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Motivation2

• With EMPIRE, we care about high energy plasmas involving 
electrons in strong EM fields.

• Charged particles can attain relativistic speeds, but they still 
collide with slow neutrals.

• Where standard DSMC works at lower energies, we need a 
relativistic algorithm (that still works for non-relativistic cases).

• Also relevant for astrophysical flows, like galaxy collisions.



Why Is This Hard?3

• Numerical issues arise that aren’t a problem for analytic physics, 
especially when we want to be accurate for both v ~ c and v ~ 0.

• Non-obvious “gotchas” can trip up a DSMC expert who isn’t very 
familiar with special relativity.

• There’s no “cookbook” for implementing relativistic DSMC, 
although several people have shown results.



Special Relativity4

• SR says light moves at speed c (~3e8 m/s) in every reference 
frame.

• Everything else pretty much follows from that.

• Under SR we have to modify our understanding of kinetic theory, 
and the algorithms we use to model it – DSMC as usually 
implemented is going to have no problem allowing speeds >c.



Notation5



Numerical Issues6



Numerical Issues7



A Relativistic Collision8

Not spherical!



A Relativistic Collision9



Collision Rate10



Relativistic DSMC11



Relativistic Equilibrium12



Maxwell Molecules13

Because these 3D velocity distributions are spherically symmetric, it’s 
convenient to instead look at distributions of energy or speed. 

For a long time I 
couldn’t get the right 
equilibrium distribution 
and my answer was 
closer to a M-B energy 
distribution.



Maxwell Molecules14



Detailed Balance15



Relativistic Equilibrium16

Initial condition Equilibrium

When my collision probability was wrong, I didn’t get the right 
equilibrium because I didn’t have detailed balance in an M-J distribution.



Beam Simulations17



0.5 MeV electron beam into 0.1 mbar Ar18



0.5 MeV electron beam into 0.1 mbar Ar19



Conclusion20

• EMPIRE has a single code path that efficiently performs collisions 
from low to relativistic energies.

• There are a number of “gotchas” to watch out for when 
implementing such a scheme.

• The conference paper will aim to be a cookbook for implementing 
the algorithm.
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Temperature22



Equilibrium23



Detailed Balance24


