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Astromaterials 
• Stars freeze. But not all stars. Only parts of some stars freeze.  

HARD	
   SOFT	
  



Shameless Self-promotion 



Neutron Stars   . 



Supernova 
• The star implodes 
• Outer layers rebound off 

of the core (bounce) 
• Neutrinos heat and 

push the outer shell off 
• Kablowy! 



Supernova 



Collapse 
• Without the pressure from fusion to support the core, it will 

collapse 
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Collapse 
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Phase Diagram 



Neutron Stars 

•  Neutron 
stars 
form in 
supernov
ae, when 
a 
massive 
star 
collapses 

•  The 
electrons 
get 
squeeze
d into the 
protons 
to make 
a big ball 
of 
neutrons, 
about 12 
miles 
across 

•   
 

 

• How much does the volume 
of the star change? 

• Nucleus:  R ~ 10-15 m 
• Atom:  R ~ 10-10 m 
 

Image Credit: Google maps 
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dense that Mt. Everest 
would fit in a cup of  
coffee 

•  If you dropped a solar 
mass neutron star  
on the Rotunda… 
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• Neutron stars are so 
dense that Mt. Everest 
would fit in a cup of  
coffee 

•  If you dropped a solar 
mass neutron star  
on the Rotunda… 
it wouldn’t even reach  
Shenandoah Natl. Park 
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• So what physics changes after collapse? 
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• So what physics changes after collapse? 
(1) Rotation: Millisecond pulsars! 
(2) Escape Velocity: Half the speed of light! 
(3) Magnetic Field: Conserve flux: 
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• So what physics changes after collapse? 
(1) Rotation: Millisecond pulsars! 
(2) Escape Velocity: Half the speed of light! 
(3) Magnetic Field: Literally nothing for comparison… 
 

    
 
 



The Four Forces 

•  Neutron 
stars 
form in 
supernov
ae, when 
a 
massive 
star 
collapses 

•  The 
electrons 
get 
squeeze
d into the 
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to make 
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of 
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•   
 

 

• Neutron stars are the only objects in the universe where all four 
forces play notable roles! 

Weak Force: 
Neutrinos	
  

Electromagnetism: 
Strong B field	
  

Strong Force: 
Nuclear interactions	
  

Gravity: 
So much gravity.	
  



What’s inside a neutron star? 



Neutron Star Structure 
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• What’s inside a neutron star? 

•      
Not just a “giant nucleus in space!” 
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Low Mass X-Ray Binaries 
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X-ray bursts  
• As matter accretes, it is compressed, buried, and heated 
• Explosive nuclear burning produces a mix of heavy nuclei  

(rp-process) 
• Ash is buried, and crystallizes 



X-ray bursts  
 

Accre?on	
  Rate	
  

Nuclear	
  Burning	
  

Crustal	
  Hea?ng	
  

Crust	
  
Composi?on	
  

Thermal	
  
Conduc?vity	
  

Crustal	
  Cooling	
  



Hard Astromaterials 



Crystallization 
 



Crystallization 
 



Crystallization 
 • Physics is set by an ‘impurity parameter’ 

• Low impurity parameter implies thermally conductive crust 
• High impurity parameter implies thermally resistive crust 

•  rp-ash has a large impurity parameter (30-50) 
• What does observation favor? 
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Low Mass X-Ray Binaries 
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Observables – Thermal Properties 
• Find an effective impurity parameter and try to fit neutron star 

cooling curves 
• Cooling curves:  low mass X-ray  

binary MXB 1659-29 
 

•  Blue: Conductive crust 
Qimp = 3.5 
Tc = 3.05 × 107 K 



A problem? 
 •  rp-ash has a large impurity parameter (30-50) while observation 

favors a low impurity parameter (<10) 
• How do we reconcile this? Purify the crust with phase separation! 

(Mckinven et al 2016) 
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•  LaPce	
  site	
  hops	
  in	
  
simula?ons	
  of	
  the	
  crystal	
  
allow	
  for	
  diffusion	
  near	
  the	
  
mel?ng	
  temperature	
  

• Broken	
  power	
  law	
  in	
  D(Z)	
  
•  If	
  D=10-­‐6	
  wp	
  a2	
  ,	
  then	
  3	
  cm	
  
layers	
  with	
  100	
  yrs	
  
accre?on	
  	
  
(Mckinven	
  et	
  al	
  2016)	
  

Diffusion Coefficients 



  
Radial Distribution Functions 



First	
  peak	
  in	
  g(r)	
  shi\s	
  depending	
  on	
  Coulomb	
  force	
  
Second	
  peaks	
  are	
  not	
  seen	
  to	
  shi\	
  
Screening	
  of	
  impuri?es?	
  Long	
  range	
  correla?ons?	
  

  
Radial Distribution Functions 



Soft Astromaterials        .  



Neutron stars 

Image Credit: W.G. Newton et al 2012 

• The crust is a crystalline lattice, while the core is uniform nuclear 
matter, like a solid nucleus. What’s in between these two phases? 

 



Non-Spherical Nuclei 
• First theoretical models of the shapes of nuclei near n0 

 1983: Ravenhall, Pethick, & Wilson 
 1984: Hashimoto, H. Seki, and M. Yamada 

• Frustration: Competition between  
proton-proton Coulomb repulsion  
and strong nuclear attraction 

• Nucleons adopt non-spherical  
geometries near the saturation  
density to minimize surface energy 

 

 



Nuclear Pasta 



Gold	
  Nucleus	
  
For	
  Scale	
  



Phases 
i-Gnocchi

r-Gnocchi

Uniform

i-Antignocchi

r-Antignocchi r-Antispaghetti r-Lasagna r-Spaghetti

i-Antispaghetti

Defects
Waffles

i-Lasagna i-Spaghetti



Classical Pasta Formalism 
• Classical Molecular Dynamics with IUMD on Big Red II 

• Short range nuclear force 
• Long range Coulomb force 
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Proton Fraction 
 

Density 
 

Temperature 
 



Classical and Quantum MD 
• We can use the classical pasta to initiate the quantum codes 
• Classical structures remain stable when evolved via Hartree-Fock 

  Classical Points     →    Folded with Gaussian    →        Equilibrated  
         Wavefunctions  
   

 



Classical and Quantum MD 

800 nucleons 
24 fm 

   
 



Classical and Quantum MD 
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100 fm 
   

 

51,200 nucleons 



Molecular Dynamics 
• We have evolved simulations of 409,600 nucleons, 819,200 

nucleons, 1,638,400 nucleons, and 3,276,800 nucleons  

51,200	
  
	
   409,600	
  

3,276,800	
  



Nuclear Pasta 
•  Important to many processes: 

•  Thermodynamics: Late time crust cooling  
•  Magnetic field decay: Electron scattering in pasta 
•  Gravitational wave amplitude: Pasta elasticity and breaking strain 
•  Neutrino scattering: Neutrino wavelength comparable to pasta spacing 
•  R-process: Pasta is ejected in mergers 



Defects 

• Horowitz	
  et	
  al,	
  PRL.114.031102	
  (2015)	
  

•  In	
  the	
  same	
  way	
  that	
  crystals	
  have	
  defects,	
  pasta	
  does	
  too!	
  
•  Electrons	
  don’t	
  sca/er	
  from	
  order,	
  they	
  sca/er	
  from	
  disorder	
  



Self Assembly 
• Left: Electron microscopy of helicoids in mice endoplasmic reticulum  

 
 
 
 
 
 
 
 
 
 

• Right: Defects in nuclear pasta MD simulations   
 

Terasaki et al, Cell 154.2 (2013)	
   Horowitz et al, PRL.114.031102 (2015) 

Parking Garage Structures in astrophysics and biophysics (Berry et al Phys.	
  Rev.	
  C	
  94,	
  055801) 2016 



Pasta Defects 

	
  ←	
  Perfect	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  Defects	
  →	
  

• Defects	
  act	
  as	
  a	
  site	
  for	
  sca*ering	
  



Pasta Defects 

	
  ←	
  Perfect	
  
	
  	
  	
  	
  	
  	
  	
  	
  Defects	
  →	
  e-­‐	
  

e-­‐	
  

•  The	
  magne?c	
  field	
  decays	
  within	
  about	
  1	
  million	
  years,	
  indica?ng	
  that	
  
there	
  is	
  an	
  electrically	
  resis?ve	
  layer	
  in	
  neutrons	
  stars	
  	
  (Pons	
  et	
  al	
  2013)	
  



Lepton Scattering 
• Lepton scattering from pasta influences a variety of transport 

coefficients:  
 

• Shear viscosity: 

• Electrical conductivity: 
 
 
• Thermal conductivity: 



Lepton Scattering 



Crust Cooling        .  
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Observables – Thermal Properties 
• Guess an effective impurity parameter for defects and try to fit 

neutron star cooling curves 
• Cooling curves:  low mass X-ray  

binary MXB 1659-29 
•  Blue: normal isotropic matter 

Qimp = 3.5 
Tc = 3.05 × 107 K 
 

•  Red: impure pasta layer 
Qimp = 1.5  (outer crust) 
Qimp = 30   (inner crust) 
Tc = 2 × 107 K 



Summary 

To interpret observations of neutron stars, we 
much first develop microscopic models of their 
interiors. By simulating the kinds of matter we 

expect to find in the crust we can calculate 
properties of the star, and potentially constrain 

fundamental physics.  



Backup Slides!  . 



Self Assembly   . 



Self Assembly 

• Well studied in  
phospholipids:  
hydrophilic heads  
and hydrophobic tails  
self assemble in an  
aqueous solution 

 



Self Assembly 
• Well studied in phospholipids: hydrophilic heads and hydrophobic 

tails self assemble in an aqueous solution 
 



Self Assembly 

Seddon,	
  BBA	
  1031,	
  1–69	
  (1990)	
  



Self Assembly 
• Left: Electron microscopy of helicoids in mice endoplasmic reticulum  

 
 
 
 
 
 
 
 
 
 

• Right: Defects in nuclear pasta MD simulations   
 

Terasaki et al, Cell 154.2 (2013)	
   Horowitz et al, PRL.114.031102 (2015) 

Parking Garage Structures in astrophysics and biophysics (arXiv:1509.00410) 



Crust Breaking      . 



Pulsar Glitches (Astroseismology) 
• Pulsars slowly spin down, meaning their period gets longer 
• Occasionally, they ‘glitch’ 

and start to spin faster 
•  Is this crust breaking? 

Is this a starquake? 
• The breaking strain of the 

crust determines the  
frequency and ‘intensity’  
of glitches 



Linear Elasticity 



Gravitational 
Waves 



Gravitational Waves 
• LIGO has confirmed that direct 

detection is viable! 
• First detected via a binary pulsar: 



Neutron star mergers 

Oechslin & Janka, 
MNRAS.368.1489 
(2006) 

    



Event Rate 

Oechslin & Janka, 
MNRAS.368.1489 
(2006) 

(Abadie,	
  2010)	
  



Neutron star mergers 

Oechslin & Janka, 
MNRAS.368.1489 
(2006) 

• When the binary separation is similar to the neutron star radius, 
gravitational waves get strong 

Inspiral	
  
Merger	
  

t=O(10	
  ms)	
   Ringdown	
  



Mountains 
• What if the surface is lumpy? Are there mountains? 
• Dense, fast lump produces ripples in spacetime 
 
• How big can they be? A few centimeters? 
• How long do they last? 

• The pasta is the densest stuff,  
therefore, it’s the stiffest. Could 
pasta support mountains?  

Neutron 
Star	
  

Mountain	
  



R-mode instability 
• Rotational-mode – toroidal oscillation of neutron star that is 

unstably driven by gravitational wave emission 
 
 
 

• Primarily the l=m=2 mode 
• Solution: Is the damping from the 

crust enough to stabilize the star? 
                   

Youtube:	
  LSU_Astrophysics	
  



Nucleosynthesis    . 



Recipe: Neutron star mergers 

Oechslin & Janka, 
MNRAS.368.1489 
(2006) 

(1) Start with a binary of massive stars 
(2) Make them supernova 
(3) Merge the neutron stars’ by radiating gravitational waves 

(1)	
   (2)	
   (3)	
  



Neutron star mergers 

Oechslin & Janka, 
MNRAS.368.1489 
(2006) 

• Makes a LOT of observables: 
•  Short Gamma Ray Burst 
•  Gravitational Waves 
•  Black Hole 
•  Neutron Rich Ejecta? 
•  Kilonova? 



Ejecta Evolution 
• Nuclear matter is ejected from the crust and decompresses 

e-­‐	
  

Nuclear	
  Ma/er	
  e-­‐	
  

p	
  
n	
  

e-­‐	
  

e-­‐	
  



Ejecta Evolution 
• The protons form small clusters which ‘seed’ the neutron gas 
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Ejecta Evolution 
• Neutrons capture onto the seeds, forming neutron rich isotopes 
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Ejecta Evolution 
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Ejecta Evolution 
• These seeds beta decay:  

and continue to capture neutrons...  
ntil they fission and repeat the process 
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Ejecta Evolution 
• These seeds beta decay:  

and continue to capture neutrons...  
Until they fission and repeat the process 

e-­‐	
  
Electron	
  Gas	
  



Ejecta Evolution 

•  r-process: the rapid neutron capture process 
• Occurs in supernova and neutron star mergers 
• Source of neutrons? 

•  Neutron star mergers – obvious 
•  Supernova – Neutrino driven wind 

• Key parameter: Neutron to seed ratio (i.e. neutron to proton ratio) 
•  Supernova: 4:1? 
•  Neutron Stars: 100:1 



Ejecta Evolution 



Ejecta Evolution 

• Decompress pasta to simulate ejecta evolution  
• Count the number of protons and neutrons in each cluster after 

fission 
 
 
 
 
 
 
 
                                Simulation Expansion 
                   



Table of Nuclides 

Caplan et al. Phys. Rev. C 91, 065802 (2015) 

• Pasta gnocchi produce realistic distributions of nuclei 



What fuses the elements heavier than iron? 

makes 
Big	
  Bang	
  

	
  Stellar	
  
Burning	
  

	
  	
  	
  	
  	
  NS	
  
	
  Mergers	
  



Phase Diagrams     . 



Linear Elasticity 
• Simulate pasta with constant temperature and proton fraction 
• Observe phase transitions as a function of density 

 
                   

Yp=0.2	
  

Yp=0.4	
  

Decreasing Density	
  



“Thermodynamic” Curvature  
• Use curvature as a thermodynamic quantity 
• Discontinuities in curvature  

indicate phase changes 

• Pieces + Cavities - Holes 

0	
  



“Thermodynamic” Curvature  
• Use curvature as a thermodynamic quantity 
• Discontinuities in curvature  

indicate phase changes 
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Phases (T=1 MeV) 



Lepton Scattering 
• Why does it matter? 
• Lepton scattering from pasta influences a variety of transport 

coefficients:  

• Shear viscosity: 

• Electrical conductivity: 
 
 
• Thermal conductivity: 



Lepton Scattering 



Lepton Scattering 



Self Assembly 
• The Helfrich Hamiltonian describes the bending energy, can be 

found with the principal curvatures, k1 and k2, and curvature 
energies B and B̅  

 
• Relate the curvature energy to a curvature term in the SEMF 

• Bottom line: minimal surfaces minimize surface energy 
and the curvature energy settles the tie 

Helfrich, Z. Naturforsch. 28 (1973)	
  



Self Assembly 
• What minimal surfaces do we see in pasta? 
1) k1 = k2 = 0, Flat plates 
2) k1 = -k2, Hyperbola 
3) Other minimal surfaces: 

 Helicoids:       Gyroids   
  

 


