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1. REPORT PERIOD 4. INDIVIDUAL RESEARCH

This report covers astronomical and astrophysical re- Astrophysical research at NCSU is carried out in the areas
search done in the Department of Physics at North Carolinaf active galactic nucle{Ellison, Knerr, Reynolds super-
State University from November 1993 through Octobernova remnants and the interstellar mediu(Blondin,
1995. Borkowski, Ellison, Reynolds shock waves and patrticle ac-

celeration(Ellison, Knerr, Reynolds X-ray binaries(Blon-
din); planetary nebulaéBorkowski; and general computa-
2. PERSONNEL tional hydrodynamicgBlondin, Knery.

During the report period, faculty performing research in
astrophysics included Drs. John M. Blondin, Kazimierz
Borkowski, Donald C. Ellison, and Stephen P. Reynolds. Dr4.1 Active Galactic Nuclei
Borkowsklljomed the department as a Research Assistant Knerr , with W. Christianse{UNC-CH) and A. Schiano
Professor in September 1995. Dr. Jeffrey M. Knerr held : . :

UC-Irvine), has been studying the acceleration of cool dense

position as a Post-Doctoral Associate until August 1995’c:louds embedded in hot supersonic winds, with applications
when he left to take a position at the University of North P ' pp

. to broad absorption lines seen in quasar spectra. Hydrody-
Carolina at Greensboro. . . -
: ; namic studies clearly indicate that although dense clouds
During the report period, undergraduate and graduate stu-_ . . .
. h : onfined and accelerated by ram pressure are indeed subject
dents carried out research on various projects. C. L. Benneft . ) S . L .
. ) . . 0 the classical instabilities, rapid catastrophic disruption
is completing his work for a Ph. D. degree, carrying out e
o . . o does not occur because of the pseudo-stabilizing effect of
hybrid simulations of particle acceleration in shocks, and has ~ . .
) .. continuous ablation of surface structures generated by small-
accepted a post-doctoral appointment at UCLA beginnin

January 1996. D. Dinge, a student at UNC-Chapel Hill, iS%cale |nst§1b|llt|es. This form of abla}tlve stablllzatu_)n requires

. . o . “a large difference between the wind flow velocity and the
performing @ thesis under the direction of Dr. Blondin. cloud’s internal sound speed so that the surface instabilities
Graduate students G. Double, K. Dyer, M. Owen, and E. P

Wright have been working in the group as well, Undergradu-can develop incoherently. A major finding in the study is that

. S . . . ablative stability of ram-pressure confined clouds enables the
ates making significant contributions included A. Antonel clouds to survive the acceleration process up to velocities at
T. Coffey, A. Danagoulian, A. Hornschemeier, J. Layton, J. P P

Lyerly, R. Strickland, and the entire membership of the un_Iea:st an order of magnitude greater than their initial internal

dergraduate class PY 228, Introduction to Astrophysics.Sound speed.

Their work is described below.
4.2 Supernova Remnants and the Interstellar Medium

3. NOTABLE ACTIVITIES Blondin used numerical hydrodynamic simulations to
NASA's Astrophysics Theory Program awarded a majorstudy the instability of astrophysical shockwaves. With un-
grant to the NCSU astrophysics group for research on X-raylergraduate student Russell Strickland he studied the over-
emission from supernova remnaf& Reynolds, PI; J. Blon- stability of radiative shocks in one and two dimensions. In
din and K. Borkowski, co-I's allowing Dr. Borkowski to 1D this work highlighted the dependence of this overstability
join the group from the University of Maryland. Blondin is on both the downstream boundary conditions and on the pre-

also supported under the Astrophysics Theory Progiisim  shock Mach numbe(or alternatively, the total downstream
Richards, U.Va., co-Bl Other funding sources have included compression In 2D this work illustrated the complex dy-
NASA's Space Physics Theory Progrd®. Ellison, P), the  namical interactions between the postshock cooling region
NSF's Research Experiences for Undergraduates prograrand the layer of cold, dense gas formed downstream of the
various other NASA programs, and Sigma Xi. shock. In all cases the interface between these two regions
A major international meeting, the Cornelius Lanczos In-was dynamically unstable, at least to nonlinear perturbations.
ternational Centenary Conference, was held December 12k particular, for low Mach-number shocks, these new insta-
17, 1993. This meeting, jointly sponsored by NCSU’s De-bilities resulted in very large deviations from a planar shock.
partments of Mathematics and Physics, commemorated the With undergraduate student Brian Marks, Blondin studied
work of distinguished theoretical physicicst and appliedanother shock instability present when a slab of gas is
mathematician Cornelius Lanczos with invited and contrib-bounded on both sides by isothermal shocks: the Nonlinear
uted talks in astrophysics, theoretical physics and gravitationThin-Shell Instability. Using hydrodynamic simulations of a
and computational mathematics. Minisymposia on astroshock-bounded slab of isothermal gas, this research illus-
physical topics included numerical MHD and plasma simu-trated the complex nonlinear evolution of the NTSI. The
lations, quantum gravity, black-hole thermodynamics, andoresence of the NTSI was confirmed as well as its predicted
galaxy formation and large-scale structure in the universe. dependence on wavelength and amplitude, although the in-
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stability was observed to choke itself off under some circum-self-similar driven wave evolution to the Sedov phase in
stancegbut not before the slab had grown in width by two young supernova remnants.
orders of magnitude Together with E. DWeKNASA/GSFQ, Borkowski inves-

Borkowski, Blondin, and R. McCrayJILA) are studying tigated physical processes in grain-grain collisions, the pri-
the expected X-ray emission from, and the dynamics of, thenary dust destruction mechanism. This study confirmed that
interaction between the supernova blastwave and the circungust grains are efficiently destroyed in these collisions,
stellar ring seen around SN1987A. Nonequilibrium-mostly through shattering in collisions with large grains and
ionization X-ray spectra are being calculated from one and more gradual grain erosion by smaller impacts. These pro-
two-dimensional simulations of the shock/ring interaction.cesses produce large numbers of small grains, which should
Of particular importance is the role of a reflected shock thabe detectable with the Infrared Space Observatory. Further
originates in the first contact of the blastwave with the ring,work on destruction of dust grains in radiative shocks is in
travels back upstream, reflects off the layer of dense shockeatogress.
ejecta, and returns to restrike the ring. Particularly in the Reynoldscalculated the synchrotron X-ray emission ex-
presence of Rayleigh-Taylor fingers generated in the unstablgected from young SNR shock waves. Electrons accelerated
blastwave, this re-reflected shock can reinvigorate the origiin those shocks should reach energies limited only by the
nal shock propagating into the ring, greatly enhancing the@emnant age, electron radiative losses, or absence of suitable
X-ray and UV emission. Since this process depends on thapstream scattering turbulence. For the remnants of superno-
geometry of the RT fingers with respect to the ring, we ex-vae less than about 5000 years old, the maximum allowed
pect this interaction to manifest itself as a “sparkling” of the energies can be above 100 TeV t46V), allowing the pro-
ring as various RT fingers impact specific points around thaluction of synchrotron X-rays to 10 keV and beyond. The
ring. spectral shape is gently curving downward, made up of the

Borkowski continues his work in theoretical interstellar sum of many exponentials of different cutoff energies broad-
medium research. His current focus is on modeling of X-rayened by convolution through the single-electron synchrotron
emission from supernova remnaniSNR9. This difficult ~ emissivity. The spectra are well approximated by power-laws
task requires coupling of multidimensional hydrodynamicalover a limited bandpass. Reynolds, with undergraduate A.
simulations with a nonequilibrium plasma X-ray emissionHornschemeier, has generated families of spectral and mor-
code. The calculated X-ray spectra and X-ray morphologyphological predictions for the models, and in particular has
are compared with X-ray observations, with particular em-fit the X-ray spectrum and image of the remnant of SN 10086,
phasis on X-ray spectra obtained with the ASCA satellitein which X-ray emission from the bright limbs has recently
This allows for understanding of the SNR dynamics andbeen shown to be nonthermal. Low-level X-ray emission
makes it possible to find the chemical abundances in supeoutside the main shock is expected from electrons diffusing
nova ejecta. ahead of the shock.

The famous Cassiopeia A SNR is the first remnant to be Reynolds, in collaboration with D. MoffeffNew Mexico
studied in such detail. A first attempt at understanding alech), G. Dubner, E. Giacani, and E. Reyno@ostituto de
spatially-integrated ASCA spectrum of this remnant wasAstronomia y Fisica del Espacio, Argentind. Dickel (llli-
done under the assumption of spherical symmetrynois), F. P. Winkler (Middlebury College, and W.M. Goss
Borkowski (in collaboration with A. SzymkowiakKNASA/  (NRAO), has begun a second-epoch VLA study at 21 cm of
GSFQ, Blondin, and C. SarazifUVa)) found two distinct Tycho's supernova remnant. They plan to compare the new
components in the Cas A X-ray spectrum: the dense circumimages with observations made in 1983-84 to search for
stellar shell of material ejected prior to the SN explosion, ancchanges in the remnant’s small-scale structure with time, and
the Si- and S-rich SN ejecta. They are continuing work orto better refine the expansion rate and its azimuthal varia-
this remnant, with a particular emphasis on the determinatiotions. Preliminary data, in comparison with Public Archive
of chemical abundances in the SN ejecta and on the deveROSAT images of Tycho, show spectacular agreement in the
opment of hydrodynamical instabilities. They are also invesiocation of the remnant edge in radio and X-rays, with im-
tigating how plasma microphysi¢such as collisionless elec- portant consequences for theories of electron acceleration
tron heating at a shock front and depletion of refractoryand heating.
elements onto dust grainaffects X-ray spectra of SNRs. Reynolds, with graduate student K. Dyer and undergradu-
This is just the beginning of efforts in this direction. The ate A. Danagoulian, continues work on the radio-bright
climax will come in several years when the blast wave genSNRs 3C 396 and 3C 397, observed with the VLA. Both
erated by the SN 1987A hits its famous ring — this newlyobjects show extensive fine-scale structure. 3C 397 is unpo-
created supernova remnant will be at the center of astrondarized at 20 cm but shows interesting polarized-intensity
mers’ attention and will occupy them for decades. structure at 6 cm, with a hint of high interior polarization.

Undergraduate J. Lyerly, with Borkowski and Reynolds, Reynolds, with Moffett and D. WilneKCfA), obtained
has begun to test Borkowski's nonequilibrium X-ray plasmadata from the NRAO 12-m telescope on the SNR 3C 391 in
code in the context of Sedov SNR dynamics. This work will CO. Ambient emission was seen up to the edge of the bright
allow study of the effects on spectral predictions of improvedradio-continuum shell, where it disappeared abruptly. The
Fe L-shell data in the code. The project will continue byimage represents very strong morphological evidence for the
replacing analytic dynamical prescriptions with Blondin’s association of 3C 391 with molecular gas, as Reynolds and
2-D hydrodynamic simulations, to study the transition fromMoffett conjectured earlier, and shows that SNR shock
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waves moving into mostly neutral gas can still acceleratdow-frequency precession. The students then used a compu-
relativistic particles. Follow-up studies are planned. tational hydrodynamics code to study the consequences of
Reynolds, with Moffett and N. KassifNRL), continued their theories, and compared them with the observed proper-
a project to map four bright, compact SNR3C 391, 3C ties of the HH34 Superjet. They found that the precession
396, 3C 397, and W49 Bwith high sensitivity at 90 cm, to itself could not produce the periodic emission, but the com-
compare with images in hand at 20 and 6 cm, to search fdbination of periodic outflow coupled with precession could
spectral-index variations and curvature in the local spectrunproduce a structure similar to the superijet.
of these objects, as predicted by nonlinear theories of shock
acceleration. Preliminary images of W49 B, using new high-4 5 Binary Stars
fidelity imaging software, have attained a factor of 10 better
sensitivity than earlier efforts. In collaboration with M. RichardgVirginia) and under-
Reynolds, with R. Blandford and M. Lyutiko(Caltech  graduate student M. Malinowskglondin has used two and
and F. SewardCfA), observed two radio-bright SNRs with three dimensional simulations to study the mass-transfer pro-
ROSAT: G11.2-0.3 and 3C 397. They showed from spectrafess in the Algol binary star system. The nature of the mass
studies of G11.2-0.3 that it is almost certainly the remnant ofransfer depends strongly on the role of radiative cooling of
the historical supernova of 386 AD, and that the X-ray imagethe circumstellar gas, which in turn depends on the density of
resembles the radio image very closely, again demonstrating® gas in the tidal stream. For parameters expected in the
the spatial coincidence of processes heating and acceleratifgdol system, a high-pressure region is formed near the
electrons. 3C 397 also showed a strong resemblance to tfgass-gaining star along the line of centers, where the cir-
radio image earlier obtained by Reynolds, and its spectrunfumstellar gas orbiting the stea “transient” disK runs into
p00r|y fit by Simp'e mode'S, indicates a re|ative|y h|gh tem- the t|da| stream. The resu|tS Of these Simulations W|” be used
perature and probably non-equilibrium ionizati¢El) con-  to interpret Doppler tomography data of Algol-type systems.
ditions. Based on this evidence, Reynolds, with J. Hughes Graduate student M. Owen and Blondin have continued to
(CfA) and H. Tsunem{Osaka obtained an ASCA spectrum develop a numerical model of high-mass X-ray binaries to
of 3C 397 which shows strong evidence for NEI Conditionsstudy mass transfer and evolution in such SyStemS. This work
as We” as for a Very hard Spectral Component' Analysis Ohas included a careful treatment of the boundary conditions
th|S Spectrum iS under Way_ at the surface of the primary star such that full Roche lobe
Reyn0|ds and Seward1 with undergraduate T. Coffey, a|s@verﬂOW can be Simulated, the addition of X‘ray attenuation
observed the SNR DA 530 with ROSAT, finding it to be in the circumstellar gas to account for the high optical depths
barely visible in X-rays, and possessing an X-ray to radicehcountered in the dense tidal stream and other circumstellar
luminosity ratio lower than that of the relatively faint SN features, the self-consistent generation of X-ray luminosity,
1006 remnant by a factor of 50, and indicating that DA 530and the addition of radiation pressure due to the local X-ray
is quite an old object. flux. Current work is focussing on a comparison of this 3D
numerical model with X-ray observations of LMC X-4, and
on the role of the size of the primary relative to the tidal
radius in explaining the X-ray flux and other observational
Borkowski continues his involvement in observational properties of high-mass X-ray binariddMXBs).
and theoretical studies of exotic hydrogen-poor planetary Blondin, with I. StevengU. Birmingham, UK and un-
nebulae(PNeg. Imaging and spectroscopy with the Hubble dergraduate J. Layton, is applying the HMXB model to ec-
Space Telescope revealed photoevaporating clumps with taitentric binary systems such as GX 301-2. In this highly ec-
and high velocity flows arising in the interaction of stellar centric system the primary star exceeds its tidal radius for a
winds with the clumpy stellar ejecta. These ejecta are veryrief fraction of the orbit near periastron. These simulations
dusty. Future observations with the Infrared Space Observare aimed at identifying the temporal behavior of the mass
tory will shed light on the nature and the distribution of this accretion rate due to tidal interactions, as well as the amount
carbonaceous dust. Another research area involves X-rayf mass and angular momentum lost from the system.
emitting PNe. HST and ASCA observations of these objects
revealed mass-loaded flows, stellar-wind blown bubblesq g Shock Waves and Particle Acceleration
nitrogen-rich stellar ejecta, and stellar jets.

4.3 Planetary Nebulae

One of the longstanding problems of astrophysics con-
cerns particle injection and acceleration at collisionless
4.4 Stellar Jets shocks.Ellison, along with M. Baring and F. Jon€BIASA/

The Spring 1995 Class of PY 228, Stellar Astrophysics,GSFQ, has developed a Monte Carlo simulation of diffusive
taught byBlondin, undertook a group research project inves-shock acceleration at oblique collisionless shocks. The simu-
tigating the origin of the purported superjet observed bylation includes cross-field diffusion and nonlinear shock
Bally and Deving/ApJ 428, L65. After background research smoothing, and determines the absolute injection efficiencies
on stellar jets and Herbig-Haro objects, the class developedf various ion species. The rate at which particles are accel-
competing theories to explain the origin of the long train oferated is also determined; this depends on the obliquity angle
bowshocks observed in alignment with the young stellar obthat the upstream magnetic field makes with the shock nor-
ject, HH34*. These theories included a periodicity in the jetmal. The greater the obliquity the greater the rate, and in
outflow with a very long period and short duty cycle, and aquasi-perpendicular shocks rates can be hundreds of times
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higher than those seen in parallel shocks. In many circumgyroperiod. These limits are considerably tighter than previ-
stances pertaining to evolving shoclesg., supernova blast ous work which used much smaller simulation boxes with
waves and interplanetary traveling shocks where accel- poorer statistics.
eration competes with lossés.g., through synchrotron cool- Bennett and Ellison are currently using the steady-state
ing), high acceleration rates imply high maximum particle simulation technique to investigate the effects of perturba-
energies and obliquity effects may have important astrotions on the shock structure and shock reformation time. Re-
physical consequences. sults have been obtained for perturbations in density and in
However, the efficiency for injecting thermal particles magnetic field. In both cases, it is found that, while the per-
into the acceleration mechanism also depends strong- ly oturbations can deform or temporarily disrupt the shock, they
obliquity and, in general, more oblique shocks are less cahave little effect on the acceleration of particles. And, after
pable of injecting thermal particles into the acceleration prothe perturbation has passed through, the shock quickly re-
cess. In addition, the degree of turbulence and the resultingurns to its previous state. It is therefore concluded that the
cross-field diffusion strongly influence both injection effi- Fermi acceleration mechanism is quite robust and not easily
ciency and acceleration rates. It has been found that turbuisrupted. This work has been performed on the Cray super-
lence must be quite strong for high Mach-number, highlycomputers of the North Carolina Supercomputing Center.
obligue shocks to inject significant numbers of thermal par- Ellison, in collaboration with B. Lembegé&NET/ CETP,
ticles and that only modest gains in acceleration rates can Herance and A. MangeneyObservatoire de Paris-Meudon,
expected for strong oblique shocks over parallel ones if thé&rance is beginning work on 3-D hybrid shock simulations
only source of seed particles is the thermal background. which will be compared directly with the simpler Monte
In work with K. Ogilvie (NASA/GSFQ, spectra produced Carlo model mentioned above. Recent work by R. Jokipii
by this Monte Carlo simulation, of both protons and heavierand collaboratorgU. of Arizona has shown that if the di-
ions, have been shown to be in good agreement with obsemensionality is restricted, as in a one- or two-dimensional
vations made by the Ulysses spacecraft at interplanetarsimulation, cross-field diffusion is artificially limited. This
shocks. The parameters required to fit the observations implgnay have important consequences for particle injection in
that substantial wave-particle interactions are taking placeblique shocks and 3-D simulations need to be performed to
producing strong collisionless scattering. Future work willresolve the issue.
involve comparisons between the model predictions and Ul- In related work, Ellison, along with J.P. MeyéBervice
ysses observations of pickup ions. Pickup ions, i.e., intersteld’Astrophysique, Saclay, Francand L. Drury(Dublin Insti-
lar neutral atoms which freely enter the heliosphere and artute for Advanced Studies, Irelands investigating the com-
then ionized by either radiation or collisional processes, offeposition of galactic cosmic rays and changes in source com-
an ideal test of injection physics. position occurring during shock acceleration in supernova
Ellison and graduate studelennett have been using remnants. The latest observational evidence points toward
plasma simulations to investigate particle injection and acelements with low volatility being overabundant in cosmic
celeration at shocks. These simulations self-consistently deays compared to solar system abundances. This implies that
termine the electric and magnetic fields from the motions olSM material which is locked in grains is preferentially ac-
individual particles and are able to determine the complexelerated to cosmic ray energies. A shock model of grain
plasma physics occurring in collisionless shocks. Thus faracceleration, including nonlinear shock smoothing, is cur-
hybrid simulationgi.e., where protons are treated kinetically rently being developed and preliminary results suggest that
as particles, but the electrons are approximated as a masslelssge enhancements of grain material may occur during
charge neutralizing fluidhave been used because they camshock acceleration.
run long enough to study proton acceleration to relatively If supernovae produce the bulk of the cosmic rays, as is
high energies. In collaboration with J. Giacaloffgizona) currently believed, gamma rays will be produced by interac-
and D. Burgess and S. Schwa(@ueen Mary College, Lon- tions between the high energy nuclei and ambient material.
don), Ellison and Bennett have added particle splitting andThe same nonlinear effects which produce enhanced grain
pre-existing waves to the standard hybrid simulation, allow-acceleration will produce non-power-law gamma-ray spectra
ing particle energies to be obtained that are high enough tavhich may be observable with future space missions. Elli-
model spacecraft observations at planetary bow shocks argbn, along with M. BarindNASA/GSFQ, |. Grenier, and P.
interplanetary traveling shocks. Goret (both at Service d'Astrophysique, Saclay, Franés
Bennett has developed a method to stop the shock in théeveloping shock acceleration models to predict the gamma
simulation box which allows a true steady-state simulation taay fluxes expected from young SNRs. Improved gamma ray
be performed and enables the simulation to be run for aemissivity calculations are being performed using the latest
arbitrary time with a constant number of simulation particles.cross-sections determined from reactor experiments.
Until now, hybrid simulations were intrinsically time- Knerr, Jokipii, and Ellison have developed a new method
dependent, obscuring any time variability inherent to thefor simulating time-dependent, planar, parallel, collisionless
shock formation. Using this technique, Bennett and Ellisorshocks. This new dynamical Monte Carlo method requires
have investigated the intrinsic variability of quasi-parallelthat all particles scatter elastically and isotropically in their
shocks(up to an obliquity of 30°) and shown that particle local flow frame, and that a particle’s mean free path is pro-
injection into the Fermi acceleration mechanism is extremelyortional to its velocity. Their results clearly show the accel-
smooth down to time scales on the order of a thermal ioreration of thermal particles to high energies via the first-
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order Fermi mechanism. The accelerated particle populatioBennett, L., Ellison, D. C., & Giacalone, J. “Energy Conser-
via its “backpressure” on the incoming plasma, smooths the vation in Hybrid Shock Simulations.” 1995,
shock transition creating a distinct shock precursor region Geophys.Res.Letts., submitted
and a subshock. Blondin, J. M. “The Shadow Wind in High Mass X-Ray
Knerr has also spent time porting a time-independent Binaries.” 1994, ApJ, 435, 756
Monte Carlo code, which follows the orbital motions of in- Blondin, J. M., Richards, M. T., & Malinowski, M. L. “Hy-
dividual particles, to a parallel-processing supercomputer drodynamic Simulations of the Mass Transfer in Algol.”
(the Cray T3D at the North Carolina Supercomputing Cen- 1995, ApJ, 445, 939
ter). This code will be used to study particle acceleration inglondin, J. M., & Woo, J. W. “Wind Dynamics in SMC X-1:
steady-state collisionless shocks. I. Hydrodynamic Simulation.” 1995, ApJ, 445, 889
Borkowski, K.J., & Dwek, E. “The Fragmentation and Va-
porization of Dust in Grain-Grain Collisions.” 1995, ApJ,
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