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ABSTRACT

Aims. We demonstrate that cosmic rays suppress the thermal overstability of radiative shocks for a wide range of upstream parameters

and initial conditions.

Methods. We perform one-dimensional time-dependent two-fluid simulations, introducing cosmic rays into overstable radiative

shocks.

Results. When a cosmic ray fluid is introduced, the oscillations of the shock front are damped and a smooth cosmic ray modified
shock develops and propagates away from the cold dense layer. A large increase in cosmic ray pressure occurs for lower Mach num-
bers in radiative cosmic ray modified shocks than in adiabatic cosmic ray modified shocks. The compression ratio is limited to 7 and
steady solutions do not exhibit a cold dense layer like those in radiative shocks that are not modified by cosmic rays. If the diffusion
length is much larger than the cooling length, the shock is nearly isothermal. The structure of such shocks obtained with the two-fluid
code agree well with analytically derived solutions for strictly isothermal flow containing cosmic rays.
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1. Introduction

Models of radiative shocks have been developed for filaments
in the Vela (Slavin et al. 2004), Cygnus loop (Raymond et al.
2001), and other SNRs (Blair et al. 1995, 2000). The radiative
shocks are often assumed to be steady, although they may dis-
play time-dependent behaviour. For instance, multiple shock for-
mation occurs when a remnant undergoes a transition from the
adiabatic phase to the radiative phase (Falle 1981) and oscil-
latory thermal instabilities (or overstability) develop when the
remnant is in the radiative phase. This overstability, discov-
ered by Langer et al. (1981) in simulations of accretion flows
onto white dwarfs, has been extensively examined analytically
(Chevalier & Imamura 1982; Bertschinger 1986; Blondin &
Cioffi 1989; Mignone 2005) and numerically (Imamura et al.
1984; Innes et al. 1987; Gaetz et al. 1988; Strickland & Blondin
1995; Walder & Folini 1996; Sutherland et al. 2003; Mignone
2005; Pittard et al. 2005) for a wide range of boundary condi-
tions. If the radiative cooling is approximated by a power law
in temperature then there is a critical value of the exponent be-
low which the overstability appears. The validity of the use of
steady shock models to interpret emission lines from SNRs has
been questioned for some time (Benvenuti et al. 1980; Raymond
1984), and some observed line intensities are not reproduced
with steady shock models.

At around the same time as the thermal overstability was
discovered by Langer et al. (1981), Drury & Volk (1981) and
Axford et al. (1982) analytically studied the effect of diffusive
particle acceleration on shock structure within a two-fluid de-
scription. The solutions to the two-fluid equations show two
notable non-linear features. One is the conversion of a large
proportion of the upstream ram pressure into particle energy.
The other is the possible existence of up to three different
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downstream states for a given upstream state. The former natu-
rally encouraged the idea that diffusive shock acceleration was a
very efficient method of particle acceleration (Drury 1983). The
latter prompted further numerical hydrodynamic investigations
to test whether all solutions really exist and are time asymptoti-
cally stable (Drury & Falle 1986; Falle & Giddings 1987; Zank
et al. 1993; Drury et al. 1995; Mond & O’C. Drury 1998). Jones
& Ellison (1991) and Ko (1995) have written extensive reviews
on the subject. Becker & Kazanas (2001) have analytically clas-
sified the different types of steady solutions.

We note that the use of a two-fluid model is likely to give the
maximum cosmic ray pressure production efficiency and a corre-
sponding minimum postshock density enhancement. We address
this point more completely in Sects. 4 and 5, where mechanisms
for transferring energy from the cosmic rays to the thermal gas
are mentioned.

A linear stability analysis of a two-fluid medium includ-
ing radiative cooling has revealed that cosmic rays suppress the
growth of small amplitude perturbations (Wagner et al. 2005).
To investigate whether they can damp the thermal overstabil-
ity of radiative shocks, we performed time-dependent hydrody-
namic simulations of a two-fluid medium with radiative cool-
ing. Furthermore, we systematically investigate steady cosmic
ray modified shock structures in a wide domain of parameter
space.

In the next section we give the full set of equations govern-
ing the flow and identify the parameters that characterise the
flow. In Sect. 3 we describe the effects of cosmic rays on ra-
diative shocks and in Sect. 4 we concentrate on steady solutions
for radiative shocks and compare their structures with those of
strictly isothermal shocks for which we can find analytic solu-
tions. Finally, we discuss the results and conclude the paper in
Sect. 5.

http://dx.doi.org/10.1051/0004-6361:20064885
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2. Equations and parameter space

The one-dimensional equations that describe the cosmic ray fluid
immersed in an inviscid radiative gas are:
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p, Pg, T and yg are the density, pressure and temperature and
adiabatic index of the thermal gas respectively. Pc, « and yc are
the pressure exerted by the cosmic rays, the diffusion coefficient
and the cosmic ray adiabatic index. x and ¢ are the space and
time coordinates, and u is the speed of the flow.

> L(T), the cooling rate per unit volume, is taken to be

P> L(T) = p*AT?, (5)

where A and « are constants. The gas is allowed to cool to the
upstream temperature, towards which £ — 0. £ < 0if T is less
than the upstream temperature.

In our runs, yg and yc have fixed values of 5/3 and 4/3, re-
spectively, and the diffusion coeflicient is also assumed to be in-
dependent of time and space. Apart from the cooling term, they
are the standard two fluid equations (e.g. Drury & Volk 1981).

Equations (1)—(3) are integrated numerically with an upwind
second order Eulerian Godunov scheme. Equation (4) was put
into a Crank-Nicholson form and P¢ solved implicitly. Free
flowing boundary conditions are applied at either side of the grid.
The initial conditions of the time-dependent runs are given in
Sect. 3 and the methods to find steady solutions are explained in
Sect. 4. The scheme is stable under the Courant condition based
on the total sound speed (Drury & Falle 1986)

A
At < al (6)

Vp(ycPc +yGPg)

where At and Ax are the time step and the cell width, respec-
tively.

The dimensionless parameters that determine the steady so-
lution are: the upstream Mach number with respect thermal
sound speed
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the exponent « in the cooling law; and the ratio of the cosmic
ray diffusion length, /g, to the cooling length, .,
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A.Y. Wagner et al.: Cosmic ray modified radiative shocks

Here
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where u; is the shock speed, ps and T are the immediate post
shock density and temperature given by the Rankine-Hugoniot
jump conditions. p and k are the average mass per gas parti-
cle and Boltzmann’s constant. Throughout the paper, the sub-
scripts 0 and 1 denote asymptotic upstream and downstream val-
ues respectively. In the examples presented in Sect. 3 we note
down the ratio Ny = ycPco/ycPgo in brackets to highlight the
relative pressure contributions by the cosmic ray and gas up-
stream. In general, ® = Pc /pou% and N = ycPc/vcPaco-

For a wide part of the My, @y, g, @ parameter space, we find
little diversity in the qualitative nature of the shock structures.
In the following section we will concentrate mainly on My =
3,5, 10 and 15 shocks. A distinction between high and low Mach
number adiabatic cosmic ray modified shocks can be drawn at
My =~ 6. For My 2 6 the two-fluid equations (with yg = 5/3
and yc = 4/3) allow multiple solutions. The solution with the
largest increase in cosmic ray pressure may either be smooth
or contain a subshock. This solution exhibits a large increase in
cosmic ray pressure that is “saturated” with respect to changes in
the upstream cosmic ray pressure, in the sense that P¢; is close
to poué even if Pco approaches 0. Such shocks are said to be
“efficient” in accelerating cosmic rays. Below M, < 6, a single
solution exists for a given set of My and ®(. For such solutions
Pcy — 0 as Pcg — 0. We will see that this distinction does not
occur when radiative cooling is included.

We have studied cases for which —1.5 < a < 0.7 and
employed free flowing boundary conditions. Radiative shocks
that are not modified by cosmic rays exhibit thermal oversta-
bility if « is less than some . Which is sensitive to the
upstream Mach number and the postshock equilibrium temper-
ature (Pittard et al. 2005). My = 3,5, 10, and 15 shocks are un-
stable to the fundamental mode of the overstability at @ below
it # —0.7,-0.4,-0.1, and 0.1 respectively.

We take the parameter ¢ to range from 10 to 0.1. We find that
the flow is nearly isothermal when g 2 5.

3. Suppression of the thermal overstability

We now present time-dependent solutions to Eqgs. (1)-(4). The
figures display, in the reference frame of the initial shock front,
the evolution of a radiative shock that is not modified by cosmic
rays to a cosmic ray dominated shock. The flow enters the grid
from the left and leaves the grid on the right. The cosmic rays
are introduced into the thermal gas at time ¢ = 0 with a pressure
homogeneous over the whole grid.

Figure 1a shows the density profiles at several stages dur-
ing the transition from an initially stable My = 10,a = 0.7 ra-
diative shock without cosmic rays to a cosmic ray dominated
shock. The cosmic rays are switched on at time t+ = 0 with
® = 0.0075 (N = 1), and ¢ = 10. The abscissa is in units
of the diffusion length and the times on the plot are given in
units of the diffusion time, 74 = l3/us. The sharp jump associated
with the beginning of the cold dense layer is smoothed out as the
shock becomes modified by the particle acceleration and moves
outwards due to the additional cosmic ray pressure downstream.

The density profile evolution can also be seen in the space-
time diagram shown in Fig. 1b. The abcissa is the time in units
of #4 and the ordinate is the grid axis labeled in units of /4, and
the flow enters the grid from the top. Darker shading corresponds
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Fig. 1. Evolution of a My, = 10 shock, @ = 0.7. At ¢ < 0 the radiative shock is stable and is not modified by cosmic rays. The cosmic rays are
switched on at time t = 0 with ® = 0.0075 (N = 1) and ¢ = 10. a) Density profiles. b) Density space-time diagram. Darker shading represents
higher density and the scale is logarithmic. ¢) Cosmic ray pressure profiles. d) Space-time diagram of ®. Darker shading represents higher cosmic

ray pressure and the scale is logarithmic.

to higher density and the scale is logarithmic. Here we can fol-
low how the transition occurs smoothly in a couple of diffusion
timescales as the cosmic ray dominated shock front moves away
from the diminishing cold dense layer. The evolution of the ini-
tially homogenous cosmic ray pressure distribution is shown in
Figs. 1c and d.

We now show how the cosmic ray pressure suppresses the
overstability of a radiative shock. Figure 2 shows, in the same
manner as Fig. 1, the density and cosmic ray pressure profiles as
well as the corresponding space-time diagrams during the tran-
sition from an initially overstable radiative shock to a cosmic ray
dominated shock. At times ¢ < 0, the M, = 10 radiative shock
with @ = —1 exhibits strong oscillations of the shock height and
strong variability of the post-shock flow. The cosmic rays are
switched on at time r = 0, with a homogenous pressure distri-
bution of ® = 0.0075 (N = 1), and ¢ = 2 over the extent of
the grid. The periodic displacement of the shock front is damped
after a couple of oscillations within a timescale of the order of
several #4. Figure 2c shows a close up of the initial damping of
the overstability. The downstream flow is smoothed and the over-
stability suppressed as the cosmic ray dominated shock develops
and moves away from the slowly decaying cold dense layer. The
damping of an overstable My = 15 shock with @ = —0.3 is
shown in Fig. 3.

We now look at lower Mach number shocks. Figure 4
demonstrates the stabilisation of an overstable M, = 5 shock
with @ = —1.5. A sequence of density profiles and a space-time
diagram for the density are shown. The cosmic rays appear at
time r = 0, ¢ = 10 and ® = 0.0075 (N = 0.25). The peri-
odic variation in shock height and the large disturbances in the

cold dense layer are suppressed, just as in the high Mach number
cases.

Figures 5a and b show the effect of cosmic rays on an over-
stable My = 3 shock with @ = —1.2,® = 0.00083 (N = 0.01),
and ¢ = 10. Because ¢ is large, the oscillations of the shock
front continue for many periods before the shock is sufficiently
modified by the cosmic rays. Nonetheless, the perturbations are
smoothed.

4. Steady cosmic ray modified shocks

The steady cosmic ray modified shock structures presented here
are found in one of two ways. One is to transform into the frame
of the cosmic ray modified shock that is advancing from the
cold dense layer in the time-dependent calculations described
in Sect. 3. The other way is to start with an adiabatic cosmic ray
modified shock and let the gas cool. Unless we refer to a time-
dependent run from Sect. 3, the steady solutions were found by
the latter method. Either method can be used, however, to obtain
any of the steady shock structures in this section.

The flow profile for the steady solutions are shown in the
frame of the shock. The upstream and downstream gradients in
the flow variables vanish. The upstream state is always to the left
and the downstream state to the right of the grid. The quantities
shown on the top left of the panels are the upstream values of the
flow parameters.

At time ¢t > 5814 in the time-dependent run shown in Fig. 2,
My = 12.4, Dy = 0.005 (Ny ~ 1), and g = 5.8 in the reference
frame of the cosmic ray modified shock. The steady profiles of
the flow parameters are depicted in Fig. 6.
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Fig. 2. Evolution of a M = 10 shock, @ = —1. At ¢ < 0 the radiative shock is overstable and is not modified by cosmic rays. The cosmic rays are

switched on at time ¢t = 0, ® = 0.0075 (N = 1), and ¢ = 2. The overstability is suppressed. a) Density profiles. b) Density space-time diagram.
Darker shading represents higher density and the scale is logarithmic. ¢) Density space-time diagram: close up of the damping of the overstability.
d) Cosmic ray pressure profiles. e) Space-time diagram of ®. Darker shading represents higher cosmic ray pressure and the scale is logarithmic.

In Fig. 7 we show the steady structure of a My = 10 shock
with @y = 0.0075 (Nyp = 1), = —1, and g = 10. This nearly
isothermal shock is smooth in structure and globally stable, even
though a radiative My = 10 shock that is not modified by cosmic
rays would be overstable at @ = —1.

In Fig. 8 we show the structure of a steady My = 5,0y =
0.0003 (Nyg = 0.01),a@ = —1.5,q = 10 shock. The shock is
stable even though a radiative shock that is not modified by cos-
mic rays with the same upstream conditions would be overstable.
The jump in cosmic ray pressure is about 2300. This is remark-
able because the jump in cosmic ray pressure in an adiabatic
shock with My = 5 and @y = 0.0003 is only 25. The large jump
is present even for g = 0.1. Clearly, radiative cooling extends
the possibility of efficient non-linear acceleration to low Mach
numbers. Figure 9 depicts a My = 5,D9 = 0.03 (Ny = 1), =
—1.5,q = 0.01 shock which contains a subshock. Cosmic ray

modified radiative shocks contain a subshock when ¢ is suffi-
ciently low.

For the resulting shock in the time-dependent run shown in
Fig. 5, My = 3.7, ®g = 0.0007 (Ny = 0.8)andg = 3.5.a¢ = —1.2.
The profiles are shown in Fig. 10. The downstream to upstream
cosmic ray pressure ratio is 900. In an adiabatic My = 3.7, &y =
0.0007 shock, the cosmic ray pressure ratio is about 14. In our
search of parameter space, we have not found an example of an
overstable cosmic ray modified shock. Strong and weak shocks
appear to be stable down to @ = —1.5 for all values of ¢ and @y.

In Figs. 6-10, the profiles and the jump conditions, except
those of the temperature, resemble adiabatic cosmic ray mod-
ified shocks rather than radiative shocks without cosmic rays.
Some slight differences are seen. For instance, the radiative
M, = 10 shock for which results are shown in Fig. 7 has globally
a smooth structure, whereas an adiabatic shock with the same
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Fig. 4. Evolution of a M, = 5 shock, @ = —0.3. At ¢ < 0 the radiative shock is overstable and is not modified by cosmic rays. The cosmic rays are
switched on at time r = 0, ® = 0.0075 (N = 0.25), and g = 10. The overstability is suppressed. a) Density profiles. b) Density space-time diagram.

Darker shading represents higher density and the scale is logarithmic.

upstream conditions contains a small subshock. If g is decreased,
a subshock appears. The jump in cosmic ray pressure in radiative
cosmic ray modified shocks is always higher than in adiabatic
cosmic ray modified shocks.

In the radiative cosmic ray modified shock, the gas is pre-
vented from being compressed to a cold dense layer. The overall
compression ratio is limited to 7. Shocks for which ¢ 2 5 are
nearly isothermal. The gas cools significantly in the long cosmic
ray precursor leading to the temperature jump becoming very
small and little postshock cooling being needed for the gas to
drop back to the upstream temperature. Although a smaller g
leads to a larger rise in temperature, the peak temperature of the

shock is always smaller than that in the corresponding adiabatic
case, which is itself much smaller than that given by the single-
fluid Rankine-Hugoniot jump condition.

The steady state versions of Egs. (1) and (2) can be used
to study jump conditions for isothermal cosmic ray modified
shocks. They are

(1)
12)

Polly = p1uy,
2 2
pouy + Poo + Pco = pruj + Pg1 + Pcr.

The far downstream and upstream states can be related by the
energy equation for a flow that is isothermal everywhere and
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contains cosmic rays:
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We also have the isothermal equation of state, which implies that
Pgouo = Pgiuy. (15)

Equations (11)-(13) and (15) form a closed set of algebraic
equations in four unknowns. One can combine these to obtain

an equation for the compression ratio y = p;/po

y¥?\2 ye-1) yyc-1 YoMy yeME,

1 l1 1 ve [1 1 ):o. (16)

+ 2 >+ 2
YCMO YGMO ’YCMCO

y 2 yc-1

Mc = +/pu?/ycPc is the cosmic ray Mach number. In the strong
shock limit (My — oo, My — o), the solution to Eq. (16) is

Yc + 1 4

= = 7 = =

ve -1 Yc 3

Figure 11a shows y as a function of @ and M. In Fig. 11b we

have plotted the downstream cosmic ray pressure as a function of
the upstream cosmic ray pressure and M. The compression ratio

A7)
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0.0075, and @ = 0.7. b) The density profile. ¢) Cosmic ray pressure profile of a My = 5 shock. g = 10, @y = 0.0003, and @ = —1.5. d) The density

profile.

converges to a value of 1 as @y approaches unity. The analytic
results for the jump conditions agree well with those found in
the hydrodynamic simulations for radiative cosmic ray modified
shocks for large g.

One can solve Egs. (11), (12) and (15), which are valid
throughout an isothermal flow, for # and substitute into the time
independent version of Eq. (4). Equation (4) can be numerically
integrated to allow a comparison of an isothermal shock pro-
file with a profile from a time asymptotic two-fluid result for a
shock in which the flow is not exactly isothermal. Comparisons
are shown in Fig. 12 for My = 10, ®y = 0.0075 (Ny = 1),q = 10,
and @ = 0.7 as well as My = 5, Dy = 0.0003 (Ny = 1),q = 10,
and @ = —1.5.

In general, the downstream jump conditions of radiative cos-
mic ray modified shocks depend on the upstream Mach number
and cosmic ray pressure. We found no strong dependence on «

or g. A large gain in cosmic ray pressure in a radiative cosmic ray
modified shock is found for small @, even at low values of M,
just as found from the algebraic calculations of the isothermal
jump conditions (see Fig. 11b). In fact, the upstream cosmic ray
pressure in the steady solutions does not influence the qualitative
structure and stability of high Mach number shocks. The quanti-
tative influence is also small.

The two fluid model for steady cosmic ray modified shocks
implies a maximum compression ratio of 7, which corresponds
to a cosmic ray dominated flow downstream (yc = 4/3).
Radiative cooling increases the overall compression towards this
limit, and, consequently, efficient solutions exist down to lower
Mach numbers than in adiabatic shocks. This is directly related
to our finding that the thermal overstability is suppressed even
for weak shocks: the overstability is suppressed if the cold dense
layer is absent and the presence of cosmic rays act to ensure its
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absence. Without a cold dense layer that reflects sound waves
effectively (Pittard et al. 2005), perturbations are not confined
within the cooling region and are damped by the large post-
shock cosmic ray pressure (Wagner et al. 2005).

In adiabatic cosmic ray modified shocks, multiple solutions
may occur when M, 2 6 and the upstream cosmic ray pressure
is sufficiently small. If three steady solutions exist for one set of
upstream conditions, up to two of them may be corrugationally
stable and stable against spontaneous accoustic emission (Mond
& O’C. Drury 1998). If we start with these stable solutions in
our code and let the gas cool, only one solution readjusts itself
to a stable radiative shock. We have not encountered any hint that
multiple solutions exist in cosmic ray modified radiative shocks.
In the isothermal limit they cannot exist.

Even though the two fluid model allows cosmic rays to be
accelerated from small upstream pressures to a “saturated” value
far downstream, the result should be viewed with caution. The
rise in energy density in these “efficient” shocks is due to a
diminishing number of particles being trapped for a long time
in the vicinity of the shock front and perpetually gaining en-
ergy (Drury 1983). Fully kinematic calculations in which « has a
power law dependence on particle momentum, x o p?, demon-
strate this (Falle & Giddings 1987; Dufty 1992). Drury et al.
(1995) explained that if 8 < 1 in plane parallel shocks (or
B < 1/3 in spherical symmetry) the particle energy density can
keep increasing with acceleration time to a value at which the
increase is balanced by downstream advection. Unless there is
an additional loss mechanism for particles with high momenta,
the cosmic ray pressure enhancement can be very large. The ex-
istence of “efficient” solutions in cosmic ray modified radiative
shocks may be explained in the same manner.

On the level of a fluid description of cosmic rays, the strong
rise in cosmic ray pressure may be moderated by invoking a
process that transfers energy from the cosmic ray fluid to the
gas. The model of Volk et al. (1984) includes the heating of
the thermal gas by the dissipation of Alfvén waves generated
by cosmic ray streaming. The work done by the cosmic rays is
V(OPc/0x), where V is the Alfvén speed, and the energy goes
directly into the gas. This process, however, is not efficient if
u > V. Although the two-fluid model we have worked with here
does not contain a mechanism to limit the cosmic ray energy
and will therefore always yield steady solutions with maximum
acceleration efficiencies, our work serves as the first step in the
study of the cosmic ray modification of radiative shocks within
a wide parameter range.

5. Conclusion

The principal result of our study of cosmic ray modified radia-
tive shocks is that there is no region of My, @, ®, and g parame-
ter space that we explored in which the inclusion of cosmic rays
does not suppress the radiative thermal overstability. We have
demonstrated the damping of the thermal overstabilty in time-
dependent calculations in which the initial state corresponds to
an overstable radiative shock without cosmic rays, and subse-
quently introduce the cosmic rays with a homogeneous pressure
over the whole grid.

The steady shock structures shown in this paper can all be
reached from initial states in which the shocks are unaffected by
cosmic rays but experience the subsequent homogeneous injec-
tion of cosmic rays. They can also be reached if one starts with
a steady adiabatic cosmic ray modified shock structure with the
desired upstream conditions and spontaneously switches on the
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cooling of the thermal gas. In general, the steady shocks resem-
ble cosmic ray modified adiabatic shocks more than one-fluid ra-
diative shocks. In particular a maximum compression ratio of 7
and an absence of a cold dense layer are seen. For ¢ 2 5 a shock
is nearly isothermal and the jump conditions and flow profile
can be calculated from the steady state equations. We have also
found that the strong rise in cosmic ray pressure can occur at
low Mach numbers, whereas in adiabatic cosmic ray modified
shocks it occurs only for My = 6. This is a direct consequence
of radiative cooling in the two-fluid model. Radiative cooling en-
hances compression but the compression ratio cannot exceed 7
as the downstream flow becomes cosmic ray dominated.

In the absence of a cold dense layer there is no sharp bound-
ary in the postshock flow with high reflectivity that would con-
tain the sound wave energy of the overstable oscillations inside
the cooling region. Instead, any perturbations compressing the
downstream flow quickly lead to a conversion of the sound wave
energy to an increase in the internal energy of the cosmic rays.
The perturbations are quickly damped as the cosmic rays carry
away this energy as they escape downstream.

The results presented here encourage one to re-address the
assumptions on the nature of shocks when performing SNR
shock diagnostics. The steady shock structures reported here
are so radically different from structures used in diagnostic
studies that they may not be compatible with observations.
Disagreements between observational and model spectra ob-
tained using cosmic ray modified shocks may be avoided if the
shocks are younger than the cosmic ray diffusion time. Another
possibility is that an instability, such as that studied by Drury
& Falle (1986), leads to a conversion of cosmic ray energy to
thermal energy of the non-cosmic ray fluid.
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