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Ab	  ini*o	  Simula*ons	  to	  Characterize	  	  
of	  the	  Interiors	  of	  Giant	  Planets	  
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Born-Oppenheimer approx. 
MD with classical nuclei:    

F = m a  
Forces derived DFT with 
electrons in the instantaneous 
ground state.  
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1)	  Density	  func*onal	  molecular	  dynamics	  
	  



PIMC applicable at: 
T>5000K 

n=1018 cm-3 n=1026 cm-3 

1)	  Density	  func*onal	  molecular	  dynamics	  
2)	  Path	  integral	  Monte	  Carlo	  for	  higher	  temperatures	  
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Topics:	   �
•	  Introduc*on	  to	  Monte	  Carlo	  Methods	  •	  Pseudopoten*al	  genera*on	  
•	  Varia*onal	  Quantum	  Monte	  Carlo	  •	  Diffusion	  Quantum	  Monte	  
Carlo	  •	  Wavefunc*on	  op*miza*on	  methods	  •	  Path	  integral	  Monte	  Carlo	  
•	  QMC	  applica*ons	  in	  geophysics �
�
Details:	   �

Scien*sts	  from	  geophysics,	  physics,	  materials	  science,	  chemistry	  and	  
high-‐performance	  compu*ng.	  Includes	  lectures	  and	  labs.�
$150	  registra*on	  fee.	  Housing	  provided	  for	  non-‐local	  par*cipants.	  	  
	  

Applica*on	  deadline:	  June	  11,	  2012	  
�
Contact:   hWp://mcc.illinois.edu/summerschool/2012 �
Email:	  	  	  	  	  	  	  	  	  mcc-‐workshops@illinois.edu�
�
Organizers: �

	  D.	  Ceperley,	  R.	  Cohen,	  E.	  de	  Sturler,	  J.	  Kim,	  	  
	  B.	  Militzer,	  N.	  Sobh,	  and	  U.	  Ravaioli. �



Why grew the giant plants so large while 
all terrestrial planets stayed small?  

Because they form beyond the ice line.  



I. Are the Cores of 
Giant Planets Stable? 



Analysis of Gibbs Free Energy differences 
shows ice erosion is an  entropy driven process 
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Predict	  core	  erosion	  in	  both	  Saturn	  and	  Jupiter	  
Wilson	  and	  Militzer,	  Astrophys.	  J.	  745	  (2012)	  54	  



Computer simulations predict erosion of 
icy cores in Saturn and Jupiter   

H 

H 

H H H 
H 

H 
H 

H 

H 

H H 
H H H H H H 

H 
H 

H 
H 

H H H H H 

H 

H 

H 

H H 

H 

H 
H H H 

H 

H 

H 

H 

H 

H 
O 

H 
H 

H 
H 

H H H H 
H 

H 
H 

H 

H 

H H 
H 

H H H 
H 

H 
H 

H H H H H 

H 

H 

Predict	  core	  erosion	  in	  both	  Saturn	  and	  Jupiter	  
Wilson,	  Militzer,	  Astrophys.	  J.	  745	  (2012)	  54	  
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Erosion of other core materials: 
silicates and iron �

MgSiO3	  dissociates	  into	  SiO2	  and	  MgO	  	  
at	  11	  Mbar	  (Umemoto,	  2006):	  	  

MgO	  dissolves	  in	  Jupiter	  
and	  hot	  exoplanets	  but	  
maybe	  not	  in	  Saturn.	  	   Wilson,	  Militzer,	  Phys.	  Rev.	  LeL.	  (2012)	  



Implications of our Core-Erosion 
Calculations for Jupiter and Saturn �

Three	  core-‐erosion	  scenarios:	  
•  Rapid	  in	  Jupiter	  and	  Saturn:	  homogenized	  envelops,	  core	  were	  

much	  bigger	  originally	  
•  Slow	  in	  J	  &	  S:	  inefficient	  up-‐convec*on,	  gravity	  wins,	  Juno	  

cannot	  dis*nguish	  a	  slowly	  eroding	  core	  and	  a	  stable	  one	  	  
•  Fast	  in	  J,	  slow	  in	  S:	  This	  could	  explain	  the	  difference	  in	  core	  size	  

in	  the	  Guillot	  models	  for	  J	  and	  S.	  	  	  	  	  	  	  

Recent	  core	  erosion	  model	  using	  double-‐diffusive	  convecQon:	  
	  Leconte	  and	  Chabrier,	  A&A	  (2012)	  



II. Warm Dense 
Matter Simulations 



National Ignition Facility �

Planetary �
Cores �

Warm�
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Matter�

ICF ignition �

Condensed Matter �

Effects	  of	  bonding,	  ionizaQon,	  exchange	  and	  correlaQon,	  and	  quantum	  degeneracy	  all	  important.	  
Carbon	  is	  a	  promising	  ablator	  for	  InerQal	  confinement	  fusion	  (ICF).	  
We	  are	  working	  with	  LLNL	  on	  carbon	  EOS.	  

 capsule ablation �

Regime	  of	  Warm	  Dense	  MaWer	  requires	  new	  
simula*on	  techniques	  –	  Applica*on	  ICF	  experiments	  

Standard	  Kohn-‐Sham	  DFT	  

New	  method	  for	  WMD	  
PIMC,	  orbital-‐free	  DFT	  ???	  	  

100000	  K	  
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For	  hydrogen,	  PIMC	  and	  DFT-‐MD	  Simula*ons	  	  
Predict	  Consistent	  Shock	  Proper*es	  
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B.	  Militzer,	  D.	  M.	  Ceperley,	  J.	  D.	  Kress,	  J.	  D.	  Johnson,	  L.	  A.	  Collins,	  S.	  Mazevet,	  	  
Phys.	  Rev.	  Le1.	  87	  (2001)	  275502	  



Recent	  PIMC	  work	  provides	  EOS	  for	  ICF	  condi*ons	  
(FPEOS	  table	  constructed)	  
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(2011)	  224109.	  	  
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For	  Helium,	  PIMC	  and	  DFT-‐MD	  Simula*ons	  have	  
been	  combined	  to	  make	  one	  consistent	  EOS	  table	  
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First	  Path	  Integral	  Monte	  Carlo	  Simula*ons	  for	  
Heavier	  Elements	  Fill	  this	  Gap	  in	  Temperature	  
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Again	  Path	  Integral	  Monte	  Carlo	  bridges	  the	  Gap	  in	  T	  
between	  DFT-‐MD	  and	  the	  Debye	  Model	  
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	  Path	  Integral	  Monte	  Carlo	  bridges	  the	  Gap	  in	  Internal	  
Energy	  vs	  Temperature	  for	  Water	  and	  	  Carbon	  Plasmas	  
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	  Path	  Integral	  Monte	  Carlo	  and	  DFT-‐MD	  	  
are	  in	  very	  good	  agreement	  
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Driver,	  Militzer,	  Phys.	  Rev.	  LeL.	  (2012)	  



Summary	  
•  Presented	  new	  path	  integral	  Monte	  Carlo	  simula*ons	  for	  heavier	  
elements	  (all-‐electron	  simula*ons,	  free	  par*cles	  nodes).	  

•  Very	  good	  agreement	  with	  DFT	  for	  carbon	  and	  water	  plasmas.	  
•  No	  insufficiencies	  in	  the	  ground-‐state	  exchange-‐correla*on	  
func*onals.	  	  

• We	  constructed	  again	  consistent	  EOS	  table	  for	  C	  and	  H2O.	  
•  More	  materials	  to	  be	  studied.	  Please	  make	  sugges*ons!	  

Driver,	  Militzer,	  Phys.	  Rev.	  LeL.,	  108	  (2012)	  115502.	  


