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Introduction 

‘Ferrofishes’ 



Lessons from Vicsek Model 

• Large-scale and longtime behavior of the 
active system could be interesting. 



Two active rod systems 

V. Narayan et al, Science, (2007). 



Plant Cell Cortical Microtubule Array 

http://www.maths.bris.ac.uk/~matbl/research/biophys.html http://biology.anu.edu.au/CMS/FileUploads/file/gunning/ 

Interphase microtubule asters of  
mice fibroblast cell 

Interphase cortical microtubule array 
& preprophase band 

http://biology.anu.edu.au/CMS/FileUploads/file/gunning/


Cytoskeleton Nematics 

2. Zippering and crossover between interacting microtubules 

R. Dixit & R. Cyr,  

The plant cell, 16, 3274(2004) 

1. Nucleation and treadmilling  

       of microtubules 



Cytoskeleton Nematics 

2. Zippering and crossover between interacting microtubules 

R. Dixit & R. Cyr,  

The plant cell, 16, 3274(2004) 

1. Nucleation and treadmilling  

       of microtubules 

Y. Sumino, et al,  Nature, 2012 



Basics of microtubule 

www.cytochemistry.net 

Structures 

Nature Reviews Cancer  
4, 253, (2004) 

Plus end dynamics 

Catastrophe point 
Rescue point 

Minus end 

𝛾-tubulin ring complex 

Severing proteins 

A. Roll-Mecak & R.D. Vale,  
NATURE 451,363(2008) 

Animal cell 

Plant cell 

Margolin et al. PRE 74, 041920 2006 

http://www.cytochemistry.net/


Molecular Biology of the Cell.  

4th ed. Alberts B.,  et al. New 
York: Garland Science; 2002. 

 

‘Self-propelled’ microtubules 

T. Surrey et al. Science, 292, 1167 (2001) 

Active cross-linked microtubules 

Treadmilling behavior  

of a microtubule 

+ - end end 

Time 

http://www.garlandscience.com/textbooks/0815341059.asp


A minimal model for interaction 

X. Shi & Y. Ma, PNAS, 107, 11709 (2010) 

Kinetic Monte-Carlo simulation model 



Discontinuous isotropic-nematic transition 

1. Isotropic nematic transition 

2. Snapshots of disordered and ordered states 

X. Shi & Y. Ma, PNAS, 107, 11709 (2010) 



Dynamic mean-field theory 1 

1. The moving of microtubules’ 

center of mass 

2. Discrete rate equation 

3. Spatially homogeneous condition 

4. Boundary condition for length 



Dynamic mean-field theory 2 

Steric interaction hinders polymerization 

/N 

Steric interaction kernal of a segment with length a/N 

Probability of a segment with length a/N intersect with existing microtubule 

Modified polymerization rate 



Steady state solution 

1.Self-consistent integral equation 

where 

3. Bifurcation analysis and numerical result 

2. Isotropic solution 

with 

We have                   at the phase boundary 



Phase behavior of cortical microtubules 

Phase maps for controlled microtubule number system 

where A is now determined by 

Effective free energy functional for steady state 

Simulation results 



Transition properties across phase boundaries 



Band formation  

kgt is proportional with unassembled tubulin concentration cu 

Jiang, Shi, Ma 
Unpublished 



Driven granular rods 

 

V. Narayan et al, Science, (2007). 



Nematic State 

Orientational order 
No position order 



Nematic State 

Orientational order 
No position order 

 Curvature induced particle flows in active nematics 

•  Active flows: 

S. Ramaswamy et al, EPL (2003) & PRL (2003) 



Topological defects 

P. M. Chaikin & T. C. Lubensky,  
Principle of condensed matter 

V. Narayan et al, Science 2007 T. Sanchez et al, Nature 2013 R. Kemkemer, Eur. Phys. J. E 2000 

C. Marchetti et al. RMP, 2013 



V. Narayan et al, Science 2007 

Topological defects 



T. Sanchez et al, Nature 2013 

Topological defects 



Hydrodynamic model with media fluids 

L. Giomi et al. PRL, 2013 

S. P. Thampi et al. PRL, 2013 
S. P. Thampi et al. arXiv:1312.4836 

T. Sanchez et al, Nature 2013 



Simulation model for granular rods 

• Kinetic Monte Carlo model of driven hard ellipse 

V. Narayan et al, Science, (2007). 

hj
n ={+1,+1,+1,-1,+1,+1,-1,-1-1-1,+1,+1,+1,+1……} 

Shi & Ma, Nat. Commun. 2013, 4:3013 



Breakdown of nematic order 

Shi & Ma, Nat. Commun. 2013, 4:3013 

Active Equilibrium 



g2(r) correlation 

g2(r-r’)= 
<cos[2(𝜽(r)-𝜽(r’))]> 

r-r’ 
u 

u’ 
Shi & Ma, Nat. Commun. 2013, 4:3013 



• Active unbinding of topological defects pair 

Dynamics of topological defects 

• Collision and annihilation of defects 

Shi & Ma, Nat. Commun. 2013, 4:3013 



• Active unbinding of topological defects pair 

Dynamics of topological defects 

• Collision and annihilation of defects 

Shi & Ma, Nat. Commun. 2013, 4:3013 



• Active unbinding of topological defects pair 

Dynamics of topological defects 

• Collision and annihilation of defects 



Super-diffusivity  

Shi & Ma, Nat. Commun. 2013, 4:3013 



Racing of defects 

Shi & Ma, Nat. Commun. 2013, 4:3013 



Racing of defects 

Shi & Ma, Nat. Commun. 2013, 4:3013 



Polarity and flows 



Collective motion in active nematics 

Shi & Ma, Nat. Commun. 2013, 4:3013 



Giant number fluctuations 

V. Narayan et al. Science (2007). 

Shi & Ma, Nat. Commun. 2013, 4:3013 



Density Relaxation 
Density auto-correlations 

Shi & Ma, Nat. Commun. 2013, 4:3013 



Density Relaxation 
Density auto-correlations 

Shi & Ma, Nat. Commun. 2013, 4:3013 



Density Relaxation 
Density auto-correlations 

Shi & Ma, Nat. Commun. 2013, 4:3013 



Density Relaxation 
Density auto-correlations 

Shi & Ma, Nat. Commun. 2013, 4:3013 



Enhanced ordering effects 

Shi & Ma, Nat. Commun. 2013, 4:3013 



Enhanced ordering effects 

Shi & Ma, Nat. Commun. 2013, 4:3013 



Collision induced rotations 

Shi & Ma, Nat. Comms. 2013, 4:3013 



Collision induced rotations 

Shi & Ma, Nat. Commun. 2013, 4:3013 



Kinetic equations 

Shi & Ma, Nat. Commun. 2013, 4:3013 



Kinetic equations 

• Total number distribution: 

Shi & Ma, Nat. Commun. 2013, 4:3013 



Kinetic equations 

• Total number distribution: 

• Homogeneous condition: 

Shi & Ma, Nat. Commun. 2013, 4:3013 



Kinetic equations 

• Total number distribution: 

• Homogeneous condition: 

• Linear instability for isotropic state: 

• Critical density 

Shi & Ma, Nat. Commun. 2013, 4:3013 





• Linear instability 

Shi & Ma, Nat. Commun. 2013, 4:3013 



Regulation of collective motion 
through topological defects 
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Conclusions 

Thank you for your attention! 


