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Abstract. This paper explores the variations in radiative shock behavior originating from the properties
of the system containing the shock. Specifically, the optical depth of the upstream region and the
downstream region both affect the behavior of radiative shocks. Optically thick systems such as
stellar interiors or supernovae permit only limited shock-induced increases in density. At the other
limit, the radiation and shock dynamics in optically thin systems permits the post-shock density
to reach arbitrarily large values. The theory of the shock structure is summarized for systems in
which the upstream region is optically thin, common to some astrophysical systems and a number of
experiments.

Keywords: shock waves, radiative shock waves, laboratory astrophysics

1. Introduction

A radiative shock is one in which the structure of the density and temperature is
affected by radiation from the shock-heated matter. Here we explore the properties
of such shocks in a large context —that of all (nonrelativistic) laboratory experiments
and astrophysical systems. In order for a shock to be radiative in any medium, it
must at minimum be fast enough that the radiative fluxes, which scale as the fourth
power of the temperature, exceed the material energy fluxes, which scale as the
three-halves power of temperature. In the nonradiative regime, the immediate post-
shock temperature 7; is given by
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in which kg is the Boltzmann constant, y is the usual ratio of specific heats, A is
the average atomic weight, m, is the proton mass, and u is the shock velocity. The
average number of electrons that share energy with each ion is Z, which can be a
source of difficulty in two senses.

First, the shock heats the ions and then the electrons and ions equilibrate, so that
in sufficiently low-density matter Z might be zero immediately following the density
jump. Thus, in general, one may need to allow separate temperatures for ions and
electrons. It is the electrons, though, that couple significantly to the radiation. Here
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for simplicity we assume immediate equilibration of ions and electrons. In practice,
this means that the region just behind the shock (the jump in density and ion temper-
ature) where ions and electrons equilibrate is ignored. The radiation from this equi-
libration zone increases as the fourth power of the electron temperature, so that most
of the equilibration zone is not a significant contributor to the radiation dynamics.

Second, Z may be temperature-dependent if the medium is not fully ionized.
This is particularly true for Xenon, a common material in laboratory radiative
shock experiments. Here we use for Xenon the approximation Z = 20./T;, with
the initial post-shock electron (and ion) temperature 7; in keV. This can be derived
from the Saha equation and thus assumes equilibrium (Drake, 2005). It converts
Eq. (1) to a cubic equation relating temperature and shock velocity, easily dealt
with in today’s era of computational algebra.

One can then ask when radiative fluxes or pressure matter in shock-heated
systems. This ultimately can be a complicated problem, as Eq. (1) breaks down when
radiation pressures begin to become significant, and as the importance of radiative
effects depends on the structure and opacity of the system. To obtain a preliminary
assessment, we assume that Eq. (1) applies throughout, and consider optically
thick conditions so that radiation temperatures equal material temperatures. This
second assumption is valid for some astrophysical systems and some laboratory
experiments, but not others. We explore this further in later sections. Under these
assumptions, one can ask when the radiative flux, Fr = o T;*, equals the material
flux, F, = p,cyTiug, in which the upstream density is p,, the heat capacity at
constant volume is ¢y, and the Stefan—Boltzmann constant is o. One can also ask
when the radiation pressure, Pr = 40 T;*/(3¢) equals the material pressure, p.

One finds the results shown in Figure 1. Curves are shown for xenon and for CH
as labeled. In the space to the right of each curve, the radiation parameter (Fg or pr)
exceeds the corresponding material parameter for the given material. One sees that
there is roughly an order of magnitude in shock velocity over which radiation fluxes
dominate the energy transport but radiation pressures are unimportant. As radiative
conditions have been difficult to reach in experiments, this regime has been the
most common one to date. In general, one sees that in optically thick systems shock
velocities of tens to hundreds of km/s are required to reach radiative regimes.
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Figure 1. Regimes of radiative effects for optically thick media. The lines show boundaries, with
stronger radiative effects to the right.
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The shock velocities required to reach radiative regimes are larger in optically
thin systems. The radiative flux from an optically thin system, for thermal emission,
equals e Fr, where ¢ is the optical depth of the system. However, many optically thin
systems, especially in astrophysics, produce primarily line emission, in which case
¢ would be an appropriate average over the spectral variation of the optical depth
and thermal spectrum. Indeed, astrophysicists more often work with a “cooling
function” to characterize the power radiated, and in optically thin astrophysical
systems the optical depth decreases so rapidly with increasing temperature that the
radiation tends to decrease as electron temperature 7, increases up to 7, of order 1
keV. Curiously, the shock velocity required for radiation fluxes to be significant is
increased by finite optical depth into the range of >100 km/s, which is just where
it is for laboratory experiments with foams or dense gas. Similarly, the radiation
pressure in an optically thin system is epg, This makes the radiation-dominated
regime genuinely difficult to reach in experiments. From Figure 1, one might seek to
reach this regime at lower shock velocity by using low-density xenon gas. However,
the size of the experiment must increase as some (regime-dependent) power of the
decrease in density to hold the optical depth fixed. Claims that specific regimes
have been reached in experiments with gas must be carefully justified.

2. Radiative Precursors and the Definition of the Shock Transition

We showed in Section 1 that a steady shock must reach some velocity if radiative
energy fluxes are to exceed material energy fluxes, with the exact value dependent on
conditions. By the time this occurs, the radiation is affecting the medium upstream
of the region across which the rapid density increase takes place. There are two
ways to think about this development. On the one hand, if one views the medium
as infinite (measured in optical depths), then one may take the point of view that
the radiation alters the structure of the shock transition, extending it in space over a
(potentially large) number of radiation mean free paths. In this case one will speak
of the “shock” as the entire region between a distant, undisturbed upstream region
and a distant, steady-state downstream region.

On the other hand, it may be that the optical depth from the shock to “infinity”
is small, as is the case in certain classes of astrophysical shocks. What is meant
here is that the sum of radiation from distant sources and radiation returning to
the shock from any upstream, shock-heated matter is negligible. Beyond this, the
downstream region might not be optically thick, as is the case for example in
the shocks driven by supernova remnants and in some short-lived experiments.
Whenever the entire region affected by radiation from the shock is not well isolated
from other influences, it seems more natural to speak of the “shock” as the region
across which the rapid density increase takes place, often referred to as the viscous
shock transition or viscous density jump. This use of “shock” is more common
in discussions of optically thin astrophysical shocks. In this case, the interactions
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of the radiation and the surrounding medium affect both the upstream and the
downstream conditions.

In either case, it is useful to discuss the development of radiative effects ahead
of the shock, or of a radiative precursor, with three levels of sophistication. On
the first level, one can say that a radiative precursor will be present when the flux
of ionizing photons radiated ahead of the shock equals the flux of ionized neutral
atoms incident on the shock (Keiter et al., 2002). This point of view is that one will
certainly see heating of the upstream medium when all (or most) of the incoming
atoms are ionized. This balance can be expressed by
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where T; is in eV, p, is the mass density in g/cm?®, and 7 is the fraction of the
photons that are ionizing. The emissivity (or the optical depth for small optical
depth) of the downstream region is €4 and the emissivity (equal to the absorptivity)
of the upstream region is &,. The downstream emissivity determines what fraction
of blackbody emission is actually produced and the upstream emissivity deter-
mines what fraction of these photons is absorbed. The corresponding threshold for
a radiative precursor, using Eq. (1) for T}, is us > 270 [p,/(g4eun)]'/> km/s. For
shock velocities above 50 km/s, relevant to many laboratory experiments, nearly
all the photons are ionizing. In laboratory experiments with dense gases or foams,
both emissivities may be of order unity as well. For low-density astrophysical
systems, with p, of order 1072* g/cm?, obtaining a radiative precursor will re-
quire first of all that the post-shock temperature be high enough to obtain a suf-
ficient fraction of ionizing photons and beyond that on the optical depth of the
system.

On a second level, one can treat the precursor as a nonlinear radiation diffusion
wave. Since such waves have a length-dependent velocity, one can argue that, in
steady state, the precursor length ahead of a shock must be such that the diffusion
wave velocity equals the shock velocity.(Mihalas and Weibel-Mihalas, 1999). A
diffusion wave from a constant-temperature source has a length L that scales with
time ras L = K +/t,in which the coefficient K depends on the scaling of the material
opacity with density and temperature, and thus does depend on the shock velocity.
From the velocity matching argument just given one finds L = K?/(2us). One finds
for example that in experiments with xenon the precursor becomes very large as the
velocity increases above 10 km/s. However, the timescale required for the precursor
to reach its steady state, found from the above to be t = K2/ (4uf), also increases
as the precursor length increases. The consequence is that real experiments, and
even some astrophysical systems, may not establish a steady state precursor during
their lifetime.

On a third level, one can consider finer details. An important issue in some
contexts will be that many such shocks, in astrophysics and in experiments with
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low-density gases, are not planar. Spherical and even cylindrical models would
be useful tools for these cases. For a specific experiment, one might consider the
actual time dependence of the shock velocity and the consequent radiation source, as
Fleury etal. have done (Fleury etal., 2002). Details beyond those treated by diffusion
models can also be considered. Zel’dovich and Razier (1966), for example, argue
that the leading edge of such a diffusion wave cannot be in equilibrium, with the
result that there is a low-radiation-temperature foot ahead of the diffusion wave.
However, this foot is decoupled from the material, and so is not a precursor in the
sense that the state of the upstream medium is affected.

3. Regimes of Radiative Shocks

The category of radiative shocks includes a wide range of behavior. For exam-
ple, in some regimes the density increase across the viscous transition and sub-
sequent radiative cooling layer (if any) can be limited to values less than 10,
while in other regimes it can be formally unbounded so long as the plasma is
not radiation-dominated. (The y of radiation is 4/3, so the density jump in any
radiation-dominated plasma is 7.) One way to identify types of radiative shocks,
and to classify their behavior, is to plot them in a space defined by the optical depth
of the upstream and downstream regions. Figure 2 shows a qualitative depiction of
this space. We next briefly discuss each of the four labeled regions.

3.1. THICK-THICK SHOCKS

In regime A, both the downstream and the upstream region are optically thick. This
is the realm in which it makes the most sense to treat the viscous density increase
and all the radiative effects as part of a single, extended, shock structure, and in
which many of the features of this structure can be found from a theory that assumes
the medium to be in LTE everywhere. This is also the realm that is treated at length
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Figure 2. The types of radiative shocks can be identified in a space based on optical depth. The
four regimes corresponding to the corners of this plot are discussed in the text. The curve shows the
qualitative trajectory of a supernova blast wave.
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in books that discuss radiation hydrodynamics, such as those by Zel’dovich and Ra-
zier (1966) and Mihalas and Weibel-Mihalas (1999) and discussed as well in some
recent theory papers (Boireau et al., 2004; Bouquet et al., 2000). There is a definite
limit on the density ratio of such shocks. For typical ideal gases with y ~ 5/3, the
density ratio never exceeds 7. (In some complex atoms at low temperatures, the ratio
can be somewhat larger (Boireau et al., 2004).) In addition, in some regimes the den-
sity transition is continuous, with no localized jump. Astrophysical environments
in which such shocks exist are necessarily both hot and dense. Shocks in stellar
interiors are of this type, as are the blast waves within the exploding star in super-
novae. Such shocks may also exist within some compact objects, but their treatment
would have to be relativistic. It is difficult, however, to imagine laboratory experi-
ments in this regime other than transiently and in special cases. One difficulty is that
the precursor length increases so strongly with shock velocity that one could not
produce a measurable precursor of finite length over any variation of experimental
parameters. One ought to obtain a slower scaling of length with velocity in spherical
geometry, but at the low densities where such experiments are straightforward the
downstream region is far from being optically thick. (Note that a finite precursor
is not necessarily optically thick in the sense that matters here; an optically thick
precursor would have many optical depths between the density jump and the heat
front.)

3.2. THICK-THIN SHOCKS

Inregime B the downstream region is optically thick but the upstream region is thin.
We discuss the theory of this regime in the next section. There is a cooling layer
downstream of the viscous shock transition, followed by a steady downstream final
state. This regime is common in experiments (Bouquet et al., 2004; Bozier et al.,
1986; Fleury et al., 2002; Keiter et al., 2002; Koenig et al., 2001; Reighard et al.,
2004), in which an optically thick piston (and in some cases optically thick shocked
material) drives a radiative shock into a medium whose depth is small compared to
the steady-state precursor length. The upstream medium is then quickly heated so
that it becomes optically thin. Astrophysical examples of such systems include the
blast wave in a supernova as it emerges from the star (Ensman and Burrows, 1992)
and the accretion shocks produced during star formation (Calvet and Gullbring,
1998; Hujeirat and Papaloizou, 1998; Lamzin, 1999).

3.3. THIN-THIN SHOCKS

In regime C both downstream and upstream regions are optically thin. Such shocks
are the most commonly observed in astrophysics, in part because they are easy to
see (as the radiation escapes). Supernova remnant (SNR) shocks in dense enough
environments are of this type — it is thought that Type II supernovae from red
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supergiants produce such conditions (Chevalier, 1997). Many shock—cloud inter-
actions including some of those driven by SNR shocks are also of this type. Shocks
that propagate up jets (or are driven by clumps propagating up jets) may be of this
type (Hartigan, 2003). In such shocks, the entire downstream region is a radiative
cooling layer, and it ends (in large enough systems) when the downstream tempera-
ture reaches a value determined by local sources and losses of energy rather than by
the shock. The density increase associated with such shocks is formally unbounded
in the sense that it is limited only by external factors, such as the compression of
an initially negligible magnetic field or the presence of a limiting temperature due
to other energy sources. These shocks have much in common with the radiative
phase of old supernova remnants (Blondin et al., 1998), which occurs when an
SNR shock cools enough that the slope of the radiative flux (astrophysicists would
say the cooling function) with temperature changes from positive to negative, en-
abling the entire shocked region to rapidly radiate away its energy and the density
to increase by orders of magnitude. Some experiments, with shocks in sufficiently
low-density gases, may produce these conditions (see, for example (Grun et al.,
1991)), but this question deserves more detailed examination than we can provide
here. We discuss the theory of these shocks briefly in the next section. It is also
discussed by Shu (1992).

3.4. THIN-THICK SHOCKS

Regime D is difficult to access, and perhaps is only seen in a transient sense. If
the upstream region is optically thick, then the downstream, shocked material is
likely to become optically thick as it accumulates and radiatively cools. Ignoring the
increase in optical depth, such a system could produce a very dense shocked layer as
it continued to lose energy in the downstream direction. Two transient examples are
certain shock—cloud collisions and certain experiments. A shock—cloud collision in
which the cloud was dense enough and large enough to be optically thick for some
time would be of this type. The collision of SNR 1987A with its inner “ring” may
be of this type (Borkowski et al., 1997), especially if the ring turns out to be a disk.
An experiment might be in this regime while a hot, thin layer of gas drives a shock
through a much larger volume of gas, as seems to be the case in some experiments
done with xenon gas at low densities. (See for example the papers by F. Hansen and
by T. Ditmire in this issue.) All these cases seem likely to transition to the thin—thin
regime if driven harder or longer, and they may never develop a thick upstream
region in the sense discussed above.

4. Structure of the Radiative Cooling Layer

In shocks with an optically thin upstream region, the structure of the radiative
cooling layer behind the shock is of interest. One would like to understand its size,



56 R. PAUL DRAKE

a Initial post-shock
(a) state (piTy) | o o
o
Downstream final :-;:.. 1000
state (pg.T¢) ‘B 100
2
% 10
Upstream | 2 3
fa (hoTo) |2
e il § 0 0005 001 0015 002
R Optical depth downstream from shock

Figure 3. (a) Structure of the radiative cooling layer. (b) Density profiles for a thin—thin shock.

its shape, and the maximum density that is reached. For this purpose, one can work
with a fluid theory including radiation transport. However, for the radiation one
cannot assume LTE because the material temperature turns out to change on scales
much smaller than a radiation mean-free-path.

Under these assumptions, the structure of the cooling layer is shown in Fig-
ure 3(a). There is some upstream density, pressure and temperature. The upstream
region has perhaps been heated by the precursor but is not evolving further in
the optically thin limit, and contributes a negligible radiation heat flux. At the
viscous shock, there is a density jump and an increase in temperature, with the
immediate post-shock (and post-electron—ion-equilibration) temperature given by
Eq. (1). Downstream from this is the cooling layer, whose behavior we wish to
calculate. The cooling layer ends when the temperature and density reach their
final values, Tt and py, respectively. If the final temperature is nonzero, then the
downstream radiation from the cooling layer must balance the upstream radiation
from the steady downstream layer, which is o' 7;*. This upstream radiation flux
must also equal half the loss of downstream material energy flux between the shock
and the final downstream state, as this is the only source of energy for the radia-
tion from the cooling layer (which radiates both upstream and downstream). This
flux balance condition can be used to determine the final post-shock density and
temperature.

The equations that describe the evolution of the cooling layer are as follows.
The fluid energy equation, in steady state, is

u2
V. [pU(e + 7) + pu} = -V Fy, )

in which the velocity is u, the density is p, the pressure is p, and the internal energy
¢ will be taken to equal p/(y — 1). The radiation flux is Fg. Using the momentum
and continuity equations, one can express the equation of state for some location,
relative to the immediate post-shock density p; and temperature T;, as

T 1 pji — 1 p
_:i&[l_y_&]' (4)
Ti 2 p y+1p
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We express the radiation loss in the “transport” approximation corresponding
to isotropic scattering, taking —V - Fr = 4wk (B — JR), in which « is a frequency-
averaged absorption coefficient, approximately equal to the Planck mean opacity, B
is the intensity of radiation within a black body at the local electron temperature, and
Jr is the angularly averaged radiation intensity. From these relations one can obtain

—-Dpd (p T\*"" RN(T\ "\ (ri\"
1 — =Dpi|d (p)_ _ R((= _ n_l: - pi (5)
Yy pJlit\p T; oT, T; P
in which the optical depth variable T = zk;, with «; being the value of the opacity at
T; and p;. The opacity is taken to vary as powers of 1/T and p, with exponents n and

m, respectively. The parameter that characterizes the importance of the radiation is
R,, given by

_4y+DoT?
vy poud

R, (6)

and approximately equal to the ratio of upstream energy flux produced by a black-
body at temperature 7; to the energy flux of heated material downstream from the
shock. When this exceeds roughly unity, there evidently must be significant cool-
ing. The quantity Jg in Eq. (5) is the radiation intensity within the final downstream
layer, and equals o 7{* /7. This quantity is constant through the cooling layer, as it
is unaffected by changes in the direction of the radiation from the cooling layer.
Using Eq. (4), one can integrate Eq. (5) for the profile of the density, from which
other quantities can be calculated.

Figure 3(b) shows results of this calculation for the thin—thin case. Here n = 4/3
and m = 2, which is the correct density dependence and a plausible temperature
dependence for experiments with gas, though too weak for astrophysical cases.
There is no minimum downstream temperature here, and so the temperature would
decrease to zero and the density to infinity. The density ratio shown is the post-shock
density increase. The total density increase is larger by the factor produced at the
viscous jump, which is 7 here as y = 4/3 was used. (This value of y, or something
near it, is not only the radiation-dominated value but is also a good estimate for an
ionizing plasma.)

In a system for which enough material accumulates downstream to produce a
steady final state, the properties of this state are determined from the overall energy
flux balance, as is discussed above. The final state becomes only a function of R,
(and y), and has the dependence shown in Figure 4. As in the optically thin case of
Figure 3(b), the scale of the density increase with optical depth depends inversely
on R,. The shape of the cooling layer, in this simple model, depends on the power
of density assumed in the opacity. If the opacity is taken to be independent of
density, as can occur in some dense materials, then the shape of the curve becomes
convex [as opposed to the concave behavior seen in Figure 3(b)]. In simulations
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Figure 4. Post shock compression and cooling for an optically thick downstream layer. Results are
shown for y = 4/3.

of experiments, we see various shapes, sometimes evolving in time. We do not yet
understand all the controlling factors for this.

5. Conclusion

We have shown that the detailed properties of radiative shocks depend upon the
regime within which they develop, and that this regime can be conveniently char-
acterized in terms of the optical depth of the upstream and downstream regions.
At present one might say that shocks with thick upstream and thick downstream
regions have been the most explored theoretically, that shocks with thin upstream
and thick downstream regions have been the most observed experimentally, and
that shocks with thin upstream and thin downstream regions have been the most
observed in astrophysics. Yet one can do theory for all the regions and astrophysical
examples exist for all regions. So the challenge for various experiments is to ac-
cess these different regimes and to gain a clear understanding, and clear evidence,
regarding the regime studied in any specific experiment.
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