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Schematic of warm and hot dense matter
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For accurate modeling of these real systems, we solve 

hydrodynamics equations

Conservation laws describe the flow. Material properties close the equations.

CONSERVATION EQUATIONS MATERIAL INPUTS

Mass

Dρ/Dt = −ρ ∇·u

Momentum

ρ Du/Dt = −∇P + ∇·τ + fᵣ

Internal energy

ρ De/Dt = −P ∇·u + τ:∇u

− ∇·q + Qᵣ

EOS   P, e

P(ρ,T) and e(ρ,T)

Pressure, temperature and compressibility

Opacity   fᵣ, Qᵣ

Absorption and scattering

Radiation transport gives force and heating

Thermal conductivity   q

q = −κₜₕ ∇T

Heat flows down temperature gradients

Viscosity   τ

Viscous stress from velocity gradients

Momentum transport and viscous heating

D/Dt = ∂/∂t + u·∇ ρ: density     u: velocity     e: internal energy per unit mass

Single fluid with a common electron–ion temperature. Radiation requires its own transport equation.
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But at these high temperatures (10 000 to 100 000 000 K), it’s just 

an ideal gas, right?

Partial ionization, interactions and correlations distinguish this from ideal gas

A quantum mechanical treatment is necessary
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Electronic structure underpins all of this

Time independent Dirac equation

𝑐𝜶 ∙ 𝒑 + 𝛽𝑚𝑐2 + 𝑉(𝒓) 𝜓𝑖 = 𝐸𝑖𝜓𝑖

V(r) contains the Coulomb interaction between all electrons and nuclei in 

the plasma

𝐸𝑖 , 𝜓𝑖  are the energy and wave function for eigen state i

Boltzmann probability of excited states  

 𝑊𝑖 =
𝑒−𝛽𝐹𝑖 

𝑍

This is a formidable challenge under normal conditions 

In plasmas we need not just ground state, but many excited states!
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So where do you start?

Density Functional Theory is commonly used

→ DFT reduces the N body electronic problem to an effective one-body 

 problem that you can solve
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We can solve the equations of this model, but it is expensive. 

For wide ranging data we make the Average Atom approximation

This is much faster to solve, and for most cases of interest, is accurate enough
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Tartarus AA model (Comp. Phys. Com. 2019)

A  Relativistic DFT AA model

This compares the measured Hugoniot (using the NIF) to Tartarus

AA model agrees with data for EOS for this high-pressure environment
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Comparison with experiment and many-ion DFT 

simulations tells us this physical model is reasonable

𝑊 𝑘 =  𝑛𝑒
𝑃𝐴 𝑘  𝑆𝐼𝐼(𝑘)

Fletcher et al Nature Photonics (2015)

Starrett & Saumon PRE (2015)

Starrett & Saumon PRE (2013)

Diffusion in Aluminum

“Pseudoatom Molecular Dynamics”
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Ionic Transport without molecular dynamics

This paper is part of a program led by Prof. Baalrud’s group to develop a 

complete kinetic theory using this potential of mean force

Agrees well with expensive ab initio simulations

Note: ion-ion potentials are numerical, do not assume an analytic form

8 g/cc 7.87 g/cc
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Many other applications:

Stopping Power, electronic transport …

Proton stopping by Tungsten

Z. Johnson et al, under review

Cooling sequence for DA White Dwarfs is

sensitive to hydrogen thermal conductivity

S. Blouin, N. Shaffer et al, ApJ 2020

AA model seems do do quite well so far..
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Opacity, this is where things start to go wrong…

~ 180 eV, 0.16 g/cc

Photon wavelength [Å]
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Why so poor?  Could it be …

Time dependent effects

1) Independent particle approximation for opacity

We checked with time-dependent DFT

17/12/22

~ 180 eV, 0.16 g/cc

Photon wavelength [Å]
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Why so poor?  Could it be …

Multi-center effects

2)  Crude plasma physics (Average atom approx.)

We checked by developing multicenter model
~ 180 eV, 0.16 g/cc

Photon wavelength [Å]
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The problem lies with finite temperature DFT

In practice, it is too crude for opacity of WDM/HDM

In DFT, configurational broadening is missing, or rather, it should be in the 

exchange and correlation term (it isn’t!)
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The solution: Go beyond DFT

A Variational Model of excited states

In DFT, the free energy is

Population
Free energy for 

excitation x
Entropy due to 

energy degeneracy

Each excited state, x, is approximated by an effective one-electron model (inc. XC)

Uses integer occupation factors for orbitals, these define the excited state

𝐹 = 𝐸 − 𝑇𝑆

In our new excited states method:

Energy is approximated with effective one-electron model including XC

Uses Fermi-Dirac (fractional) occupations of orbitals
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Minimize Constrained Free Energy 𝛀

𝑑Ω

𝑑𝑛𝑒,𝑥(Ԧ𝑟)
= 0

𝑑Ω

𝑑𝑊𝑥
= 0

Leads to DFT-like equation for each excited state

𝑊𝑥 =
𝑒−𝛽𝐹𝑥

𝑍

𝑛 𝒓 = ෍

𝑖

𝑓𝑖 𝜓𝑖(𝒓) 2𝑛𝑥 𝒓 = ෍

𝑖

𝑓𝑥,𝑖 𝜓𝑖(𝒓) 2

𝑛 𝒓 = ෍

𝑥

𝑊𝑥𝑛𝑥(𝒓)

DFTESM

Fermi-Dirac occupation 

factors 

integer occupations
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Variational, Excited State Method (ESM)
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Opacity Experiments

Average Atom Excited State model

Photon wavelength [Å]Photon wavelength [Å]
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Oxygen at 148 eV, 0.033 g/cc

Generally good agreement 

with our ESM code Typhon

Bound-Free threshold error 

is presumably due to crude 

plasma physics

Can the multi-center model 

do better?

Opacity Experiments on Oxygen

1s->2p1s->3p

1s->4p1s->5p

1s->Free

He-like lines

H-like lines
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Multi-center model improvements

Ongoing…

NucleiCurrently we use the muffin-tin approximation 

which makes the one-electron potential 

spherically symmetric in each cell.

We have found a new way to solve the 3-D 

potential problem 

𝐺 = 𝐺0 + 𝐺0𝑇𝐺0

𝑇 = 𝑉 + 𝑉𝐺0𝑇 = 𝑉 + 𝑇𝐺0𝑉
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Improvements in Line Shapes

This work introduces the idea that the 

pair distribution function for an ion is 

affected by the lifetime of that ion

→ More highly excited states generally 

live for less time that less energetic 

state

→ This changes their pair distribution 

function, and in turn, the line-shape
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Conclusions and Outlook

Dense Plasma physics (Warm and hot dense matter) is an exciting field to work in!

Applications to fusion energy facilities like NIF and Pacific Fusion, as well as 

astrophysics (e.g., White Dwarfs)

We have made progress but there is still much to be done…

If you are a student or postdoc and interested in working with us, reach out to us

starrett@lanl.gov

Collaborators at LANL involved with this effort:

C. Fontes  J. Daligault

J. Kasper  B. Tran

J. Leveillee  J. White

A. White   Z. Johnson

mailto:starrett@lanl.gov


NOTE:

This is 

the Lab 

color 

palette.

10/12/2026Los Alamos National Laboratory 24

LANL Computational Physics Workshop

Los Alamos has a computational Physics summer student workshop

Aimed at undergraduate and graduate students

There are a wide range of projects

Just search for the website to see examples

from this year.

Applications for next summer (2027) will open

usually around thanksgiving time.
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   (  c 𝜶 ∙ 𝒑 + 𝛽 m  c 2 + V ( 𝒓 ) )  𝜓 i =  E i  𝜓 i


   E i ,    𝜓 i


   W i =    e  − 𝛽  F i   Z


  W  ( k ) =    n e  P A  ( k )    S  I I ( k )


  F = E − T S


  𝛀


    d Ω  d  n  e , x (  r → ) = 0


    d Ω  d  W x = 0


   W x =    e  − 𝛽  F x Z


  n  ( 𝒓 ) =  ∑ i   f i    |   𝜓 i ( 𝒓 ) | 2


   n x  ( 𝒓 ) =  ∑ i   f  x , i    |   𝜓 i ( 𝒓 ) | 2


  n  ( 𝒓 ) =  ∑ x     W x n x ( 𝒓 )


  G =  G 0 +  G 0 T  G 0


  T = V + V  G 0 T = V + T  G 0 V

