CORRUGATION INSTABILITIES IN
STRONG, SLOW MHD SHOCKS

SYNOPSIS

e We will carry out theoretical research on Po-
lar and Intermediate Polar (IP) accretion shocks.
Polars and IPs are important plasma physics lab-
oratories because of the wealth of detailed x-
ray spectral information available and a foun-
dation of well-understood hydrodynamics. This
provides a testbed for the study of strong, slow
MHD shocks, furthering our understanding of
the interplay between known hydrodynamic phe-
nomena and magnetic fields. We will utilize data
to guide and constrain development of theoreti-
cal MHD Polar and IP shock models and use that
to extend our knowledge of strong, slow MHD
shocks, pertinent to accretion systems in general.

e We will perform steady-state calculations
and linear stability analyses of the corrugation
instability for strong, slow, parallel MHD shocks
under conditions appropriate for Polars and IPs.

e Steady-state and time-dependent x-ray spec-
tra of Polars and IPs will then be calculated.
Polar and IP observations will provide stringent
tests for our theoretical models enabling us to
sharpen diagnostic tools used to interpret tempo-
ral and spectral features of Polars and IPs, such
as quasi-periodic oscillations (QPOs), x-ray light
curves, and x-ray line and continuum spectra.

e We will study the stability of adiabatic
MHD shocks under general conditions. We con-
sider fully three-dimensional perturbations and
oblique shocks. Such calculations are needed to
follow-up the work of Stone & Edelman (1995).
Stone & Edelman suggested that all strong, slow
MHD shocks are either aperiodically unstable
and degenerate into turbulence or are overstable
and produce quasi-periodic variability, even in
the limit of strong magnetic field. This has
implications for a wide range of astrophysical
sources; magnetically channeled flows which pro-
duce parallel or nearly parallel MHD shocks arise
not only in the Polar and IP systems mentioned
above, but also in neutron star x-ray pulsar sys-
tems and possibly in classical T Tauri systems.

1 Introduction

Magnetically channeled accretion onto the po-
lar cap of a magnetic star is one of the central
theoretical problems of high energy astrophysics.
Strongly magnetic plasma flows are found and
play important roles in a wide range of high en-
ergy astrophysical systems, e.g., T Tauri stars,
the cataclysmic variables known as the Polars
and Intermediate Polars (IPs), and the neutron
star x-ray pulsars. Although the accreting stars
in these systems are radically different in na-
ture, there are similarities in all of their ac-
cretion flows. In each case, a magnetic field
guides accretion onto one or both of the star’s
magnetic poles and the flows are transonic, so
that the accreting plasma must pass through
a shock in order to merge onto the star’s sur-
face. The detailed nature of the shocks differs
because gas pressure generally dominates over
radiation pressure in the Polar, IP, and T Tauri
accretion flows while the reverse condition holds
in accretion flows in neutron star systems (e.g.,
Frank et al. 2002). The systems form a set
of mutually-complementary laboratories for the
study of magnetically channeled accretion flows
and the effects of strong magnetic fields on high-
energy emission mechanisms.

We propose a research program designed to re-
fine our understanding of radiating and adiabatic
strong slow MHD shock waves. We will use the
well-observed Polar and IP systems as testbeds
for our modeling of MHD shocks. The coupling
of theory and observation will allow quicker and
more reliable advances to be made in our un-
derstanding of the MHD shocks in Polars and
IPs and will lead to a sounder understanding of
MHD shocks, in general.

2 Scientific Background

Polars are characterized by strongly polarized
optical and/or IR emission and intense soft and
hard x-ray emission modulated on the binary
orbital period with a strongly magnetic white
dwarf primary, B, ~ 7-230 MG (e.g., Cropper
1990). IPs show neither strongly polarized op-
tical nor IR emission, but do show hard x-ray



emission modulated on the rotational period of
the white dwarf. The white dwarfs in IPs are
thought to have B, ~ 1-30 MG (Pirola et al.
2008). In both Polars and IPs, matter accretes
onto the white dwarf from a low mass companion
star which is overflowing its Roche lobe.

The importance of the magnetic field for the
the accretion flow dynamics is measured by

Up

- (rize) - (2
N 0.5pmvi2n ~ \vin

where Up is the magnetic energy density, vz
is the Alfvén speed and p;, and vy, are the
preshock flow density and velocity. For typ-
ical Polar and IP parameters § ~ 5 - 230.
In Polars, ¢ % 25 and the magnetic field en-
forces synchronous rotation of the binary sys-
tem with the white dwarf with field-aligned ac-
cretion forced from the inner Lagrangian point,
while in IPs, 3 is somewhat smaller and an ac-
cretion disk forms. The magnetic field is strong
enough, however, to disrupt the disk before it
reaches the white dwarf. In both cases, after the
magnetic field threads the plasma, the plasma
flows toward the white dwarf along the magnetic
field lines. As the flow approaches the white
dwarf’s surface, a shock wave forms. Behind
the shock transition, the heated plasma cools
via bremsstrahlung, Compton cooling, and cy-
clotron emission as it settles onto and merges
with the white dwarf. The structure composed
of the shock transition and the cooling region is
referred to as a radiative shock. The standard ra-
diative shock model predicts a three-component
spectrum with the bremsstrahlung producing a
hard x-ray component, cyclotron radiation pro-
ducing an optical/infrared component, and a
black-body component resulting from reprocess-
ing of bremsstrahlung and cyclotron photons
in the white dwarf’s surface (Lamb & Masters
1979). This general picture is roughly supported
by observation.

The shock-heated plasma reaches tempera-
tures, kT, of roughly
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where M, and R, are the white dwarf mass
and radius, respectively. The high post-shock
temperature of the gas coupled with the strong
magnetic field makes Polars and IPs important
plasma physics laboratories because of two im-
portant observational consequences: the shock-
heated plasma i) is a strong source of hard x-
rays with a rich line spectrum, and ii) it emits
cyclotron radiation as the hot electrons spiral in
the magnetic field. These features allow the de-
velopment of sensitive diagnostics which can be
used as probes of the thermal properties of radi-
ating MHD shock waves.

The stability of hydrodynamic radiative shock
waves has been studied since the early 1980s af-
ter Langer et al. (1981) discovered an oscilla-
tory thermal instability of white dwarf radiative
shock waves. Chevalier & Imamura (1982) eluci-
dated the instability through a one-dimensional
linear stability analysis, the results of which were
verified in the nonlinear simulations of Imamura
et al. (1984). Bertschinger (1986) extended the
work to include the corrugation instability of ra-
diative shock waves. In corrugation instabilities,
a two-dimensional (2-D) perturbation (rippling)
is applied to the shape of the shock front. Strick-
land & Blondin (1995) studied the corrugation
instability of hydrodynamic shocks with power
law cooling functions in 2-D using numerical hy-
drodynamics verifying the results of Bertschinger
(1986). Corrugation instabilities have also been
studied in adiabatic (Lessen & Deshpande 1967,
Edelman 1989b, Stone & Edelman 1995) and ra-
diating strong, slow MHD shock waves (Edel-
man 1989a), although a much smaller part of
the parameter space has been investigated than
for the hydrodynamic shock case. An interest-
ing result was found by Stone & Edelman (1995)
who suggested that all strong, slow MHD shocks
are unstable to corrugation instabilities if three-
dimensional (3-D) perturbations are considered.
They hypothesized that either aperiodic insta-
bilities would cause MHD shocks to degenerate
into turbulence or that overstable modes would
lead to short timescale quasi-periodic variabil-
ity and simple timing studies of Polars and IPs
could then shed light on and enhance our un-
derstanding of the dynamic properties of MHD



shock waves. Because of the ubiquitous nature
of strong, slow MHD shocks this suggestion, if
confirmed, would have far-reaching consequences
and warrants further consideration.

3 Proposed Research

Polar and IP shock theory has advanced from ex-
ploratory exercises and time-independent calcu-
lations of spectra to full hydrodynamical model-
ing of the structure of accretion columns that are
roughly able to reproduce the main features of
the observed spectra (Woelk & Beuermann 1996)
and the observed temporal variability (Langer et
al. 1981). However, most shock spectral models
do not properly include the effects of the strong
magnetic field on the thermodynamics or dynam-
ics (however, see Woelk & Beuermann 1996).
The thrust of our proposed theoretical/archival
research focuses on the careful modeling of ther-
mal and dynamic effects which arise because of
the strong magnetic fields in Polar and IP sys-
tems and their consequences for the observable
high-energy emission from Polars and IPs.

3.1 Physical Picture

We model strong slow radiative shocks in the
ideal MHD approximation where, by strong, we
mean shocks where the flow velocity is large com-
pared to the sound speed in the preshock flow,
that is, |v|/cs > 1 where the isothermal sound
speed is given by ¢s = \/vP/p, v is the adiabatic
index, P is gas pressure and p is mass density and
by slow, we mean shocks where the flow speed is
less than the Alfvén speed in the preshock flow.

We expect several types of shocks to form
corresponding to the different wave modes sup-
ported by adiabatic, magnetic plasmas. One
type corresponds to Alfvén modes, two to the
slow and fast magnetosonic modes, and a fi-
nal one to an entropy wave. Alfvén waves are
characterized by disturbances perpendicular to
the plane defined by the wave propagation vec-
tor and the equilibrium magnetic field. Entropy
waves are zero frequency modes whose distur-
bances are advected with the flow. Magneot-
sonic modes are characterized by disturbances in

the plane defined by the wave propagation vec-
tor and the equilibrium magnetic field. The slow
magnetosonic modes may propagate with speeds
up to ¢s or v4, whichever is larger while fast mag-
netosonic modes propagate with speeds between
v and \/v% + 2. Alfvén waves propagate with
speed v4. Thus, both magnetosonic waves and
Alfvén waves may propagate upstream as well as
downstream of slow MHD shock waves, i.e., in
flows where vg > |v;p].

The stability of radiative MHD shocks is de-
termined by the interaction between MHD waves
excited at the shock front and cooling in the
postshock plasma.

3.2 Radiative MHD Shocks

We will first determine the steady-state hydro-
dynamic structures and spectra of strong slow
parallel MHD shock waves under conditions ap-
propriate to those of Polar and IP systems to
develop a set of diagnostics for MHD shocks.
Our calculations will be two-temperature in na-
ture and include the effects of bremsstrahlung,
Compton cooling, and a self-consistent treat-
ment of cyclotron emission (Imamura, Bryson,
& Steiman-Cameron 2008). Using our shock
structures we will determine the x-ray line spec-
trum and the continuous emission from the op-
tical to the hard x-ray. We are currently extend-
ing our spectral code to produce x-ray line spec-
tra suitable for comparison to Chandra spectra.
We calculate x-ray line spectra using our calcu-
lated shock emission region structures and ta-
bles of isothermal plasma line spectra calculated
from collisional line models produced by XSPEC
based on the MEKAL line spectral model. Our
shock/spectral model is a significant improve-
ment over earlier works which did not include de-
tailed solutions of the radiation transfer equation
to determine self-consistent cyclotron intensities
when the shock structures utilized to determine
x-ray spectra were calculated. Our techniques
are sufficiently general that all relevant Polar and
IP parameters such as accretion rate, M,, and
B, can be explored. The x-ray spectra will
be directly comparable to Polar and IP
data acquired by Chandra and thus strin-



gent tests of the viability of Polar and IP
MHD shock models may be made.

We will next investigate corrugation insta-
bilities in strong, slow parallel MHD radiative
shocks with power law cooling functions in the
linear regime. Edelman (1989a) attacked this
problem but only considered bremsstrahlung,
the cooling function appropriate for nonmagnetic
white dwarf shocks, and plasmas where the elec-
trons and ions were strongly coupled and shared
a common temperature, a one-temperature ap-
proach. We will extend this work to include
a wider range of cooling functions, in partic-
ular, cyclotron emission, and to include two-
temperature effects necessary to model shocks
accurately when cyclotron cooling is important.
Edelman made the interesting discovery that
shocks with § over the range 4 to 100 were ei-
ther aperiodically unstable or unstable to over-
stable oscillations. We will first refine these
theoretical predictions, and then produce
x-ray spectra suitable for comparison to
Chandra data. We will develop diagnos-
tics for time-dependent x-ray spectra of
unstable Polar and IP radiative shocks.

3.3 Adiabatic MHD Shocks

We will investigate the properties of general
MHD shock fronts by a study of the corruga-
tion instability in strong slow adiabatic MHD
shocks. We will consider fully 3-D perturbations
and oblique shocks relaxing the assumptions of
2-D perturbations and parallel shocks used for
the Polar and TP studies. Because of the com-
plexity of the physical and numerical problem,
we will perform both linear and nonlinear calcu-
lations. Earlier linear work by Lessen & Desh-
pande (1967) used 2-D perturbations for the case
where the sonic Mach number = 2 and Stone
& Edelman (1995) performed a 3-D analysis,
but restricted themselves to nearly parallel MHD
shocks. The linear work is particularly useful
because it is considerably more computationally
inexpensive to obtain so that we may more thor-
oughly explore parameter space and more eas-
ily isolate the important physics of MHD shocks
than the fully nonlinear calculation will be able

to do. The linear results will allow checks of the
early phases of our nonlinear simulations.

In the nonlinear regime, we are constructing a
fully 3-D code to study the long-term evolution
of the corrugation instability. Previous nonlin-
ear studies have focused on a fairly sparse distri-
bution of parameter space and utilized methods
developed for hydrodynamic modeling for man-
aging the necessary transparent, artificial bound-
ary conditions (Stone & Edelman 1995). These
methods, while successful in hydrodynamics, are
ineffectual in strongly magnetic cases, and early
tests with our code have shown that even small
magnetic boundary reflections produce a detri-
mental feedback mechanism to the instability.
As such, we have developed our code to incor-
porate a new boundary handling approach that
will improve upon existing results and allow for
careful and explicit evaluation of boundary con-
dition performance during tests.

4 Budget

We request funds to cover three journal pub-
lications (3 papers x 10 pages x $110/page
= $3,300), and funds to cover attendance at
three domestic meetings to report results (3 x
$1,500/meeting = $4,500) for a total of $7,800.
Indirect costs at 51% = $3,978 are also re-
quested. The grand total is $11,778.
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