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Molecular Dynamics Simulation of Nuclear Pasta
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M ~ 1.4 M☉ → 2 M☉

R ~ 10 km
ρ ~ 106 g/cm3 → 8 x 1014 

g/cm3

x ~ 0,5 → 0,2 (?)
T ~ 1 MeV (1010 K)

 



The Model, finite systems, nuclear collisions

What is nuclear Pasta?

What is the effect of periodic boundary conditions
on the calculated morphology of the system?

What is the role of Coulomb interaction?

What is the role of the Debye screening length on 
the scale of heterogeneities?

Phase Transitions within Pastas?

Neutrino opacity? 

Pastasciutta? 

Expading (&fragmenting) infinite systems



The model, finite nuclei, fragmentation
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According to original workCMD Model



Flat CC
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CMD Model

Collisions



MST Clusters

MSTE Clusters



ECRA Clusters



ECRA



Solved using Puente's approximation

ECRA Clusters



ECRA

Lennard Jones



CMD Model



Normalized parallel velocity 
Distribution calculated in the 
Center of mass for z>3 in 
Mid-peripheral 58Ni+C reactions

Exp.

sim.





From nuclei to N Stars



(or Debye)
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We first study



First results



Pasta ! (or pastasciutta)
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Topological charcaterization of neutron stars crust
C. O. Dorso, P. A. Giménez Molinelli, and J. A. López, Phys. Rev. C 86, 055805 







The role of coulomb

with 0  α  1

We analyze the behavior of a system driven by:



The role of coulomb

This suggests that there is pasta
even without Coulomb!

=1 (circles)

=0 (squares)



Nuclear Matter CMD

Simulations of cold nuclear matter at subsaturation densities
P. A. Giménez Molinelli, J. Nichols, J. A. López & C. O. Dorso; Nuclear Physics A (2014) 



Back to CMD

B1=SCB
B2=BCCB
B3=Diam.B

Nuclear Matter

Illinois Potential Medium



Illinois Potential Medium



Nuclear Matter

Illinois Potential Medium



Low T structures



What is the role of Coulomb?

Effect of Coulomb screening length on nuclear ``pasta'' simulations
  P. N. Alcain, P. A. Gimenez Molinelli, J. I. Nichols & C.O.Dorso Phys. Rev.C (2014) 



 What is the role of Coulomb?

Lennard Jones + Coulomb

Illinois potential is rather complicated because :



Lennard Jones +coulomb

no bump!

 as   increases



The role of coulomb (2 dimensions)

N=800











no bump, still get ‘pasta’



In 3 dimensions, no coulomb, Lennard Jones

1 structure per
cell 



In the absence of coulomb we still get “Pasta” but just 
one structure per cell

The scale is fixed by the cell

When coulomb is switched on and  is above the 
“critical value” (next) we get “True Pasta”, multiple 
structures per cell

The scale is fixed by the potential



Finite size, periodic boundary conditions
and the appearance of “Pasta” without Coulomb 

The system is infinite (PBC), particles interact by a short range 
potential

Given a configuration we can write 

Free Surfaces within cell



1 sphere

1 cylinder 1 slab



MINI CONCLUSION

Same as in 2D Lennard Jones for  < c

Without Coulomb (i.e. Nuclear Matter) 

all of the “Nuclear Potentials” Display 

“1 cell Pasta” 



Illinois potential + screened Coulomb

             NS Matter? 

We now explore:

The effect of varying 

The effect of varying the temperature

Clusters as a function of T



Pressure  



As before we fix the density and then we vary  in order to see at which 
point the solution goes to a single structure per cell 

=0.04
T=0.001

 =20
 =15  =10

 =8



Minkowski functionals



If we vary theTemperature….



We now calculate de Lindemann coefficient







Opacity

and

 NS cooling

Temperature dependence of neutrino opacity of the Neutron star crust
P.N.Alcain, P.Gimenez Molinelli & C.O.Dorso, 



Neutrino production in Neutron Stars

URCA process

Structure Factor

Correlación radial



La función de correlación radial y la Temperatura



La función de correlación radial y la Temperatura



Temperature and morphology

Non traditonal pastas



Mass Max. Fragment

N  5500 



T=2.0MeV



Radial Distribution function

Structure Factor

X=0.5
T=0.5
=0.05



Absortion peak height

Absortion peak wavelength







Fragmentation of 

Expanding Neutron Star Matter

Preliminary Results



Infinite expanding system

The microscopic Big Bang



Cluster Models



Infinite MST-Cluster

Recognition



N=11000

a
b



Dens : 0.05; Temp : 0.5; X : 0.1 Dens : 0.05; Temp : 0.1; X : 0.4

Dens : 0.05; Temp : 0.5; X : 0.4



Thermal Conductivity of Nuclear 
“Pasta”

Preliminary Results

In Collaboration with A.Strachan & J Dunn (Purdue)



Methodology

cold
bin

hot
bin

cold
bin

Channel 
1

Channel 
2

Heat Flow

Muller-Plathe 
Method:

Swap hottest and coldest particle

•Continuously swapping the hottest particle in the cold bin with 
the coldest particle in the hot bin imposes a temperature 
gradient on the system, which also generates a continuous heat 
flow
•Thermal conductivity is then calculated using Fourier’s Law:
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B

C
D

E

F

Thermal Conductivity Calculated at T = 0.5, 0.7, and 0.85 MeV
(Structures A, B, and D)



Preliminary Results for 
Thermal Conductivity

Along with heat flux and 
temperature gradient

Thermal 
Conductivity

Temperature 
Gradient

Heat Flux

•The difference in temperature 
between the hot and cold bins are 
too high in these calculations, so 
simulations with a slower swapping 
have been submitted.



Structure at 0.5 MeV

Heat flow 
direction

Heat Flux:
2.3 x 10-5  2.1 x 10-5 MeV/
(tau*fm2)

Temperature Gradient:
1.9 x 10-4  0.043 x 10-4 
MeV/fm

Heat flow 
direction

Simulation Details:
Timestep: 0.1
Swap rate: 1 time every 400 timesteps
Equilibrated for 10,000 timesteps
Ran Muller-Plathe for 1,000,000 timesteps
Averaged results over last 500,000 timesteps

Thermal 
Conductivity:
0.118 1/tau*fm?



Structure at 0.7 MeV

Simulation Details:
Timestep: 0.1
Swap rate: 1 time every 400 timesteps
Equilibrated for 10,000 timesteps
Ran Muller-Plathe for 1,000,000 timesteps
Averaged results over last 500,000 timesteps

Heat flow 
direction

Heat Flux:
3.0 x 10-5  4.4 x 10-5 MeV/
(tau*fm2)

Temperature Gradient:
2.2 x 10-4  0.12 x 10-4 
MeV/fm

Thermal 
Conductivity:
0.134 1/tau*fm?



Structure at 0.85 MeV

Simulation Details:
Timestep: 0.1
Swap rate: 1 time every 400 timesteps
Equilibrated for 10,000 timesteps
Ran Muller-Plathe for 1,000,000 timesteps
Averaged results over last 500,000 timesteps

Heat flow 
direction

Temperature Gradient:
1.7 x 10-4  0.14 x 10-4 
MeV/fm

Heat Flux:
3.6 x 10-5  5.4 x 10-5 MeV/
(tau*fm2)

Thermal 
Conductivity:
0.211 1/tau*fm?



Structure at 0.85 MeV (heat flow across 
layers)

Simulation Details:
Timestep: 0.1
Swap rate: 1 time every 400 timesteps
Equilibrated for 10,000 timesteps
Ran Muller-Plathe for 1,000,000 timesteps
Averaged results over last 500,000 timesteps

Heat flow 
direction

Temperature Gradient:
1.6 x 10-4  0.13 x 10-4 
MeV/fm

Heat Flux:
2.9 x 10-5  12. x 10-5 MeV/
(tau*fm2)

Thermal 
Conductivity:
0.178 1/tau*fm?



Conclusions

Systems with competing interactions undergo “pasta” formation at
Low temperatures

Systems with hc + attractive interactions (i.e. LJ) display “1 per cell pasta” at 
Low Temperatures

This systems can be properly described by
Minkowsky functionals
Correlation functions
Fragments mass distributions

When the long range part of the potential is of the form Coulomb+Debye 
screening there is a c such that below it, the systems moves into the 
“1 per cell pasta” regime

A jump in energy when increasing T associated with morphological change 
has been detected, Also in the Lindemann coefficient

 



At low temperatures well defined pastas (well ordered)

As temperature rises solid-liquid phase transitions within pastas

At higher Temperatures PastaPastasciuta

Neutrino opacity for Nuclear Pastas

Neutrino opacity for non traditional Pastas (pastasciuta)

Fragmentation of expanding infinite Neutron Star Matter
(N~51000)



82

Thank you 
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