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This report covers astronomical research carried out du
the period July 1, 1994 – June 30, 1995. Astronomi
studies at the Department of Terrestrial Magnetism~DTM!
of the Carnegie Institution of Washington encompa
observational and theoretical fields of solar system
planet formation and evolution, stars and star formati
galaxy kinematics and evolution, and various areas wh
these fields intersect.

1. PERSONNEL
Staff Members: Sean C. Solomon~Director!, Conel M. O’D.

Alexander, Alan P. Boss, John A. Graham, Vera C. Rub
François Schweizer, George W. Wetherill

Postdoctoral Fellows: Harold M. Butner, John E. Chambe
Prudence N. Foster, Munir Humayun, Stacy S. McGau
Bryan W. Miller, Elizabeth A. Myhill, David L. Rabinow-
itz

Predoctoral Fellow: Lori K. Herold
Computer and Support Staff: Michael J. Acierno, Mary M

Coder, Janice S. Dunlap, Rosa Maria Esparza, Shau
Hardy, Sandra A. Keiser, Merri Wolf

Visiting Investigator: David R. Williams

2. RESEARCH PROGRAMS

2.1 Planetary System Formation

Prudence Foster and Alan Boss have continued their s
of triggered collapse of the solar system and of low m
stars. Using numerical models, they are examining the
ability of scenarios where a shock wave impacts a molec
cloud, triggers collapse, and injects particles from the sh
wave into the collapsing molecular cloud. Such a scena
can solve the problem of having live26Al present in the solar
system at the time of formation of certain meteoritical inc
sions~CAIs!. This year Foster completed the code develo
ment. The major programming accomplishment was to
velop and test a Poisson solver in cylindrical coordinates,
preferred coordinate system for the problem. The solution
the Poisson equation gives the self-gravity of the gas wh
undergoes collapse.

With the new code, Foster and Boss examined a suit
models, and found that merely changing the adiabatic ind
g, could drastically alter the results. Previous simulations
supernovae~SN! impacting clouds have shown that th
clouds are usually destroyed. Foster & Boss found that if
supernova is distant, such thatg is effectively reduced from
5/3 to 1, the cloud is not destroyed, but instead underg
sustained gravitational collapse. Foster & Boss also fo
that a good criterion for shock-induced collapse is the m
mentum of the shock. Below a critical value, 0.2M( km/s,
the shock will not instigate collapse. Both supernova a
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protostellar outflows have this much momentum out to re
tively large distances. Planetary nebulae do not, but w
their characteristic high post-shock temperatures, colla
again occurs. Hence all three outflows appear to be abl
trigger the collapse of molecular clouds to form stars.

Foster and Boss are continuing this work and examin
the possibility of introducing26Al into the early solar system
in a heterogeneous manner. Some meteoritical inclus
~chondrules! show no evidence for live26Al at the time of
their formation. So either the chondrules formed after
aluminium had decayed away, or the solar nebula was
uniformly populated with the isotope. Foster & Boss are e
ploring the injection of shock wave particles into the collap
ing solar system. Preliminary results are that;40% of the
incident shock particles are swallowed by the collaps
disk/star system, with the particles arriving at the collaps
star in two bursts separated by about 80,000 years.

Boss used a two-dimensional radiative hydrodynam
code to calculate steady state models of the thermal struc
of low mass protoplanetary disks undergoing mass accre
from their molecular cloud envelopes. The standard mo
consists of a 0.02M( disk in Keplerian orbit about a 1
M( central protostar, accreting mass at a rate of;1026 to
1025 M(/yr. With these assumptions, the midplane tempe
tures in the disk are above 1000 K inside about 2 AU, a
fall to the ice condensation point (;160 K! around 6 AU.
This particular model predicts that the icy cores necess
for giant planet formation could not form inside about 6 AU
which is only slightly larger than Jupiter’s orbital radius
5.2 AU. When the models are extended to study the str
tures of lower mass protostars~for fixed disk mass!, the mid-
plane temperature profiles shift inwards, but not greatly:
ice condensation point falls around 5 AU for a 0.5M( star
and at; 4.5 AU for a 0.1M( star. This weak dependenc
on stellar mass is contrary to what would be predicted ba
on the main sequence luminosities, and is due to the fact
the disks largely determine their own temperature distri
tion, which is fixed by the disk mass and the mass accre
rate. These models imply that Jupiter-like planets orbit
low-mass stars may be found at distances only slightly clo
to their stars than Jupiter is to the sun.

Boss examined a large number of models that have b
proposed for the formation of the chondrules that domin
the composition of the most primitive meteorites. Meteor
cal constraints such as the need for rapid heating to the m
ing point followed by cooling at rates on the order of a 10
K per hour imply that a flash heating mechanism was resp
sible for the thermal processing of chondrules. Astrophys
constraints on the likely energy sources available for prov
ing this heating seem to point to nebula shock waves as
most likely mechanism. However, the source of such sh
waves remains to be elucidated – Boss and John Gra
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44 ANNUAL REPORT
proposed that the impact of distinct clumps of infalling m
lecular cloud gas on the surface of the solar nebula may h
launched shock waves capable of thermally processing c
drule precursors. While this hypothesis is difficult to te
ongoing observations by others of the variable luminosity
young stars imply the presence of nearby dust clouds mo
at high velocities, consistent with the hypothesis of cho
drule formation by clump impact.

Primitive meteorites retain evidence of the conditions
the early solar nebula. C.M.O’D. Alexander has used
Washington University ion probe to measure trace elem
abundances in the various major constituents of ordin
chondrite meteorites. Many of these components, part
larly chondrules, have been heated to 1800K to 210
Given the low pressures that existed in the solar nebula,
nificant evaporation during heating and recondensation
ing cooling may have occurred. The possibility th
evaporation-recondensation may explain the major and t
element compositions of ordinary chondrite components
being explored through numerical simulations. Primitive m
teorites also contain grains that formed in the atmosphere
other stars, primarily AGB stars and supernovae. C.M.O
Alexander has continued his collaboration with E. Zinn
and L. Nittler in the search for and isotopic analysis of the
presolar grains.

Laboratory-based investigations of the chemical and
topic compositions of 5d transistion metals~W, Re, Os, Ir
and Pt! in meteorites and planetary samples in order to e
cidate the nature and timing of formation of planets and
teroids are being carried out by Munir Humayun. Chemi
processes involved in the formation of asteroids and pla
separate the 5d transition metals from an initial solar ab
dance distribution of these elements. A long-lived radioi
tope, 187Re (t1/2542.3 billion years!, decays to187Os, pro-
viding a cosmochronometer for processes separating Re
Os, which has yielded meaningful ages for iron meteorites
potential test of the fidelity of187Re/187Os dating of iron
meteorites is provided by a short-lived radioisotope,182Hf
(t1/259 million years!, decaying to182W, with a residence
time comparable to the timescale between nebula forma
and accretion of planetesimals to form embryonic planets
search for this short-lived radioisotope is being carried ou
DTM’s isotope laboratories by performing isotopic analys
of W in meteorites with a precision of about 1 part in 10,00
A useful by-product of this investigation is a measuremen
~or a limit on! the initial ratio of 182Hf/180Hf ~a stable Hf
isotope!. The radioisotope182Hf is produced by two nucleo
synthetic processes: 1! r-process from rapid neutron captu
on lanthanides, followed by ab2 decay chain terminating a
stable 182W, and 2! fast s-process by neutron capture
180Hf, via 181Hf ( t1/2542.4 days, decaying to181Ta, the prin-
cipal Ta isotope!, to 182Hf. The initial solar system182Hf/
180Hf ratio provides insights into the nucleosynthetic mixtu
of the sun’s parental molecular cloud, and particularly in
deciphering the nature of its last contributor~an AGB star or
a supernova! providing live radioisotopes with half lives
from 0.1 to 10 million years, including26Al ~0.7 million
years!, 41Ca ~0.1 million years!, 60Fe ~1.5 million years!, and
107Pd ~6.5 million years!.
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John Chambers in collaboration with George Wethe
has begun a project to study a poorly-understood stage o
formation of the terrestrial planets, namely the transiti
from ordered accretion of material onto planetary embryos
a regime in which the embryos move on highly-eccent
crossing orbits, interacting strongly and colliding with on
another. Several authors have previously noted that a pa
embryos in isolation are prevented from accreting one
other if their orbital separation exceeds a critical value. C
versely, Chambers finds that in more realistic systems c
sisting of at least three embryos, close encounters occur e
when the initial separation exceeds this critical value, allo
ing further accretion to occur. In addition, Chambers find
robust relation between the initial orbital separation and
logarithm of the time of first close encounter in such sy
tems. This relation appears to be very general and has im
cations for the stability of planetary and satellite systems

Wetherill has extended the modelling of the final stage
planet formation to include variations that may be expec
to occur in extrasolar planetary systems. These variati
include differences in stellar mass, surface density of
protoplanetary disk, and absence of gas giant planets in
outer part of the planetary system. It is found that the gen
characteristics of these planetary systems are insensitiv
variation in stellar mass. Because the position of zones h
itable for living organisms are sensitive to stellar mass, pl
ets associated with stars smaller than 0.5M( tend to be too
cold to be habitable, whereas those associated with s
larger than 1.5M( tend to be too hot. The mass of the fin
planets is roughly proportional to the solid matter surfa
density of the disk. The effect of gas giant planets is to cl
the region of the planetary system in the vicinity of the
stronger commensurability and secular resonances. Plan
systems in which such bodies are more distant or absent
be expected to have terrestrial planets at the distance of
asteroid belt.

2.2 Solar System Evolution

David Rabinowitz and Wetherill worked together
model the origin of Earth-approaching asteroids, extend
Wetherill’s previous calculations in order to predict the si
and orbital distribution of asteroids with diameters in t
range 10 m to 1 km. Using Monte Carlo methods to mo
the effects of planetary encounters, and using analytic the
to predict the effects of resonant gravitational perturbatio
by the planets, Rabinowitz and Wetherill have shown that
collisional fragments of main-belt asteroids are sufficient
explain the observed number and orbit distribution of k
sized Earth approachers, but are not sufficient to explain
orbits of small Earth approachers~SEAs! with diameters less
than;50 m. Too many of the SEAs have low eccentrici
Earth-like orbits that are not predicted by the calculatio
This result supports the earlier suggestion by Rabinowitz
;5 % or more of the SEAs originate from a local sourc
such as ejecta from the Moon, Mars, or an undiscove
population of small asteroids at the Earth’s L4 and
Lagrange points.

Rabinowitz returned to Kitt Peak in April, May, and Jun
to continue ongoing searches for SEAs at the Spacew
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45CARNEGIE INSTITUTION OF WASHINGTON
Telescope of the University of Arizona. These efforts
sulted in the discovery of several new Earth approachers
also participated in a NASA working group, headed by Ge
Shoemaker at Lowell Observatory, and formed at the req
of the U.S. Congress, with the task of preparing a 10 y
plan to detect all Earth-crossing asteroids and comets
diameters larger than 1 km. The resulting plan calls for
construction of two dedicated search telescopes of;2 m
aperture, with state of the art focal-plane detector arrays
well as investments to boost the capabilities of smaller,
isting telescopes. Such a system could discover 60-70 %
the Earth-crossing asteroids larger than 1 km in a 10 y
period.

Chambers has completed work on a study of the lo
term orbital evolution of comet P/Swift-Tuttle, the large
known Halley-type comet. Results include the discovery t
this comet librates about the 1:11 mean-motion resonanc
the most distant resonance yet found for a comet, and a
relation between resonant/non-resonant motion and the v
of the orbit’s Lyapunov exponent, which has implications f
long-term studies of the orbital motion of comets.

Sean Solomon continued his studies of the tectonic
volcanic evolution of Venus. Important clues to the inter
structure and dynamics of Venus come from the relations
between variations in the planet’s gravity field, recently m
sured by the Magellan spacecraft, and variations in surf
elevation. The distribution and state of preservation of i
pact craters on Venus have been taken to indicate that m
of the surface dates from the end of a global resurfac
event that ceased at about 500 million years ago. An imp
tant class of features, however, is younger. Solomon
Noriyuki Namiki of M.I.T. showed that the density of impac
craters on the largest volcanoes on Venus, as a group, is
that of the planet as a whole. The most straightforward
planation is that large volcanoes have an approximately
form age distribution over the last 500 million years.

2.3 Star Formation and Stars

Recent radio wave observations have shown that the
sity distributions toward the center of suspected pre-colla
molecular cloud cores appear to turn over and flatten
compared to the power-law behaviors previously inferr
Thus Gaussian density profiles appear to be better app
mations for pre-collapse clouds than power-laws. B
pointed out the importance of this discovery for the quest
of binary star formation. Molecular cloud cores with powe
law profiles are highly resistant to fragmentation into bina
protostars during their collapse, whereas Gaussian pr
clouds fragment much more readily. For the thermal a
gravitational energies appropriate for a magnetica
supported cloud on the verge of dynamical collapse, a Ga
sian cloud should collapse and fragment into a binary
higher order protostellar system, implying that binary p
tostars should be the rule rather than the exception. T
prediction appears to be in the process of being validated
observations of suspected protostellar objects, and ha
ready been demonstrated for pre-main-sequence sta
single T Tauri stars are relatively rare. Observations of p
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collapse clouds and of T Tauri star companions thus seem
point toward fragmentation as the dominant mechanism
binary star formation.

Lee Hartmann~CfA!, Nuria Calvet~CfA!, and Boss have
explored the implications of protostellar collapse starti
from an infinite sheet rather than a sphere, finding that d
like structures develop in this case, even in the absenc
rotation or magnetic fields. Radiative transfer calculations
the expected appearance of disks formed by sheet coll
show that such models provide a better match to obse
tions than initially spherical models; e.g., such models all
the accreting protostars to be optically visible from certa
angles while still being surrounded by reflection nebulae

Boss and Elizabeth Myhill completed a major survey w
the three-dimensional radiative hydrodynamics code of
collapse of molecular cloud cores with initial differential ro
tation. Boss and Myhill found that when clouds with initia
Gaussian density profiles were given an initial angular vel
ity profile consist with a prior phase of contraction with co
served angular momentum~i.e., the maximum degree of dif
ferential rotation likely!, the range of initial conditions
leading to binary fragmentation expanded. That is, clou
that previously collapsed without undergoing binary fra
mentation were found to be susceptible to fragmentat
when differential rotation was introduced~while holding the
ratios of thermal and rotational to gravitational energ
fixed!. Initial configurations with centers rotating more ra
idly than the boundares are clearly conducive to fragmen
tion. In fact, differentially-rotating clouds with ratios of the
mal to gravitational energy close to that characterizing vir
equilibrium ~1/2! are expected to collapse and undergo fra
mentation. Clouds contracting under the influence of m
netic fields develop differential rotation, and the prese
models imply that such clouds should readily form bina
protostars.

Boss and Harold W. Yorke~U. Würzburg! calculated the
spectral energy distribution~SED! of single and binary pro-
tostars at an early phase of evolution, prior to the format
of the final protostellar core associated with embedded p
tostellar objects~class 0 and I objects! and with the slightly
older pre-main-sequence stars~class II and III objects!.
These earlier objects are so-called first protostellar co
with radii on the order of 10 AU, and are supported primar
by molecular rather than atomic hydrogen. In keeping w
the established nomenclature, Boss and Yorke proposed
ing these protostars ‘class -I objects’. Spherically sym
metrical models of class -I objects imply that their SED
would be similar to those of black bodies with temperatu
of order 10 K, because the protostar’s radiation must filter
way out of an intervening cloud of infalling dust. Howeve
Boss and Yorke showed that in the more realistic case
rotating, asymmetrical protostars, certain lines of sight p
mit the radiation to escape more freely, adding shor
wavelength shoulders to the black body SEDs. Interestin
the predicted shoulder fluxes for nearby star-forming regi
are too low forIRAS to have detected class -I objects, b
high enough forISOandSIRTFto find these protostars.

John Graham used the Las Campanas 100-inch teles
in May 1995 to discover two extended regions of lin
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46 ANNUAL REPORT
emitting gas, one on each side of the deeply embedded
source IRAS 18595-3712 in the Corona Australis area of
formation. The excited gas, observed so far only in H-alp
extends NW and SE of the probable protostar over a t
length of 20 arcmin~corresponding to a transverse distan
of approx 0.8 pc!. Although no detailed spectroscopy or v
locity measurements are available, it seems most likely
the gas is tracing a major material outflow for this heav
obscured object.

High resolution observations of the ice-band profile se
against selected young stellar objects were acquired at C
Tololo Inter- American Observatory by Graham with the r
cently refurbished IR spectrometer at the 4 meter telesc
Observations were most complete for the FU Orionis s
V346 Nor and for HH100-IR and TS2.4, two embedded p
main sequence stars in the Corona Australis cloud. Red
tions of the data are proceeding.

During a series of observing runs in 1994 and 19
Harold Butner and collaborators Helen Walker~RAL!, Diane
Wooden~NASA Ames! and Fred Witteborn~NASA Ames!,
obtained moderate resolution 8-13 micron spectra for a n
ber of Vega-like stars from the NASA IRTF 3 meter tel
scope, using the NASA Ames HIFOGS spectrometer. Th
stars revealed a range of spectra features, from classic
silicate features to others much more comet-like in charac
Several papers are in preparation.

Butner, Lynne Deutsch~FCAD!, Bill Hoffmann ~Steward
Observatory! and Joe Hora~IfA ! mapped a number of youn
stars in Taurus with the MIRAC2 camera at UKIRT in N
vember 1994. The purpose was to look for both extended
and 20 micron emission as well as additional sources in
vicinity of the known IR source. Data is currently being r
duced.

Wooden and Butner continued a monitoring program o
Tauri stars at 10 microns in February 1995. No obvio
variations were detected, though the project was hamp
by bad weather at Mount Lemmon.

Butner and Gerald Moriarty-Schieven~DRAO! studied
the emission from pre-protostellar cores using the molec
DCO1 and the JCMT 15 meter telescope. Initial maps s
gest that the DCO1 J53-2 emission does not peak at th
same location as the submillimeter continuum maps. In
dition, some sources for which DCO1 emission might have
been expected were not detected, indicating either hig
temperatures or lower densities than previously suggeste
studies of these regions.

Butner and Steven Charnley~NASA Ames! used the
NRAO 12 meter telescope to look for evidence of Alfve´n
waves, using deuteration chemistry as a tracer for the p
ence of the waves. They found evidence consistent with
predictions of Charnley and Roberge, suggesting that
waves are present and affecting the abundances of deute
species in the way expected by theory. Other projects
were pursued by Butner included including finishing a s
vey of 450 micron emission around a sample of low m
embedded YSOs in Taurus. In addition, CS 5-4 and 7-6 m
were taken for many of the same objects. Modeling of th
regions is currently underway.
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2.4 Galaxies and Extragalactic Research

John A. Graham is a co-investigator in the Hubble Spa
Telescope Key Project ‘‘Determination of the Extragalac
Distance Scale.’’ He is currently the lead investigator for t
observations which have been obtained of the barred sp
galaxy NGC 3351 in the Leo I group. This group also co
tains the closest normal elliptical galaxies. Distances to
galaxies in the Leo I group have been estimated until now
using several secondary techniques including the Tu
Fisher relation. Thus, the determination of the distance
this early type galaxy using a primary distance indicator su
as its Cepheid variable stars will provide a powerful way
calibrating the secondary methods and of refining the d
tance scale as a whole. The new data set spans nea
months and incorporates 12 separate visits to NGC 3351
Cepheid variables have been discovered with periods ran
from 10 to 43 days. Magnitudes for these stars at each ep
are now being finalized.

Graham used the Las Campanas 100-inch telescop
obtain large format UBV images of a field containing
group of young, blue stars in the NE radio lobe of the act
galaxy NGC 5128~CenA!. The field includes also a previ
ously determined magnitude sequence which extends
magnitude 22. Preliminary results show that the bright
blue stars are at visual magnitude 20 and thus, with modu
27.7, are comparable to the blue supergiant stars in the
gellanic Clouds. The blue stars lie in loose chains along
edge of a recently discovered cloud of neutral hydrogen
are probably a consequence of the compression of this c
by shocks arising from the neighboring radio jet. This u
usual mode of star formation may relate to the origin of t
faint, aligned and relatively blue extensions which are se
in more distant radio galaxies.

Vera Rubin, in collaboration with Jeffrey Kenney~Yale
University!, has completed an observing program to obt
spectra and measure rotation curves for about 100 galaxie
the Virgo cluster. This year, studies have been completed
the highly disturbed Virgo pair, NGC 4438~Sb! and NGC
4435 ~SB0!. Kenney, Rubin, Pere Planesas~Yebes, Spain!,
and Judith Young~Univ. Mass. Amherst! have combined
high resolution long slit spectroscopy, high resolution C
interferometry, and optical line images to interpet the co
plex morphology and kinematics in terms of a high-veloc
~900 km/s! ISM-ISM collision between the massive gas-ric
NGC 4438 and the less massive, less gas-rich NGC 443

Kenney, Rebecca Koopmann, a Yale graduate student,
Rubin have also studied NGC 4424~Sa!, a little noted galaxy
in Virgo. The twisted morphology and the complex inner g
kinematics are consistent with a recent merger. They pre
that the galaxy will become a small-bulge S0 within'1 Gyr.

Rubin, Kenney, and Young have completed a study
fourteen Virgo galaxies, types E/S0 to Sc, whose motions
their near-nuclear regions suggest disconnected, rapi
rotating core components of radius'500pc, mass
'33109M( ~ranging up to 1010M(). There is a good cor-
relation of radius, mass, and peak rotation of a core w
radius, mass, and peak rotation within the corresponding
tical disk. A core extends to about 3 or 4% of the outer d
isophotal~R25) radius, with a mass of about 4% of the ma
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47CARNEGIE INSTITUTION OF WASHINGTON
interior to R25, and a rotation velocity approximately that o
the outer disk.

Rubin, Bradley Whitmore~STScI! and Bryan Miller are
using the Hubble Space Telescope to investigate the dus
nuclear properties of galaxies in the Virgo clusters with
nematically distinct cores. The morphology of the du
ranges from very orderly disks to very chaotic with stru
tures seeming to extend out of the plane of the galaxy.

Stacy McGaugh made a detailed investigation of the m
phologies of a sample of Low Surface Brightness~LSB! gal-
axies in all optical~UBVI and Ha) bands. Generally late
types, LSB galaxies extend the classic Hubble sequence
number of directions. In addition to classic dwarfs of smoo
and irregular nature, there also exist many larger syst
with erratic and feeble but definite spiral structure. With c
laborators J. Schombert~NASA/IPAC! and G. Bothun~U.
Oregon!, some indication was also found of a binary dist
bution of bulge to disk ratios, with most LSB galaxies lac
ing any significant bulge at all but some subset having q
prominent bulges with no obvious transition population b
tween the two. Another conclusion is that the morpholo
varies less from the U to I bands than in higher surfa
brightness spirals, indicating a more homogeneous ste
population. More generally, it was found that the volume
parameter space occupied by galaxies continues to grow
wards later morphological types, with the result that galax
which are very different physically can be lumped into t
same late-type bin~e.g., Sd! while rather fine distinctions
~e.g., that between Sb and Sc! are made between high surfac
brightness galaxies since the classification scheme g
much weight to high contrast features.

McGaugh also revisited the long standing debate over
number density of LSB galaxies. Though fraught with diffe
ences of definition and arguments over the nature of se
tion effects, it appears clear now that LSB galaxies do e
in substantial numbers, much higher than previously
lieved. However, number density is not the same as lumin
ity density, and it seems unlikely that LSB galaxies are ma
contributors to the integrated luminosity density of the u
verse. Nevertheless, they can have a significant impact on
shape of the galaxy luminosity function. Possible scena
and their implications for the faint blue galaxy problem we
investigated in collaboration with H. Ferguson~STScI!, but
the true form of the luminosity function remains to be qua
tified.

Bryan Miller used Ha imaging, nebular spectroscopy, an
BVI photometry to investigate the recent star formation h
tories of eight dwarf galaxies in the Sculptor Group. On
two of the eight galaxies have current star formation, and
oxygen abundances in their HII regions are typically lo
However, distance estimates place these two galaxies in
field behind the Sculptor Group. Of the remaining six gala
ies, the four dwarf irregular galaxies have blue supergia
indicative of star formation withing the last 100 Myr, and th
two dwarf elliptical galaxies have not had a significant e
sode of star formation for 1–3 Gyr. The general star form
tion activity of the Sculpor Group dwarfs is less than
dwarf galaxies in the Local Group or M81 Group. Since t
mass density in the Sculptor Group is less than in either
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Local or M81 Groups, large-range gravitational interactio
may play a role in regulating star formation in dwarf gala
ies.

Miller and P. Hodge~U. Washington! have determined
oxygen and nitrogen abundances for HII region in the M
Group dwarf galaxies IC 2574, Holmberg I, and M81dB. T
empirical, or bright line method, is used to determine t
oxygen abundances and ionization parameters. When
@OIII #4363 line is detected the directly calculated oxyg
abundances agree with the empirical values within the un
tainties. The oxygen abundances are typically 0.12 solar
are consistent with the log~O/H!–MB relation. Nitrogen
abundances are also normal for irregular galaxies.

Hodge and Miller have continued their work on curre
star formation rates and abundances in dwarf galaxies
the Local Group. HII regions have been detected in WL
UGC-A 86, and EGB 0427163, but no Ha emission was
detected from LGS 3. Previous work had suggested
UGC-A 86 could be a pair of dwarf galaxies but the new d
suggest that it is one galaxy, the disjoint appearance be
caused by several star forming regions of different ages.
bright end of the HII region luminosity functions is fit by
power law and the size distributions are reasonably well
scribed by exponential functions. Oxygen abundances
7% of solar, typical of dwarf galaxies of this absolute ma
nitude.

Miller discovered Ha emission in a shell around a ver
luminous X-ray source near the dwarf galaxy Holmberg
in the M81 Group. Spectroscopy of the nebular gas revea
@OI#6300 emission and@SII#/Ha.0.4, indicating that the
shell is shock heated. With a diameter of 250x400 pc t
shell is likely to be the result of winds from massive stars
multiple supernovae explosions. It may be in the process
becoming a supershell like those observed in the LMC
several edge-on spiral galaxies. With a luminosity of;1040

erg/sec, the X-ray source is 100–1000 times more lumin
than most supernovae remnants and is slightly brighter t
even young supernovae remnants expanding into dense
The X-ray flux may originate from a combination of shoc
in the expanding shell and a massive X-ray binary or ot
compact source.

E. Wilcots ~U. Wisconsin!, C. Lehman~Rensselaer Poly-
technic!, and Miller have analyzed the HI distribution of
sample of barred Magellanic irregular galaxies using
VLA. The bars are evident in both the HI morphology an
the kinematics. Four of the five galaxies have small (107 M

() HI companions. Three of these clouds have no opti
counterparts on Palomar Sky Survey plates and the clo
appear to be interacting with their primary galaxy. Therefo
we expect that the bars may be due to these interactions.
presence of these clouds is also significant because they
ply that galaxy building continues in the present epoch.

Miller and Rubin obtained Ha spectroscopy of the edg
on galaxy NGC 5907. The rotation curve is double-valued
the nuclear region: outer disk gas has a low line-of-si
velocity seen in projection against the nucleus and hi
velocity gas originates closer to the nucleus. The high vel
ity gas shows that the rotation curve rises much more quic
that had previously been known. Mass models put a low
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limit on the mass-to-light ratio of the bulge and suggest t
the mass density of the halo goes asr22 or r22.25, consistent
with the faint light detected by Morrison and colleagues
1993.

François Schweizer continued his observational studies
stellar populations and globular clusters in merger remna
and in elliptical galaxies rich in fine structure. These stud
aim principally at addressing the issue whether the two ki
of galaxies are related and form an evolutionary sequenc
addition, they also yield valuable information concerning t
formation and evolution of globular-cluster systems.

The detailed study of the merger remnant NGC 3921
gun a year earlier and based on groundbased data gath
over more than a decade was finished, and a paper is in p
This luminous galaxy at a redshift ofz ' 0.02 features a
single nucleus, a main body with complex fine structure, a
a pair of;100 kpc long, crossed tidal tails indicative of tw
major former disk galaxies that have essentially merged.
main body of the remnant shows a typical post-starbu
spectrum dominated in the blue by A3V – A5V stars, lead
to an estimated burst age of 0.5–1 Gyr and burst strengt
;10% by mass. Analysis of the Balmer absorption lines a
UBV-colors shows that NGC 3921, like its more famous k
NGC 7252, is a nearby analog of distant galaxies with
1A’’-type spectra in Butcher-Oemler clusters. Remarkab
its radial luminosity distribution,UBV-colors, color gradi-
ents, velocity dispersion, spectroscopic line strengths,
fine-structure index all agree with the notion that NGC 39
is a 0.76 0.3 Gyr old protoelliptical. This finding lend
support to the hypothesis that ‘‘E1A’’-type galaxies in dis-
tant clusters, too, are merger remnants in the process o
coming E and S0 galaxies. Since NGC 3921 itself is a me
ber of a small, tight group of four galaxies, it also prese
direct evidence that mergers resulting in elliptical formati
occur in such nearby groups to the present day.

The study of young globular clusters formed during me
ers of gas-rich disk galaxies continues to generate grea
terest since it holds the promise of relatively simple a
dating of the last major starbursts in merger remnants
collaboration with Patrick Seitzer~U. Michigan!, Schweizer
obtained spectra of 10 candidate young globular cluster
NGC 7252 with the CTIO 4-m telescope. Though for t
fainter objects the signal-to-noise ratio of this first set
spectra leaves much to be desired, all objects seem to s
strong Balmer absorption lines indicative of ages in the ra
20–1000 Myr. Thus, at least these brightest clusters see
all have formed during the merger, which from the kinem
ics of the tidal tails is estimated to have begun 1.020.5

11.0 Gyr
ago. Work is in progress to measure metallicities for
brightest two or three clusters.

In collaboration with Bradley Whitmore and his team
STScI, Miller and Schweizer used the refurbishedHubble
Space Telescopeto image the merger remnants NGC 39
and 7252 and the two ellipticals NGC 1700 and 3610 s
pected to be dynamically young. In all four galaxies, exte
sive systems of candidate globular clusters were found
NGC 7252, the new, deeper observations reveal hundred
clusters down to the peak of the old-globular-cluster lum
nosity function. In NGC 3921, observed withHST for the
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first time, there are now over 100 luminous candidate glo
lar clusters, where only a handful had been tentatively id
tified from the ground. TheirV2I colors yield ages of a few
100 Myr, showing that like those in NGC 7252 these clust
formed during the recent merger. In the two ellipticals, t
cluster systems appear redder and older, and accurate
estimates will have to await spectroscopic abundance de
minations. However, assuming cluster abundances of at l
1/10-th solar in these fine-structure rich ellipticals and like
recent merger remnants, the cluster colors suggest tha
least a fair fraction of these globular clusters are only a f
Gyr old, again in tentative agreement with the estima
merger ages of their host galaxies. Also, the color distri
tion of the NGC 1700 clusters seems to be bimodal. Th
these observations all reinforce the view that globular-clus
systems in ellipticals may have formed during merger e
sodes.

Lori Herold, a graduate student from MIT, continued h
thesis work~with Bernard Burke as advisor! on close double
radio sources in the MIT–Green Bank–VLA Gravitation
Lens Search program. Close double radio sources are a
set of the class of compact steep spectrum radio sour
which appear unresolved in VLA maps with total angu
sizes of,29 . These objects are not well understood, b
appear to be intrinsically small sources, most likely rad
galaxies at large redshifts. As such they may represen
early stage in radio source evolution. Herold has been us
the 1.3-m McGraw-Hill telescope on Kitt Peak to search
optical counterparts and obtain color information on the
sources, which she has previously observed with MERL
and the VLA. This fall, Herold and her MIT colleagues wi
use the MDM 2.4-m Hiltner telescope to obtain spectra a
redshifts for a subset of close double sources.
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