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Dissipative structures and 
biological rhythms

Albert Goldbeter, Chaos 27, 104612 (2017)
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organisms 
need a 

clock, or 
do they?
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The Ising model of 
oscillatory dynamics

Emergence: each cell 
acquires a phase…

Yoshiki Kuramoto
Half a century of the 
theory of synchronization
JSTAT 2026 (4), 044001
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Outline: How Oscillations Emerge

• Biological rhythms without a built-in clock — the question of collective origin 

• A generic circuit: active cells + passive communication channel (the response-
function framework) 

• The chemical blueprint — starved Dictyostelium and adaptation as phase-lead 

• The mechanical blueprint — confined bacterial swimmers, shear-induced 
phase-lead, and the geometric cutoff 

• Quantitative comparison with experiment and predictions



Active and communicating cells
Case 1: social amoeba Case 2: B. subtilis
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Chemical Signal

Thomas Gregor Lab, Princeton, 2013
heat map of cAMP concentrations

oscillation period 5-10 min oscillation period 4-12 sec



SW Wang and L-H Tang, 
Nature Communications 10, 5613 (2019)

A Mean-Field Response Function 
Approach to Spontaneous Oscillations

focusing on
individual cells adapting to their environment
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A generic circuit for collective oscillations

System A: active cells System B: communication channel

receptor

sender

		 
γ !s = −Ks + α1aj

j=1

N

∑Medium 
(passive):

degradation

sender node 
activity

aj t( ) = aj t( )
u
+ Raj t −τ( )

−∞

t

∫ s τ( )dτSender node 
(active individual):
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Dynamic equations in 
frequency domain:

!aj ω( ) = !Raj ω( ) !s ω( )

!s ω( ) = α1
K − iγω

!aj ω( )
j=1

N

∑

passive: phase lag   
active: phase lead

!𝑅!,# 𝜔 = !𝑅!,# 𝜔 𝑒$%&!,# '  

i)  𝜙! 𝜔 = − 𝜙" 𝜔 				phase	matching	at	𝜔

ii)  𝑁 = #
$%( & $%) &

         threshold cell density

Onset condition for N 
identical oscillators

𝑁 2𝑅! 𝜔 2𝑅" 𝜔 = 1



Adaption is phase-leading

Adaptive node can be employed as an active, 
phase-leading agent at a range of frequencies. 

Signal 
molecules

adaptation 
error

∆𝑠

Linear response (noise-averaged):

𝑎! = 𝑎" + &
#$

!
𝑅 𝑡 − 𝜏 𝑠%𝑑𝜏

𝑅 𝑡 =
1
∆𝑠
𝑑 𝑎!
𝑑𝑡

under a step stimulus

step 
signal

mean 
activity

time

Kramers-Krönig relation (causality): 

!R ω( ) = !R' ω( )+ i !R'' ω( )
-𝑅& 𝜔 =

2
𝜋
&
"

$
-𝑅&′ 𝜔'

𝜔'
𝜔'( − 𝜔( 𝑑𝜔'

Spectral property of the response function

lim
)→"

-𝑅& 𝜔 =
2
𝜋
&
"

$
-𝑅&′ 𝜔'

𝑑𝜔'
𝜔'

= ε → 0

sign change along 
the frequency axis

Adaptation:

lim
'→)

𝑎' − 𝑎*
Δ𝑠

= 9
*

)
𝑅 𝜏 𝑑𝜏 = 2𝑅 0 = 𝜖
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Science 328:1021 (2010)

Period 15-30 min Period 6-8 min

Speed up at 
increasing 
cell density

https://exrna.org/blog-dicty-ev-chemotaxis/ 

Phosphodiesterase 
PDE degrades cAMP

cAMP degradation in 
surrounding medium 
proportional to cell density
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Single-cell measurement of cytosolic cAMP 
upon a step increase (1nM) of extracellular cAMP 

AE Sgro et al., Mol. Syst. Biol. 11, 779 (2015)

Ra t( ) =
da
dt

Increasing K

Adaptation in cAMP response
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Single-cell measurement of cytosolic cAMP 
upon a step increase (1nM) of extracellular cAMP 

AE Sgro et al., Mol. Syst. Biol. 11, 779 (2015)

Ra t( ) =
da
dt
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Tmin =
2π
ωmax

= 6.5 min

internal

external

Theory: !Rs ω( ) = α1
K − iγω

−φs ω( ) = tan−1 γω
K

Extracellular cAMP

Degradation rate K 
increases with cell 
density

SW Wang & LHT, Nature Comm 10, 5613 (2019) 11

Adaptation in cAMP response

Extracted from data 



Circularly polarized motion of micro-swimmers

C  Chen, S Liu, X-Q Shi, H Chate, YL Wu, Nature 542: 210 (2017)

B Miao and L.-H. Tang, arXiv: 2603.26025
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Can mechanical channel do the same?



side 
view

top 
view

bi
of

ilm swarm 
fluid

rigid rotation 
4-12 sec

z
5-10 μm

Individual cell trajectoriesExperimental setup in Wu Lab

B. subtilis
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How bacteria communicate

swimming bacteria 
+ 

fluid u (communication)
Disturbance on the fluid due to

bacterial flagella + body movement
force dipole

p1

p2

p3

p = polarity vector
		 

Jeffery's	equation	(thin	rod):				
!p= I−pp( )i ∇u( )ip
turning	in	shear	flow

z

y
x

𝐮 𝑧 = 𝛾̇𝑧 B𝑦
suspensionflu

id
 fl

ow

sender

receiver

Is it going 
to do the 

trick?
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Jeffery equation (thin rod)



P r,p,t( ) =PDF	of	a	bacterium	at	r	with	orientation	p
Smoluchowski	equation:			

∂P r,p,t( )
∂t

= −∇i !rP( )−∇p i !pP( )+D∇2P +d∇p
2P

Swimmer	in	a	flow	field	u:				!r =Vsp+u						
Jeffery's	equation:				 !p = I−pp( )i ∇u( )ip

Stochastic 
components of 
bacterial motion

Moving to the population:   mean polarity profile  𝑃 𝐫, 𝐩, 𝑡 → 𝑐𝑃 𝐫, 𝐩, 𝑡 ,     c = cell number density

A minimal model for microswimmers

translational 
diffusion

rotational 
diffusion

David Saintillan and Michael J. Shelley, 2008

	σ 0 <0		for	pushers

Navier	Stokes	Equation	(low	R):				 −∇q+∇iΣ + µ∇2u =0

Stress	generated	by	swimmers:				Σ r,t( ) =σ 0 pp− 13I
⎛
⎝⎜

⎞
⎠⎟∫ P r,p,t( )dp

𝐷.∇(𝑃 + 𝐷/∇𝐩(𝑃
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Linear response: nematic tilt as sender/receiver

Small deviations 
from a non-

polarized state: 			 

P = c
4π +Ψ z ,p,t( )

u =u
!
z ,t( )

Mean polarity profile

Flow profile

by Sylvain Paris
Adobe Systems Inc.

Physical takeaway: 
the off-diagonal nematic order 

parameter acts as both a 
”sender” and a ”receiver” of 

the signal through the fluid
+

+

−

−

𝑙 = 2,𝑚 = ±1

−µ
∂2u

!

∂z2
=σ 0

∂
∂z

dp∫ pzp!Ψ z ,p,t( )Fluid motion

sender

Linearized Smoluchowski Equation

∂Ψ
∂t

+Vspz
∂Ψ
∂z

−D ∂2Ψ
∂z2

−d∇p
2Ψ = 3c4π pz∂z u!ip( )

signal

𝜕Ψ
𝜕𝑡

+ 𝑉1𝑝2
𝜕Ψ
𝜕𝑧

− 𝐷.
𝜕(Ψ
𝜕𝑧(

− 𝐷/∇𝐩(Ψ =
3𝑐
4𝜋

𝑝2𝜕2 𝐮∥ K 𝐩

nonequilibrium
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Separation of variables (geometry and symmetries):

𝐮∥ = 𝑢4 M𝐱 + 𝑢5 M𝐲 → 𝑢± M𝐞± sin(𝑘𝑧) 𝑒#,)!/%

Ψ 𝑧, 𝐩, 𝑡 = 𝐴 𝜃, 𝜑 sin(𝑘𝑧) + 𝐵 𝜃, 𝜑 cos(𝑘𝑧)  𝑒#,)!/%

W

no slip

free

𝑘 =
𝜋
2𝑊

𝜏 =
1
𝐷%

𝐴 𝜃, 𝜑 = \
8	:;;

]𝑎8𝑌8
±' 𝜃, 𝜑

𝐵 𝜃, 𝜑 = \
8	<=<>

]𝑎8𝑌8
±' 𝜃, 𝜑

Multipole expansion:

Fluid flow driven by swimmers
(communication channel):

Orientational dynamics of bacteria:

%𝑎! = 𝜒 𝜔, Λ", Pe# 𝐵

onset of oscillations
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Multipole expansion and eigenmode equations



Result: phase-
leading response at 
large Péclet number 

𝜒 𝜔 = 𝜒$ 𝜔 + 𝜒′′ 𝜔

Λ% =
𝜋!𝐷%
4𝐷&𝑊! ≤ 1
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Pe) =
𝜋
2

𝑉)
𝐷&𝑊

≈
𝜆&
𝑊



Quantitative agreement 
with Wu lab’s experiment

0 5 10 15
Pe

s
 = πv

s
/(2D

R
W)

0

0.5

1

ω
0
/2

π
  
(H

z)

0

0.05

0.1

o
n

se
t 

ce
ll

 d
en

si
ty

 c
0
 (

µ
m

-3
)

P
e s(0

)
c

(a)

(b)

W
 =

 1
0
 µ

m

W
 =

 5
 µ

m

Λ
T
 = 0

Λ
T
 = 1

Onset cell density (theory):
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𝑐* = −
5𝜇𝐷&
𝜎*

𝜒′ 𝜔*, Λ", Pe# +'

Oscillation period:  4 - 12 sec



20

The geometric cutoff:
physical mechanism and 
a new prediction

B 𝑎! 𝑎'
𝑎,

...

slow

fast

excitable circuit at large Pe)Pe) =
𝜋
2

𝑉)
𝐷&𝑊

≈
𝜆&
𝑊

𝑊

=
⁄𝑉1
𝐷/

⁄
= 𝑉1

𝜏
Δ𝜃

(run 
length persistence of individual bacterial 

orientation across film thickness 
phase-leading 

response:



21

Summary

collective oscillations – cells find ways to 
communicate and excite each other 



Dicty aggregation (chemical blueprint)

Adaptation → phase-lead → order 

Bacterial swimmers (mechanical blueprint)

Shear flow → phase-lead → order 

N
onequilibrium

 physics at w
ork
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Conclusions
• Collective oscillations can emerge without an intrinsic oscillator at the single-cell level — 

the key ingredients are active agents coupled through a shared communication 
channel.

• A unified criterion: oscillation onset requires phase matching (active lead cancels 
passive lag) and a threshold density (loop gain ≥ 1).

• Quantitative predictions (onset density ~0.03–0.05 μm⁻³, period 4–12 s) agree with Wu 
lab experiments with no fitting parameters beyond known single-cell quantities.

•  Film thickness W sets a geometric cutoff — oscillations require -+
.
	 ≥ 1.

• Open direction: What happens beyond onset? Nonlinear selection of amplitude, 
frequency, and spatial patterns in finite-size geometries (cGL and KPZ phase dynamics?).
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The Adaptation Route to Collective Oscillations

耳鸣

聚集

合成
系统

糖酵解

Cytosolic 
cAMP

sender

Careful study of 
individual 

response circuit
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Dicty’s cAMP signalling circuit

receptor
cyclase

activation

seconds

Nagano & Sakurai, 
PRE 88, 062710 (2013)

Extracellular space

cAMPe(𝑡)

Ra t( ) =
da
dt

adaptative response

AE Sgro et al., Mol. Syst. 
Biol. 11, 779 (2015)

repressor, slow
27

2 min


