —k_4Cp,);
CI,= k4C;pCB:-k—4Cn;

Cp+Cc+Cp=0;

1967

Cycle limite tracé dans une
projection de I'espace des états




A periodicreaction and its mechanism -

B. Belousov

In Collection of short papers on radiation medicine for 1958
Med. Publ. (Moscow) 1959

< BelousoV
302;330—1998) ! 1 ! ! 1

t=10s t=20s

23833

t=30s t=35s t=40s t=45s




V. A. Vaivilin, A. M. Zhabotinsky & A. N. Zaikin
Russian Journal of Physics & Chemistry, 42,3091,1968 1964

Infusion of Br- On Off,

| Zhabotinsky
A"°{?938-2008)
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Concentration Wave Propagation in
Two-dimensional Liquid-phase
Self-oscillating System

A. N. ZATRIN
A. M. ZHABOTINSKY

Original picture




Et un jour, Otto Rossler
entra dans la dance...
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MESURE EN VALEUR ABSOLUE DES PERIGPES DES OSCILLATIONS ELECTRIQUES
DE HAUTE FREQUENCE ;

Par MM. Hexsnr ABRAHAM et Eveexe BLOCH.

multivibrateur d’Abraham & Bloch




1951-1959: Lycée, Tubingen

1959-1965: Médecine,
Université de Tubingen
| 1966 : Docteur en médecine

de I’Université de Tubingen
Topic: Long-term Immunization of Albino Mice with Bovine Gamma Glob

1966-1967: Récipiendaire d’'une bourse d’étude
a I'Institut Max-Planck Institut pour la Physiologie des
comportements, SeeWiesen

1967-1969: Assistant médical Université de Marburg Konrad renz Er

icvon Ho
‘ (1903-1989) (1908-1967) ot

1969-1970: Center for Theoretical Biology
State University de New York a Buffalo
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1970: Assistant (sous la direction de Friedrich Seelig)
Department for Theoretical Biology, University of Tiibingen
REPETITIVE HARD BIFIIRCATION IN A HOMOGENEQUS REACTION SYSTEM
0. E. ROUSSLER and D. HORFFMANN

D1v1510n of Theoretical Chemistry, !llniversity of Titbingen,
West Germany

Analysis and Simulation of Biochemical Systems, 91-102, 1972 Dietrich Hoffmann

This paper consists of three parts. First, theoretical evidence
that the Belousov~Zhahotinsky reaction (BZR) is a Bonhoeffer
oscillator, i.e., a special type of chemical hysteresis oscill-
ator, is presented. Second, a brief account of the qualitative
theory of chemical relaxation oscillators is given, centering
around the notion of hard bifurcation, Finally, some connect-

1ons between heo—-7yeneous and nonhomogeneous chemical bhifurcat-
vinted out.

X




CHEMISTRY NATURE, FEBRUARY 11. 1967

Effect of Bromine Derivatives of Malonic
Acid on the Oscillating Reaction of Malonic  Chemistry Laboratory 111,
Acid, Cerium lons and Bromate H. C. @rated Tnstitute,
University of nhager
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Spiral Waves of Chemical Activity

Abstract. The Zhabotinsky-Zaikin reagent propagates waves of chemical activ-

ity. Reaction kinetics remain to be fully resolved, but certain features of wave

O\ : behavior are determined by purely geometrical considerations. If a wave is broken,
‘ ‘ then spiral waves, resembling involutes of the crrc:fe appear, persist, and even-

tually exclude all concentric ring waves.

- P\ \‘ )
ARTHUR T. WINFREE entions spiral waves 1 (\
Department of Theoretical Biolog p,, Zhabotinsky 1?: on page 29 O @
iversi ' ' oscillating reage ernica oo -

University of Chicago, 08¢ o : § -
Chicago, Illinois 60637 i g i , US4 @/k
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J. theor. Biol. (1972) 36, 413417

1972

A Principle for Chemical Multivibration

Prototype d'un schéma de réaction

6=kya—kyb —2

L oA2
a+K ksa +k4

b == kga—kﬁb,

P

0

]
1000

I.P. f { time units )
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130 JOURNAL OF THE ATMOSPHERIC SCIENCES

Deterministic Nonperiodic Flow!

PURDUE UNIVERSITY Epwarp N. LOrReENZ
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URCATIONS AND DYNAMIC COMPLEXITY IN
SIMPLE ECOLOGICAL MODELS

/
S
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ROBERT M. MAY AND GEORGE F. OSTER
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7étober 15. 1975

Universitat Tiibingen 400 Tubingen 1, den

Institut fiir Physikalische und Auf der Morgenstelle 8
Theoretische Chemie Tel.: (07071) 2967 81

Institut fir Physikalische und Theoretische Chemie
7400 Tibingen 1, Auf der Morgenstelle 8

Professor

Arthar T. Winfree

Department of Biological Sciences
Purdne University

West Lafayette, Indisna 47007
B,

« Chemical Nonperiodic Flow, 3 examples »

I have a proposal, for a Joint paper, entitled "Chemical Nonper-
iodic Flow, 3 Exemples”, with the O scctions: 1) Periodically forced
limit cycle oscillator and monoflop; 2) Ap;licationlo wecandering core
in an exciteble mediom (simulation); 3) Phasec-shift oscillator. The
discussion part would focus on the pragwitic wature of the approach,
qu could mifion some of the great many dynamical questiona opened
flimit structure of nonzero measure; violation of the separation rule
(unstable attractors being separated by asyuptotically stable ones;
basin stropture); violation of compactness (porous attractor); utilisz-
ability of the same limit set in bLetween two unstgble sources and two
stable sinks, respectively; time reversal protlem®.
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Royal McBee LGP 30K

TueoreM 1. Let J be an interval and let F: J— J be continuous.
which the points b = F(a), ¢ = F*(a) and d = F(a), satisfy
d=a<b<clordza>b>c).
Then
TI: for every k =1,2,--- there is a periodic point in J havin
Furthermore,

T2: there is an uncountable set S CJ (containing no periodic
the following conditions:

(A) For evéry p,q € S withp# q,
2.1) lirlliup\F”(p)—F"(q)i>0
and
(2.2) IiTiPI|F”(p)—F"(q)| =0.
(B) For every p € S and periodic point q € J,

limsup | F*(p)— F"(q)| > 0.

Remarks. Notice that if there is a periodic point with period 3, th
will be :atisfied.
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Deterministic Nonperiodic Flow!

Epwarp N, Lorenz
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Essais de cgns;truction d’une réaction
chimique « a\‘rla Lorenz »

Tl et

SIAM J. APPL. MATH.
Vol. 32, No. 1, January 1977

PERIODIC SOLUTIONS OF A LOGISTIC
DIFFERENCE EQUATION*

F. C. HOPPENSTEADT AND J. M. HYMANTY
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Professor

Steve Smale

Department of Mathematics
University of California
Berkeley, Calif. 94720
U.S.A.

Dear Dr. Smale:

Two different picturesque points that I thought might
interest you together make a suprathreshold reason for actually
writing you a letter.

3) A 'reinjection' principle for chaos generation in 3 dimensions.

_Gircuit qpiygrse\

‘.

The corresponding simple "three-dimensional mincer":

Topologie

The corresponding topologival prototype, stretched flat:

Conjecture: Just as recurrence (of trajectories) makes limit
cycles possible after going from one to two dimensions, so
reinjection (of a bundle) makes such a pouch-type attractor
possible after the transition from 2 to 3 dimensions.

18T

2d.:

(containing random coil).

ii) A proposed "solution" for the céntinuous version of the
prisonner's dilemma.

Continuous prisonner's dilemma:

e

O

The only Pareto optimum (Par.opt.) id much less advantageous to
both players than one of the 4 non-optima (N.opt.).
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I thank Art Winfree for literature

). E.N. Lorenz, J. Atmos. Sci. 20,
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Chaotic Behavior in Simple Reaction Systems
Otto E, Rossler

Institut fiir Physikalische und Theoretische Chemie der Universitit Tiibingen

(Z, Naturforsch. 31a, 259—264-[1976] ; received January 5, 1976)

Chemical system theory, exotic kinetics, nonperiodic oscillation, 3-variable dynamical systems,
strange atiractors
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(a) Nearly linear mode.
(= limit cycle)

(b) Relaxation mode.
(= limit cycle)

(d) Chaos-producing mode (see text).

tircuit. s.m.= slow manifold, u.f.= unstable

(ksb + kac)a

k koa —
1+ koa e

= ksa — kgb

kioc
c+ K’

kra 4 ksc — koc® —

v beeneene e b B e
7.5 7 6.5
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Thomas S. Briggs
and Warren C. Rauscher

Galileo High School Lux laboratory AII OSCi"(“'iIlg IOdine CIOCk

1150 Francisco Street
San Francisco, California 94109

« Nous avons trouvé une réaction d horloge oscillante a [iodine qui donne des variations
saisissantes de couleurs, de Lor au bleu, a ['aide de simples réactifs./...]| Plusieurs variations
de cette réaction existe. Nous avons observé des oscillations de faible durée de vie en
substituant le 2,4-pentanedione pour de Lacide malonique. Le cérium peut étre utilisé a la

place du manganése, ce qui donne des oscillations de hautes fréquences et d amplitudes
variahlo
' |

D =CED -
o5 ﬂ \ﬂﬂ ]
56 I ‘lv 2
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o7 — i
-8 I{ * -
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o R — | L 2 -
f
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Ak é* « fJespere que vous avez raison a propos
00 o ] .
) £ I/ﬂ’f’,, la™="" de Belousov, comme j aimerai le croire. »




LArs Forxke OLSEN
Hans DEGN

Chaos in an enzyme reaction

a 237 Institute of Biochemistry,
Odense University,
Odense, Denmark
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solutions. The argument is based on a theorem by Li and
Yorke®. Here we report the finding of chaotic behaviour as
an experimental result in an enzyme system (peroxidase).
Like Rossler’ we base our identification of chaos on the
theorem by Li and Yorke®.

17

Nature Vol. 267 12 May 1977
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Br-o n ™o . (bedes anfort ved peny

“J'ai rencontré pour-la premiére fois Otto Rosslér d une
Lars Folke Olsen | CONference a Vienne, en Austriche en Septembre 1975. [...]

Jai été profondemment fasciné par [homme et son

enthousiasme pour la science qu il présentait. |[...]

Quelques mois plus tard, jai recu une bourse de voyage de [‘université

(Odense University) pour passer 4 a 6 semaines dans un laboratoire
étranger et, bien que j'avais plusieurs offres de laboratoires européens tres
réputés, je n'avais aucun doute sur le fait que ma priorité numéro une était
de visiter Otto a Tiibingen, et c'est ce que j ai fait en Janvier-Février 1976.
Ces semaines furent parmi les semaines les plus excitantes de ma vie
scientifique et je n 'avais aucune idee qu'elles faconneraient le reste de ma /

CA Rterp- /A, =

carriere scientifique.
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The Belousov-Zhabotinskii Reaction in ; ™ T

K. R. GRAZIANI*, J. L. HUDSON** and R. / /
‘ W

1 1

) ._4.%__.. B — _..|.__

a@ﬁﬁ\*

\ |
Amplitude of Oscillation S e D N
{peak-to-peok } Time

Fig. 3. Effect of sodium bromate feed rate on oscillations:

(2) 1.28 ml min~!; (b) 1.32 ml min~!, the normal flow rate of
bromate for a total flow of 4.7 ml min~!; (¢) 1.33 ml min~!;
(d) 1.36 ml min~!.
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Experimental evidence of chaotic states in the
Belousov-Zhabotinskii reaction

R. A. Schmitz, K. R. Graziani,® and J. L. Hudson?

Department of Chemical Engineering, University of Illinois, Urbana, Iliinois 61801
{Received 3 May 1977)

Experimental results are reported which show strong evidence that the Belousov-Zhabotinskii reaction
proceeds in an intrinsic chaotic (sustained time-dependent, nonperiodic) manner over a range of residence
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type’ chaos®® are possible in such systems, We present here pre-
I{}_] I liminary evidence for the occurrence of screw-type chaos in the
Zhahotinskii reaction,
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Different Kinds of Chaotic Oscillations Chaos exogéne
in the Belousov-Zhabotinskii Reaction avec.bruft éxterne

Klaus Wegmann
Institut fiir Chemische Piflanzenphysiologie der Universitit

and

Otto . Rossler

Institat fir Physikalische und Theoretische Chemie der Ut
Institut fiir Theoretische Physik der Universitit Stuttgart
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7. Naturforsch. 88a, 1179— 1183 (1978); received July 19, 1978




Different Types of Chaos in Two Simple Differential Equations

Otto E. Rossler 1976

Institute for Physical and Theoretical Chemistry, Division of Theoretical Chemistry,
University of Tiibingen

(Z. Naturforsch. 31 a, 1664 —1670 {1976]; received November 10, 1976}

Different types of chaotic flow are possible in the 3-dimensional state spaces of two simple non-
linear differential equations. The first equation consists of a 2-variable, double-focus subsystemn
complemented by a linearly coupled third variable. It produces at least three types of chaos:
Lorenzian chaos, “sandwich” chaos, and “horseshoe” chaos. Two figure 8-shaped chaotic regimes
of the latter type are possible simultaneously, running through each other like 2 links of & chain.
In the second eguation, & transition between two different types of horseshoe chaos {spiral chaos
and screw chaos) is pessible, While sandwich chaos allows for a gemuine strange atiractor, the
same has not yet been demonstrated for horseshoe chaos. Unlike the situation in the analogous
1.dimensional case, an emergent period-3 solution is not necessarily stable in the horseshoe. Since
chaos is a “super-oscillation” {emergent with the third dimension), the existence of “super-chaos”
is postulated for the nect level.

Chaos lorenzien Chaos sandwich Chaos fer-a-cheval




Chaos spiral (fer-a-cheval)
1. Espace des états 2. « modéle de papier »

Stretching

4. Frontiere toroidale

\




DIFFERENTIABLE DYNAMICAL SYSTEMS!
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Chaos unimodal
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Chaos lorenzien

Avec une symétrie de rotation Sans aucune symeétrie

Application de 1¢ retour

33:‘ : P ~

(dz +e)x

X+ K]
Jxy

X =ax+ by —cxy —

v=f +egz— hy—
v=/,+g—h i K

z=k+ Ixz—m:z Rossler & Ortoleva (1978)




Chaos sandwich

Application de 1¢ retour

.

.

b
.

X=X—Xxy—z
- il
V=x"—ay

z=bx—cz+d

Rossler (1976)




In the Lorenz system

V=7 Saddles
OO Foci

Chaos double fer-a-cheval

Application de 1¢ retour

Repliements

40 371.5 35 32.5 30 27.5
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Another example
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