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This report covers astronomical research carried out duringubstellar mass function and the distributions of orbital radii
the period July 1, 1998 — June 30, 1999. Astronomicaland eccentricity needed for further development of planet
studies at the Department of Terrestrial Magneti@®TM)  formation theory. In addition, these surveys will provide tar-
of the Carnegie Institution of Washington include get lists for the next generation of techniques, such at the
observational and theoretical fields of planet structureKeck Interferometer, the Space Interferometry Mission, and
detection, and formation, the formation of stars and stellathe Terrestrial Planet Finder. By 2010 these surveys will pro-
evolution, the structure, dynamics, and evolution of galaxiesyide a first planetary census of nearby stars and allow us to
and the extragalactic distance scale. estimate the ubiquity of planetary systems and of “Solar
System” analogs.

1. PERSONNEL 2.2 Planetary System Formation

Staff Members: Sean C. SolomdDirector, Conel M. Alexander and Wang are using trace element and isotopic
O'D. Alexander, Alan P. Boss, R. Paul Butler, John A. Gra-measurements, in conjunction with theoretical models, to de-
ham, Vera C. Rubin, Frants Schweizer, George W. Weth- termine the extent to which evaporation played a role in the
erill formation of chondrules, rims and matrix in primitive mete-

Postdoctoral Fellows: Kenneth M. Chick, Andrew M. orites. Chondrules, rims and matrix are the major compo-
Freed, Satoshi Inaba, Daniel D. Kelson, Stephen J. Kortements in these ancient meteorites which provide glimpses of
kamp, Patrick J. McGovern, Larry Nittler, Michael W. the early history of the Solar System. Chondrules, at least,
Regan, Harri A. T. Vanhala formed a few million years after the formation of the Solar

Computer and Support Staff: Michael J. Acierno, Mary System as isolated molten droplets in the Solar Nebula. At
M. Coder, Janice S. Dunlap, Rosa Maria Esparza, Shaun the low pressures of the Solar Nebula and the high tempera-

Hardy, Sandra A. Keiser, Jianhua Wang, Merri Wolf tures needed to form chondrules, many elements, including
K, Fe, and Si, would have been relatively volatile. The de-
2. RESEARCH PROGRAMS gree of evaporation these elements experienced will con-

strain conditions during this important epoch in the evolution
of the Solar Nebula just prior to or during the formation of

Over the past year, Geoff Mar¢C Berkeley and But-  the terrestrial planets. Initial results suggest they must have
ler have expanded their precision Doppler search for extraformed in a dust enriched environment with(H,)
solar planets to include the 1,100 nearest Sun—like $k#s = 10 ° atm.

- M5) with the Lick 3-m, Keck 10-m, and Anglo-Australian The discovery of presolar grains in primitive meteorites,

3.9-m telescopes. Over the past 4 years, these surveys haseme of which are large enough for precise isotopic mea-
led to the discovery of two-thirds of the known extrasolarsurements on individual particles, provides a novel means of
planets. Within just the last year, 7 new planets haveprobing both stellar and Galactic evolution. Alexander, Nit-

emerged from this work, including the only known system oftler and Wang have recently developed a new, highly auto-
multiple planets orbiting a normal Sun-like star — Upsilon mated technique, utilizing the Carnegie ion microprobe, for
Andromedae. making large scale surveys of various types of presolar grain.

Of the ~ 400 stars surveyed for 4 years or longer, noThese grains come from a large number of stellar sources.
companions have been found with “Msini” mass greaterlLarge, unbiased surveys will provide information @ the
than 6.6 Jupiter-masses. The substellar companion masslative dust production rates of various types of sou(2g,
function is strongly peaked at less than 5 Jupiter-masseshe details of the nucleosynthesis in these st@sidentify
Brown dwarf companions to solar type stars are rare. rare subtypes, and) the Galactic chemical evolutidiGCE)

All of the planets found orbiting beyond 0.2 AU are in of some elements. They have recently reported the first de-
eccentric € > 0.1) orbits, suggesting that systems of plan-tection of a presolar supernova oxide grain, as well as de-
ets in circular orbits may be rare. These discoveries havailed analyses of the GCE of Si, Ti and O as recorded in
stimulated the development of planet formation and evolupresolar grains and the possible influence of stellar diffusion
tion theories, including disk-planet and planet-planet interacen the compositions of presolar grains.
tions, capable of producing planets in eccentric orbits and in Kortenkamp has been working with Scott Messenger
very short period orbits. (NIST) on a method for identifying the specific parent bodies

The long term goal of this work is to maintain Doppler of some interplanetary dust particles collected in Earth’s
precision of 3 m/s over the next two decades, sufficient tostratosphere. Parent body identification is possible for dust
make 4 sigma detections of Solar System analdgpiter- particles from debris trails associated with certain Earth-
mass companions out to 5 AUOver the next decade these crossing asteroids and short-period comets. For a limited
surveys will provide the raw data needed to construct theange of parent body orbital parameters, dust particles gen-

2.1 Extrasolar Planet Detection
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erated by debris collisions can be directly injected into EarthEarth. As a result, frequently all these bodies will be re-
encountering orbits through the action of radiation pressureanoved from the asteroidal regions, as well as most of the
Fresh dust particles from such sources can be recognized Isynaller bodies. All that may be left is a population of “as-
their short space exposure agtns of yeary indicated by a  teroid size” bodies that are not far more numerous than the
low abundance of implanted solar wind noble gases and/goresent asteroid population.
lack of solar flare tracks. Space exposure age serves to dis- An alternative approach to evolution of asteroid regions is
tinguish between dust particles which share orbital charactebeing studies in collaboration with Kortenkamp. In this case,
istics of their parent body debris trddge<< 100 yearsand it is assumed that giant planets were rapidly formed during
dust particles which became Earth-crossing after their orbitthe latter stage of formation of the central star, as proposed
were significantly modified through Poynting-Robertsonby Boss. Growth of planets in the terrestrial planet and as-
drag and gravitational perturbatiofege> 100 years The teroid region is slowed markedly by the strong perturbations
time of year that the dust particles are collected provides thé eccentricity and inclination by the giant planets. Neverthe-
approximate longitude of one of the ecliptic nodes of theless preliminary results seem to show that planets are likely
parent body’s debris trail. An estimate of the peak temperato form in the present terrestrial planet region, whereas it is
ture reached by the dust particles during atmospheric entrynclear if this is possible in the asteroidal region. If bodies of
provides a constraint on their atmospheric entry velocity significant size can form, it will be a consequence of the
which further limits the range of possible orbits for the par-tendency of the perturbations by the giant planets to be in
ent body’s debris trail. There are presently 50 Earth-crossinghase with one another when the colliding bodies are of
asteroids and 4 short-period comets which may produce dusimilar mass. As a consequence, the relative velocities of
identifiable with these orbital constraints. It is particularly these bodies will be similar to one another at the time of their
notable that some asteroidal and cometary dust is accretallision, increasing the probability that they will merge,
with low Earth-encounter velocities, and will thus suffer rather than shatter one another. Conventional statistical me-
minimal alteration from atmospheric entry heating. chanical techniques for calculating the evolution of systems
On the basis of earlier work by Wetherill and Glen Stew- of this kind are not applicable because they assume a random
art (U. Colorado, Inaba and his colleagues at the University distribution of the angular orbital elements, but this tendency
of Tokyo constructed a highly accurate statistical method fois reduced by the synchroneity mentioned above. We have
the calculation of planetary accumulation, using the latestecently acquired improved computational facilities, use of
results of planetary dynamics. Inaba tested the statisticalhich we expect will make it possible to see if a planetary
method by comparing carefully witN-body simulations. As  growth process of this kind will permit formation of an as-
a result, they found that the statistical method can reproducteroid population that is small enough to evolve into that
results of N-body simulations with high accuracy. This observed by ordinary asteroidal collisional mechanisms.
means that the statistical method describes the accumulation Boss has been examining the formation of gas giant plan-
process correctly. The statistical method is a powerful devicets. Two mechanisms have been suggested, core accretion
for simulating the early stage of planetary accumulationand disk instability. Core accretion presumes the collisional
where a large number of bodies exist. accumulation of a roughly 15 Earth mass core of ice and
Over a number of years Wetherill has carried out theoretivock, which then accretes hydrodynamically an envelope of
cal studies regarding the formation of the asteroid belt and itsl and He gas. However, recent models of the interiors of
equivalents in other planetary systems, and with differentlupiter and Saturn require considerably smaller core masses
assumptions regarding the formation of the giant planets anthan were previously thought to be the case, or even no core
their extrasolar counterparts. Asteroidal samples, in the format all. Core accretion also has a difficulty with growing a
of meteorites, are our only samples of materials that havdovian-mass planet within the expected lifetime of the solar
preserved a chemical and isotopic record of the first severalebula(a few million years at mogt Core accretion is the
hundred million years in the history of a planetary systemgenerally accepted mechanism, but if a disk instability is
For this reason it is important to develop alternative modelgossible, as proposed by Boss, it will occur well before core
of the formation of asteroids that can link this laboratory andaccretion can even get started.
observational data to models of planet formation. In the disk instability mechanism, a gravitationally-
During the past year an investigation of this kind has beennstable disk breaks up into clumps of gas and dust that can
carried out in collaboration with former DTM postdoctoral contract and become giant gaseous protoplanets. The disk
associate John Chambérow at the Armagh Observatory in instability mechanism can lead to core formation by rapid
Northern Irelang, and submitted for publication. This makes sedimentation of dust grains as the protoplanet slowly con-
use of numerical integration to address the question of howracts toward planetary densities. Because the instability oc-
an originally smooth radial distribution of matter in the early curs over a time scale of order about 1000 years, there is no
Solar System may have evolved into the present sparselyanger of losing the disk gas before the giant gaseous pro-
populated region observed today. It is found that after fortoplanets form. However, the instability requires a disk that
mation of Jupiter and Saturn, an earlier population of planetss massive enough and cold enough to become gravitation-
as large as two lunar masses or more will perturb one anothailly unstable. Disk instability may be able to explain the
into giant planet resonances, and on a time scale of a feformation of massive giant planet systems like that of Upsi-
hundred million years will be transported into the Sun, be-lon Andromedae, recently found by Butler and his col-
yond the giant planets, or collide with a large planet, e.gleagues.
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In order to further study the disk instability mechanism, 2.3 Stars and Star Formation
Boss has calculated the evolution of a number of three di-

mensional (3D), gravitational hydrodynamical models of . . o
: (3D), gravitat y y I of short-lived radioactivities in the early solar system. J. N.

protoplanetary disks starting from realistic initial tempera- . . |
ture and density profiles. The 3D models show that a Clumpgoswaml (Physical Research Laboratory, Ahmedabad, In

) N . . . dia) and Vanhala reviewed the latest meteoritic dataFfiar-
forming disk instability can occur in marginally unstable : : :
. . . .~ tostars & Planets IVand discussed the possible scenarios for
disks with masses as low as 4% of a solar mass inside a

radius of 10 AU. and perhaps even in somewhat lower dislPrOdUCtion of the radioactivities. They concluded that the
' P P most likely explanation for the radionuclides is their produc-

masses, though the disk mass seems to need to be greafigh in a nearby explosive stellar event and transportation to
than about 1% of a solar mass inside 10 AU. Models Wlththe molecular cloud core from which the solar system
dpubled radial extent show ‘h"?“ the outer boundary Condlformed by an interstellar shock wave, which also initiated
tions on the calculations have little effect on the results, ancghe collapse of the core. The hypothesis of the triggered ori-

|mply lthat.clump formation may be limited to an z;nrk]]ulus 'nlgin of the solar system can be further tested through numeri-
orbital radius between about 5 AU and 12 AU, with the usuaicq) simulations, and these simulations generally confirm its

outcome being two multiple-Jupiter-mass clumps within thisviability.
annulus. These 3D models suggest that a protoplanetary disk A. G. W. CameronHarvard-Smithsonian Center for As-

with a mass at the high end of the rar(d@6 to 7% of a solar  ,5hysics and Vanhala examined the processes involved in
masg considered possible for the minimum mass solarysgisted star formation by using a three-dimensional
nebula could quickly lead to the formation of two giant gas-¢mqothed particle hydrodynamics code to study the impact
eous protoplanets, one at about 6 AU and one at about 1gt jnterstellar shock waves on molecular cloud cores. The
AU. The terrestrial and outer planets could then form muchgcyjations show that cores can be triggered into collapse if
later by the usual process of collisional accumulation of solypq velocity of the shock wave is 20-45 km's The evolu-
ids. _ tionary state of the preimpact core influences the results:
Chick has continued the development of a computer codgighiy evolved cores can be triggered to collapse at lower
to simulate the hydrodynamic behavior of gas accretion diskgnock velocities than less evolved cores, while the latter may
surrounding protostars. The ultimate goal is to explorefragmam during compression and form a multiple star sys-
whether density concentrations, which form rapidly andiem Since the calculations did not make any specific as-
spontaneously in a self-gravitating disk, may coalesce intq mptions about the origin of the shock wave, the results
protoplanets over long periods of time, on the order 8§10  apply to any shock wave traveling at the desired velocity,
Initial testing of Chick’s code has focussed on the simplefyhether the source be an explosive stellar event, protostellar
problem of determining the disturbances in a non-selfxytflow, or a molecular cloud collision.
gravitating disk which are induced by a small secondary ancther test for the viability of the triggered origin sce-
body, such as a planet, which orbits the primary star. Theario is to determine whether radioactivities carried by the
secondary body is located outside the disk. Interest in thigshock wave can be injected into the collapsing system. Van-
problem is twofold. On one hand, since substantial analyticahsla and Boss used two-dimensional piecewise-parabolic
and numerical work on this problem exists in astrophysicalmethod simulations to study the behavior of shock wave ma-
literature, it is a good benchmark case. On the other handerial during its interaction with the molecular cloud core.
the problem arises in a wide range of astrophysical phenomrhey extended previous studies of the process to higher spa-
ena, is not fully understood, and thus merits further researchjal resolutions and showed that the results are robust: in
The particular numerical approach selected by Chick, thesothermal shock waves, material can be injected into the
Beam-Warming implicit scheme, has certain propertiescollapsing system through Rayleigh-Taylor fingers develop-
which in general make it ideal for accurately computing fluiding at the surface of the compressed core. Injection proceeds
flow over long time scales. However, the standard applicasteadily for~ 400,000 years with an efficiency of 10-20%.
tion of the scheme to the accretion disk problem suggest$he amount of injected material in the central parts of the
that the computation becomes inaccurate rather quickly, aftefollapsing system is typically- 0.7% of the total mass con-
about one orbit of the star-planet system. The inaccuracyained in that region.
appears to be associated with the interior boundary of the Boss is continuing to study the 3D collapse of
disk. Chick is currently exploring whether a slight generali- magnetically-supported, dense cloud cores undergoing ambi-
zation of Beam-Warming scheme yields a refinement in acpolar diffusion, in order to learn whether or not binary frag-
curacy. mentation can still take place in the presence of magnetic
The flow is particularly complicated at the inner bound- effects. The results of a lengthy series of models were pub-
ary, due to the convergence of a spiral shock pattern towarlished, where the initial cloud rotation rates were decreased
the center of the disk, and also due to the periodic reversal aintil the clouds no longer fragmented during their collapse
flow-direction across the interior boundary. Some boundaryphase. The resulting critical value of the initial cloud rotation
conditions may lead to flow which is inherently unstable.rate fell roughly in the middle of the range observed for
Various boundary conditions have been applied in previoupre-collapse cloud cores, implying that collapsing clouds
numerical research, and Chick is attempting to resolve exshould form single and binary stars about half the time each,
actly which conditions lead to a physically realistic, andan outcome that is in rough agreement with observations of
well-posed problem. binary star frequencies. These models included magnetic

Studies of meteoritic material have revealed the presence
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field effects in the magnetic pressure approximation, whicl2.4 Dynamics and Evolution of Galaxies

should be adequate for the initial phases of collapse. A new .

set of models ?s in progress Whefe magnetic tenpsion forces Following on the work reported last year, Graham has
prog ' 9 Been working with summer intern Caleb I. Fasg¥tilliams

are approximated late in the collapse, once a dense prmo&’ollege} in carrying out photometry of the blue stars associ-

tellar dis'k has formed and magnetic tension begins to dilute. 4 \vith the shock-excited gas in the NE radio lobe of Cen-
the gravitational force. _ . ~ taurus A. It is likely that the formation of these stars was
Working with Robert Fisher, Richard Klein, and Christo- triggered from shocks generated by the adjacent radio jet.
pher McKee of U.C. Berkeley, Boss further investigated theaqditional observational material was obtained with the
importance of the Jeans condition advanced by the Berkeley sm du Pont telescope at Las Campanas Observatory in
group as an important indicator of the reliability of 3D col- February 1999. Three concentrations of blue stars have been
lapse and fragmentation calculations. Using his hydrodynamidentified. The brightest are close to magnitude 20 and are
ics code, Boss was able to reproduce the filamentary solutiogimilar to the brightest stars in the Large Magellanic Cloud.
first obtained by the Berkeley group for the collapse of anlsochrones based on the Geneva evolutionary tracks have
isothermal cloud with an initial Gaussian radial density pro-been fitted to color-magnitude diagrams and indicate a sig-
file. Reproducing this filamentary collapse solution appeargificant age range for the stars extending from less than a
to be an excellent means for testing the reliability of anymillion to more than 15 million years.
self-gravitational hydrodynamics code. Schweizer continued observational studies aimed at im-
Boss and his colleagues then showed that in the morBroving our understanding of galactic mergers, the young
physically realistic case of an identical initial cloud with Star clusters formed in them, and possible connections be-

nonisothermal heating in the 3D Eddington approximation,tween such clusters and the old cluster systems of elliptical
alaxies. With clusters in several 0.5—1 Gyr old merger rem-

thermal retardation of the collapse permits the Gaussiafl .
nants now reasonably well observed and age dated, the main

cIouq o fragme_nt Into a bma_ry protostar system "’?t the Samgffort was to extend the dating methods to both younger
maximum density where the isothermal collapse yields a thin ) . . d
) : clusters in ongoing mergers and older clusters in galaxies
fllament. However, the binary clumps soon thereafter eyo,lveSuspected to be remnants of ancient mergers.
into a central clump surrounde_d _by spiral _arm_s conta_unmg Bradley Whitmore, Qing Zhang, Claus Leitherer, Michael
twp more clumps. A roughly similar e\{olut|on is obtained o (STSc), Schweizer, and Bryan MillefLeiden com-
using the Berkeley code with a barotropic equation of state Dleted their analysis oHubble Space Telescopmages of
formation of a transient binary, followed by decay of the NGC 4038/4039(“The Antennae’), a prototypical pair of
binary to form a central object surrounded by spiral armscolliding spiral galaxies. These images reveal 14,000
though in this case the spiral arms do not form clumpspoint-like sources, of which the majority are individual stars
When the same barotropic equation of state is used with thand over 1000 are likely star clusters. Age dating these clus-
Boss code, the agreement with the initial phases of the Betters from theirUBVI colors, Hy emission, and—in some
keley calculation is quite good, showing that these two codesases—ultraviolet spectra yields three distinct populations
yield mutually consistent results. However, the Boss coddhat seem to trace peaks in the star-formation history of the
barotropic result differs significantly from the Boss code Ed-galaxies: 0—100 Myr old clusters clearly formed during the
dington result at the same maximum density, demonstratingresent collision~ 500 Myr old globular clusters apparently
the importance of detailed radiative transfer effects. The serformed during the previous collision that lead to the ejection
sitivity of these calculations to the thermodynamical treat-Of tidal tails, and over a dozen truly old% 10 Gyn globu-
ment demonstrates the need for careful handling of nonisdars that must have formed very early in the two component
thermal thermodynamics in 3D fragmentation calculations. SPirals. Most candidate clusters appear slightly resolved,
With summer intern Kaisa E. Muellél. Missouri, Gra- W|_th a median effective radius of # 1 pc similar to that of _
ham conducted a search for+emission-line stars within a Milky-Way globulars. Some of the youngest and most lumi-

field containing the reflection nebula NGC 2626 in Vela."OUS clusters feature huge powgr—layv envelopes., R
g = 450 pc for “Knot S”) not seen in Milky-Way globulars.

er:'rgé\gofrs::g;t?:k’e?Obsét(x;ﬁmlgg\f’;:Jelgzznvssaeﬁeﬁhese envelopes may be a natural product of globular-cluster
Ef‘ormation, but visible only in clusters so young that tidal

Swope 1m telescope at Las Campanas Observatory. Sorf]c?rces have not yet had time to erode them

are variable in light. The reflection nebula is illuminated by a Schweizer, in collaboration with Jean Brodigck Obser-

10th magnitude B1V star, CoD -40°4432. In an associateql,atory)’ Linda Schroder(UCSO, and Patrick SeitzefU.
dark globule-like cloud, a smaller reflection nebula ShOWSMichigan) used the Keck Il telescope to obtain low-

changes in appearance and brightness which are caused byg|ytion spectra of seven globular clusters in NGC 3610.
variably obscured young stellar object embedded within. Therpis field elliptical shows fine structur&JBV colors, and

young stellar object is the probable source of IRAS 08337 spectral indices suggestive of a major merger event a few
— 4028 and the Herbig-Haro object HH 132. Itis located at aGyr ago. The goal of the new observations is to derive
transverse distance of only 0.5 pc from the B1 star. Theylobular-cluster ages and metallicities in order to test
overall morphology of the small nebula is strikingly similar whether two distinct cluster populations exist and whether
to that of the well studied HH 46-47 configuration but the the more metal-rich clusters are of intermediate age. Al-
NGC 2626 region is at about twice the distance. though the data reduction is still in progress, the spectra of
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two of the clusters already seem to show enhancgdal-  relations, with a very low spread in ages. The spirals are
sorption, which would make these clusters only about 1.5—8learly “younger,” but also show a spread in mean chemical
Gyr old. Follow-up Keck observations of these and addi-abundances as well.
tional globular clusters in NGC 3610 are planned for next This study is being continued in more distant clusters by
spring. observing more than 200 galaxies in the field of MS2053-04
Schweizer, Whitmore, Fall, and Miller continued their (z=0.58, confirming membership for 100 of them. Using
Hubble Space Telescogmogram to study globular-cluster high-resolution Keck spectra, Kelson now has velocity dis-
populations in a sequence of galaxies thought to extend fromersions and absorption line strengths for more than 40 of
recent to ancient merger remnants. During Cycle 7 moderthem. In their study of MS1054—03, Kelson and his col-
ately deepV and| images were obtained for five new sys- leagues used 30 spectroscopically confirmed members to de-
tems, bringing the number of objects along the sequence torve a velocity dispersion for the cluster of 1170 km/s. Using
total of 10. Whereas globular clusters are visible in all fivethis value, one infers a mass of the cluster which is consistent
newly-observed galaxies, none of the clusters are obviouslwith that derived from weak-lensing analysis and the tem-
young, i.e., blue and overluminous. A refined analysis haperature of the cluster's X-ray gas. After measuring a total of
been initiated to test whether any of these globular-cluste#00 redshifts, derived from 600 spectra, they now have a
systems show clearly bimodal color distributions andtotal of 120 spectroscopically confirmed cluster members, 30
whether the expected crossover in color between first- andf which now have measured velocity dispersions and line
second-generation clusters can be detected along the ss&rengths. Using the HST imaging, and membership alone,
guence. they found that 17% of the galaxies brighter than L* appear
Regan, Tamara HelfefU. Arizong, Michele Thornley to be undergoing mergers. The implication is that 50% of
(NRAO), Kartik Sheth (U. Maryland, Stuart Vogel (U. present-day E/SO galaxies underwent a merger around red-
Maryland, Andy Harris (U. Maryland, Tony Wong(U.C.  shifts of unity. The mergers do not appear to be particularly
Berkeley, Leo Blitz (U.C. Berkeley, and Douglas Bock dissipative, and have colors which are slightly bluer than the
(U.C. Berkeley finished the observing for the first imaging color-magnitude relation. They also measured the evolution
survey of nearby spiral galaxies in the millimeter wave tran-of the mean M/L ratio toz = 0.83 and showed that the
sition of CO. This survey will attempt to understand the dis-evolution is inconsistent with cosmologies which have high
tribution and physical conditions of the molecular compo-values ofqy. Using the line strengths and M/L ratios, plus
nent of the ISM in nearby galaxies. They plan to addresshe addition of the higher redshift clusters around 3C386 (
several scientific areas: the relationship between giant mo= 0.93) and CIG084844 (z = 1.27), they plan to further
lecular cloud distributions and star formation, bar dynamicsconstrain the cosmological parameters as well as the earliest
and their contributions to nuclear activity, and molecular gagepochs of star-formation for cluster galaxies.
in active and quiescent galaxies. In a complementary study, summer intern Patrick Kelly, a
Clusters of galaxies offer unique opportunities to studyhigh school student at Sidwell Friends, has been analyding
the processes of galaxy evolution and formation. By comparand V imaging of galaxies in nearby poor groups with
ing galaxies in nearby clusters with those in clusters whichKelson. By studying the colors of galaxies in environments
are 3-7 Gyr away, we can directly observe how galaxiesvhich are less dense than clusters, Kelly and Kelson can
evolved from a time when the Universe was half its presentincover differences in the star-formation histories of group
age to the present epoch. To date, Kelson, Pieter van Dokend cluster galaxies. Poor groups are likely to be the most
kum (CalTech, Marijn Franx (Leiden, and Garth llling- common environments in the field, and by studying the his-
worth (UCSQ have observed four clusters between redshiftgories of galaxies in these groups, they can finally understand
of z = 0.33 andz = 0.93, each with large mosaics of the histories of typical galaxies in the Universe, compared to
WFPC2 imaging already obtained or to be taken during théhe cluster galaxies which have dominated studies for so
next cycle. Using high-resolution Keck spectra and HST im-long.
aging for more than 50 galaxies in CL13682 (z Clusters of galaxies are also valuable venues for studying
= 0.33), Kelson measured internal kinematics and half-lighthe kinematics of galaxies located in regions of high matter
radii in order to construct the “fundamental plane” of early- density. During the past year, Rubin and collaborators An-
type galaxies. Kelson found that the slope of the fundamentadrew H. WatermanMontgomery Blair High School; now
plane of early-type galaxies is constant with redshift, indicat-Stanford University and Jeffrey KenneyYale University
ing that the ages of the stellar population do not depend onompleted an analysis of the kinematic properties of 87 gal-
galaxy mass. Furthermore, the scatter in M/L ratios for E/SGxies in the Virgo cluster based on long-slit optical spectra.
galaxies remains very low at= 0.33. The spirals follow a The results indicate that spirals with disturbed rotation prop-
different plane, but in a manner consistent with the low-maserties define a population of spirals whose distributions in the
spirals having a young stellar component. Correcting the spieluster and in velocity space are different from the Virgo
rals for their bluer colors produces a fundamental plane ofpirals with normal rotation properties. Spirals with dis-
the spirals which is then consistent with the early-types oturbed rotation exhibit a velocity distribution which matches
the cluster, suggesting that the spirals may passively evolvihe velocity distribution of cluster ellipticals. Because the
into present-day early-type galaxies. Analysis of the absorpdisturbed population does not exhibit an HI deficiency, the
tion line strengths in the E/SOs indicate a very tight sequenceause of the gas truncation is different from the cause of the
of chemical abundances along the early-type galaxy scalinginematic disturbance. It is likely that galaxy-galaxy interac-
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tions are altering the morphology of the kinematically dis-persion. By comparing the observed fundamental plane re-

turbed galaxies, and are also driving the cluster toward equiatons in different clusters, one can infer the relative distance

librium. between them. Thus, one can combine the published Cepheid
Although the Virgo cluster is unique in its proximity, the distances toe.g, Virgo, compare the Virgo fundamental

study of more distant clusters also reveals the evolution oplane to that ing.g, Coma, and derive a value for the local

clusters and of the spirals within. Rubin, along with formerexpansion rate of the Universe. In this work, Kelson and

postdoctoral fellow Andy Fruchte(STSc), and graduate Graham foundH, = 79 = 5 = 9 km/s/Mpc, and, when

student Leslie Hebl{Johns Hopkins Universijyare pres- combined with the other secondary distance indicators used

ently analyzing their observations of more distant clustersin the project, the Team derived a final valuetd§ = 71

For Abell clusters A194, A400, A496, A754, A1185, A1228, = 6 km/s/Mpc.

A1367, A1656, A1983, A2151, A2870, A3381, A3389,

A4038, Cancer, and Z74-23, Rubin and Fruchter have ob-

tained spectra and photometry for about 70 spirals. The CIUSEUBLICATIONS

t dshift to 15000 km/sec, although back I L
er Tedsnitis range up o mysec, athotgh backgroun lexander, C. M. O’'D. 1999, A quantitative kinetic model

galaxies with velocities up to 30000 km/sec have been ob- . o .
served. All velocities are measured; photometric reductions for the evapgratlon of S|I|cat.e melts In vacuum and hydro-
are now being completed. These data will be used to exam- gen, Meteoritics ,Planet. Sci., submitted.

ine the the Tully-Fisher relation for clusters at increasingAIexander’ C. M. O'D,, Grossman, J. NWang, J, Zanda,

distances, and also to study the kinematic properties of the B., Boqrot—l;)enlsg, M. &_Hew_ms,_R. H 1999, The lack of
spirals as a function of cluster properties. potaSS|.u_m isotopic fra(.:tlonatlo.n in Bishunpur chondrules,
Rubin, in collaboration with former postdoctoral fellow Al Met%orltlgs Fl\;:ag?é S;"\i.tstlubTItEd' 1999 The Galacti
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