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I am not going to talk about coupling radiation
and hydrodynamics

• I refer you to a talk at the Astrophysical Fluid Dynamics workshop
held at IPAM in April, 2005, as part of the Grand Challenge
Problems in Computational Astrophysics program —
– http://www.ipam.ucla.edu/publications/pcaws1/pcaws1_5552.pdf

• There are also papers by Dimitri Mihalas and Jim Morel on this
topic —
– Lowrie, R. B., Morel, J. E. and Hittinger, J. A., “The Coupling of

Radiation and Hydrodynamics,” Astrophys. J., 521, 432 (1999)
– Mihalas, D. and Auer, L. H., “On Laboratory-frame Radiation

Hydrodynamics,” J. Quant. Spectr. Rad. Transf., 71, 61 (2001)
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I do want to talk about what it means
to scale astrophysics to the lab

• What are the requirements for scalability?

• In particular, what about radiation? Gas dynamics? MHD?
Non-LTE?

• If some kinds of physics scale better than others, what do we
conclude then?
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Astrophysical problems are large in scale

•   Length scale often (as
     here) is parsecs (3×1018 cm)

•    Time scale long – perhaps
     1000s of years (3×1010 s)
•    Typical velocity 1 – 1000
      km/s — about like lab
•    Typical density is very low
      —here roughly 1 atom/cm3

•      Temperature scale 104±3 K
      overlaps the lab range
•    Magnetic field 10-5 G in
     interstellar problems, up to
     1012 G in some stars

(picture credit: NASA STScI, ESA, J. Hester and P. Scowen)
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We get large scale factors from an interstellar
problem to a laser experiment

• Length 1 pc/1 mm = 3×1019

• Time 1000 y / 1 ns = 3×1019

• Density 1 cm-3 / 1022 cm-3 = 10-22

• Velocity, temperature about same

• Magnetic field 1 γ / 1 T = 10-9
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The principle of scaling —

• Dimensionless parameters that describe relevant physics have
equal values for both problems

• Based on seeking scale invariance by non-dimensionalizing the
basic equations

• Dimensionless parameters pop up when something is not fully
scale invariant —
– 1 parameter = 1 degree of freedom less than full invariance
– 2 parameters = 2 degrees of freedom less, etc.

• With 3–4 independent dimensionless parameters there is not likely
to be any scalability at all
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For example — steady, incompressible hydro

• Governing equations:

• This is fully scale invariant — no dimensionless parameters
! 

" • u = 0



Castor_HEDLA_2006. 8UCRL-PRES-219286

If we add compressibility we get a
dimensionless parameter

• Euler equations

• Scale length by L, time by T, velocity by L/T, density by ρ0,
pressure by p0

• The pressure-gradient term ends up containing a factor p0T 2/(ρ0L2),
which is more-or-less the reciprocal square Mach number

• We have added one physical effect and we got one extra
parameter, Ma = L/CsT
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Here is a list of several dimensionless
parameters that might be relevant

• Mach # Ma = U/Cs

• Optical depth τ = κρL = nLσ
• Reynolds # Re = ρUL/µ
• Magnetic Reynolds # RM = µ0UL/η
• Radiative Péclet # Pe = 3τρUcp/4σBθ3 = (3τ/4)Bo

• Boltzmann # Bo = ρUcp/σBθ3

• Newton-cooling # Bo/4τ = Ucp/4κLσBθ3

• Plasma beta β = 8πpg/B 2

(θ is the temperature scale)
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This chart contrasts the parameters for a range
of astrophysical cases with the lab cases

Representative Dimensionless Parameter Values

warm ISM dense cld star atmos star env acc. disk NS acc col stell wind burn thru Omega evap NIF expt Z expt short pls

Parameter

optical depth 1.E-06 1.E-03 1.E+01 3.E+03 5.E+00 1.E+03 3.E-02 7.E+01 9.E-03 1.E-03 9.E-02 1.E-02

Mach number 1.E+01 6.E+00 1.E+01 1.E+00 1.E+01 4.E+01 4.E+01 2.E-01 1.E+00 1.E+00 1.E+00 4.E+00

Reynolds # 1.E+07 7.E+13 5.E+12 5.E+11 7.E+07 6.E+08 1.E+10 2.E+04 3.E+03 1.E+03 3.E+04 1.E+03

Mag Reynolds # 1.E+19 6.E+14 4.E+09 4.E+13 6.E+19 5.E+13 1.E+15 2.E-01 5.E+01 2.E+03 5.E+02 1.E+03

Boltzmann # 3.E-17 1.E-09 3.E-02 3.E-05 8.E-13 8.E-04 3.E-08 1.E+01 2.E-01 1.E-02 2.E-01 3.E-01

Rad Péclet # 2.E-23 1.E-12 3.E-01 7.E-02 3.E-12 8.E-01 7.E-10 8.E+02 1.E-03 1.E-05 1.E-02 3.E-03

Newton cooling # 7.E-12 4.E-07 5.E-04 2.E-09 4.E-14 2.E-07 2.E-07 5.E-02 5.E+00 3.E+00 5.E-01 5.E+00

Plasma beta 3.E-01 3.E-02 3.E+00 3.E+05 3.E-12 3.E-08 1.E-02 2.E+03 3.E+01 9.E+01 3.E+01 3.E+00

Astrophysical Cases Lab cases

Huge Reynolds # is one problem
Getting radiation to be overwhelming is another

Huge Reynolds # is one problem
Getting radiation to be overwhelming is another
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Astronomical spectra are non-LTE in most
cases

• Getting the spectrum of the scaled system to match the original is
tough —

• Spectra do not scale in Z very well, so Z and T will have to be
matched

• To get the same degree of departure from LTE the excitation
quenching parameter ε would have to match —

• We see that since λph ~ 1/T, ε scales roughly with the Boltzmann #
[bad news]

! 

" = neCul /Aul ~ ne#ph
3

Lab spectra are guaranteed to be much closer to LTELab spectra are guaranteed to be much closer to LTE
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When we are very far from LTE, just how far
may not matter

• When ε << 1 the Saha equation becomes irrelevant and ionization
balance is governed by T and the ionization parameter —

• where U is the actual (diluted) radiation energy density; this is a
modification of Bo

-1 to account for dilution (omitting c/V)

• The smallness of U due to dilution balances the smallness of ρ,
leading to moderate values of Ξ

• For nebulae and AGN typical values of Ξ may be 102 – 103; lab
values are more like 10-1

! 

" =
U

#cpT
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The astrophysical dimensionless parameters
cover a wide range; the lab ones do not

• That means that the odds of finding a match in parameters of a
given astro problem to the lab are not good

• But, the odds of finding an astronomical problem to match a given
lab experiment are much better

• This all assumes that the fluid and magnetic Reynolds numbers
and the plasma beta are not too important for the particular
problem, and that non-LTE is not crucial

When the physical processes in the astronomical
problem lend themselves to simple modeling,

the conditions are good for laboratory verification

When the physical processes in the astronomical
problem lend themselves to simple modeling,

the conditions are good for laboratory verification


