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Rayleigh-Bénard Convection
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Bénard-Marangoni Effect
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Belousov-Zhabotinsky-Reaktion

1Br + BrO; + 3H" + 3HMal — 3HBrMal+ H,0
BrO; + 4 Ferroin’* +HMal+ SH™ —» 4Feriin®"+HBrMal + 3H,0
4 Feriii +*HBrMal + H,0 — 4 Ferroin™ +HCOOH+ 2C0O, T+ SH + Br

3BrO, + SHMal+ 3H" — 3HBrMal+ XHCOOH + 4C0O; + SH; 0

; A
+= 0610 min - Br ‘
! Ferroin®'/Ferrin™ |
'“""'l--—--l""l‘|I
11 .|
e - — i =
¢ =07-45 min ¢ = 08-30 min ¢=09-15 min +=00-45 min i

light-sensitive reaction

t=11:15min t=12:40 min
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Belousov-Zhabotinsky-Reaktion

Group of ,Dissipative Structures®,
H. Engel (TU Berlin)
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CO on Platinum Surfaces

simulation

A. v. Oertzen, H.-H. Rotermund, A. S.
Mikahilov, FHI Berlin

experiment /ﬁ'HELMHOLTz
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Selforganization

= Open system * Non-linear sytems offer more
Non-equilibrium than one solution which can

= Non-linearity and/or be obtained.
Interacting species with * Fluctuations allow the system
different relaxation time to switch between the
scales different possible solutions

= Fluctuations
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Swarming, self-organized?

As we know from a lot of species, individuals tend to
form groups.

Within these groups coherent motion of the group itself
can be observed.

= \WVildebeest live in herds
= Fish form schools
= Birds fly in flocks

= Locusts move Iin large swarms
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Wildebeests

J :l -'_-.h} - = - .
Plate 3. Wildebeest massing in a grazing front on the Serengeti Plains. March 1973.
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Buffalos
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Swarming?

As we know from a lot of species, individuals tend to
form groups.

Within these groups coherent motion of the group itself
can be observed.

= \Wildebeest live in herds
= Fish form schools
= Birds fly in flocks

= Locusts move Iin large swarms

/ﬁ' HELMHOLTZ

‘ GEMEINSCHAFT

N




Anchovis Trying to Survive
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Swarming?

As we know from a lot of species, individuals tend to
form groups.

Within these groups coherent motion of the group itself
can be observed.

= \Wildebeest live in herds
= Fish form schools
= Birds fly in flocks

= Locusts move Iin large swarms
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Flocks of Birds
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Swarming of Army Ants
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Selected Writings of Theodore

A. Aronson, E. Tobach, J. S. Rosenblatt & D. S. Lehrmann (Eds.)

C. Schneirla, Freeman & Co., San Francisco (1972)




Collective Motion in Bacterial Colonies

PHYSICAL REVIEW E VOLUME 354, NUMBER 2 AUGUST 1996

Formation of complex bacterial colonies via self-generated vortices

Andras Czirok,' Eshel Ben-Jacob,” ITnon Cohen,” and Tamas Viesek '
 Department of Atomic Physics, Eotvds University, Puskin u. 3-7, 1088 Budapest, Hungary
1School of Physics, Tel-Aviv University, 69978 Tel-Aviv, Israel
lnstitute for Technical Physics, P.O. Box 76, 1325 Budapest, Hungary
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FIG. 2. Bright field micrograph of a single rotating droplet with
a magnification of 500X (a) and the corresponding velocity field
obtained by digitizing our video recordings (b).

% 19935; revised manuscript received 29 March 1996)

FIG. 8. A typical result of the chemoregulated model for vortex
formation. The positive feedback of the chemoattractant breaks the
originally homogeneous density and aggregates with high density
are created. The flow field is represented by arrows of a magnitude
proportional with the local velocity. The inset shows the concentra-
tion distribution of the chemoattractant (g=0.1, v=0.1, F=0.3,
k=01, x,=02, =02, D,=0.1, A ,=0.01).

FIG. 9. In the same model as shown in Fig. 8, but for a different
value of the parameter w (providing stronger velocity-velocity in-
teraction, p=0.3), rotating rings develop in the simulations (a).
This phenomenon was also reported in Ref. [19] (b).

E. Ben-Jacob, H. Levine
Nature, 409, pp. 985-986
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Dictyostelium discoidium Slime Molds

10 hrs 12 hrs 14 hrs 16 hrs 0 hrs 24 hrs

http://www.dictybase.org

Herbert Levine, UCSD

http://www.dictybase.org ﬁHELMHOLTZ
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Daphnia within a Light Shaft

Anke Ordemann, Frank Moss: J. Rudi Strickler, Akira Okubo
Center for Neurodynamics, UMSL
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Basic Observed Motions
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Question and Answer

Question Answer

What are the basic features One needs a model:
which have to be put into a
model to resemble coherent
motion as they can be
observed in nature and society

=which stationary state is far
from equilibrium,

swhere interaction of the
individuals leads to a specific
confinement and

=fluctuating forces
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Vicsek's XY-Model

* N locally aligning particles with

noise and constant velocity v,

9i(t + At) = (9(i))s(iy + &

 Periodic boundary conditions

« Parameters: density of particles and

amplitude of noise

A o

@8 Gas. * F o (D)
L% St U
SO S, v

-
b 4 "
h:F“ [
l.'ii¢ L] - et
qll" wt F '“""r"
f.l* d =
¥ v F % ars
' '
A
L F

(a) initial random setting

& - - *  (b)low density, low noise

292 (c) high density, high noise
(d) high density, low noise

Vicsek et al., Phys. Rev. Lett. 75, 1226-1229 (1995)
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Novel Type of Phase Transition

O N=40

+ N=100

x N=400 -
A N=4000

Va ¢ N=10000

average velocity

n  Strength of
fluctuatuons
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Modelling of Fishschools

Flash expansion

" Vv .
e = ";?-"I Join
- Vacuole b/ T-""- Sl
# o~ S g, + Contfusion
fﬁf” q\,&__:'" f"f%f' :m H:"_'-ﬁ-:f ‘,.--f;: ZOME
Split % =7
2 Hourglass
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Modelling of Fishschools

Xi(t—l—l) — Xi(t)—I—Vi(t)At
i K vi(t) = A{wi(?),0i(8)}
0i(t) = 0i(t—1)+ ¢i(?)

Similiar to Viscek's
model + some rules for
the update of the turning
angle ¢

o > X

Inada and Kawachi, Journal of theoretical Biology 214, 371-387 (2002) fﬁ' HELMHOLTZ
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Modelling of Fishschools

Reaction field around an individual, consisting
of repulsive-orientation, parallel-orientation, and

o o
o e Ly o e
R o i
’ /& (o
AR I PRGN I A A FE

e 7 attractive orientation fields whose radii are R,
e R e . .
e o R,, and R,, respectively. The region beyond the
I NGIEREEIE attractive-orientation field is outside the
Vi I ey detection region of an individual, and a blind
2 region exists behind an individual because of its
body.
" Blind region
Turning Angle Distribution Deterministic turning angle ¢; (to avoid the predator)
. = a;. vi(1)),
| (@ — o,)? ai = Al vill))
P(;) = —F=exp| ———F5 37— -
LV 2n =0 A; = CAj school T {l _ ('}af,pt't’duwr (0 SCS ]}

=
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Modelling of Fishschools

(b)

Behavioral rules for interaction with other individuals; (a) approach, (b)
parallel-orientation, (c) repulsion. These rules were first proposed by Aoki
(1982) and Huth & Wissel (1992), together with the random direction at which
an individual turns to search for other individuals.
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Modelling of Fishschools

(i}

(e) if)

(b}

e N . ‘// « v NN
P N \ e i - '

Inada & Kawachi, J. theor. Biol

FTH {iil}

. 214, 371-387 (2002)
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Modelling of Fishschools
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(Second) Newton's Law
Make it as simple as it is!

F = m X a
force m ass accelaration

/ change of velocity per unit time
Y ¢t 0 dV

1 .
tt 0 ds
— ¢? St+¢t—St) g — =3

\ dt
traveled distance per unit time

From now on the distance s is denoted by the change of the space z
coordinates x (1D) or r (3D) 7 veLmHoLTZ
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Active Brownian Particles

ma =F = F depot + Finteraction + F ° uctuation

\ \ /

P =, - F(r)+ V2DE(t)

: (nonlinear dependance on v)

= Confinement (external boundary conditions or interaction with
other particles)

» Random forces (Gaussian white noise)
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Numerical Implementation

P dr Aw

- dt T At

, dv Avw
b = )

dt At

r(t + At) = z(t) +v(t)At
v(t+ At) = v(t)+ [y(v(t))v(t) + F(x(t))] At

+£(t)p At)
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Depot Model

Particle with mass m, position r, velocity v, self-propelling force connected to
energy storage depot e(t); velocity dependent friction y(v)

External parabolic potential U(r) and noise &(t)
r = v
d2e(t)V — vV — VU + »(t)
Energy depot: space-dependent take-up q(r), internal dissipation ce(t),
conversion of internal energy into kinetic energy d, e(t) v2

e(t) = q(r) — ce(t) — dae(t)v?
Energy depot analysis (for q(r) = q, ):

mv

d2qo
Co —+ d2V2

Y(V) =70 —

/ﬁ' HELMHOLTZ
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Negative Friction

EBELING et. al, Biosystems 49, 17-29 (1999)
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Depot model: v(v) = Cjod(;f,z

Stationary probabilty for the velocitiy of a particle

{]O

do ,\2P Yo
Po(v) = C (14 =07 exp |[—F50?
o(v) ( + v ) eXp | =55 Y

0.1 0.1 0.1
/_/.4 E’\\ /4 ﬂ\\ //.4
i -2 -2 -2 -2
0 0 0 0
44 44

ﬁ HELMHOLTZ

I GEMEINSCHAFT




Active Particles In an
External Potential

..—-..‘.

e
M =

{5 r 8
_8 X3
x;0 4 g 8
weak noise strong noise
Erdmann et al., European Physical Journal B 15, 105-113 (2000) /ﬁ' HELMHOLTZ
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Directly Interacting Particles

Herbert Levine, UCSD

Erdmann et al., Physical Review E 65, 061106 (2002)
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Harmonic Interaction
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Center of Mass

t= 112001180
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Stability of the Translational Mode
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Center of Mass

L= 270,420
|"-_"E T T T T 3
=370 |".2—; _; =430
o oy y ,-,|_-§ - : o] - ~ 7
‘—.-r" T ; ; = ": I :L;":L'R
n‘??‘- . - ? 1]-, '.‘:r “"'l.'i:' *,
N 0 3 - 1
i = ] ] F - ""F.-'
% E - e ’@!rﬁw*‘f‘ﬂﬁ
. ] in E 3 i "
- T " I N
P N ; E L F“.rl
¥ " e E il e gt S
--1‘"---"‘I l ] ] 1 Yo '..r""'. r
S E - ] &::*jﬁ;f{'
ek - 2 —f e
a—'{ﬂ‘ - - _ L :E;ﬁ -
563 3 oAy
FF-‘----;' I g T T
273 280 200 205,
¥
=38 = 420
¥ T 1= YAl e 1] =41 B o T e

: ‘Y M
- : k . ?'h £y ” r}v - Flye Myt i L
R LI A BRI I N
[ P e ! r -y 5 -k LR
M i e - H';';?{E-'LH;&{'-“ !r .p.{r-" ,.1.:-‘ :.'ﬂt' Q;.ji-; "; -.h' :2‘5— .I-!JI:
T f{ﬁ.;f E","‘I-‘-T' vy ’t?:d’ "l\“{l‘-h i I’I.- S ¥ el ;-':"
. " - lh':.--!.- A Y B ¥
- a1 . -'. .

ﬁ HELMHOLTZ

Erdmann et al., Physical Review E 71, 051904 (2005) ‘ GEMEINSCHAFT




Active Brownian Particles with Chemical
Interaction

i = Vi
ho= 2, N
= v e DG
i °(v) chemotaxis gaussian noise
. q X
¢ = N =T kg T e 0
| 5 1{7 } decay  di®usion
production
A A+ B

ﬁ HELMHOLTZ
‘ GEMEINSCHAFT

. iR




Cluster formation

D, = 0.001 D, = 0.1
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Trajectories of the Particles in a Cluster
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APB with fluid like interaction

Vi = (71 —yvi)Vi+ B(c)Ve
1
2

+xVE + (2D)2 » (1t

v velocity-velocity interaction strength

e
=
S
=

i

v_F local velocity field

1)(
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Chemical Interaction + Velocity Coupling

timestep = 1 timestep = 1
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Chemical Interaction + Velocity Coupling

timestep = 1 timestep = 1
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Chemical Interaction + Velocity Coupling

timestep = 1 timestep = 1

0.5
0,02
0,018

QLT 0,016
0,014
0,012
0,01

.37 0.008
0,006

- 0,004

0,002

0.2 0

0.1

0 I I I I
0 0.1 0.2 0.3 0.4 0.5

X:5 ﬁHELMHOLTZ

‘GEMEINSCHAFT

PAGE 49




Complex y-dependent Dynamics
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Chemical Interaction + Velocity Coupling
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Take-home Message

= Living far from equlibrium and
= interacting and/or

= behave non-linear

lets us live self-organized more than emergent, though
we have emerged already on this planet ;-)
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Principle of Adiabatic Elimination

¢ = —C191 — aq1q>2

2 = —(2q2+ bgj

time scale separation

—> =0 —> @~ . b

> L. ab
1 — —C1CI1—ZQ‘:’
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Active Brownian Particles in a Liquid

"
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Hydrodynamical Interaction

" R - Tri; '>_< T;i
!ocal velocity - vp(ry) = ZI— 5+ J:PQ ;] o
iInduced by the ;U ij r
surrounding particle
in a laminar regime ve(r) =Y — v, + CTRCT/ IS
— Tij - "1
The Langevin equation for a single particle becomes:
v; = —Y(v;)v; + krpvr(r;) + F(r;) + V2DE;(1).
Erdmann and Ebeling, Fluctuation and Noise Letters 3(2), L145-L154 (2003) /ﬁ' HELMHOLTZ
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Fokker-Planck Equation

If the dynamics of a single particle is:

r=uv, v=-—(v)v+ F(r)+ v2DE(t)

The corresponding Fokker-Planck equation iIs for the PDF becomes:

OP OP oP 9 9P
o= Vo Frg, av{ “”“’”D%}
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