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1. INTRODUCTION
This report covers astronomical activities primarily with

Maryland’s Department of Astronomy but also includ
some astronomical work carried out in other departme
such as the Department of Physics. The period covere
from 1 October 1996 to 30 September 1997.

2. PERSONNEL
The continuing personnel in the Department of A

tronomy during the period were Professors M. Levent
~Chair!, M. F. A’Hearn, R. A. Bell, J. P. Harrington, M. R
Kundu, K. Papadopoulos, W. K. Rose, V. L. Trimble,
Vogel, and A. S. Wilson; Emeritus Professors W. C. Eric
son, F. J. Kerr, and D. G. Wentzel; Adjunct Professors
Hauser and S. Holt; Associate Professors A. Harris, L.
Mundy, and J. M. Stone; Assistant Professors D. Hamilt
E. Ostriker, J. Wang, and S. Veilleux; Associate Resea
Scientists K. Arnaud, M. Aschwanden, C. C. Goodrich,
Lopez, L. McFadden, G. Milikh, E. Schmahl, S. Sharma a
S. White; Assistant Research Scientists S. Balachandran
T. Golla; Research Associates W. Chen, L. Cheng, F. F
beiner, D. Chornay, O. Colombo, K. Fast, K. Gendreau,
Grayzeck, M. Houdashelt, U. Hwang, N. Lame, J. Lee,
Lisse, T. Livengood, M. Lowenstein, G. Madjeski, J. Mo
gan, F. Porter, A. Raugh, I. Richardson, K. Roettiger,
Safier, C. Scharf, P. Teuben and D. Wellnitz; Instructors
Deming and D. Theison; and Associate Director J.
Trasco. M. Bautista, S. Dinyes, P. Ferruit, K. Issak, T. L
engood, C. Mundell, N. Pereyra, K. Rauch, J. Staguhn,
Stark, and M. Wolfire were appointed as Research Ass
ates. P. Chatuverdi, H. Falcke, N. Gopalswamy, F. Lemo
E. Pavlis, F. Robinson, and R. Schulz completed short t
appointments and left the department. Ph.D. degrees w
awarded to J. Braatz, E. Colbert, M. Regan, and M. Tho
ley. An M.S. degree was awarded to L. Woodney.

V. Trimble was elected vice president of the Americ
Astronomical Society for the term 1997-2000. She will co
tinue to serve as Vice President of the International As
nomical Union for the same term.

3. MEETINGS
The series of Washington Area Astronomers meetings

tiated in September 1981 has continued. The Fall 1996 m
ing was held at the the NASA-Goddard Space Flight Cen
and the Spring 1997 meeting was held at the University
Maryland. Typical attendance has been 100 persons
meeting. The Maryland-Goddard Astrophysics series wh
started in Fall 1990 has continued. The most recent mee
‘‘Accretion Processes in Astrophysical Systems’’ was held
the University of Maryland in October 1997. Total atte
dance was approximately 200 persons.

The second Maryland-Goddard Interaction Day with t
objective of promoting further interaction between the
s,
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searchers at UMCP and GSFC was held on February
1997. This year’s theme was Sun-Earth Connection.

A new program within the University’s College Par
Scholars Program, a residential, living- learning program
academically talented students, was initiated this year fr
the Astronomy Department and the College of Compu
Mathematical and Physical Sciences. The program in S
ence, Discovery and the Universe, is headed by faculty
rector, Lucy McFadden. Approximately 50 students prim
rily interested in the physical sciences are currently admit
in this program.

4. FACILITIES AND INSTRUMENTATION

4.1 Laboratory for Millimeter-Wave Astronomy

The Laboratory for Millimeter-wave Astronomy~LMA !
is the organization set up by the University of Maryland
manage its participation in the Berkeley-Illinois-Marylan
Association~BIMA ! project, which has led to the construc
tion of a ten radio-dish millimeter array located in Hat Cree
California. The lab is part of the Astronomy Department a
has associated with it five faculty members, one resea
scientist, three scientific staff, four postdoctoral fellows, a
five graduate students. The faculty are S. Vogel~director!,
W. Erickson ~emeritus!, A. Harris, M. Kundu, and L.
Mundy. The Associate Research Scientist is S. White. P
doctoral fellows include P. Safier, K. Isaak, M. Choi, and
Staguhn. The scientific staff includes M. Pound, J. Morg
n,and P. Teuben. Graduate students doing Ph.D. degree
with the array include S. Donaldson, C. Lee, L. Looney,
Sheth, and L. Woodney. M. Regan and M. Thornley co
pleted their Ph.D. theses and assumed a Hubble Fellow
at DTM and a Humboldt Fellowship at Garching, respe
tively.

The scientific work done with the BIMA array is outline
in the relevant sections of this report. During the past ye
the array was brought to 10 antennas. New stations w
added to extend the array to provide maximum baseline
1.3 km and a resolution at 3 mm of 0.49, the longest base
lines available with any connected-element millimeter arr
Mundy, Looney, and Erickson from Maryland designed a
built the optical fiber links to carry local oscillator signals
and return the astronomical signals from the long-base
antenna pads. In addition, optical fiber fixed and varia
delay systems were built to enable real time correlation
astronomical signals.

Maryland is jointly responsible with Illinois for the cali
bration, analysis, and image reconstruction software for
BIMA consortium. Morgan and Teuben continued the jo
BIMA development of the MIRIAD data reduction packag
The Maryland group focuses on antenna-based calibra
routines for use with the newly expanded Hat Creek 1
element array; reduction and analysis of long-baseline in
ferometric data including atmospheric phase correcti
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234 ANNUAL REPORT
rapid time integration routines for solar flares and eclips
holography techniques for the new antennas; observing s
ware; analysis applications in the UV-plane; the WIP int
active graphics tool; and various X-window oriented app
cations.

The LMA has continued to develop its local World Wid
Web ~WWW! server to provide world wide access to info
mation related to the BIMA project, observing at the H
Creek telescope, the MIRIAD software package, and
University of Maryland Astronomy Department.

The LMA has also continued its involvement with th
AIPS11 software development, working on a filler fo
BIMA uv data.

Maryland is designated as the East Coast observing
for the array. Thirty percent of the observing time on t
array is generally available to outside users~outside of the
time designated for system development and tests!.

Expansion of the BIMA array baselines to maximu
lengths of 1.4 km was completed in the Winter of 1996-9
The BIMA array is now the highest resolution millimete
wavelength array in the world. L. Mundy and L. Loone
played a principle role in the expansion, designing and bu
ing the optical fiber communication links and variable de
system. The system was operated in December and Jan
yielding excellent results; one-half arcsecond resolution
ages of more than a dozen young stellar systems were
tained. As a next step in expanding the array, another
tenna station is being built this year at a distance of 1.2
from the center of the main array. When completed,
maximum baseline on the array will be nearly 2 km and
spatial resolution at 2.7mm wavelength will be appro
mately 0.3 arcseconds.

4.2 Advanced Visualization Laboratory

To meet the widely perceived need for data visualizat
support on campus, the Department of Astronomy and
Computer Science Center jointly established the Advan
Visualization Laboratory~AVL !, under the direction of C
Goodrich ~Astronomy!. This laboratory serves as the foc
point for visualization expertise on campus providing info
mation and demonstrations of state of the art visualiza
software and hardware. Their goal is to provide graph
support and innovation focusing on the types of compu
generally available to researchers and students on cam
The functions of the laboratory are at three levels. At
most basic level, the AVL provides color input/output faci
ties on a fee-for-materials and nominal service charge ba
including paper and transparency color printing, 35mm fi
recording, color scanning, and SVHS/VHS videotape p
duction and editing. At a higher level, the AVL provide
faculty and students the opportunity for hands-on evalua
of a variety of visualization software on a range of comput
in a friendly environment. Basic assistance in the use of
sualization software and devices is available from the la
ratory staff, and classes in scientific visualization are un
development. Finally, the AVL actively pursues joi
projects with researchers to develop custom visualiza
tools and works with hardware and software vendors
evaluate, test, and enhance available commercial soluti
s;
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The AVL has current research collaborations in the sp
sciences, mathematics, and fishery management.

4.3 Planetary Data System

The Small Bodies Node~SBN! of the Planetary Data Sys
tem ~PDS! is being operated in the department under
direction of M. F. A’Hearn and E. Grayzeck. A. Raugh an
D. Winterfeld provide programming support. Sub-nodes
operated at the U. Hawaii, U. Arizona, Planetary Scien
Institute, and Konkoly Observatory~the European Sub-node!
in Budapest, Hungary. The Sub-nodes archive relevant
for comets, asteroids, and interplanetary dust; they also
tribute data once it has been reviewed by the PDS. Th
major sets of data have now been reviewed and have b
ingested into the PDS: the Comet Halley CD-ROM Archi
of 24 disks produced by the International Halley Watch w
SBN assistance, data sets of derived asteroid propertie
well as fundamental data, and IRAS data determined to
useful for studying interplanetary dust. Most data are av
able through the SBN computer system interface that allo
simple browsing and data requests; SBN also has a h
page on WWW. Sub-nodes are actively involved in a
chiving spacecraft data from various missions. These d
sets include data from the group of spacecraft that enco
tered comet Halley in 1986 and the Giotto Extended Miss
to comet Grigg-Skjellerup in 1992, the Galileo experimen
that collected data at the asteroid Gaspra encounter, an
terplanetary dust measurements from Ulysses and Gal
Work also continues on certain ground-based data for as
oids which supersedes the Asteroids II database and pre
ing IRAS data in forms suitable for investigating solar sy
tem sources. To support the customized GEM archive
comet Grigg-Skjellerup, SBN has developed techniques
CD Write Once production using networked hardware. T
PDS-SBN has played a major part in the campaign to st
the impact of comet Shoemaker-Levy 9 into Jupiter. Its p
otal role as communications hub during impact week c
tributed to the success of observing campaigns litera
around the globe. The node continues to operate an e
tronic bulletin board which serves as an official point of co
tact for release of announcements by funding agencies
cilities, and scientists. PDS has also produced a CD-R
archive of data acquired during this event.

5. RESEARCH

5.1 Extragalactic Astronomy

G. Welch, L. Sage, and G. Mitchell continue to study t
molecular gas content of the dwarf companions of M3
They have found molecular gas in two~NGC 185 and NGC
205!, but there is apparently no gas in either NGC 147
M32, which are comparable in overall mass and morpholo
cal type. In addition, they have begun an unbiased search
molecular and atomic gas in SO galaxies, using a distan
limited sample.

Results from a multi-wavelength study of the prototypic
barred spiral NGC 5383 by K. Sheth, M. Regan, S. Vogel
Teuben and J. Stone were presented at the winter AAS m
ing. An analysis of the gas kinematics using the CO d
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obtained with the BIMA interferometer corroborated the p
dictions of hydrodynamic simulations by Regan and by Pi
et al., in particular the spray from the dust lane - ILR conta
point. Comparison of the CO distribution with further n
merical modeling shows the need for the inclusion of s
formation in any realistic model of gas flow in a barred p
tential. Additionally, a remarkable correlation, better th
has been observed in any other barred galaxy, is obse
between the CO distribution and dust extinction morpholo
which may be a consequence of the lower star formation
in NGC 5383. K. Sheth and M. Regan are also studying
emission in several barred galaxies to determine the kinem
ics of gas flow in barred potentials.

CO emission from giant molecular clouds in the northe
spiral arm of the Andromeda~M31! galaxy was observed
with the BIMA array by K. Sheth, S. Vogel and C. Wilso
~McMaster!. Contrary to expectations, the region did n
contain a single CO-bright GMC. The GMCs which we
identifiable were far fewer than expected with low flux
~barely above the noise! and small linewidths. These resul
are quite contradictory to those previously published
M31 GMCs and in stark contrast to the GMC population
the other nearby spiral galaxy M33. A more sensitive surv
of a larger area of the spiral arm in M31 is underway.

S. Vogel, S. Veilleux, and R. Weymann~Carnegie Obser-
vatories! are continuing their collaboration to detect a
measure the metagalactic ionizing flux at zero redshift us
their newly constructed reimager with an FP system at
Las Campanas Dupont 2.5 meter telescope.

M. Regan has completed an infrared survey of a sam
of Seyfert and control galaxies with J. Mulchaey~Carnegie!
and A. Kundu. The goal of the survey is to determi
whether the Seyfert galaxies are any more ‘‘barred’’ than
control galaxies. The survey used telescopes at Kitt P
Las Campanas, and Palomar observatories.

M. Thornley and L. Mundy are continuing to collabora
on a series of papers on the gas properties and dynami
flocculent galaxies. Two papers appeared this year, one
NGC 5055 and the other on NGC 4414~Thornley and
Mundy 1997!. The central results of these papers are as
lows. Many flocculent galaxies show organized structures
scales larger than expected for stochastic star formation
the case of NGC 5055, there is kinematic evidence that th
structure are organized by weak spiral density waves. In g
eral, we argue that flocculent galaxies should be viewed
disk galaxies with weak density waves and they represen
weak end density wave activity with grand design spirals
the strong end of the range. The interstellar medium in fl
culent galaxies also shows strong similarities to other ty
of spiral galaxies. In particular, giant molecular clouds a
giant molecular cloud complexes are present in the disk
flocculent galaxies.

In collaboration with T. Storchi-Bergmann~UFRGS, Bra-
zil!, L. Binette~ESO! and J. S. Mulchaey~CIW!, Wilson has
obtained high signal to noise optical spectra of extend
high excitation nebulosities reaching several kilopars
from the nuclei of five Seyfert and narrow-line radio gala
ies. It is found that the conventional description of the
photoionized gases - radiation-bounded~i.e. optically thick!
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clouds with a range of ionization parameter~U! - is unable to
account for the line ratios seen. The authors propose ins
that two populations of ionized clouds contribute to the li
emission: a matter-bounded component responsible for m
of the He II and high excitation forbidden line emission a
a radiation-bounded component emitting low-to-intermedi
excitation lines. component emitting low-to-intermediate e
citation lines. A new sequence of photoionization calcu
tions is thereby obtained~using the code MAPPINGS! by
varying AR/M , which is defined as the solid angle ratio o
cupied by the radiation-bounded component relative to
matter-bounded component. In various line ratio diagra
the AR/M–sequence is compared to the traditional sin
component U–sequence. The main success of the mod
that it provides a natural explanation to the newly fou
correlations between the He12/Hb ratio and the@OII#/@NeV#,
@OII#/@OIII # and@SII#/Ha ratios. The U–sequence cannot a
count for these. Furthermore, the AR/M sequence produce
much stronger high excitation lines of@NeV# and CIV
ll1549 than the U–sequence, in accordance with obse
tions.

Wilson, Storchi-Bergmann and Binette have also obtain
measurements of the electron temperature at about a d
locations in the extended emission-line regions of active g
axies. Temperatures~T[OIII ] and T[NII ] ) have been deter
mined from both the I~@OIII #l4363!fi~@OIII #l5007! and
I~@NII #l5755!/I@NII #l6583! ratios. There is a strong tren
for T[OIII ] to be higher than T[NII ] , with the difference typi-
cally being' 5,000K. The measured values of T[OIII ] and
the differences between T[OIII ] and T[NII ] are very similar to
those found in Galactic planetary nebulae. It is argued t
the dominant form of energy input to the clouds is photoio
ization, but detailed modelling indicates that the temperat
difference is too large to be accounted for in terms of ph
toionization of radiation-bounded clouds. It is proposed
stead that both matter- and radiation-bounded clouds
present in the extended emission-line regions, with mos
the@OIII # emission originating from a hot zone in the matte
bounded clouds and essentially all of the@NII # from the
radiation–bounded clouds.

In collaboration with J. A. Acosta-Pulido~IAC!, B. Vila-
Vilaró ~Nobeyama Radio Observatory!, I. Pérez-Fournon
~IAC! and Z. I. Tsvetanov~JHU!, Wilson has perfomed a
detailed spectral study of the extended emission-line reg
of the Seyfert 2 galaxy NGC 5252. The line ratios favor
larger fraction of matter-bounded~optically thin! clouds in
the extended gas than in the nucleus or an additional ex
tion mechanism in the nucleus, such as interaction with
radio jets. Another result favoring a contiribution from
matter-bounded clouds in the extended gas is a correla
between the excitation of the gas and the emission-
brightness. A broad Ha component~FWHM ' 2,500 km
s21! is detected in the nucleus. The results of the study s
gest that NGC 5252 contains a partially hidden broad-l
region and a more luminous nucleus than is directly o
served.

C. Simpson~JPL!, J. S. Mulchaey~CIW!, Wilson, M. J.
Ward ~U. Leicester! and A. Alonso-Herrero~Madrid! have
reported an optical emission-line and near infrared c
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tinuum study of the Seyfert 2 galaxy Mkn 348. The optic
images reveal a well-defined region of highly ionized g
aligned approximately north-south~i.e. along the radio axis!
possibly in the form of a bi-cone. In addition, there is a r
linear structure in the infrared continuum, oriented perp
dicular to this axis and approximately 1 kpc in extent. Th
latter structure may be emission from hot dust in the ou
parts of the ‘‘dusty torus’’ postulated in schemes to unify t
two types of Seyfert galaxy.

J. A. Morse~CASA!, J. C. Raymond~CFA! and Wilson
have investigated the viability of fast, photoionizing shoc
as an ionization mechanism in active galaxies. They disc
how photoionizing shocks may help to resolve the UV ph
ton deficit problem in some objects because a signific
fraction of the ionizing radiation is emitted as line emissi
in the EUV. Also discussed are the implications of t
strengths of collisionally excited UV lines, the weakness
Ca II lines, and the high electron temperatures derived fr
the @O III #(l49591l5007)/l4363 ratio for the ionization
mechanism.

T. M. Heckman~JHU!, R. Gonzalez-Delgado~STScI!, C.
Leitherer~STScI!, G. R. Meurer~JHU!, J. H. Krolik ~JHU!
A. Koratkar ~STScI!, A. Kinney ~STScI! and Wilson have
presented and discussed HST images and a UV spec
plus new ground-based near-UV through near-IR spectr
the luminous type 2 Seyfert galaxy Mkn 477. The data p
vide direct evidence that the observed UV through near
continuum in the nucleus of this galaxy is dominated by lig
from a compact~few hundred pc!, dusty starburst. For ex
ample, in the space-UV, strong NVl1240 and SiIVl1400
stellar wind lines and other weak photospheric lines from
stars are detected. Detailed comparison of the data to mo
implies that the starburst has an age of 6 Myr, was of sh
duration, has solar or higher metallicity and a bolomet
luminosity of ' 331010 to 1011 L( . The starburst mus
make a significant contribution to the overall energetics
Mkn 477, even though optical spectropolarimetry demo
strates that a powerful ‘hidden’ type 1 Seyfert nucleus is a
present.

Recent measurements of the Circinus galaxy with ISO
Moorwoodet al. ~1996! have confirmed the extremely hig
excitation of the emission-line spectrum in this active gala
L. Binette, Wilson, A. Raga~UNAM ! and T Storchi-
Bergmann have interpreted these results with the help of
photoionization calculations in which all the zones of hi
excitation coexist within the internal structure of sm
matter-bounded clouds. A strong UV bump is not required
explain the line ratios in this picture. The calculations co
sider the effects of radiation pressure exerted by photoe
tric absorption which become very important at the high io
ization parameters required by the line ratios. It is propo
that the radiation pressure generates a strong density gra
within the photoionized structure and is responsible for
celerating the matter-bounded gas, explaining the system
blueshift observed for the coronal lines.

G. A. Bower ~NOAO!, T. M. Heckman~JHU!, Wilson
and D. O. Richstone~U. Michigan! have obtained optica
images of the nucleus of the nearby radio galaxy M84~NGC
437453C272.1! with the Wide Field/Planetary Camera
l
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~WFPC2! aboard the Hubble Space Telescope~HST!. These
high-resolution images reveal that the Ha1@N II # emission
has three components, namely a nuclear gas disk, an ‘ion
tion cone’, and outer filaments. The major axis of the g
disk aligns with that of the dust lanes on scales of 50 pc. T
radio jet and ‘ionization cone’ are found to align approx
mately perpendicular to the gas disk.

Wilson, in collaboration with Storchi-Bergmann, M
Eracleous~UCB!, M. T. Ruiz ~U. Chile!, M. Livio ~STScI!
and A. V. Filippenko~UCB!, has continued a study of th
evolution of the broad, double-peaked Balmer lines in
nucleus of the LINER galaxy NGC 1097. When original
discovered in 1991, the red peak of Ha was stronger than the
blue, while by 1994 the Ha profile had become almost sym
metric. A new spectrum, taken in 1996, shows that the p
file of the Balmer lines is now such that the blue peak
stronger than the red, opposite to the asymmetry observe
1991. Various models are considered for the observed be
ior, all assuming the emission lines originate in an accret
disk. A model involving a precessing, planar, elliptical a
cretion ring provides an acceptable fit to the line profiles. W
also consider the possibility that the line profile evoluti
results from a precessing warp in the disk, induced by ir
diation from the center, and show that the expected rang
radii and precession time scales are consistent with the
servations.

Stone and postdoctoral research associate K. Roettige
collaboration with R. Mushotzky~GSFC!, have studied the
hydrodynamics of an off-axis merger of two clusters of g
axies using numerical simulations. Aside from providing i
sight into the merger process itself, the simulations also h
been applied to accounting for the peculiar X-ray propert
of the cluster Abell 754. The study of the merger process
continuing by considering whether weak magnetic fields c
be amplified by the merger.

In collaboration with R. W. Goodrich~Keck! and G. J.
Hill ~U. Texas!, Veilleux recently completed a search fo
obscured broad-line regions in Seyfert 2 galaxies. For
purpose, high-quality infrared~J, K, and L bands! spectra of
33 galaxies were acquired over the past four years. It w
found that a possibly large fraction~perhaps as much a
25%! of the objects in the sample present a hidden broad-
region. These results are consistent with the standard t
model if the transition zone located between the optica
thin ‘‘throat’’ of the torus and the optically-thick core i
rather extended. The dusty wind model of Konigl and Kar
can also explain the data. Comparisons of the broad-line
narrow-line extinctions indicate that the BLRs are consid
ably more obscured than the NLRs. This result agrees w
the predictions of both the torus and dusty wind mode
where the dust is located between the NLR and the BL
Comparisons of the columns depths towards the BLRs w
the column depths determined from X-ray data show a g
eral tendency for the objects with detected broad recomb
tion lines to have lower X-ray columns. The widths of bro
Pab and Brg lie on the narrow end of the distribution fo
Seyfert 1 galaxies. The dereddened broad Hb luminosities
predicted from the broad infrared lines are similar to t
broad Hb luminosities of normal Seyfert 1s, and so are t
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237UNIVERSITY OF MARYLAND
ratios of the hard X-ray flux to the predicted broad Ha flux.
Veilleux, D. B. Sanders~Univ. of Hawaii!, and D. C. Kim

~IPAC/Caltech! have pursued their survey of ultraluminou
~log@Lir/L(# . 12! IRAS galaxies. Preliminary analysis o
the optical spectra suggests that the fraction of optically c
sified Seyfert galaxies increases dramatically ab
log @Lir/L(#512.3. Nearly half of the galaxies with log@Lir/
L(# . 12.3 present Seyfert characteristics. New, recen
published near-infrared spectra reveal signs of buried qua
in most Seyfert 2 galaxies. The high quasar detection
among Seyfert 2 galaxies bring strong support to the opt
classification of these objects as genuine AGN. A tende
also exists for galaxies with warm 25mm/60mm IRAS col-
ors to harbor obscured broad-line regions in the near-infra
and to have large Paa-to-infrared luminosity ratios. Thes
results suggest that the screen of dust in the warm Seyfe
galaxies is optically thin at 2mm. Comparisons betwee
warm ultraluminous infrared galaxies and optical quas
suggest that an important fraction of the bolometric lumin
ity in the warm objects is powered by the same mechan
as that in optical quasars.

In an effort to evaluate the impact of nuclear activity
galaxies, Veilleux, G. N. Cecil~Univ. North Carolina!, J.
Bland-Hawthorn~AAO!, and R. B. Tully~Univ. of Hawaii!
are carrying out detailed Fabry-Perot studies of 20 nea
galaxies. Results on the Seyfert galaxies NGC 4258 and
cinus were recently published. A summary of these res
also appeared in a recent Scientific American article. T
new data on Circinus show for the first time a complex
ionized filaments extending radially from the nucleus out
distances of 1 kpc. The velocity field of the filaments co
firms that they represent material expelled from the nucl
or entrained in a wide-angle wind roughly aligned with t
polar axis of the galaxy. Extrapolation of these filaments
smaller radii comes to within 1 arcsec of the active galac
nucleus, therefore suggesting a AGN or nuclear starburst
gin to these features. The complex of radial filaments a
bow shocks detected in the Circinus galaxy is unique am
active galaxies. The frequency of such events is unkno
since only a handful of active galaxies have been observe
this sensitivity level. The event in the Circinus galaxy m
represent a relatively common evolutionary phase in
lives of gas-rich active galaxies during which the dusty c
coon surrounding the nucleus is expelled by the combi
action of jet and wind phenomena.

Wolfire is continuing his collaborations with M. Green
house~GSFC! and M. Laming~NRL! on the IR coronal line
emission from active galactic nuclei. In Greenhouseet al.
~1977; submitted! they reported line fluxes from NGC 1068
NGC 4151, and NGC 5506. In contrast to the usual assu
tion that transitions with a high critical density show bro
line profiles, they found that in both NGC 1068 and NG
4151 the transitions with the highest critical density have
narrowest line profiles. With Fischeret al. ~1996! Wolfire
analyzed the ISO LWS spectrum of the colliding galax
NGC 4038/39. They found significant emission arising fro
photodissociated gas consistent with moderate starburst
axies.
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5.2 Galactic Astronomy

Wilson and K. W. Weiler~NRL! have described a proce
dure for measuring the contribution of relativistic positro
to radio synchrotron radiation. The method relies on the f
that synchrotron radiation from particles of one sign~e.g.
electrons! is circularly polarized by a small but measurab
amount. If, on the other hand, there are equal number
relativistic positrons and electrons, the net circular polari
tion is zero. The method is illustrated through high accura
mapping of the circular polarization of the Crab Nebula
610 MHz. No significant circular polarization was detecte
a very conservative limit is, 0.05%, and a more realisti
one , 0.03%. This upper limit on the degree of circul
polarization is comparable to or below that expected if o
electrons radiate. Various explanations are discussed, inc
ing the possibility that relativistic positrons are present in
Crab Nebula.

L. Cheng and M. Leventhal participated as major me
bers in the campaign of mapping the inner Galactic 511 k
positron/electron emission led by Bill Purcell of Northwes
ern University. Although this annihilation signal has be
known for more than 20 years, more knowledge of the s
tial distribution of the Galactic Center~GC! 511 keV line
emission is needed to address its origin. The Oriented S
tillation Spectrometer Experiment~OSSE! ~field of view:
3.8°311.4° FWHM! on the Compton Gamma-Ray Obse
vatory ~CGRO! has completed numerous observations of
GC and Galactic plane regions. These data were comb
with data from earlier wide field of view instruments to ma
maps of the 511 keV line distribution. The maps revealed
addition to the previously expected GC and Galactic pla
component, a surprising additional component extending
proximately 10° above the GC.

Collaborating with D. Smith~UC Berkeley!, G. Fishman
~NASA-MSFC!, and J. Tueller and N. Gehrels~NASA-
GSFC!, Cheng and Leventhal have finished an all-sky sea
for bright, transient emission lines from 300 to 550 KeV
more than 2 years~Dec 1993 and Mar 1996! of data from the
Burst And Transient Source Experiment~BATSE! on the
CGRO. No convincing transient has been found in t
search. This result, along with a similar earlier search, c
the previous discoveries of such transients into question

Cheng, Leventhal and Tueller have analyzed data fr
two 1995 Gamma-Ray Imaging Spectrometer~GRIS! bal-
loon drift scan flights, in which the GC and Galactic plane
l5240° passed through the field-of-view of GRIS. A GC 5
keV line flux that reasonably agrees with results from oth
instruments has been obtained. Another 511 keV source
found from the analysis, though the position of this sou
cannot be well determined by the data. They have been
proved to use OSSE to make deep scan observations o
source region to better understand the nature of this sou

Cheng, Leventhal, Tueller and J. Naya~NASA-GSFC!
have been working on an atmospheric 511 keV product
model. Atmospheric 511 keV photons are produced by
annihilation of positrons, which are generated in the hadro
and electro-magnetic cascades initiated by cosmic parti
injected from the top of the atmosphere. They used GEA
3, the most popular Monte Carlo simulation package in h
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energy physics. The Monte Carlo atmospheric 511 keV p
duction function agrees well with the GRIS data.

M. Isenberg, D. Q. Lamb, and J. C. L. Wang have co
cluded a study of how cyclotron lines form in a radiatio
driven relativistic outflow. They find that narrow features f
both the fundamental and higher harmonics are possible
cause line formation occurs primarily near the base of
outflow. The model also predicts single-peaked emission-
features which do not occur in static line forming region
This work may be applied to Galactic halo gamma-ray bu
models and possibly to the soft-gamma repeaters.

Wolfire along with collaborators D. Hollenbach~NASA/
Ames!, A.G.G.M. Tielens~NASA/Ames! and C. McKee~U.
C. Berkeley! continued their work on the thermal phases
the Galactic interstellar medium. They calculated phase
grams~thermal pressureP versus gas densityn) for Galactic
radii between 3 and 18 kpc. These were constructed by s
ing simultaneously for the equilibrium chemical abundan
and gas temperature. The calculations were carried out
manner similar to that of Wolfireet al. ~1995!, who con-
structed phases diagrams for the local medium, except
this new work accounts for the differences in physical p
rameters with Galactic radii. They found that thermal p
cesses allow a multiphase equilibrium in the Galactic d
between 3 kpc and 18 kpc. The mean thermal pressure w
is required ranges from aboutP/k;11,000 K cm23 at 3 kpc
to P/k;1,000 K cm23 at 18 kpc.

5.3 Stellar Astronomy

Using data from the European Hipparcos Astrometric S
ellite, V. Trimble and A. Kundu have completed analysis
the data pertaining to R Coronae Borealis variables and c
cluded that these evolved, hydrogen poor stars must inc
two rather different populations in absolute brightness, ki
matics, or both, only one of which can be thick disk or bul
stars withM v524.5 to -5.5. They have partly complete
consideration of six other classes of stars included in
early-release data. Some mild surprises include the rela
faintness of nova-like variable AE Aqr, the main sequen
nature of one supposed FK Comae~rapidly rotating giant!
star, and discordance in proper motion between T Tauri s
studied from the ground and the same stars seen by Hip
cos.

J. C. L. Wang and R. S. Sutherland~ANU! are studying
low luminosity spherical accretion onto neutron stars
counting for the nonlinear coupling between accretion
namics and nonequilibrium atomic processes. Using bl
body ionizing spectra, they find that steady state accretio
generally not possible owing to strong photoionization he
ing. They are now studying the effect of varying the ionizi
spectra. This work has important implications for the dete
ability of old neutron stars accreting from interstellar gas

With M. Isenberg and D. Q. Lamb, Wang has conclude
study of how line forming region geometry affects cyclotr
resonant scattering lines. Their study shows that line sh
ders accompanying the cyclotron fundamental are generic
moderately thick line forming regions (t l ine,;103). Ab-
sence of such shoulders in observed X-ray pulsar spe
-
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suggests either line formation in very thick media on t
stellar surface or in a radiatively supported layer of moder
depth in the magnetosphere.

Wang concludes from a study of RX J0720.4-3125,
unidentified soft X-ray source with an 8.39 sec spin peri
that it is consistent with an isolated old (;109 yrs! neutron
star accreting from the ISM. If so, then spontaneous m
netic field decay must have occurred unless the star was
with both a long period (.;0.5 sec! and a weak field
(,;1010 G!. The required long (@107 yr! decay timescale
rules out the standard picture of exponential decay ove
few million years.

Cavallo ~graduate student!, A.Sweigart~GSFC! and Bell
have studied in detail the formation of the elements C, N,
Na, Mg, and Al around the hydrogen-burning shell~H shell!
of globular cluster red giant stars. This is done by incorp
rating four stellar evolutionary sequences of different me
licities with a nuclear reaction network that can be varied
allow for the uncertainties in some reaction rates. This
proach allows for the variation in the temperature and d
sity around the H shell as well as the change in the struc
of the star with increasing evolution.

The results show overlapping regions above the H she
which C and then O are separately depleted. In the
depleted zone, which is closer to the H shell than the
depleted zone, Na and Al are produced from Ne and
respectively. These results are qualitatively consistent w
the observations in that they predict a decrease in C an
and an increase in N, Na, and Al if non-canonical mixi
were introduced to a depth near the H shell. Since the re
tion rates are very temperature dependent, the variations
sensitive to the environment around the H shell wh
changes with evolution and is different for different meta
licities. The results are consistent with the observations
that they show that the Na and Al production increases w
increasing evolution and decreasing metallicity. The C,
and O variations persist at all metallicities and evolutiona
states, also in agreement with observations.

Studies of the12C/13C and16O/17O ratios show that the C
isotopes are in the equilibrium ratio near 4 above the H sh
as seen by several observers, and the as-yet-unknown O
is predicted to be between 50 and 150, depending on
evolutionary status and metallicity of the star.

They are presently unable to model the large24Mg deple-
tions seen by Shetrone~1996! in a small sample of M13
giants. There appears to be no canonical method by wh
this istope can be reduced, even when taking into accoun
latitude afforded by the uncertainty in the NeNa- and MgA
cycle reaction rates.24Mg remains abundant, in part by for
mation from Na created in the NeNa cycle. This is mu
greater when the newer rates of El Eid and Champa
~1995! are used, instead of the more widely-used, but l
certain, rates of Caughlin and Fowler~1988!.

R. D. Cannon and R. A. Stathakis~AAO!, Bell, F. W.
Croke ~Crete! and J. E. Hesser~DAO! have used FOCAP
multi-object fibre optic system on the AAT to obtain spec
for a sample of more than a hundred faint stars in the glo
lar cluster 47 Tuc~NGC 104!, from the base of the gian
branch to about a magnitude below the main sequence t



n
ap

u
l,
ta
ed
a

fa
,
n
t
e

av

r
N
th
e
ve
o
a

ai
om
e

se
g
th
ab
t

e
w

re
se
f
a
th
o

he

on
t

la
te
n

A
vo

tie
d
n
n
c

ns-
ted
re-
on,
lue
g the
an-
n-
ti-
ive

ie
d

cal
ese
by
lf-
ure
that
to
eir
ag-
u-
cu-
ion
s

riti-
the
tic
ses

n

ion
e

two-
h
ur-
is

hese
ed
f-

ty,
-
n-
lty
ow
of
gle

iker
tar-

ly-
rect
seg-
ave
em

239UNIVERSITY OF MARYLAND
off. The spectra cover the UV and the blue bands of CN a
the G-band of CH. Variations in CN band strength are
parent at all magnitude levels.

The CN and CH band strengths are anticorrelated. F
thermore, the abundance pattern appears to be bi-moda
suspected previously for much smaller samples of faint s
and similar to what was first found among the bright r
giants. The main sequence stars can be divided into two
proximately equal groups, one having N enhanced by a
tor of ;7 and C depleted by;0.6 relative to the other
similar to what is inferred for the red giants. No significa
variations are seen in calcium abundance, consistent with
evidence from the narrowness of the giant branch that th
is very little spread in the abundance of iron and other he
elements.

The CN and CH data indicate that the stellar atmosphe
contain material which has been processed through the C
cycle but not through more advanced stages of nucleosyn
sis. In the case of the evolved red giants, this could be du
the convective dredge-up of processed material. Howe
the standard models for low mass main sequence stars d
have deep convective envelopes, nor is there signific
CNO-cycle nucleosynthesis in their interiors. Thus the m
sequence C and N variations are presumably either in s
sense primordial or due to a polluation mechanism. The b
explanation at the moment appears to be some sort of
enrichment process within the cluster, although no sin
simple explanation seems capable of explaining all of
observations. Whatever the mechanism, it seems prob
that these abundance data contain important clues abou
formation and early evolution of globular clusters.

Harris ~McMaster!, Bell and collaborators have used th
WFPC2 camera on HST to obtain photometry of the lo
metallicity ~@Fe/H#5-2.14!, outer-halo globular cluster NGC
2419. The color-magnitude diagram in~V, V -I! reaches
Vlim.27.8, clearly delineating the subgiant and turnoff
gion about three magnitudes of the unevolved main
quence. A differential fit of the NGC 2419 CMD to that o
the similarity metal-poor ’standard’ cluster M92 shows th
they have virtually identical principal sequences and thus
same age to within 1 Gyr. Previously published studies
many other low-metallicity globular clusters throughout t
Milky Way halo show that they possess this same age
within the ;1 Gyr precision of measurement. The additi
of the remote-halo object NGC 2419 to this list leads us
conclude that the earliest star~or globular cluster! formation
began at essentially the same time everywhere in the Ga
tic halo throughout a region now almost 200 kpc in diame
Thus for the metal- poorest clusters in the halo there is
detectable age gradient with Galactocentric distance.

Houdashelt, Bell and A. V. Sweigart~GSFC! improved
their population synthesis models of elliptical galaxies.
new set of isochrones were calculated from Sweigart’s e
lutionary tracks and used to construct synthetic spectra
stellar populations having ages of 4–20 Gyr and metallici
Z50.006, Z50.01716 and Z50.03. Synthetic spectra of fiel
stars of known effective temperature, surface gravity a
metallicity were used to derive the color transformatio
needed to put the colors measured from the synthetic spe
d
-

r-
as

rs

p-
c-

t
he
re
y

es
O
e-
to
r,

not
nt
n

e
st
lf-

le
e
le

the

-

-
-

t
e
f

to

o

c-
r.
o

-
of
s

d
s
tra

onto the observers’ photometric systems. The newly tra
formed colors of the population synthesis models indica
that single, coeval, single-metallicity populations do not
produce the colors of early-type galaxies. For this reas
work is proceeding to examine whether the addition of b
horizontal branch stars and/or decreased mass loss alon
asymptotic giant branch could resolve these color discrep
cies. In addition, the treatment of TiO absorption in the sy
thetic spectra of M giants is being refined to more realis
cally match the observed relationship between effect
temperature and spectral type.

5.4 Interstellar Medium and Star Formation

E. Ostriker, in collaboration with J. Stone and C. Gamm
~CfA!, is continuing to model the evolution of dynamics an
structure in star-forming molecular clouds using numeri
magnetohydrodynamics in 2.5 and 3 dimensions. Th
simulations survey observed molecular cloud conditions
varying the amplitude of turbulence, the degree of se
gravity, and the magnitude of the mean magnetic press
relative to thermal pressure. Results obtained indicate
the overall dynamical evolution of clouds is most sensitive
their mean magnetization, secondarily sensitive to th
mass, and least sensitive to their initial turbulence. Unm
netized model clouds, even with substantial initial turb
lence, collapse after about 5 million years at typical mole
lar cloud densities. Clouds with moderate magnetizat
(;15m G! can survive for more than fifteen million years a
long as their total mass does not exceed the ‘‘magnetic c
cal mass.’’ These results, together with results regarding
distribution of densities in model clouds of varying magne
field strengths, support the view that the magnetic proces
are crucial to maintaining the ‘‘inefficient’’ star-formatio
process which prevails in the present-day Galaxy.

Ostriker has investigated the acceleration and collimat
of winds from accretion disks in Keplerian rotation, by th
action of large scale magnetic fields. She has obtained a
parameter semi-analytic family of wind solutions in whic
the asymptotic constant-density and constant-velocity s
faces are concentric cylinders. The wind collimation
achieved self-consistently by magnetic hoop stresses. T
wind solutions show that it is difficult to achieve high-spe
outflow and strong forward velocity direction in a sel
collimated flow. This suggests that either~a! the collimation
of observed ionized protostellar jets is primarily in densi
not in both density and velocity, or~b! the observed protos
tellar jets are surrounded by a slow-moving wind which e
forces the jet collimation. Ostriker has also joined facu
Vogel and Stone and student Nagar in modelling the outfl
from HH111. They show that the molecular kinematics
this source are consistent with acceleration by a wide-an
protostellar wind.

With P. Teuben and graduate student J. Marshall, Ostr
has been investigating the dynamics of present-day s
forming clusters with properties similar to the extensive
observed Orion Nebula cluster. Their results, based on di
n-body simulations, have shown that the observed mass
regation and central density concentration could not h
been achieved solely from two-body relaxation in a syst
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of the presently-observed ONC mass within the known
million-year age of the cluster. This argues either for~a! an
IMF which is position dependent within the cluster, or~b!
significant changes in the cluster properties such as mass
density over its lifetime; further investigations will focus o
the latter possibility.

M. Choi has used the BIMA millimeter array and th
CSO submillimeter telescope to study the Herbig-Haro
ject HH 1-2. The study focused on the driving source for
outflow, and revealed a high-density, flattened core. In ot
work, he has completed a survey of HCO1 emission from
ten Class 0 protostellar objects using the BIMA array. T
provided unique information on the protostellar collap
mechanism. He is also observing several high-velocity o
flows from young stellar objects using the CSO.

P. Safier has critically examined the physical basis
current magnetic-accretion models for classical T-Ta
stars. He argues that there is little observational evidence
the strong, dipolar stellar magnetic fields required by th
models; also the steady-state assumed by these models
supported by the models.

P. Safier has completed his study of the BD141 40 star-
forming region with the BIMA millimeter-array. The image
reveal the structure of the associated molecular cloud,
confirm the existence of a outflow source associated with
complex. P. Safier and J. Lauroesch~NWU! are using the
BIMA array at cm wavelengths in an effort to detect hydr
gen recombination lines from quasars.

N. Nagar, S. Vogel, J. Stone, and E. Ostriker obser
CO emission from the HH 111 optical jet with the BIMA
array. Both the CO kinematics and morphology indicate
striking hollow tubular structure surrounding the optical j
The velocity component parallel to the jet increases w
distance from the central star more rapidly than the com
nent perpendicular to the jet. The data place constraints
jet-driven models for molecular outflows. The kinemati
and structure are consistent with recent wide-angle, rad
wind models.

With P. Hofner ~U zu Koln!, L. Mundy and S. Vogel
~UMD!, Xie imaged the CS emission from the UC H
G35.2-1.74 with the BIMA array and the FCRAO 14m tel
scope, and found that the dynamics of the region is do
nated by a massive bipolar outflow oriented East-West w
the molecular gas significantly displaced from the UC H
However, none of the existing theories for UC HIIs can s
isfactorily explain the location and morphology of th
source. They propose that the presence of turbulent pres
can explain the small size and longevity of UC HIIs.

Xie has investigated the scaling laws and Alfvenic ma
netic fluctuations in molecular clouds. Under the assump
that the observed turbulent motions in molecular clouds
Afvenic waves or turbulence, he emphasizes that Dop
broadening of line profiles directly measure the velocity a
plitude of the waves. Assuming equipartition, he propo
that the observed scaling laws imply a roughly sca
independent fluctuating magnetic field, which might be u
derstood as a result of strong wave-wave interactions
subsequent energy cascade.

T. Xie, L. Mundy, S. Vogel, and P. Hofner have bee
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working on confinement of Ultracompact~UC! H II regions.
It has been proposed recently that the small size and l
lifetime of ultracompact~UC! H II regions could be due to
pressure confinement if the thermal pressure of the amb
gas is higher than previous estimates. They point out
confinement by thermal pressure alone implies emiss
measures in excess of observed values. They show that
bulent pressure, inferred from observed nonthermal velo
ties, is sufficient to confine UC H II regions and explain the
longevity. They predict an anticorrelation between the size
UC H II regions and the velocity dispersion of the ambie
neutral gas and show that it is consistent with existing obs
vations.

T. Xie and collaborators~Xie et al.1996! proposed a new
model for the confinement of ultra-compact HII regio
~UCHII’s!. They propose that turbulence associated with
non-thermal molecular line widths in the cores of clouds a
as a pressure which balances the thermal overpressure i
ionized gas and keeps the HII regions from freely expand
into the molecular material. The model predicts a correlat
between molecular line width and UCHII pressure which
consistent with the limited data currently available. Add
tional observations can provide further tests of the mode

S. Watt has begun studying the dust and gas distribu
in and around ultra-compact HII regions with L. Mundy. Th
objectives of this work are to characterize the early stage
massive star formation and to understand the relations
between UCHII’s, hot cores, and star formation. The co
plexity of this relationship is illustrated by the results
paper by G. Blake~Caltech! L. Mundy and collaborators in
which it is argued that the Orion hot core is externa
heated. Much of the spectacular molecular emission wh
characterizes the Orion hot core, and identifies hot core
general, is argued to be arising from a layer of material be
ablated from the molecular core by nearby star formation

J. Stone’s research efforts are primarily concerned w
hydrodynamic and magnetohydrodynamic~MHD! studies of
the ISM and star formation. Stone and graduate studen
Miller are studying the interaction of a magnetized accret
disk with the magnetosphere of the central object. In the fi
phase of the study, two-dimensional numerical MHD sim
lations have been performed to study accretion onto alig
rotators with dipole fields. Using a variety of initial fiel
strengths, geometries, and resistivities in the disk, rapid
cretion which crushes the magnetosphere to the stellar
face generally occurs. The study is being continued us
three-dimensional MHD simulations of accretion dis
which span many vertical scale heights to study the effec
the Balbus-Hawley instability in generating strong magne
field in the corona above the disk through dynamo acti
and to study the interaction of this field with possible stel
magnetospheric fields.

Stone and physics graduate student T. Fleming are be
ning a study of the effect of microphysical resistivity on th
saturation of the Balbus-Hawley instability in weakly ma
netized accretion disks.

Stone has studied the nonlinear evolution and satura
of the Wardle instability in C-type MHD shocks in weakl
ionized regions of the ISM. The instability saturates as t
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sheets of dense gas orientated in the direction of sh
propagation which anchor the field. In collaboration with
Neufeld~JHU!, Stone has computed the temperature and p
dicted the emission properties of unstable C-type shock
compare to observed systems. Surprisingly, the instab
has little effect on the emission properties of such shoc
primarily because most of the emission occurs from
which is upstream of the strongest effects of the instabili

Stone, D. Proga, and J. Drew~Imperial College London!
have studied the multi-dimensional structure and tim
dependent evolution of radiation driven winds from luim
nous accretion disks. The winds are produced by radia
pressure on Doppler-shifted spectral lines, similar to
winds from hot stars. By adopting numerical techniques,
assumptions about the geometry or time-evolution of
wind are required. In the case that the luminosity of the d
dominates that from the central star, the winds are intrin
cally unsteady because the streamlines near the disk are
tical, and the vertical component of gravity increases linea
with height so that it eventually chokes the wind. On t
other hand, when the luminosity of the central star domina
that of the disk, the streamlines are inclined from the verti
in a way so that gravity is decreasing, and the flow is fou
to be steady. The two-dimensional geometry, terminal ve
ity, and mass loss rate in the wind are found to be rema
ably similar to the values inferred from observations of C
systems, and outflows from massive young stellar obje
strengthening the idea that radiation driven disk winds
crucial to understanding these systems.

Stone, Ostriker, and C. Gammie~CfA! are continuing to
study the evolution of MHD turbulence in the cold ISM
Stone is leading the effort to perform fully three-dimension
MHD simulations of turbulence in a self-gravitating gas. N
only can the damping rate of the turbulence be measu
through simulation, but the density structures which res
can be directly compared to the observed structure of
clouds.

Wolfire is continuing his collaborations with various IS
observing programs. Along with C. Ceccarelli~Observatoire
de Grenoble! they have presented the far infrared line sp
trum of the protostar IRAS16293-2422 taken with the LW
on board ISO~Ceccarelliet al. 1997!. They found a rich 43
mm - 197 mm molecular spectrum dominated by@O I# 63
mm and CO, H2O, and OH rotational lines. The@O I# emis-
sion may arise from the compressional heating in the colla
ing envelope.

The initial spectrum of Supernova 1993J, which explod
in M81, was classified as a type II supernova becaus
contained hydrogen lines. Subsequently the hydrogen l
dissappeared and its spectrum became similar to a typ
supernova. Shortly after its first peak in optical brightne
radio emission was detected from SN 1993J. W. K. Rose
developed a model for its radio emission that involves
interaction of a collisionless shock front with the stellar wi
of the progenitor supergiant. This model depends on e
mates of the mass loss rate of the stellar wind, the inve
Compton effect and the apparent absence of synchro
self- absorption.

Sage, Welch, and Lanzetta have begun a search for
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lecular absorption along the line of sight to a blank-fie
radio quasar~NRAO 150!; no search for molecular emissio
or absorption associated with known Lyman-a clouds has
been successful, but they hope this completely new appro
will lead to the identification of dense gas associated w
structures~possibly proto-galaxies! in the early Universe.

5.5 Planetary Science

Lisse, Livengood, and A’Hearn, with colleague Lync
analyzed MIRAC2 thermal infrared images of the P/SL-9
impact site on Jupiter, taken; 2 days after collision. A
spectrophotometric search was made for various chem
species, and a strong signature due to silicate emission
apparently found. However, this feature is unlike the typi
one found in comets, and the stellar calibration was proble
atic on the day of observation due to inclement skies. A n
calibration procedure using the disk of Jupiter itself a
Voyager 2 IRIS data is currently under trial.

T. Kostiuk ~NASA/GSFC! with colleagues Lisse and Liv
engood studied the auroral chemical signature of the n
and south poles of Jupiter in the thermal infrared. Enhan
hydrocarbon emissions from both North and South polar
gions as well as their global distributions were imaged. D
are being analyzed in support of on- going studies of glo
stratospheric constituent distribution and of auroral morph
ogy and intensity.

Lisse and Livengood with colleague Kostiuk and studi
the rings of Saturn in the thermal infrared. The rings we
clearly detectable from 8 - 13 mm. A comparison of the
spectral content on the East vs. the West rings indicate
distinction in emission intensity and spectral distributio
suggesting cooling of low thermal inertia particles on t
night side portion of the ring orbits. Follow-up observatio
are planned for late 1998 to pursue this in greater detail.

Bus along with collaborators A’Hearn, Bowell and Ste
completed their study of the activity of Chiron at aphelio
They showed from archival survey plates that Chiron w
clearly active at discovery as previously pointed out by o
ers and that the activity peaked in the early 1970s, sho
after aphelion. The intrinsic amount of brightening then w
a factor two more than the brightening that was widely stu
ied on the approach to perihelion and which peaked in 19

5.5.1 Asteroids

Activities in the department related to asteroids focus
around preparation for and analysis of data from the flyby
asteroid 253 Mathilde, a main-belt C-type asteroid with
17.4 day rotation period, one of the slowest rates known
an asteroid. The NEAR spacecraft is on its way to aster
433 Eros for a year in orbit around the mission’s prima
target.

In preparation for the Mathilde flyby and analysis of col
images in terms of possible mineralogical components, M
Fadden and colleagues Vilas and Jensen, convolved the s
tra of potential minerals likely to be found on the surface
Mathilde to the pass-bands of the filters in the NEAR spa
craft’s Multi-Spectral Imager~MSI!. The authors found tha
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a spatial unit on the surface of Mathilde must contain a m
mum of some 55 asteroids and meteorites for it to be
tected by the MSI.

On June 27, 1997, the NEAR spacecraft passed wi
1200 km of 253 Mathilde collecting hundreds of images
this C-type asteroid. Preliminary analysis of the data are
appear in Science. With images of this asteroid, the scie
team, with L. McFadden a member, derived its size, 59 x
km, and its mean volume, 73,000 km3. A density ranging
from 1.1-1.5 g/cm3 was derived by combination of Mathil
de’s mass derived from telemetry. The asteroid’s visual g
metric albedo is 0.0361/20.002. Among Mathilde’s unique
features, are 5 craters larger than 20 km diameter~approach-
ing the radius of the asteroid! on the 60% of the asteroid
viewed during the brief flyby.

5.5.2 Comets

Haken and A’Hearn completed their study~with Feldman
and Budzien! of the variation from one perihelion passage
another in the release of water from comets based on
observations of OH. Using comets whose orbital periods
nearly commensurate with that of Earth to eliminate sen
tivity to parameters in the models that are sensitive to ge
etry, they showed that the 2P/Encke varies by less than
~1-sigma! per perihelion passage pre-perihelion whereas
Tempel 1 varies by a factor of 1.5 to 2 near perihelion fro
one passage to the next, apparently randomly, withou
secular trend. The implications for mantle development
comets are important in that models must now explain t
very different types of behavior.

A’Hearn, in collaboration with the Rosetta-Alice UV
spectrometer team used the HST-FOS to study the out
sing of 46P/Wirtanen as it approached perihelion. Rema
ably, while the water release, as measured by OH, increa
by orders of magnitude on the approach to perihelion,
dust production, as measured by Afr, did not increase at all
The dust/gas ratio at the beginning of the observations
very high by cometary standards but by the end of the
serving, a month before perihelion, the dust/gas ratio w
quite low.

Meier ~now at the IFA, University of Hawaii!, Wellnitz,
A’Hearn and Kim~now at the Kyunghee Observatory, Ko
rea! continued their analysis of the KPNO 4-m Echelle sp
tra of Comet C/Hyakutake which they had taken 1996 Ma
26.3-26.5, at the time of closest approach of the come
Earth. At a spectral resolution of better than 0.2 Angstrom
two line multiplets of ND were separated from an overlayi
NH line forest and used to derive a 3 supper limit for the
D/H ratio in NH of 0.006, only slightly greater than th
reported detections at radio wavelengths. Although photo
etry with an Echelle spectrometer is quite problematic, it w
possible to derive absolute production rates for water~from
the OH bands! and for ammonia: Q~NH3!/Q~H2O!50.004.
Single-cycle fluorescence models adequately describe
observed CH bands if two different rotational temperatu
are introduced for the two spin-states: T~F1!5100 K and
T~F2!5130 K; these temperatures are believed to be re
nants of a previous dissociative excitation, there not be
enough time to completely relax CH before the radical
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cays. The rotational temperature may thus provide clue
the identity of the CH parents. A tentative detection of
has been made in the spectra. This molecule had been p
ously noted in HST spectra taken two weeks later; the s
ond detection suggests that S2 is a persistent outgas
product of comets.

Woodney continued her work studying sulfur chemis
in comets. The first definitive detection of OCS in a com
Comet Hyakutake, was published by Woodney, A’Hea
McMullin ~now at NRAO!, and Samarsinha~now at
NOAO!. This was a first step towards explaining the missi
source of sulfur in comets, as H2S and CS2, the previously
known cometary sulfur sources could not account for all
atomic sulfur observed in the UV. A minor species who
presence is difficult to explain through current chemic
models of the coma, S2 , was also detected in this comet b
A’Hearn et al., for only the second time in a comet.

More sulfur bearing species were detected in C/Ha
Bopp than have ever been seen in any other comet, inclu
H2CS which was detected for the first time by Woodne
A’Hearn, McMullin and Samarasinha. Analysis of the abu
dances of these species in comparison to the total ato
sulfur observed should reveal whether or not we can n
account for all of the primary sulfur sources in comets.

Woodney and A’Hearn were also a part of the mul
university observing team which used the BIMA array
map the comet in HCN, CS, CO and continuum at 3-m
Preliminary comparison of HCN and CN morphology b
Woodney suggests that HCN may not be the only source
CN. The BIMA array was used by the team to discover t
first mm-wave cometary ion, HCO1, in Hale-Bopp and its
spatial distribution is offset and much broader than that
other species mapped in the millimeter, such as HCN; s
gesting production of the species in the plasma tail of
comet.

Sherwin and A’Hearn studied the optical jets of com
1P/Halley, using narrow band images from the Internatio
Halley Watch data archives. Removing the continuum c
tribution from the C2 and CN images, they found that th
ratio of CN/C2 flux was different by about a factor of 2 fo
two of the jets. The third jet’s CN/C2 ratio was not signifi-
cantly different from the other two. The different ratios cou
not be explained by projection effects, or the different sc
lengths of the two species. The different CN/C2 ratios sug-
gest that the material from which the jets originated also h
a compositional difference.

Comet C/Hale-Bopp. A’Hearn, Fernandez, Liss
Wellnitz, and Woodney led a coordinated effort to monit
comet C/Hale-Bopp at visible, infrared, submillimeter, a
radio wavelengths throughout its apparition in 1996 - 19
Photometric and spectroscopic observations were made
telescopes at Lowell, NASA/IRTF, BIMA, CSO, an
NRAO. Very large amounts of dust were found in the com
the dustiest on record; sulfur species CS, SO, SO2, H2S and
organic species CH3OH, HCN, and CN were detected at e
tremely large production rates, with abundances; 1% of
H2O; an 11.3 hour rotation period for the brightest dust
was found; an outflow rate of; 0.4 km/sec was measure
for the emitted dust at 1AU. Work is proceeding on meas
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ing the effective infrared size of the nucleus, an estim
expected to improve the current 20 - 40 km radius estim
derived from HST observations of the comet~assuming a 4%
geometric albedo! Fernandez, A. Kundu, Lisse, and A’Hea
used the VLA to detect the thermal radio continuum em
sion from a comet for the first time. Fernandez and Welln
obtained an occultation of the 9th magnitude star P
200723 by comet Hale-Bopp during an observation ca
paign in the American West run by the Lowell Observato
in October 1996. The shape and depth of the occulta
profile constrain the size of the comet’s nucleus to; 27 km
in radius, and show that the coma was optically thick out
10-20 km from the nucleus. The comet group~what was left
at home! supported the education outreach activities of
departmental observatory during the comet’s perigee, du
which some 3000 members of the public attended.

Comet 2P/Encke. The well studied comet 2P/Encke
an extremely close approach to the Earth in July 1997,
event happening once every 17 years. Fernandez, A’He
and Lisse observed this southern comet from the CTIO/E
telescopes in the optical and thermal infrared, in order
characterize the nucleus and dust emitted by the comet
multaneous infrared photometric measurements were
tained with the ISO spacecraft. Imaging returned an un
solved point like structure to the comet, suggesting little
no emitted dust and gas, consistent with Encke’s known
activity. Current work is bearing on the reanalysis of t
comet’s size estimate, thought to be; 2 km in radius, but
potentially much smaller in an analysis of July 1997 HS
images by colleague Weaver and A’Hearn.

5.5.3 Dust and Dynamics

D.P. Hamilton and colleague A.V. Krivov~St. Petersburg
University! discovered a new integral of the motion whic
governs the evolution of planar orbits about planets wh
they are influenced by four perturbations: i! solar gravity, ii!
planetary oblateness, iii! solar radiation pressure, and iv!
electromagnetism. Hamilton and Krivov extended the in
gral into three dimensions, and showed that it is related
the Tisserand’s Constant of the restricted three body p
lem. They applied the integral to distant satellites of as
oids and were able to infer simple properties of these orb
For example, distant prograde extend further along the S
asteroid line, while distant retrograde orbits extend furt
perpendicular to this line.

D.P. Hamilton and A.V. Krivov also continue their wor
on dust around Mars. When the two small martian moonl
Phobos and Deimos, are struck by interplanetary microm
oroids, most of the impact ejecta is lofted into orbit arou
the red planet. Debris particles larger than several ten
microns remain in orbit for tens to thousands of years and
spread into broad rings by the action of Mars’ gravity a
solar radiation pressure. Hamilton and Krivov performed
tailed calculations of the number density of ring particles a
compared their results to all other previous calculations. T
rings are predicted to be very faint and have yet to be un
biguously detected; this may change in the next few year
spacecraft carrying sophisticated dust detectors reach M

Hamilton continued his work on the origin of the strikin
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black/white hemispheric asymmetry of Saturn’s odd satel
Iapetus. Iapetus’ orbital and spin period are equal, so it
ways keeps one face toward Saturn. It has long been
pected that dark dusty debris, originating from Saturn’s o
ermost satellite Phoebe and brought inward by Poynti
Robertson drag, is responsible for Iapetus’ striking albe
asymmetry. The Phoebe-dust model is very compelling
cause it naturally explains why the leading face of Iapet
the side that is receiving dust from Phoebe, is dark. T
model has not gained universal acceptance, however, pr
rily due to the following dynamical problems: i! the distri-
bution of dark material on Iapetus does not precisely ma
predicted contours of constant dust flux from Phoebe,!
there are dark-floored craters in Iapetus’ high-albedo he
sphere, and iii! Iapetus’ North pole is brighter than parts o
the trailing hemisphere. Hamilton showed that problems
greatly reduced with the realization that Iapetus took near
billion years to become tidally locked to Saturn. A public
tion is in preparation.

With E. Grün and the Galileo dust team, D.P. Hamilto
has continued his study of jovian dust streams: submicr
sized grains accelerated away from Jupiter by strong elec
magnetic forces. Their analyses of new Galileo data and n
modeling efforts further constrain possible sources a
mechanisms. In addition, new concentrations of dust w
discovered along the orbits of several of the Galilean sa
lites, notably Ganymede. The dust sensed near the Gali
satellites seems to be consistent with fragments ejected
ing hypervelocity interplanetary impacts of interplaneta
material with the moons. Data analysis and numerical m
eling efforts are underway.

Lisse, A’Hearn, and Fernandez used the Lowell a
NASA/IRTF observatories to observe comet 126P/IRAS
the optical and near-IR simultaneously with our ISO G
programme. The results have been used to characterize
dust emitted by the comet as similar to that emitted by
Halley with a 4:1 silicate:carbanaceous composition. C
laboration with the MPIK ISOPHOT team of Gru¨en and Pe-
schke has led to an on-going study of the dust emitted b
other comets observed by ISO in the thermal infrared: 2
Kopff, C/Hale-Bopp, 29P/Schwassmann-Wachmann 1,
Chiron.

Periodic comets 22P/Kopff, 81P/Wild 2, and 46
Wirtanen were observed serendipitously in the optical a
infrared by Lisse, Fernandez, and A’Hearn with colleag
Hanner~JPL! while monitoring comet C/Hale-Bopp. The re
sults of these observations will be added to a growing inf
red photometric database of comets that will be used to c
pare the dust emitted by comets for variations by a
dynamical class, and point of origin of the comet. The 81
Wild 2 and 46P/Wirtanen measurements will also be de
ered to ESA and JPL to derive rough values for the d
production rate and history of these comets, to aid in pl
ning the upcoming ROSETTA and STARDUST comet re
dezvous missions.

Analysis in progress on MIRAC2 infrared observations
the dust emitted by comet C/Hyakutake has demonstrated
preponderance of small, slightly hot silicaceous particles
an approximately 9:1 silicate:carbanaceous composition
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a dust/gas ratio of; 2, similar to that of comet 1P/Halley.
Lisse, A’Hearn,et al. published their comparison of th

dust emitted by the 4 comets~C/Okazaki-Levy-Rudenko, C
Austin. P/Schwassmann-Wachmann-3, C/Levy! detected by
the COBE satellite. C/OLR and C/Austin were found to ha
most of their dust mass in large, relatively cool, dark p
ticles, while comet Levy was more similar to comet Hall
with many small, hot particles. Comet P/SW-3 was proba
detected due to an excess emission of dust related to
breakup next apparition. No comet trails were found in
COBE all sky survey, although particles which would b
come part of a trail were emitted from Comet Austin.

A’Hearn continued his collaboration with Lamy, Toth an
Weaver to photometrically isolate cometary nuclei from t
coma using HST. Assuming canonical albedos, they c
cluded that comets P/Wirtanen and P/Honda-Mrkos- P
dušáková were both substantially less than 1 km in radi
and that they had relatively large active fractions of th
surfaces~10% or greater!. C/Hale-Bopp, on the other hand
had a radius near 20 km based on a similar analysis.

Lisse, Fernandez, and A’Hearn used analysis of ther
infrared images of comet C/Hyakutake during its perigee
March 1996 to search for emission from the nuclear surfa
Along with the 3 km~3a) upper limit for the nuclear size
found from the VLA measurements of Fernandezet al., and
the unusually large optical scattering observed from n
coma sources, they were able to show that the most plau
physical model for the results has a comet with a 2.4
effective radius nucleus, a tensile strength 13103 dynes/cm2,
and a surrounding large cloud of slowly moving icy pa
ticles.

Lisse used the ROSAT and EUVE spacecraft to obt
photometric imaging of comet P/Encke in the extreme ult
violet and soft x-ray. The comet was detected from 0.1 to
keV, by both spacecraft, and demonstrated an x-ray l
curve similar to the one found for C/Hyakutake in 1996, w
both a baseline slowly varying emission and an impuls
outburst; 4x the low level emission. Detections of come
C/Tabur and C/Hale-Bopp with colleagues at MPE, alo
with archival findings by colleague Dennerl of 4 more R
SAT comets and colleague Mumma of 2 EUVE archiv
comets now brings the total of x-ray emitting comets
;10, and demonstrates a rough linear correlation of x-
luminosity with optical luminosity, and establishes that x-r
emission is a universal behavior of comets. Comparison
the current observations to plausible physical models lea
the following viable x-ray production mechanisms: char
transfer between heavy solar wind ions and cometary s
cies, bremsstrahlung scattering of energetic electrons
cometary neutrals, and solar magnetic field reconnec
events.

5.6 Space Plasma Physics

A. S. Sharma and K Papadopoulos have continued t
investigation of the magnetosphere and space weather u
nonlinear dynamical technique.

The solar wind-magnetosphere system exhibits cohere
on the global scale and such behavior can arise from non
earity in the dynamics. The observational time series d
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have been used extensively to analyze the magnetosp
dynamics by using the techniques of phase space recons
tion. Analyses of the solar wind and auroral electrojet a
Dst indicates have shown low dimensionality of the dyna
ics and accurate prediction can be made with an input-ou
model. The predictability of the magnetosphere in spite
the apparent complexity arises from its being synchroniz
in the dynamical sense, to the solar wind. The strong e
trodynamic coupling between the different regions of t
magnetosphere yields its coherent, and thus low dimensio
behavior. The data from multiple satellites and ground s
tions can be used to develop a spatio-temporal model
identifies the coupling between the different regions. Th
nonlinear dynamical models yield accurate and reliable fo
casting tools for space weather.

J. A. Valdivia ~former graduate student, now at NAS
Goddard!, A. S. Sharma and K. Papadopoulos worked on
prediction of magnetic storms using nonlinear dynami
models. The nonlinear dynamical technique of phase sp
reconstruction is applied to develop nonlinear models
storms and their predictability using the NGDC database
1964–1990. Nonlinear predictive models based on the
data alone were developed. These models can predict
storm evolution consistently, and can identify intense stor
from moderate ones. The models based on IMF and Dst d
as well as those based on Dst alone, can be used for f
casting tools for space weather.

A. S. Sharma, J. A. Valdivia, S R. Rosa and H. S. Saw
~both from INPE, San Paolo, Brazil! studied dissipative
structures and weak turbulence in the solar corona. In
work for the first time the high resolution X-ray images
the solar corona, obtained by the Yohkoh Mission, as n
linear extended systems have analyzed. To qualify
spatio-temporal complexity in this extended system, th
have introduced an asymmetric spatial fragmentation par
eter computed from a matrix representing an image. Cho
ing different spatial scales on the same image, wave num
are computed from the intensity contours and this yield
fragmentation spectra. This spectra is used to analyze
images of the complex transient phenomena obtained by
Soft X-ray Telescope board the Yohkoh satellite. The d
namics of the fine structures of the contours suggest the
gin of the observed fragmentation to be the localized we
turbulence processes occurring in regions with comp
plasma loop configuration.

A. S. Sharma and M. I. Sitnov~Moscow University, Rus-
sia! studied the role of the temperature ratio in the line
stability of quasi-neutral sheet tearing mode. Well-know
linear stability criterion of the tearing mode in the magne
tail current sheet with nonzero normal component of
equilibrium magnetic field consideres the electrons to
trapped in the current sheet. This condition is significan
modified when electron-to-ion temperature ratio is small, d
to the contribution of transient orbits to the perturbed el
tron density integrated over the flux tube. In contrast to
previous criterion marginal stability may be reached un
realistic conditions in the near-Earth tail current sheet dur
late substorm growth phase.

K. Papadopoulos, C. C. Goodrich and R. E. Lopez ha
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continued their work on the global modeling research. O
the last two or three years, they have made very signific
advances in the understanding of the Earth’s magnetosp
and those of the outer planets. These advances have res
from three fundamental improvements in their global MH
code, written by their collaborator, J. Lyon@Dartmouth Col-
lege#, including extension of the range of the code to seve
hundred Re downstream of the Earth, incorporation of ti
dependent conditions on ALL of the boundaries, and imp
mentation of a rotating dipole and semiconducting ion
sphere. This work was made in collaboration with Dr. Ly
and R. L. McNutt~Johns Hopkins/Applied Physics Lab!.

This group has also performed a series of global MH
simulations that may provide the key to understanding i
lated magnetospheric substorms. This study has focuse
the substorm event occurring at 0500 UT on March 9, 19
which is particularly well documented by both ground bas
and spacecraft observations. It uses an impressive collec
of ground radar, magnetometer, and other data which giv
thorough ionospheric view of the substorm. Data are a
available from the ISTP spacecraft, which are well placed
in situ observations. The simulation results give a global
scription of the substorm that is in good agreement with b
the ground based and in situ measurements. They find o
occurs about 0500 UT, following a growth phase marked
thinning of the plasma sheet~PS! and heating of the PS
plasma which starts around28 Re and then progresses ta
ward. These results indicate onset is marked by an impul
penetration of electric field into the central plasma sheet,
a diversion of the cross tail current, at about –10 Re. Th
features thereafter propagate down the tail to about –25
where they engender strong reconnection, and the gl
magnetic topology reconfiguration characteristic of the s
storm expansion phase. These results suggest a rea
model that combines the major aspects of the current lea
substorm models, the Near Earth Neutral Line and Curr
Disruption models.

The SPP group has continued this activity in the Act
Aurora Research Program~HAARP!.

G. Milikh and A. Gurevich~Lebedev Physics Institute
Moscow, Russia! presented a new model of the artificial a
glow due to the ionospheric modification. The model
based on a recently developed nonlinear theory of station
striations, which predicts a strong enhancement of the e
tron temperature inside the striations. According to t
theory the neutral species can be excited by the hot elect
inside the striations, which spread both upward and do
ward from the source region located between the radiow
reflection and the upper hybrid resonance point. The
cussed model estimates the local electron temperature in
the striations, and the intensity of red- and green-line em
sions due to the excitation of O~1D! and O~1S! levels by the
electron impact. These results were checked by compar
with the observations.

K. Papadopoulos, G. M. Milikh and J. Valdivia have co
tinued their studies of high altitude lightning. Valdivia ha
worked on the problems related to this topic till spring 199
when he graduated from the Maryland Ph. D. program. K
issues addressed were modeling of so called red sprites
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tical flashes located at 60–90 km above the thundersto
with emphasis on their fine structure, and study of the r
away discharge in the presence of the geomagnetic fi
Based on the fact that lightning discharges follow a tortuo
path which have been identified as a fractal structures, t
developed a model of transient electric field from lightni
as a fractal antenna. This model allows to obtain a spa
temporal distribution of the optical flashes due to the lig
ning. They also presented a model of red sprite optical sp
trum due to molecular excitation by ionospheric electro
accelerated by the electric field from lightning. The resu
were compared with observed red sprite spectra. Good ag
ment with the observations was found for values of the el
tric field close to the local breakdown threshold. Implicatio
of the computations of the optical spectra to models of
sprites were also presented.

Another interesting effect related to the high altitu
lightning is the runaway electron breakdown which seems
be a source of —ray flashes generated at the height in ex
of 30 km, which were recently observed by GRO obser
tory. However, some attempts to explain this emission
glecting the effects caused by the geomagnetic field w
incorrect as commented by Papadopouloset al. @Geophys
Res. Lett., 23, 2283, 1996#. Thereupon K. Papadopoulos, G
M. Milikh and J. Valdivia in cooperation with A. Gurevich
proceeded with a new model, which generalizes the theor
the electron runaway discharge to the case of a laminar e
tric field at an arbitrary angle to the magnetic field, and d
rives the relevant threshold conditions. They showed that
conditions of runaway process depend on the angle betw
the of electric and magnetic fields, and the ratio of th
magnitudes. In fact, the geomagnetic field hinders the de
opment of runaway breakdown in the atmosphere. They
vealed that one can expect a significant difference in
properties of high altitude discharges occurs at equato
and polar latitudes.

G.M. Milikh, D.A. Usikov ~Phys. Department University
of Maryland! and J. A. Valdivia presented a model of infra
red emission from sprites. In this model the 4.26mm infrared
emission due to read sprites is considered. The model
cusses generation of nitrogen vibrions due to the collision
the nitrogen molecules with the electrons energized by
electric field from lightning, followed by transition of the
nitrogen vibrions to the CO2~001! vibrational level with life-
time much shorter than that of nitrogen. The infrared photo
of wavelength54.26 mm radiated by the CO2~001! propa-
gate through the optically thick atmosphere, therefore t
emission could be observed mainly from the space. T
model computes the infrared radiance of sprites, as wel
the energy collected by the state-of-the-art space infrared
tector, and estimates the signal-to-noise ratio at the dete

G. M. Milikh and J. Valdivia in cooperation with A.
Gurevich delivered a model of X-ray emission and fast p
conditioning during a thunderstorm. In this paper a quant
tive self-consistent model of the processes determined by
multiple runaway breakdown caused by the thundersto
electric field is presented. It describes in detail t
bremsstrahlung emission and fast charge transfer,
reaches a qualitative agreement with the earlier observat
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obtained during a balloon flight through a thunderstorm. T
model demonstrates the exact realization of a fast cha
transfer in a thunderstorm cloud. This process first predic
by Gurevichet al. @Phys. Lett. A 165~1992! 364# is deter-
mined by multiple runaway breakdown. It plays an importa
role in the lightning triggering and has a strong influence
the development of a thunderstorm.

G. Milikh with A. Gurevich and N. Borisov~Lebedev
Physics Institute, Moscow, Russia! continued their studies o
the problems related to the creation of over-the-horizon ra
and new types of radio communication using an artific
ionized region in the atmosphere by means of powerfu
radiation. Such a region acts like an artificial ionosphe
reflecting radio waves.

G. Milikh with G. S. Nusinovich~UMD! and B. Levush
~Naval Research Lab.! discussed removal of halocarbon
from air with high-power microwaves. They consider t
destruction of halocarbons caused by free electrons prod
in a freely localized discharge initiated in the air by a f
cused microwave beam. After fast cooling, the electrons
attach to halocarbon molecules and destroy them. Opera
regimes and their efficiencies were analyzed in the pa
and the corresponding parameters of microwave sou
were specified. They also discussed the availability of mic
wave sources for such processes.

J. A. Valdivia and A. Fouladi~graduate student! intro-
duced and implemented a new method of period contro
chaotic systems based on optimization. An error functi
which is a measure of deviation from the desired time e
lution, is constructed. The error function is then minimiz
along the trajectory in order to stabilize an unstable perio
orbit. The process of optimization is not arbitrary but co
strained to the dynamics. No specific knowledge of the
sired state of the system is required. They also demonstr
how orbits of ‘‘high’’ period are similarly controlled.

K. Papadopoulos with A. Drobot and C. L. Chang~both
Science Application International Corp.! studied the physics
of current collection by the tethered satellite system wh
was deployed from the space shuttle ‘‘Columbia’’ on Feb
ary 24, 1996. Data collected revealed a host of new phy
phenomena concerning the current collection by char
bodies in space moving at orbital velocities. In fact, the c
rent collected was significantly larger than expected by sp
charged limited flow in magnetized and even unmagneti
plasmas. The ongoing physics analysis of the observed
nomena was presented.

D. L. Book and J. A. Valdivia proposed that the differe
tial rotation of the Earth’s inner core, which was recen
deduced, is due to a combination of the deacceleration of
Earth’s rotation and the viscous drag between the Ear
inner and outer cores. The proposed model allows to e
mate the dynamic viscosity in the inner core of the Earth
104 poise. Besides providing a novel way of determining
viscosity of the core, this model suggests some new tests
shows how astronomical effects can influence geolog
phenomena.
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5.7 Solar Radio Physics

M. R. Kundu and J. P. Raulin along with Nitta~LMSAL !,
Shibata and Shimojo~NAOJ! have been searching for non
thermal radio signatures in the form of metric type III burs
in conjunction with soft X-ray jets as observed by Yohko
SXT experiment. In contrast to Anemone-type jets whe
nonthermal type III bursts were always observed, they fou
no evidence of type III bursts in association with two-sid
loop type X-ray jets. This result is consistent with the sim
lation results of Yokoyama and Shibata~1995!, which show
that anemone type jets are produced by vertical/obliq
plasma flow whereas the two-sided loop type jets are p
duced by horizontal plasma flow.

Kundu, Shibasaki~Nobeyama! and Nitta~Lockheed! pro-
vided the first evidence of the detection of microwave em
sion at 17 GHz in association with coronal X-ray jets. Th
presented two typical cases one on the disk~1995 March 31!
and the other at the limb~1992 August 25!. For the disk
event, they see 17 GHz emission from the upper part of
jet base~active region loop or loops!, but no emission from
the collimated X-ray jet itself, implying that it must be opt
cally thin at 17 GHz. For the limb event, they see the base
the jet as well as the bottom part of the jet itself, implyin
that the optical depth is higher at the bottom part~obviously
because of higher electron density! than at the top. They
believe that the 17 GHz emission is thermal because i
gradual and unpolarized and that the heating process
gives rise to the jet X-ray plasma also results in the 17 G
emission. The calculated 17 GHz flux densities seem
agree with the observed values within a factor of 2. T
disagreement is considered to be quite reasonalbe in vie
the various uncertainties involved in computing the emiss
in both radio and X-rays.

Gopalswamy, Kundu, Lara along with Hanaoka, Enom
~Nobeyama!, and Lemen ~Lockheed! presented X-ray
~Yohkoh/SXT! and microwave~17 GHz Nobeyama! obser-
vations of the 1993 July 10-11 CME. During this event,
the substructures of a classical CME are revealed: Fro
loop in X-rays, prominence core in microwaves, dark cav
between prominence and frontal loop in X-rays, and arc
structure beneath the prominence in X-rays.

Gopalswamy, Kundu, Hanaoka, Enome, Lemen and A
ioka reported the observations of a coronal mass ejec
~CME! using the Soft X-ray Telescope on board the Yohk
Mission. The CME had the familiar three part structu
~frontal loop, prominence core and a cavity!. The erupting
prominence was observed by the Nobeyama radioheliogr
They were able to determine the mass of the CME~2.6
31014 g! from X-ray observations which seems to be at t
lower end of the range of CME masses reported before fr
white light observations. This is the first time the mass o
CME has been determined from X-ray observations. T
height of onset of the CME was 0.3R( . The CME moved
much faster than the erupting prominence while its accele
tion was smaller than that of the erupting prominence.

Gopalswamy, Raulin, Kundu, Hildebrandt, Kru¨ger, and
Hofmann presented Very Large Array~VLA ! observations
of AR 7542 which demonstrate the existence of definite r
and horse-shoe structures of a sunspot in intensity~I! and
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polarization~V! at 8.46 GHz~3.5 cm wavelength! and com-
pare them with model calculations of gyroresonance ra
tion. The VLA measurements have been made on three
ferent days in July 1993 when AR 7542 was at thr
different longitudes which allows the study of the effect
viewing angle on sunspot-associated microwave emissio

Model calculations of gyroresonance radiation have b
carried out using a modified dipole model corresponding
the observed photospheric magnetic field strength and a
age temperature/electron density distributions consistent
soft X-ray and EUV observations~for the lower atmosphere!
as well as theoretical assumptions~for the corona!. The cal-
culated I and V maps were found to be generally consis
with the radio observations. They obtained information
the magnetic scale length in vertical and horizontal dir
tions above the sunspot and about the distribution of o
plasma parameters~temperature, density! inside the radio
source region.

Gopalswamy, Kundu, Manoharan, Raoult, Nitta, a
Zarka observed an eruptive structure on 1994 July 31, a
~900 km s21) in X-rays, followed by a slower plasmoid~180
km s21). They were associated with a coronal mass eject
prominence eruption, and a host of metric radio bursts.
X-ray structure seems to be a part of a white light coro
mass ejections~CME!, as inferred from the white light im-
ages of July 30 and 31. A type II burst was observed at
leading edge of the X- ray eruption, while a type IV bur
was spatially associated with the detached plasmoid.
type III radio bursts occurred on thin overdose structu
associated with the eruption. They detected the rise
plasma levels because of mass addition to the type III b
sources as a result of the eruption. This event further clar
the manifestation of a CME in X- rays. They identified th
X-ray eruption as the driver of the coronal shock wave. T
provides answer to the long-standing question regarding
origin of coronal and interplanetary shock waves. They a
found evidence to support the idea that herringbone bu
are produced when the coronal shock wave crosses o
magnetic field lines.

Gopalswamy, Kundu, Hanaoka, Enome and Lemen fo
remarkably different manifestations of a bright point flare
X-ray and radio~microwave! wavelengths, unlike previou
observations. In X-rays, the BP flare was relatively sim
while in radio, the bright point flare had a large scale co
ponent and a transient moving component. The large s
structure may be the radio counterpart of large scale st
tures sometimes seen during X-ray BP flares. The trans
component was also compact and moved away from the
cation of the X-ray BP flare with a speed of;60 km s21.
The compact source also showed fast time structure w
suggests nonthermal emission mechanism for the trans
source. The emission peaks in the two-wavelength dom
did not coincide, which suggests cool plamsa flow along
large-scale radio structure. They were able to determine
temperature and emission measure of the BP flare pla
from the X-ray data, and thus they computed the expec
radio flux from the X-ray-emitting plasma. They found th
the computed radio flux was much smaller than the to
observed radio flux.
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J. Zhang ~graduate student!, Gopalswamy, Kundu, E
Schmahl, and Lemen presented the measurement of m
netic field gradient in magnetic loops in the solar coron
based on the multi-wavelength Very Large Array obser
tions of two transient microwave brightenings~TMBs! in the
solar active region 7135. The events were observed at 2
~spatial resolution;29) and 3.6 cm~spatial resolution;39)
with a temporal resolution of 3.3 s in a time-sharing mod
Soft X-ray data~spatial resoltuion;2.59) were available
from the Soft X-ray Telescope on board the YOHKOH s
ellite. The three dimensional sructure of simple magne
loops, where the transient brightenings occurred, were tra
out by these observations. The 2 cm and 3.6 cm sources
very compact, located near the footpoint of the magne
loops seen in the X-ray images. For the two events repo
in this paper, the projected angular separation betwen
centroids of 2 and 3.6 cm sources come form the ther
gyro- resonance emission. The 2 cm emission is at the
harmonic originating from the gyro-resonance layer wh
the magnetic field is 1800 G. The 3.6 cm emission is at
2nd harmonic, originating from the gyro- resonance lay
with a magnetic field of 1500 G. The estimaged magne
field gradient near the footpoint of the magnetic loop is ab
0.09 G km21 and 0.12 G km21 for the two events. These
values are smaller than those observed in the photosp
and chromosphere by a least a factor of 2.

Gopalswamy, Zhang, Kundu, Schmahl and Lemen carr
out a detailed analysis of the Very Large Array data with f
time resolution~3.3 s! at two wavelengths~2 and 3.6 cm! and
addressed the question of the emission mechanism of
TMBs. They find that nonthermal processes indeed t
place during the TMBs. They present evidence for nonth
mal emission in the form of temporal and spatial structure
the TMBs. The fast time structure cannot be explained b
thermodynamic cooling time and therefore require a nonth
mal process. Using the physical parameters obtained f
X-ray and radio observations, they determined the magn
field parameters of the loop and estimate the energy rele
during the TMBs. The impulsive components of TMBs im
ply an energy release rate of; 1.3 x 1022 erg s21 so that the
thermal energy content of the TMBs could be less th
;1024 erg.

Aschwanden and Benz~ETH Zurich! investigated elec-
tron densities in solar flares. Soft X-ray emission meas
observations from the Yohkoh satellite and plasma freque
measurements with the Zurich radio spectrometers allow
us to compare the electron density in soft-X-ray bright fla
loops, in chromospheric evaporation upflows, and in acc
eration sites of electron beams. It was found that accelera
takes place in a region of much lower density than in
flare loops, most likely located in the cusp region above
flare loops, as envisioned in magnetic reconnection mod
This work represents also the first density comparison w
radio and soft X-ray methods.

Aschwanden, Bynum~Oregon College!, Kosugi~NOAO!,
Hudson~ISAS! and Schwartz~GSFC! investigated electron
trapping times and trap densities in solar flare loops, us
measurements from the CGRO and Yohkoh spacecraf
systematic timing study of energy-dependent time delays
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hard X-ray emission in the 20-200 keV energy range w
performed. It was found that the smoothly-varying hard
ray component revealed delays consistent with the collisio
deflection time. This result was interpreted that the hard
ray producing electrons are initially trapped in densities
ne'1011 cm23 and then pitch-angle scattered in the wea
diffusion regime into the loss-cone, from where they preci
tate to the chromosphere and produce thick-target hard X
bremsstrahlung emission.

Aschwanden, Dennis~GSFC! and Benz~ETH Zurich!
analyzed elementary time structures in solar flares, includ
some 10,000 hard X-ray pulses, 4000 radio type III bur
4000 pulses of decimetric pulsations, and 10,000 decime
millisecond spikes. The frequency distributions of the pe
fluxes of these elementary time structures were studied
each flare separately, and were found to show power-law
well as exponential distributions. The time profiles of e
ementary pulses could be fitted with a logistic curve, wh
allows to characterize the growth and saturation time of
underlying nonlinear instability. With this logistic avalanch
model, a generalized frequency distribution could be cal
lated, which fits exponential distributions for incoherent p
cesses, and power-law distributions for highly coherent p
cesses.

E. Schmahl, C. Crannell~GSFC! and C. Wald~Goddard
Summer Student, Columbia U.!, have investigated the exten
of over resolution in solar flares using interferometers. T
motivation for this investigation arose from results obtain
with the Owens Valley Radio Observatory Solar Arr
~OVRO! and the Very Large Array. In many cases, pu
lished microwave events appear to be over resolved, so
times with 50the total power being measured with the co
lated fluxes. Even the simplest event requires an additio
larger component, the flux from which is a factor of abou
larger than the resolved component. In a sample of over
flares from OVRO, we have found that flares are usua
over resolved even on the shortest baseline. This indic
that large-scale structures are common in solar flares, w
has important implications for proposed hard X-ray image

Lee, White, and Kundu, along with A. N. McClymont~U
of Hawaii! and Z. Mikic ~SAIC! have completed the activ
region study using the state-of-the-art coronal field extra
lation technique in the analysis of high resolution microwa
images of a solar active region. This field extrapolation fu
takes into account the nonuniform distribution of elect
currents observed in the photosphere and makes it possib
investigate the link between regions of strong currents
those of high temperature in the corona as implied by mic
wave images. They were able to reproduce the microw
images remarkably well with a model in which temperatu
is structured along magnetic field lines, depends on the
rent on the field line, and increases with height in a man
similar to that inferred from static heated loop models. T
result implies a direct link between electric currents a
coronal heating. They also used the magnetic field mode
explore a technique in which depolarization of microwav
is used to infer the coronal electron density. It is shown t
this technique for obtaining coronal densities is particula
sensitive to the quality of the coronal magnetic field mo
s
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which, in turn, depends significantly on the amount of ele
tric current used as a boundary condition for the field e
trapolation. Such extreme sensitivity to the magnetic fi
model explains in part why the inference of a low density h
been a common complaint of studies which have emplo
the potential~current-free! field models to determine the den
sity from the depolarization condition.

As an extension of the active region study, Lee and Wh
proposed a new diagnostic method for exploring 3-D m
netic field vectors in the corona. In the proposed meth
magnetic field lines are traced in 3-D space to locate em
sion layers for multiple frequencies used in the observat
so that a magnetic field model can be tested by looking at
correlation of the temperatures observed at different frequ
cies at the positions identified as the emission layers.
proposed method relies only on the well-accepted theory
coronal loop structure and does not require ad-hoc assu
tions on plasma parameters.

Lee, White, and Kundu analyzed radio observations of
emerging flux region AR 7978 made using the VLA at tw
frequencies, 5 and 8 GHz, with high time cadence. This
the first data set that shows coronal emissions associ
with emerging flux detected from the very early stage of
emergence into the corona. From spectral analysis and c
parison with EUV line images~FeIX/X and FeXII! obtained
from SoHO/EIT, they inferred that the emerging flux loop
in fact, carrying heavier material inside compared with s
rounding corona, which contradicts the traditional view th
solar magnetic flux emergence is due to Parker’s instab
for magnetic buoyancy. It is also found that the radio fl
increase is delayed by 1.5 hours with respect to emergenc
the photospheric magnetic flux, and that the impulsive te
perature increase is followed by that of density, consist
with the process known as ‘‘chromospheric evaporation
Evidence for reconnection of an emerging loop to preex
ing loops is also found from radio images.

5.8 Instrumentation

Working with the HEIDI ~High Energy Imaging Device!
team at Goddard Space Flight Center, Edward Schmahl
developed a method for making quantitative character
tions of bi-grid Rotating Modulation Collimators~RMCs!
that are used in a Fourier Transform X-ray imager. The te
applied the method to the RMCs on the HEIDI balloon pa
load in its preflight configuration. The results indicated t
25’’ X-ray imaging optics on HEIDI are capable of achie
ing images near the theoretical limit and are not seriou
compromised by imperfections in the grids.

Working with B. Dennis~GSFC!, E. Schmahl has pro
duced simulations of the imaging capabilities of the p
posed High Energy Solar Spectroscopic Imager~HESSI!.
This Small Explorer will be a rotation modulation collimato
~RMC! telescope with 9 collimators resolving angular sca
from 2.3 to 189 arcseconds, capable of mapping flares a
where on the Sun. The simulations have led to a numbe
conclusions regarding the capabilities of HESSI for imagin
spectroscopy. Among the conclusions are that 2-s m
made of flares with at least 1000 incident photons per co
mator per energy bin will show 50:1 dynamic range on s
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tial scales from 2.3 to 189 arcsec, and that gamma-ray~1-10
MeV! flares can be imaged with spatial resolution of ab
an arc minute if they are spatially complex, and of order
arcsec if they are comprised of isolated point sources. S
troscopy of large~X-class! flares will provide spectral detail
at the 1 keV level over at least the 5-100 keV range.

5.9 Other

Trimble has begun an investigation of the developmen
20th century ideas concerning star formation. The most st
ing feature is a period from about 1935 to 1945 when ma
stream astronomical opinion denied that star formation w
an ongoing process and confined it to the early period o
evolving ~big bang! universe. Work continues on identifyin
the causes of this anomaly and the events that brought
an end.
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