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	  	  	  Ability	  to	  simulate	  dynamical	  processes	  and	  non-‐equilibrium	  condi5ons	  must	  be	  developed:	  

-‐	  to	  support	  basic	  experiments:	  	  	  
	  	  	  	  	  	  	  	  -‐	  an5cipated	  future	  X-‐ray	  sources	  will	  make	  it	  possible	  to	  probe	  genuine	  dynamical	  proper5es	  
	  	  	  	  	  	  	  	  	  -‐	  measurements	  difficult	  to	  interpret	  if	  recorded	  while	  the	  diverse	  species	  are	  out	  of	  equilibrium	  	  

-‐	  to	  support	  applica5on-‐driven	  experiments	  

This	  talk:	  	  

-‐	  implementa5on:	  combina5on	  of	  MD	  and	  plasma	  physics	  (PIC)	  techniques	  

-‐	  the	  5me-‐dependent	  Thomas-‐Fermi	  model	  

-‐	  preliminary	  results	  	  

	  	  	  Discuss	  an	  approach	  (i)	  to	  perform	  TD	  simula5ons	  of	  dense	  plasmas,	  	  
i.e.	  the	  real-‐5me	  dynamics	  of	  par5ally	  degenerate	  electrons	  and	  classical	  ions,	  

using	  an	  orbital-‐free	  approxima5on	  of	  5me-‐dependent	  density	  func5onal	  theory,	  
(ii)	  to	  access	  to	  truly	  dynamical	  processes	  so	  far	  inaccessible	  to	  state-‐of-‐the-‐art	  techniques	  	  
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1 + e−β[µ−h(r,p)]
n(r) ≈ nTF (r) =

�
dpfFD(r,p)

The	  Thomas-‐Fermi	  approxima8on	  retains	  the	  elegance	  of	  the	  correct	  theory	  
and	  provide	  deep	  physical	  insights.	  

System of independent fermions in 
a static potential in equilibrium with a bath 

What	  is	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  n(r) ? 

Classical	  :	   Quantum	  :	   fi =
1

1 + e−β(µ−�i)
h(r̂, p̂)φi(r) = �iφi(r)

h(r,p) =
p2

2m
+ v(r)

fB(r,p) =
1

(2π�)3 e
β[µ−h(r,p)]

v(r)

Thomas-‐Fermi	  approxima8on	  (1927):	  

ρ̂ = 2
∞�

i

fi|φi��φi|

n(r) = �r|ρ̂|r� = 2
∞�

i=0

fi|φi(r)|2

average	  
occupa5on	  

Probability	  of	  observing	  at	  this	  posi5on	  
a	  par5cle	  in	  state	  i	  
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�r,p = h(r,p)

Large principal quantum number 

states	  per	  phase-‐space	  
volume	  element	  

drdp

(2π�)3
classical-‐like	   quantal	  

2π�

1

2π�

�
pdr = n=

�

�i<h(r,p)

i

quasi/semi-‐classical/quantal	  
sta0s0cal	  model	  

n(r) =

�
dpfB(r,p) ∝ e−β[µ−v(r)]

Old quantum mechanics: when electron is in state “i”, its motion 
can be adequately described by means of classical mechanics 



Originally,	  Thomas	  and	  Fermi	  considered	  high-‐Z	  atoms	  	  

Ce 
(Z=55) 

Cumulated	  number	  
of	  electrons	  

Distance	  from	  nucleus	  
Logarithmic	  grid	  !	  

2

(2π�)3Θ(µ− h(r,p))

?

h(r,p) ≤ 0

independent	  electrons	  
in	  external	  poten0al	  

v = −Z/r + vH

v(r) = −Z

r
+

�
dr�

n(r�)

|r− r�|
=	  mean-‐field	  poten5al,	  a.k.a.	  Hartree	  vH(r)

self-‐interac0on	  	  

large	  density	  



v(r) = vKS(r) = vext(r) + vH(r) + vxc(r)

Harmonically trapped fermion gases: exact and asymptotic results in arbitrary dimensions 1113
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Figure 1. Particle densities of fermions in harmonic traps. The left panel shows N = 380
particles filling 19 shells (M = 18) in 2D and the right panel N = 440 particles filling 10 shells
(M = 9) in 3D. The solid lines give exact quantum-mechanical densities ρ(r), and the dashed
lines Thomas–Fermi densities ρTF(r).
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Figure 2. Kinetic energy densities of N = 110 fermions (M = 9) in a 2D harmonic trap. Left
panel: three equivalent quantum-mechanical densities integrating to the exact kinetic energy. Right
panel: ξ(r) and Thomas–Fermi density τTF(r).

This paper is devoted to examining various issues related to the correspondence between
the exact quantum-mechanical densities and their TF limits, which in the framework of
density functional theory correspond to the local density approximation (LDA). We first
derive a homogeneous differential equation for the particle density ρ(r), linking it to the
kinetic energy density ξ(r) in arbitrary dimensions. This has been one of the challenges in
the density functional theory and has only been proved recently [5] in d = 2. An interesting
consequence of this equation is that the Fermi energy to be used in the TF model is given
analytically in terms of the number M of the highest filled shell.

The surprising success of the TF or LDA formalism in reproducing the averaged quantum-
mechanical results nearly all the way down to the turning point raises an important question
about the domain of validity of the TF approximation. We examine this question in detail.
Using a Taylor expansion of the exact densities we show that the leading-order terms in the
limit of large particle numbers or, equivalently, large Fermi energies reproduce exactly the
TF densities. Furthermore, both smooth and oscillating corrections to the TF limits can be

Thomas-‐Fermi	  is	  considered	  as	  a	  precursor	  of	  DFT	  
But	  DFT	  is	  essen8al	  to	  rigorously	  jus8fy	  and	  extend	  Thomas-‐Fermi	  

II)	  density	  of	  interac8ng	  par8cles	  is	  also	  the	  density	  of	  a	  	  fic88ous,	  	  
non-‐interac8ng	  system	  of	  par8cles	  under	  the	  influence	  of	  the	  Kohn-‐Sham	  (KS)	  poten8al	  

I)	  Proper5es	  of	  an	  electronic	  system	  at	  equilibrium	  are	  completely	  determined	  by	  its	  
par5cle	  density	  alone	  (Hohenberg-‐Kohn)	  



The	  Time-‐Dependent	  Thomas-‐Fermi	  approxima8on	  
derived	  following	  Thomas’	  1926	  paper	  

possibly	  under	  an	  external	  TD	  poten5al	  
vext(r, t)

vH(r, t) =

�
dr�

n(r�, t)

|r− r�|

f(r,p, t)

       (5) the evolution of                   is governed by 
    the laws of classical mechanics           Liouville equation 

f(r,p, t)

∂f(r,p, t)

∂t
=

� p2

2m
+ vext(r, t) + vH(r, t), f

�
(r,p, t)

Vlasov-‐like	  equa8on	  

with	  quantum	  sta)s)cs	  

Semi-‐classical	  Vlasov	  approxima8on	  



	  TF	  can	  also	  be	  derived	  from	  modern	  quantum	  mechanics	  
using	  a	  phase-‐space	  representa8on	  

�A� = Trρ̂Â

ρ̂ fW (R,P)States	  

Expecta5on	  values	  	  

�
R− x

2

���Â
���R+
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�
dPAW (R,P)e−iP·x/�

AW (R,P) =

�
dx

�
R− x

2
|Â|R+

x

2

�
eiP·x/�

Tradi8onal	  
representa8on	  

n(R) = �R|ρ̂|R� n(R) =

�
dPfW (R,P)

h(R,P) =
P2

2m
+ v(R)h(R̂, P̂) =

P̂2

2m
+ v(R̂)

density	  

Hamiltonian	  

�A� =
��

dRdPfW (R,P)AW (R,P)

ÂB̂ A(R,P)e
�
2i

�←
∇R·

→
∇P−

←
∇P·

→
∇R

�

B(R,P)

Thomas-Fermi 

� = 0

ÂB̂ → A(R,P)B(R,P)

formulary	  

i�dρ̂
dt

=
�
ĥ, ρ̂

� ∂fW
∂t

=
�
h, fW

�
−→(explicit occurrences only !) 

TD-‐TF	  recovered	  	  

1

i�

�
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�
→ {A,B} (R,P)



g̃(r, r�; s) =
�
r
���e−sĥ

���r�
�

ρ(r, r�;µ) =
2

2πi

� α+i∞

α−i∞
dsf̃(s)g̃(r, r�; s)eµs

ρ̂ = 2
∞�

i

fi|φi��φi|

ρ(r, r�;µ) = 2
∞�

i=1

fiφ
∗
i (r

�)φi(r) =

� +∞

−∞
f(µ− �)g(r, r�; �)d�

f(�) =
1

1 + e−β�

System’s	  state:	  

Bloch	  density	  

Quantum	  sta8s8cs:	  

g(r, r�; �) = �r|δ(�− ĥ)|r�� =
∞�

i=1

φ∗
i (r

�)φi(r)δ(�− �i)

Untouched	  
πkBT

sin(πkBTs)

Spectral	  density:	  

Approximated	  

fW (R,P) =
1

2πi

� α+i∞

α−i∞
dsf̃(s)gW (R,P; s)eµsIn Wigner representation 

[s] = 1/energy



�
− �2
2m

�
∇2

r −∇2
r�
�
+ (v(r)− v(r�))

�
g̃(r, r�; s) = 0

R =
r+ r�

2
x = r− r�

gW (R,P; s) =

�
dx

(2π�)3 g̃(R,x; s)e−iP·x/�

gW (R,P;µ) = F
�
h(R,P)

�

�
− �2
2m

�
∇2

r −∇2
r�
�
+ (r− r�) · v

�
r+ r�

2

��
g̃(r, r�; s) = 0

Fourier with respect to x gives Wigner 

−P

m
·∇RgW +∇Rv(R) ·∇PgW = {h, gW } (R,P) = 00	  0	  

−P

m
·∇RgW +∇Rv(R) ·∇PgW = {h, gW } (R,P) = 0

v(r) = a0 + a1r+ a2r
2With but no additional approximation 

classical	  looking	  

ĥe−sĥ = e−sĥĥ

�
− �2
2m

∇R ·∇r + x ·∇Rv(R)

�
g̃(R,x; s) = 0x	  



M.	  Brack	  et	  al.	  (2007)	  

n(r) � = m = ω = 1
440 particles ↔ 10 shells

T = 0Kv(r) = cste = v

v(r) =
1

2
mω2r2

σ2(s) =
2

s�ω tanh

�
s�ω
2

�

gW (R,P; s) =
2

(2π�)3 e
−s

�
P2

2m+v
�

�= 2

(2π�)3 e
−sh(R,P)

s << 1

fW (R,P;µ) =
2

(2π�)3
1

2πi

� α+i∞

α−i∞
dsf̃(s)es[µ−h(R,P)] =

2

(2π�)3
1

1 + e−β[µ−h(R,P)]
= fFD(R,P)

It is tempting to assume   

Thomas-‐Fermi	  !!!	  

in 

Comparison	  with	  exact	  results:	  

gW (R,P) =
2

(2π�)3 e
−sh(R,P)

The	  TF	  approxima5on	  is	  increasingly	  accurate	  when	  s-‐summa5on	  
is	  dominated	  by	  small	  s	  contribu5on,	  namely	  :	  

-‐	  at	  high-‐temperature	  	  
-‐	  at	  high-‐density	  	  or/and	  

fW (R,P) =
1

2πi

� α+i∞

α−i∞
ds

πkBT

sin(πkBTs)
gW (R,P; s)eµs

n	  

T	  

WDM	  

1	   2	  
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x

2

�
− v
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R− x

2

�
= x ·∇Rv(R) + . . .

Limited off-diagonal spread ? 

�
− �2
2m

∇R ·∇r +
�
v
�
R+

x

2

�
− v

�
R+

x

2

���
g̃(R,x; s) ≈

�
− �2
2m

∇R ·∇r + x ·∇Rv(R)

�
g̃(R,x; s) = 0

{h, gW } (R,P) = 0

General	  poten8al:	  

width = mω

2 tanh(s�ω/2) increases with s 

φ(r, r�;µ) = 2
∞�

i=1

fiφ
∗
i (r

�)φi(r)

At	  high	  enough	  temperature,	  density	  matrix	  becomes	  highly	  mixed:	  
the	  underlying	  quantum	  interference	  and	  coherence	  effects	  are	  quenched	  by	  the	  incoherence	  

introduced	  by	  the	  thermal	  average:	  only	  terms	  close	  to	  the	  diagonal	  survive	  



i�∂φj(r, t)

∂t
= ĥKS(t)φj(r, t) =

�
− �2
2m

∇2 + vKS(r, t)

�
φj(r, t)

n(r, t) =
N�

j=1

|φj(r, t)|2

n(r, t) =
�
r|n̂KS(t)|r

�

i�dρ̂KS(t)

dt
=

�
ĥKS , ρ̂KS

�

The	  sta8c	  Thomas-‐Fermi	  approxima8on	  can	  be	  extended	  to	  8me-‐dependent	  phenomena	  
using	  8me-‐dependent	  density	  func8onal	  theory	  

TDDFT: Given	  an	  ini5al	  condi5on,	  an	  interac5ng	  system	  of	  par5cles	  in	  an	  external,	  
TD	  poten5al	  is	  fully	  characterized	  by	  its	  TD	  par5cle	  density	  n(r, t)
The	  TD	  density	  is	  also	  that	  of	  a	  fic55ous,	  non-‐interac5ng	  system	  of	  par5cles	  
in	  an	  external,	  5me-‐dependent	  poten5al	  	  

vKS(r, t) = vext(r, t) + vH(r) + vxc[n](r, t)

TD	  Kohn-‐Sham	  equa8ons:	  

Generaliza8on	  to	  mixed	  ini8al	  states:	  



i�∂ρKS

∂t
(R,x; t) =

�
−�2
m

∇x ·∇R + x ·∇vKS(R, t)

�
ρKS(R,x; t)

i�∂fW
∂t

(R,P; t) =

�
− �
m
iP ·∇R + i�P ·∇vKS(R)

�
fW (R,x; t)

= i�
�
P2

2m
+ vKS(R), fW (R,P, t)

�

∂fW
∂t

= {hKS , fW }
�

dPfW (R,P, t) = n(R, t)

i�∂ρKS

∂t
(r, r�; t) =

�
− �2
2m

�
∇2

r −∇2
r�
�
+ (vKS(r, t)− vKS(r

�, t))

�
ρKS(r, r

�; t)

ρKS(t = 0) = 2
∞�

j=1

fj |φj��φj | + limited spread 

vKS

�
R+

x

2
, t
�
− vKS

�
R− x

2
, t
�
≈ x ·∇RvKS (R, t)

Fourier	  transform	  

fW (R,P, t) =

�
dx

(2π�)3 ρKS(R,x; t)eiP·x/�

Wigner	  

From	  Time-‐Dependent	  Kohn-‐Sham	  to	  8me-‐dependent	  Thomas-‐Fermi	  

Time-‐Dependent	  Thomas-‐Fermi	  



∂fW
∂t

= {hKS , fW }
�

dPfW (R,P, t) = n(R, t)

Time-‐Dependent	  Thomas-‐Fermi	  Molecular	  Dynamics	  
Simula8ons	  of	  Dense	  Plasmas	  

fW	  	  	  	  	  	  is	  not	  the	  distribu5on	  func5on	  of	  the	  real	  electrons	  ;	  in	  the	  spirit	  of	  DFT,	  
it	  provides	  a	  path	  to	  the	  par5cle	  density.	  	  	  

the	  mean-‐field	  poten5al	  contains	  an	  addi5onal	  exchange	  correla5on	  term.	  
Computa5onal	  plasma	  physics	  	  

However,	  the	  resemblance	  is	  very	  advantageous	  since	  it	  allows	  using	  numerical	  methods	  
of	  tradi5onal	  plasma	  physics	  

Despite	  its	  resemblance,	  this	  Vlasov-‐like	  equa5on	  is	  not	  the	  Vlasov	  equa5on	  of	  
tradi5onal	  plasma	  physics:	  	  	  

fW	  	  	  	  	  	  sa5sfies	  the	  requirements	  of	  the	  Fermi-‐Dirac	  sta5s5cs	  and	  the	  fermionic	  character	  
Is	  preserved	  by	  the	  Vlasov	  dynamics:	  phase-‐space	  volumes	  are	  conserved.	  	  	  	  



Htot(t) = Hp +Hext(t) Hp = Hi +He + Vie

Vie =
Ne�

j=1

Ni�

J=1

vps(|rj −RJ |)

In	  general,	  a	  similar	  set	  of	  equa5ons	  could	  be	  
used	  to	  calculate	  the	  ionic	  density	  but	  further	  

simplifica5on	  is	  achieved	  by	  trea5ng	  the	  
nuclear	  mo5on	  classically.	  

ni(r, t) =
Ni�

J

δ(r−RJ(t)) +O(r−RJ(t))
2
.

M
d2RJ

dt2
= ∇RJ



Zeφext(RJ , t) +

�
dr�ne(r

�, t)vps(|RJ − r�) +
Ni�

K �=J

Z2e2

|RJ(t)−RK(t)|2





Our	  mixed	  quantum-‐classical	  approach	  can	  
then	  be	  summarized	  as	  the	  self-‐consistent	  
solu5on	  of	  Newton’s	  equa5ons	  for	  the	  ion	  
dynamics	  and	  the	  Vlasov	  equa5on	  for	  the	  

electron	  dynamics	  






∂fW (r,p, t)

∂t
=

�
p2

2m
+ vKS(r, t) , fW (r,p, t)

�

M
d2RJ

dt2
= FJ(t)

Time-‐Dependent	  Thomas-‐Fermi	  Molecular	  Dynamics	  of	  Dense	  Plasmas	  
=	  dynamics	  of	  semi-‐classical	  (TF)	  electrons	  +	  classical	  ions	  

Born-‐Oppenheimer	  was	  not	  used	  !	  	  



The	  Vlasov	  equa8on	  is	  solved	  using	  the	  pseudo-‐par0cle	  method	  
	  

The	  method	  is	  similar	  to	  the	  standard	  par5cle-‐in-‐cell	  (PIC),	  	  except	  that	  in	  tradi5onal	  
applica5ons	  of	  PIC	  each	  numerical	  par5cle	  represents	  many	  real	  par5cles	  whereas	  here	  each	  

numerical	  par5cle	  represents	  a	  frac5on	  of	  a	  physical	  electron.	  

f(r,p, t) ≈ Ne

Npp

Npp�

i=1

g
�
r− ri(t)

�
δ
�
p− pi(t)

�

g(r) =
1

(
√
2πσ)3

e−r2/2σ2






dri
dt

=
pi

me

dpi

dt
= −

�
drg

�
r− ri(t)

�
∇vKS(r, t) = −∇rig � vKS(ri(t), t)

Npp

Ne
∼ 102 − 103

with	  

Hpp =

��
drdp

� p2

2me
+ vKS(r, t)

�
f(r,p, t) =

Npp�

i=1

p∗2
i

2mpp
+

Npp�

i=1

Ne

Npp
vKS � g(ri(t), t)






dri
dt

=
p∗
i

mpp

dp∗
i

dt
= − ∂

∂ri
Hpp = − Ne

Npp

∂

∂ri
vKS � g(ri(t), t)

mpp =
Ne

Npp
me , p∗

i =
Ne

Npp
pi

The	  dynamics	  is	  Hamiltonian	  



The	  solu5on	  of	  the	  coupled	  electron-‐ion	  dynamics	  amounts	  to	  the	  solu5on	  of	  Newton’s	  
equa5ons,	  which	  lies	  in	  the	  realm	  of	  classical	  molecular	  dynamics	  






∂fW (r,p, t)

∂t
=

�
p2

2m
+ vKS(r, t) , fW (r,p, t)

�

M
d2RJ

dt2
= FJ(t) 





mpp
d2ri(t)
dt2 = f exti + f eii + fHi + fxci

MI
d2RI(t)

dt2 = Fext

I + Fei

I + Fii

I

8me-‐dependent	  Thomas-‐Fermi	  

Classical	  molecular	  dynamics	  
	  of	  Npp+Nions	  par8cles	  

Remark	  #2:	  pseudo-‐par5cles	  interact	  via	  the	  mean	  field	  poten5al	   vH [n] + vxc[n]

no	  direct	  two-‐body	  interac5on	  

Remark	  #1:	  ions	  interact	  via	  the	  Coulomb	  interac5on	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

1

r

par0cle-‐par0cle	  par0cle-‐mesh	  
P3M	  method	  

P3M	  which	  combines	  high-‐resolu8on	  of	  individual	  encounters	  and	  rapid,	  
mesh-‐based,	  long-‐range	  force	  calcula8on	  

local	  non-‐local	  

mesh	  calcula8on:	  PM	  of	  P3M	  	  
Remark	  #3:	  ions	  and	  pseudo-‐par5cles	  interact	  via	  a	  two-‐body	  poten5al	  vps	  and	  involve	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  the	  same	  difficul5es	  as	  for	  the	  ion-‐ion	  interac5ons	  	  

P3M	  	  



rc	  

	  	  	  	  The	  Par8cle-‐Par8cle	  Par8cle-‐Mesh	  method	  

Par5cle-‐Par5cle	  PP:	  
same	  as	  conven0onal	  MD	  
with	  linked	  neighbor	  lists	  	  

Par5cle-‐Mesh	  PM:	  

-‐	  	  	  	  	  	  	  :	  solve	  field	  equa5on	  on	  mesh	  
	  	  	  	  	  	  	  	  	  	  	  (e.g.	  Fast	  Fourier	  Transform)	  	  

similar	  to	  Par0cle-‐in-‐Cell	  (PIC)	  
although	  more	  demanding	  	  
-‐	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  :	  assign	  par5cles	  on	  mesh	  
	  	  	  	  	  	  	  	  (at	  least	  5th	  order)	  	  
P→M

M

-‐  :	  	  	  	  	  	  	  	  	  	  :	  interpolate	  back	  onto	  par5cles	  M→P

1

r
= vsr(r) +

�
1

r
− vsr(r)

�
1

r
=

erfc(r/rc)

r
+

erf(r/rc)

r

FI
sr = −

�

j , rIJ<rc

∇vsr(rIJ)FI = FI
sr + FI

lr

R.W.	  Hockney	  &	  J.W.	  Eastwood,	  Computer	  Simula8on	  Using	  Par8cles	  
Desermo	  &	  Holm,	  J.	  Chem.	  Phys.	  (1998)	  	  
Pollock	  &	  Glosli	  Comp.	  Phys.	  Comm.	  (1996)	  

nM (xp) =

� L

0
dxW (xp − x)n(x)

Vlr(kM ) = G(kM )nM (kM )

FI
lr = −∇Vlr(RI)

FI
lr = −qI

�

rp

∇Vlr(rp)W (rI − rp)



Without	  our	  parallel	  P3M	  code,	  
those	  studies	  would	  not	  have	  been	  possible	  

Valida5on	  and	  extension	  
of	  the	  Landau-‐Spitzer	  
transport	  theories:	  

Extend	  of	  validity	  of	  
the	  hydrodynamic	  

limit	  

Local	  field	  correc5ons	  vs	  memory	  func5on	  
to	  go	  beyond	  the	  mean-‐field	  approxima5on	  

J.D., Phys. Rev. Lett. (2012) 

D∗ =
D

a2ωp
=

α

Γ
e−γ Tm

T

D∗ =
D

a2ωp
=

c

Γ5/2

1

ln
�
1 + d

Γ3/2

� vii(r) = e−r/λ/r

k < kmax ≈ 0.43/λ

J.	  P.	  Mithen,	  J.D.and	  G.	  Gregori,	  
Phys.	  Rev.	  E	  83,	  015401	  (2011).	  

J.	  P.	  Mithen,	  J.D.	  
Phys.	  Rev.	  E	  85,	  056407	  (2012)	  

G(k,ω)

Thermal	  conduc5vity	  of	  the	  outer	  crust	  of	  
an	  accre5ng	  neutron	  star	  	  

J.D.	  ,	  S.	  Gupta	  
ApJ.	  703,	  994	  (2009)	  



PP	  force	  calcula8ons:	  
	  ion	  -‐	  ion	  :	  	  
	  ion	  -‐	  e-‐	  	  	  	  	  :	  	  
	  external	  poten5al	  

v(sr)ps

v(sr)ii

PM	  force	  calcula8ons:	  
	  ion	  -‐	  ion	  :	  	  
	  ion	  -‐	  e-‐	  	  	  	  	  :	  	  

	  e-‐	  -‐	  e-‐	  	  	  	  	  	  :	  
v(lr)ps

vH + vxc

v(lr)ii

Measurements	  /	  Diagnos8cs:	  
	  energies,	  entropy,	  currents…	  

Ini8aliza8on:	  	  
	  a)	  	  pseudo-‐poten5al	  
	  b)	  ions	  	  
	  c)	  TF	  density	  with	  damped	  Car-‐Parrinello	  
	  d)	  ini5alize	  pseudo-‐par5cle	  	  

RI ,PI

ri,pi

vps

Equa8ons	  of	  mo8on:	  
	  	  
	  apply	  PBC	  
RI(t),PI(t), ri(t),pi(t)

t← t+dt

J.	  Clerouin,	  E.L.	  Pollock	  and	  G.	  Zerah	  
Phys.	  Rev.	  A	  46,	  5130	  (1992)	  
F.	  Lambert,	  J.	  Clerouin	  and	  G.	  Zerah	  
Phys.	  Rev.	  E	  46,	  016304	  (2006)	  

and	  ci5ng	  literature	  	  



The	  numerical	  scheme	  must	  conserve	  the	  fermionic	  character	  

∂fW
∂t

= {hKS , fW }
Theory	  	   	  Numerical	  solu8on	  

∂f

∂t
= {hKS , f}+ C(f)

Collisions  
          “Boltzmannization” 

S(t) = −
��

drdpfW (r,p) ln fW (r,p)

dS(t)

dt
= 0Vlasov conserves entropy dS(t)

dt
�= 0

S(t) = −
�

d� g(�)n(�, t) lnn(�, t)

n(�, t) =
N[�,�+∆�]

Ne/Npp

1

∆�g(�)

n(�, t = 0) n(�, t = 500/ωp)
Occupa8on	  number	   Occupa8on	  number	  

� �

Total	  energy	   S(t)	  

tωp tωp

total	  energy	  conserva8on	  
alone	  is	  not	  enough	  to	  monitor	  

numerical	  stability	  	  	  

σ
0.5	  
1.0	  
1.5	  
2.0	  Npp/Ne = 50



Γ/2
r2

r1

ωn(N) = nω0 +N
ω0

2π/Γ

precession	  
Radial	  mo5on	  

The	  infinite	  jellium	  is	  somewhat	  too	  basic	  :	  ballis8c	  pseudo-‐par8cle	  trajectories	  

The finite jellium is richer 

nanoplasma (metallic cluster) 



vext(r) =
1

2
mω2r2

vext(r) =
N=196�

I=1

vps(||r−RI ||)

D(t)

time (fs)

Electron-‐ion	  collisions	  and	  Plasmon	  relaxa8on	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  We	  hope	  to	  perform	  similar	  calcula8on	  of	  the	  electrical	  conduc8vity	  

D(t) ≈ D0e
−γt/2 cos(ωγt)

ω2
γ = ω2 − γ2/4

τ =
2�
γ

D(t)

n(r, t) = n0

�
r+ eD(t)

�

relaxation time 

Harmonic	  poten5al	  theorem	  



64	  keV	  

16	  keV	  

L.	  Plagne	  ,	  C.	  Guet	  (2000)	  

Stopping	  power	  calcula8on	  



Conclusion	  :	  

Looking	  for	  a	  postdoc	  posi8on	  ?	  
Please	  come	  talk	  to	  me	  or	  contact	  me	  at	  

daligaul@lanl.gov	  	  .	  

	  	  	  Discuss	  an	  approach	  to	  perform	  TD	  simula5ons	  of	  dense	  plasmas	  
using	  an	  orbital-‐free	  approxima5on	  of	  5me-‐dependent	  density	  func5onal	  theory	  	  

	  	  	  Challenge:	  	  	  xc	  poten5als	  beyond	  local	  density	  and	  5me	  approxima5on	  ?	  


