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ACTIVE MATTER

Active matter systems are out of equilibrium systems in which 
constituents consume internal energy to move or make work 
on the environment.
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Active particles display:

 Aggregation, favored by 

elongated shape 

(bacteria)

 Activity-induced phase 

separation



ACTIVE DUMBBELLS

THE 2D DUMBBELL MODEL
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F𝑎𝑐𝑡

F𝑎𝑐𝑡

• 𝛾 friction, 𝜼 uncorrelated Gaussian noise;

• 𝐹𝐹𝐸𝑁𝐸(𝑟) finite extensible non-linear force;

• 𝑈𝑊𝐶𝐴(𝑟) generalized repulsive potential;

𝑚 ሷ𝒓𝑖 𝑡 = −𝛾 ሶ𝒓𝑖 𝑡 −
𝜕𝑈𝐹𝐸𝑁𝐸
𝜕𝑟𝑖,𝑖+1

ො𝒓𝑖,𝑖+1 −

𝑗≠𝑖

2𝑁
𝜕𝑈𝑊𝐶𝐴

𝜕𝑟𝑖𝑗
ො𝒓𝑖,𝑗 + 2𝛾𝑘𝐵𝑇 𝜼𝑖+ F𝑎𝑐𝑡,𝑖

A. Suma, G. Gonnella, et al., Phys. Rev. E, 2014.[1]

• F𝑎𝑐𝑡,𝑖 active force, constant in magnitude and

directed along the main axis.𝑈𝑊𝐶𝐴 𝑟 = 4𝜖
𝑟

𝜎

−2𝑛

−
𝑟

𝜎

−𝑛

+ 𝑈𝑊𝐶𝐴(𝑟𝑐)

𝑛 = 6 (LJ), 32



ACTIVE DUMBBELLS

 Surface fraction

 Active and diffusive transport relative rates
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N dumbbells on a surface of area S

Pe =
𝐿𝑣𝑎
𝐷

=
2𝜎𝐹𝑎𝑐𝑡
𝑘𝐵𝑇

PECLET NUMBER

𝜙 = 𝑁
𝜋𝜎2

2𝑆
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ACTIVE DUMBBELLS

J. Siebert, J. Letz, T. Speck, P. Virnau, arXiv (2016).[2]

A. Suma, D. Marenduzzo, G. Gonnella, and E. Orlandini, EPL 108, 56004 (2014).[1]



PURPOSE OF OUR WORK
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We want to relate phase separation of  active dumbbells

to the behavior of  the system at Pe=0.



𝝓

KTHN TRANSITIONS SCENARIO FOR 2D 
HARD-DISK SYSTEMS
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II order

II order

SOLID

• quasi-long-range positional order

• long-range orientational order

HEXATIC

• short-range positional order

• quasi-long-range orientational order

LIQUID

• short-range order

𝜓6,𝑖 =
1

𝑁𝑖


𝑗=0

𝑁𝑖

𝑒𝑖6𝜃𝑖𝑗

B. I. Halperin and David R. Nelson. Phys. Rev. Lett., 1978.[2]

S. C. Kapfer and W. Krauth, Phys. Rev. Lett., 2015.[3]

J. M. Kosterlitz , D. J. Thouless, Journal of Physics C, 1973[1]
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Close-packed 

configuration of  

dumbbells



𝝓

KTHN TRANSITIONS SCENARIO FOR 2D 
HARD-DISK SYSTEMS
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II order

II order

SOLID

• quasi-long-range positional order

• long-range orientational order

HEXATIC

• short-range positional order

• quasi-long-range orientational order

LIQUID

• short-range order

𝜓6,𝑖 =
1

𝑁𝑖


𝑗=0

𝑁𝑖

𝑒𝑖6𝜃𝑖𝑗

B. I. Halperin and David R. Nelson. Phys. Rev. Lett., 1978.[2]

S. C. Kapfer and W. Krauth, Phys. Rev. Lett., 2015.[3]

J. M. Kosterlitz , D. J. Thouless, Journal of Physics C, 1973[1]



2D PASSIVE TRANSITIONS
FOR DUMBBELLS

5/29/2017 11

L.F. Cugliandolo, P. Digregorio, G. Gonnella, A. Suma, arXiv, 2016.[1]

II order

II order

𝝓 SOLID

• quasi-long-range positional order

• long-range orientational order

HEXATIC

• short-range positional order

• quasi-long-range orientational order

LIQUID

• short-range order

𝜙 = 0.730

𝜙 = 0.756



2D PASSIVE TRANSITIONS
FOR DUMBBELLS

5/29/2017 12

L.F. Cugliandolo, P. Digregorio, G. Gonnella, A. Suma, arXiv, 2016.[1]
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DIFFERENT STARTS

5/29/2017

L.F. Cugliandolo, P. Digregorio, G. Gonnella, A. Suma, arXiv, 2016.[1]

FROM STRIPED

FROM RANDOM

FROM ORDER
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THE STATIC STRUCTURE FACTOR

𝜙 = 0.66 (liquid phase)

𝜙 = 0.76 (solid phase)

𝑘1 =
4𝜋

𝑎 3

3

2
, −

1

2
; 𝑘2 =

4𝜋

𝑎 3
0,1

𝑎 =
𝜋

2 3𝜙

1/2

𝜎𝑑

Bragg peaks

where

𝑆 𝑘 =
1

2𝑁


𝑖=1

2𝑁



𝑗=1

2𝑁

𝑒𝑖 𝑘( Ԧ𝑟𝑖− Ԧ𝑟𝑗)
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THE STATIC STRUCTURE FACTOR

𝜙 = 0.734 𝜙 = 0.75𝜙 = 0.74

in the co-existence region
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BACK TO THE ACTIVE DUMBBELLS



LOW-PE ACTIVE DUMBBELLS
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L.F. Cugliandolo, P. Digregorio, G. Gonnella, A. Suma, arXiv, 2016.[1]

Pe=2
𝜓6,𝑖



LOW-PE ACTIVE DUMBBELLS
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L.F. Cugliandolo, P. Digregorio, G. Gonnella, A. Suma, arXiv, 2016.[1]

Pe=10
𝜓6,𝑖
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BOUNDARY OF THE CO-EXISTENCE
REGION

𝜙 = 0.52 𝜙 = 0.54

𝑃𝑒 = 20

𝜙 = 0.84 𝜙 = 0.88

𝑃𝑒 = 10
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LOCAL DENSITY BEHAVIOR IN  THE CO-
EXISTENCE REGION
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PHASE DIAGRAM
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FURTHER CHARACTERIZATION OF THE 
COEXISTENCE REGION: DENSITY BEHAVIOR

𝑃𝑒 = 0,𝜙 = 0.744 𝑃𝑒 = 5,𝜙 = 0.765 𝑃𝑒 = 10, 𝜙 = 0.78 𝑃𝑒 = 40, 𝜙 = 0.50



DIFFUSION CONSTANT
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75% hexatic - 25% liquid 50% hexatic - 50% liquid



PHASE DIAGRAM
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L.F. Cugliandolo, P. Digregorio, G. Gonnella, A. Suma, arXiv, 2016.[1]



CONCLUSION

 Active dumbbells phase separate for any value of  
activity.

 There is no discontinuity between the passive and active 
regions in the coexistence region.
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ACTIVE DUMBBELLS

N dumbbells on a surface of area S

 Surface fraction 𝜙 = 𝑁 ൗ𝜋𝜎2
2𝑆

 Advective transport       𝐿𝑣𝑎 = ൗ𝜎F𝑎𝑐𝑡
𝛾

 Diffusive transport         𝐷 = ൗ𝑘𝐵𝑇
2𝛾

 Active force                  𝐿𝑣𝑎 = ൗ𝜎F𝑎𝑐𝑡
𝛾

 Viscous force                 𝜇 = ൗ𝛾𝜎2
𝑚
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THE 2D DUMBBELL MODEL

A. Suma, G. Gonnella, et al., Phys. Rev. E, 2014.[1]

[1]

Pe =
𝐿𝑣𝑎
𝐷

=
2𝜎𝐹𝑎𝑐𝑡
𝑘𝐵𝑇

PECLET NUMBER

Re(act) =
𝑚𝐹𝑎𝑐𝑡
𝜎𝛾2

REYNOLDS NUMBER



LOW-PE ACTIVE DUMBBELLS
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PHASE SEPARATION IN THE DUMBBELL MODEL
[1]

L.F. Cugliandolo, P. Digregorio, G. Gonnella, A. Suma, arXiv, 2016.[1]
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In our work we want to connect phase separation

of  active particles to what happens at Pe=0.
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THE STATIC STRUCTURE FACTOR

𝑆 𝑘 =
1

2𝑁


𝑖=1

2𝑁



𝑗=1

2𝑁

𝑒𝑖 𝑘( Ԧ𝑟𝑖−Ԧ𝑟𝑗)



 Ff

 hh

2D PASSIVE TRANSITIONS
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L.F. Cugliandolo, P. Digregorio, G. Gonnella, A. Suma, arXiv, 2016.[1]

GLOBAL PARAMETERS

Ψ6 =
1

𝑁


𝑖=1

𝑁

𝜓6,𝑖

Γ6 =
1

𝑁


𝑖=1

𝑁

𝜓6,𝑖
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KTHN TRANSITIONS SCENARIO FOR 2D 
HARD-DISKS SYSTEMS

|𝜓6,𝑖| = 1

θij

𝐢

𝐣


