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This report covers astronomical research carried out du
the period July 1, 1997 – June 30, 1998. Astronomi
studies at the Department of Terrestrial Magnetism~DTM!
of the Carnegie Institution of Washington includ
observational and theoretical fields of planet structure
formation, the formation of stars and stellar evolution, t
structure, dynamics, and evolution of galaxies, and
extragalactic distance scale.

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

O’D. Alexander, Alan P. Boss, John A. Graham, Vera
Rubin, Franc¸ois Schweizer, George W. Wetherill

Postdoctoral Fellows: Kenneth M. Chick, Andrew M
Freed, Daniel D. Kelson, Stephen J. Kortenkamp, Stacy
McGaugh, Patrick J. McGovern, Bryan Miller, Larry Nittle
Michael Regan, Harri A. T. Vanhala

Computer and Support Staff: Michael J. Acierno, Ma
M. Coder, Janice S. Dunlap, Rosa Maria Esparza, Shau
Hardy, Sandra A. Keiser, Jianhua Wang, Merri Wolf

2. RESEARCH PROGRAMS

2.1 The Solar System

The Mars Orbiter Laser Altimeter~MOLA ! on the Mars
Global Surveyor~MGS! spacecraft has to date yielded mo
than 200 high-resolution altimetry profiles over the northe
hemisphere of Mars. The sampled regions include the fla
of the large shield volcanoes Olympus Mons, Arsia Mo
and Alba Patera, located in the relatively young and vol
nically active Tharsis region. Because the along-track re
lution of these altimetry profiles is far superior to that
prior topography data for Mars, these new data permit a fr
examination of models for the growth and evolution of lar
volcanoes on that planet as well as for loading and flex
of the Martian lithosphere. Patrick McGovern and Se
Solomon have been engaged in several studies addre
these issues.

Olympus Mons is the tallest volcano on Mars, with
edifice 600–800 km in diameter and a height about 27
above its base. MOLA altimetry profiles indicate that t
edifice flanks have shallow slopes~several degrees! and are
encircled by steep escarpments that define the base o
edifice. There are relative topographic lows outward of
edifice, and a reasonable working hypothesis is that th
lows reflect subsidence arising from the loading and flex
of the Martian lithosphere by the volcano. Outward of t
basal scarp are relative topographic highs resembling ar
in terrestrial bathymetric profiles attributed to lithosphe
flexure. Under this interpretation McGovern and Solom
obtain best-fitting lithosphere thickness estimates that v
both spatially~thickness increasing from east to west! and
with age of the arched terrain~thickness increasing with de
creasing age!. The former result is consistent with a spatia
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variable lithosphere thickness, possibly related to the ther
structure of the Tharsis Rise centered southeast of Olym
Mons, while the latter result is consistent with cooling of t
Martian interior with time. The presently limited altimetri
coverage of the terrain surrounding Olympus Mons does
allow these hypotheses to be distinguished.

McGovern and Solomon also applied MOLA data to
study of the loading history of Alba Patera, a large volca
on the northern slope of the Tharsis Rise. An extensive s
tem of extensional faults~graben! cuts across Alba Patera
extending from Ceraunius Fossae to the south to Tant
Fossae to the northeast. In the vicinity of the Alba Pat
edifice, the otherwise locally linear graben are deflected
orientations approximately concentric to the summit, a res
previously attributed to the influence of stresses induced
the loading of the lithosphere by the volcano. MOLA altim
etry profiles, however, indicate that these extensional fa
lie on the flanks of the volcanic edifice rather than in t
surrounding lithosphere. Because flexure models that incl
the edifice stress state predict horizontal principal comp
sion at the edifice surface, the interpretation of Alba Pat
graben as extensional features resulting from surface loa
is untenable. McGovern and Solomon demonstrated ins
that deep-seated uplift from a sublithospheric load~e.g., by
underplating of magma, development of a low density
siduum, or dynamic support from mantle convection!, prob-
ably relatively late in the volcano’s history, can yield a sta
of horizontal principal extension at the edifice surface co
sistent with observed deformation.

No long-wavelength topographic depressions are evid
around either Alba Patera or Arsia Mons, a 400-km-diame
volcano located near the crest of the Tharsis Rise. Inst
edifice flanks merge smoothly into the surrounding lon
wavelength topographic gradients. Because lithosph
loads of such magnitude should generate a flexural sub
ence, McGovern and Solomon proposed that any moats m
be completely filled or overfilled by volcanic material, eith
emplaced as flows~as with most large volcanoes on Venu!
or from failure of the flanks~as seen at ocean island volc
noes on Earth!. Lobate deposits on the northwestern flanks
Arsia Mons and other large Tharsis volcanoes may be pr
ucts of the latter process. Further, deep-seated uplift of
volcanoes~by the mechanisms described above! may sub-
stantially diminish the topographic depression expected fr
a purely surface-loading flexural model.

The Mars Global Surveyor spacecraft is scheduled
complete aerobraking maneuvers in March 1999. The su
quent ‘‘mapping’’ phase of the MGS mission will obtai
global high-resolution altimetry and gravity field coverag
allowing more rigorous testing of the above ideas.
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2 ANNUAL REPORT
2.2 Planetary System Formation

George Wetherill continued theoretical studies relevan
the formation of the terrestrial planets, the asteroids,
their relationship to the giant planets.

The conventional core-mantle model for the formation
the planets assumes that the formation of the giant pla
required five to ten million years. If so, it would be expect
that Mars-size or larger solid planet ‘‘embryos’’ would for
both in the terrestrial planet region and the asteroid b
During the past year, both Monte Carlo studies and num
cal integration have shown that these large asteroidal pla
would be self-cleared by perturbation of one another i
giant planet resonances, and as a consequence ejecte
the Sun, beyond Jupiter, or collide with a terrestrial plan

These calculations, as well as those of the first 3D sim
lations of inner planet formation, to be published inIcarus in
collaboration with John Chambers of the Armagh Obser
tory, lead to some probably significant differences betwe
the calculations and the observed planets, such as ex
sively high eccentricities and inclinations of the final terre
trial planets. Further work, using an improved version of
kinetic theory model of planet formation of Stewart a
Wetherill showed that damping of these orbital elements
gravitational friction imposed by a large mass of small pla
etesimals probably will not resolve this problem.

For this reason, Steve Kortenkamp and Wetherill ha
begun an investigation of the consequences of the prop
of Alan Boss that Jupiter and Saturn formed very rapidly
gravitational instability, possibly precluding the formation
large bodies in the asteroid region. However, this possib
nevertheless opens a range of new possibilities relevan
terrestrial planet and asteroid evolution.

Kortenkamp and Wetherill are attempting to determ
what effect these giant planets would have on the subseq
formation of terrestrial planets and asteroids. The distri
tion of encounter velocities is one of the key factors wh
controls the growth of planetesimals into planetary embry
In this regard the influence of giant planets is important
cause of secular perturbations which act at all heliocen
distances. The perturbations of Jupiter and Saturn are q
sensitive to their semi-major axes and decrease when
planets’ heliocentric distances are increased to allow for p
toplanet migration. It is possible that this could produce
depleted asteroid belt but permit formation of a system
terrestrial planets.

Alan Boss investigated a long-discarded mechanism
giant planet formation: gravitational instability of a pro
toplanetary disk. Starting with axisymmetric models of
quasi-equilibrium disk obtained with his radiative hydrod
namics code, Boss used his three dimensional gravitati
hydrodynamics code to study the growth of nonaxisymme
in low mass~0.14M ( inside 10 AU! disks in orbit around a
1 M ( star. Boss found that with reasonable outer disk te
perature profiles, such disks have a ToomreQ stability pa-
rameter of order 1. These disks form giant gaseous p
toplanets within a few thousand years. Dust grains wit
these protoplanets will sediment to form solid cores on
similar time scale, while the protoplanet as a whole will co
tract in; 105 yrs. The models suggest that giant planets w
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masses on the order of a Jupiter mass or more can f
quickly in relatively low mass protoplanetary disks.

Boss also proposed an observational test for determin
the dominant mechanism of giant planet formation. The c
ventional method of forming giant planets involves the a
cretion of gas from the protoplanetary disk by a; 15M %

solid core, formed by collisional accumulation. The ent
process requires on the order of 107 yrs to form a Jupiter-
mass planet. In this case, young stars would not begin
wobble because of their planetary companions until age
at least 10 Myr were reached. The disk instability proce
however, occurs nearly instantaneously, and can form g
planets around even the youngest~0.1 Myr! stars. Boss there
fore proposed that by searching an ensemble of young s
for the telltale wobbles caused by Jupiter-mass compani
the epoch of giant planet formation could be determin
providing a fairly definitive determination of which mecha
nism is responsible for forming most giant planets.

C. Alexander and J. Wang are using trace element
isotopic measurements, in conjunction with theoretical m
els, to determine the extent to which evaporation playe
role in the formation of chondrules, rims and matrix in prim
tive meteorites. Chondrules, rims and matrix are the ma
components in these ancient meteorites which prov
glimpses of the early history of the Solar System. Cho
drules, at least, formed a few million years after the form
tion of the Solar System as isolated molten droplets in
Solar Nebula. At the low pressures of the Solar Nebula a
the high temperatures needed to form chondrules, many
ments, including Fe and Si, would have been relatively vo
tile. The degree of evaporation these elements experien
will constrain conditions during this important epoch in th
evolution of the Solar Nebula just prior to or during th
formation of the terrestrial planets. Initial results sugg
they must have formed in a dust enriched environment w
p~H2) > 1025atm.

2.3 Stars and Star Formation

Prudence Foster~University of Tokyo and Okayama Uni
versity! and Boss continued their study of the interaction
interstellar shock waves with dense molecular cloud co
Their previous work had shown that suitable shock wa
could both trigger the self-gravitational collapse of targ
cloud cores and inject shock-wave material~gas and dust
grains! into the collapsing cloud through Rayleigh-Taylo
instabilities. In new work, Foster and Boss showed that e
material lagging far behind the leading edge of the sho
front can be injected into the cloud, provided that it is on
trajectory that leads to one of the penetrating Raylei
Taylor fingers. This implies that short-lived isotopes synth
sized even deep within massive stars, such as26Al, can still
be injected into a collapsing cloud, as has been inferred
have been the case for the presolar cloud.

The hypothesis of triggered, or assisted, star format
suggests that star formation may in some cases be ind
by outside agents such as explosive stellar events, proto
lar outflows and molecular cloud collisions. A. G. W. Cam
eron ~Harvard-Smithsonian Center for Astrophysics!, Harri
Vanhala ~DTM! and Peter Ho¨flich ~University of Texas!
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3CARNEGIE INSTITUTION OF WASHINGTON
used a three-dimensional Smoothed Particle Hydrodynam
code to study the impact of interstellar shock waves on m
lecular cloud cores. The calculations revealed that cores
be triggered into collapse if the velocity of the impactin
shock wave is 20-45 km s21. The results are found to de
pend on the evolutionary state of the preimpact core. Hig
evolved cores can be triggered to collapse at lower sh
velocities than less evolved cores, while the latter may fr
mant during compression and form a multiple star system

One application of the hypothesis is the proposal of
triggered origin of the solar system. The presence of sh
lived radioactivities in the early solar system, evidence
which has been detected in primitive meteoritic mater
suggests that the formation of the solar system was initia
by the impact of a shock wave created by a nearby explo
stellar event. J. N. Goswami~Physical Research Laborator
Ahmedabad, India! and Harri Vanhala~DTM! reviewed the
latest meteoritic data, discussed the possible scenarios fo
production of the radioactivities, and concluded that the s
lar source of the radioactivities remains the most plaus
explanation. Numerical simulations confirm the viability
the triggered origin scenario by showing that the collapse
molecular cloud cores can be triggered by the impact o
shock wave, that material carried by the shock wave can
injected into the collapsing system, and that the time scal
the process is sufficiently short for the survival of the rad
activities.

Boss continued to study the collapse of magnetica
supported, three dimensional, dense cloud cores underg
ambipolar diffusion. In a new series of models, the init
cloud rotation rates were decreased until the clouds no lon
fragmented during their collapse phase. The resulting crit
value of the initial cloud rotation rate falls roughly in th
middle of the range observed for pre-collapse cloud co
implying that, if these models are appropriate, collaps
clouds should form single stars about half the time, and fr
ment into binary stars the rest of the time, an outcome
seems to be in agreement with observations of the freque
of binary stars.

Calculations of molecular cloud core collapse and fra
mentation span many orders of magnitude of increase in d
sity and decrease in linear scale. Numerical codes mus
able to resolve properly the collapsing cloud if physica
accurate results are to be obtained. Recently Richard K
and his colleagues at UC Berkeley have advanced the J
condition as a necessary condition for resolving collaps
clouds. Boss extended their concept to the case of a non
form spherical coordinate grid, and applied the condition
several collapse calculations. In collaboration with Kle
Andi Burkert ~MPI for Astronony, Heidelberg! and Peter
Bodenheimer~UC Santa Cruz!, Boss prepared a review
chapter forProtostars and Planets IVon the topic of calcu-
lations of collapse and fragmentation.

Kenneth Chick has begun development of a compu
code to simulate the hydrodynamic behavior of gas accre
disks surrounding protostars. Past numerical work in t
field has employed explicitly time-differenced schemes. D
to excessive CPU costs, such schemes are restricted to s
lating disks over short time scales~on the order of tens o
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years!. The actual disk lifetime is many orders of magnitu
longer (106 yr!.

The code under development is specialized to model
evolution of a disk over realistic time scales. This is acco
plished using the Beam-Warming implicit time-differencin
scheme. A program for the two-dimensional inviscid hydr
dynamic equations has been written. Testing against re
ence solutions with short time scales has been succes
and tests for progressively longer scales are under way.
first astrophysical application will be to study the long-ter
fate of concentrations in density which have been shown
form rapidly in disks due to gravitational instabilities, an
which may represent protoplanets.

The discovery of presolar grains in primitive meteorite
some of which are large enough for precise isotopic m
surements on individual particles, provides a novel mean
probing both stellar and Galactic evolution. C. Alexander,
Nittler and J. Wang have recently developed a new, hig
automated technique, utilizing the Carnegie ion micropro
for making large scale surveys of various types of preso
grain. These grains come from a large number of ste
sources. Large, unbiased surveys will provide information
~1! the relative dust production rates of various types
source,~2! the details of the nucleosynthesis in these sta
~3! identify rare subtypes, and~4! the Galactic chemical evo
lution ~GCE! of some elements. They have recently repor
the first detection of a presolar supernova oxide grain an
detailed analysis of the GCE of Si, Ti and O as recorded
presolar grains.

2.4 Dynamics and Evolution of Galaxies

John Graham published a paper describing the shoc
gas and consequent star formation which is observed in
NE lobe of the bright radio galaxy Centaurus A~NGC 5128!.
This star forming event was apparently precipitated by
impact of the radio jet on an adjacent H I gas cloud. During
the past year, Graham carried outUBV photometry of the
individual blue supergiant stars which were created in t
way. Through careful positioning of the large format CC
chip, it was possible to include several stars from a pre
ously published faint photometric sequence in the same fi
thus providing a firm photometric calibration. Three conce
trations of blue stars were identified. They extend over an
5 min ~5 Kpc! long, aligned approximately NS. The brighte
stars are close to magnitude 20 and are similar in many w
to the brightest blue stars in the Large Magellanic Clou
The brightest and bluest stars are observed in the south
most concentration which is evidently the youngest of
three. It is also the most compact. The northernmost conc
tration is very loose and is on the verge of blending into
extended halo population of NGC 5128 itself. Few of t
stars in the northern group are brighter than 24 mag and
are significantly redder than those in the concentrations
the south. The reddening appears to be produced by
absorption within the H I cloud from which the stars wer
formed. A paper discussing the color-magnitude and co
color diagrams and identifying the brightest stars for sp
troscopic observation is almost ready for submission.
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4 ANNUAL REPORT
Michael Regan, Kartik Sheth~UMD!, and Stuart Vogel
~UMD! analyzed the kinematics of the molecular gas in
sample of seven barred galaxies. They were able to show
the dense gas kinematics are a good match to the exp
tions of hydrodynamic models. These models had predic
that the gas upon encountering the dust lanes along the
ing edge of the bar would flow directly down the dust lan
As the gas flows down the dust lane it encounters a ring
the terminus of the dust lanes. The models predicted tha
majority of the gas would flow past the ring to encounter
dust lane on the other side of the bar. This gas that is sp
ing back into the bar region was clearly detected in the t
galaxies whose orientations were favorable. Their kinem
observations were also not consistent with the molecular
in the bar region consisting of ballistic clouds with lon
mean-free-paths.

Michael Regan and John Mulchaey~OCIW! are continu-
ing their studies of the fueling methods of active galac
nuclei. Using color maps obtained by combining HST NI
MOS and WFPC2 images they were able to map out
nuclear dust morphology in a sample of 12 Seyfert galax
By comparing these dust morphologies to that produced b
barred potential, they were able to rule out strong bars as
primary method of fueling active nuclei. An interesting di
covery in their color maps was the frequency of spiral d
features. These were the most common morphology
could be another method of fueling active nuclei.

Michael Regan, Tamara Helfer~NRAO!, Michele Thorn-
ley ~NRAO!, Kartik Sheth, Stuart Vogel, Andy Harri
~UMD!, Tony Wong~UCB!, Leo Blitz ~UCB!, and Douglas
Bock ~UCB! began the first imaging survey of nearby spi
galaxies in the millimeter wave transition of CO. This surv
will attempt to understand the distribution and physical co
ditions of the molecular component of the ISM in near
galaxies. They plan to address several scientific areas:
relationship between giant molecular cloud distributions a
star formation, bar dynamics and their contributions
nuclear activity, and molecular gas in active and quiesc
galaxies. Observations for the survey started last spring
they plan to finish the observing in the spring of 1999.

Stacy McGaugh~UMD, formerly DTM! completed and
published an extensive study of the implications of the ro
tion curves of low surface brightness galaxies. Collabora
Erwin de Blok~University of Melbourne! made detailed fits
to these data while he was a visitor at DTM. The data p
vide surprising and strong support for the hypothesis
modified Newtonian dynamics proposed by Milgrom as
alternative to dark matter.

Together with Povilas Palunas~NASA GSFC! and Jerry
Sellwood ~Rutgers!, McGaugh began analysis of a larg
number of high spatial resolution Fabry-Perot rotati
curves. They hope to be able to shed further light on
disk-halo conspiracy and the efficacy of maximum disk fi
In particular, they are interested in the transition betwe
disk and halo domination from high to low surface brigh
ness galaxies.

McGaugh also spent a good deal of time investigating
implications of the modified dynamics for cosmology, whi
are both profound and disturbing.
a
at
ta-
d

ad-
.
at
he
e
y-
o
ic
as

-
e
s.
a

he

t
d

l

-

he
d

nt
nd

-
r

-
f

n

e
.
n

e

Galaxy collisions and mergers are dramatic forms of g
axy evolution. Mergers of spiral galaxies of near-equal m
are especially vehement, producing not only remnants
resemble elliptical galaxies but apparently also new s
systems of globular clusters in them. Franc¸ois Schweizer
continued his observational studies aimed at using glob
clusters to age-date past mergers and at understanding
cluster formation process itself.

Schweizer and Patrick Seitzer~U. Michigan! refined their
spectroscopic analysis of eight young globular clusters in
merger remnant NGC 7252, deriving improved ages for
eight clusters and mean metallicities for three of them. Six
the eight clusters have ages in the narrow range of 400–
Myr, implying that they formed during a relatively short pe
riod beginning about 100–200 Myr after the first close e
counter of the two progenitor galaxies. According to the b
availableN-body simulations of NGC 7252 by Hibbard, Mi
hos, and Hernquist, that close encounter occurred ab
770h75

21 Myr ago, and it should have taken the induced s
formation; 170 Myr to peak. The near agreement betwe
the model predictions and the spectroscopically determi
cluster ages seems remarkable. The mean metallicities m
sured for three clusters are@Z# [ log(Z/Z() 5 0.00
6 0.08, 1 0.1020.19

10.16, and 2 0.12 6 0.04, respectively,
and thus essentially solar. Since NGC 7252 itself shows
characteristics of a 0.5 – 1 Gyr old protoelliptical, its secon
generation globular clusters of solar metallicity provide
rect evidence that elliptical galaxies with not only meta
poor, but also metal-rich globulars can form through ma
disk mergers.

In order to facilitate future multi-object spectroscopy
globular clusters in merger remnants and early-type galax
Schweizer and Seitzer began a program of imaging such
axies in theB and I passbands. Deep images of six syste
were obtained with the du Pont 2.5-m telescope at Las C
panas and the Hiltner 2.4-m telescope at MDM Observato
The large-field images (8$8 3 8$8) will be compared with
smaller-field-of-view WFPC2 images from theHSTArchive
to produce samples of candidate globular clusters
follow-up spectroscopy. The goal is to derive more accur
cluster ages and metallicities and to use globulars for a
dating past merger events.

Bradley Whitmore ~STScI!, Schweizer, Bryan Miller
~DTM, now Leiden!, Claus Leitherer~STScI!, and Michael
Fall ~STScI! continued their studies of young star clusters
galaxies imaged with theHubble Space Telescope. These
studies aim at understanding the merger-induced forma
of clusters~especially globulars! and their subsequent evolu
tion. Whereas the observations support the hypothesis
young globulars are born from giant molecular clou
squeezed by overpressure in the surrounding gas, the det
evolution of the cluster luminosity function from an initia
power-law shape to the lognormal shape characteristic of
cluster systems remains unclear. So far, five galaxies fo
ing a sequence of different merger stages have been obse
~NGC 4038/39, 3921, 7252, 1700, and 3610!, with results
mostly published. A paper describing the properties of cl
ters in NGC 4038/39~‘‘The Antennae’’! based on a new se
of HSTobservations during Cycle 5 is in preparation. In
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5CARNEGIE INSTITUTION OF WASHINGTON
effort to track cluster evolution longer in time, five galaxi
thought to represent late-stage merger remnants have
added to the program and are awaiting Cycle-7 observati

Clusters of galaxies offer a valuable venue for study
the kinematics of galaxies. We can examine the effects of
high matter density in the cluster on the range of phys
and dynamical parameters of galaxies, for a sample of
axies all located at the same distance from us. The Vi
cluster of galaxies, the nearest cluster, is especially attrac
for study, for it is possible to observe galaxies at high spa
resolution, and to detect morphological and kinematical
tails that are invisible in galaxies more distant. Some ye
ago, Vera Rubin, in collaboration with Jeffrey Kenney~Yale
University!, completed an observing program to obtain sp
tra and measure rotation curves for about 100 galaxies in
Virgo cluster.

Rubin, along with student Andrew H. Waterman, Mon
gomery Blair High School, and Kenney have now comple
an analysis of the data for all of these Virgo galaxies. For
galaxies, rotation curves are sufficiently extended so
their forms can be classified as regular~38! or disturbed~41!;
disturbances range from mild to major. Velocity comple
ties are generally consistent with tidal encounters within
last 109 years. Hence many Virgo spirals have experience
significant kinematical disturbance during their lifetime
There is no correlation of rotation curve complexity wi
proximity to M87, with local galaxy density, with Hubbl
type, or with galaxy luminosity.

However, there is a very different distribution of galax
central velocity for galaxies with regular rotation curves a
galaxies with disturbed rotation curves. Galaxies with re
lar rotation show a flat distribution with central velocitie
ranging from Vo5 2 300 km/sec to Vo5 12500 km/sec;
galaxies with disturbed rotation have a Gaussian distribu
which peaks at Vo5 111836 103 km/sec, close to the clus
ter mean velocity, and with dispersions~v!56596 73 km/
sec. This suggests that the population of galaxies with
turbed rotation is a relaxed spiral population, and t
gravitational interactions have driven the relaxation proce
It has long been known that the Virgo spheroidal galax
show a velocity distribution peaked at the mean cluster
locity, but that spirals exhibit an essentially flat velocity d
tribution. The new results imply that there are two popu
tions of spirals, which have now been separated
characteristics of their rotation patterns.

Rubin, Bryan Miller~formerly DTM, now Leiden!, Ken-
ney, Bradley Whitmore~STScI!, and Hubble Fellow Laura
Ferrarese~Caltech! are completing analysis of HST V and
images of 8 Virgo galaxies, most of them chosen from the
galaxies with circumnuclear gas disks. A major surprise
been the high degree of dust and gas very close to the ce
of each galaxy. They are attempting to characterize the m
phology of this generally chaotic material. Now that the ph
tometry is completed, they are comparing the dust featu
with the rotation curves from ground-based spectra. They
also attempting to develop a method for distinguishing cl
ters from stars, and to make evolutionary models of the c
ter systems.

For one of these galaxies, NGC 4526~S0!, three spectra
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were obtained on November 16, 1996, using the HST F
Object Spectrograph. The analysis of the FOS spectra is
well underway. The spectra were calibrated by the stand
HST pipeline, including paired-pulse correction, backgrou
and scattered light subtractions, flat fielding, generation o
wavelength scale from dispersion coefficients derived fr
archival spectra, and flux calibration. From arc lamp spec
observed either immediately before or after each scie
spectrum, dispersion coefficients are computed. The dis
sion coefficients assigned to each science spectrum are
mean of the coefficients of the two arc spectra immediat
preceding and following it, weighted by the time lapsed b
tween the science and the arc lamp exposures.

Wavelengths and intensities for Ha, @NII # and@SII# dou-
blets have been calculated. Using the peak-up data, they
established that the positioning of the two off-nuclear spec
differ only by 15% and -10%~in declination! from the op-
timal position, an excellent result. Rubin and collaborat
are presently studying the kinematics and dynamics imp
by the velocities.

It has recently become possible to measure the inte
kinematics of early-type galaxies in intermediate redsh
galaxies. Dan Kelson, Garth D. Illingworth~UCSC!, Marijn
Franx, Pieter G. van Dokkum, and D. Fisher~Groningen!
and D. Fabricant~CfA! have measured internal velocity dis
persions all the way out to redshifts ofz 5 0.83. They have
constructed the ‘‘Fundamental Plane’’ of early-type galax
in these clusters. The Fundamental Plane is an empirica
cus of galaxies in a three-dimensional space of observ
parameters: half-light radius, surface brightness, and cen
velocity dispersion. The existence of this plane implies t
galaxy Mass-to-Light ratios are strongly correlated with th
structural parameters. Indeed, by measuring the Fundam
Plane at high redshift, we directly observe galaxy Mass-
Light ratios at a time when the galaxies were much youn
than they are today. If we look at the mean Mass-to-Lig
ratios of early-type galaxies as a function of redshift, we c
directly trace their histories back to their epoch~s! of forma-
tion. Furthermore, we can use the evolution of the Col
Magnitude relation to place independent constraints on t
formation histories.

Kelson, along with Carnegie Fellow Scott Trag
~OCIW!, is initiating an ambitious project to measure th
Color-Magnitude and Fundamental Plane relations of ea
type galaxies in nearby poor groups. There is presentl
poor understanding of the formation of early-type galaxi
One of the outstanding questions is where the formation
these galaxies primarily takes place. While most elliptic
galaxies are located in clusters, theory tells us that they
not form in these dense environments. Do ellipticals form
less rich regions such as groups, which may disrupt
merge while being accreted by massive clusters? By look
at the colors andM /L ratios of early-type galaxies in groups
and comparing them to equivalent data taken in clusters
will be possible to tell immediately whether group galaxi
are systematically younger than their cousins in rich clust
If so, then we will learn where cluster galaxies undergo th
last epochs of star-formation, and where field galaxies
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dergo their morphological transformations to the morpho
gies more typical of cluster members.

Graham continues to participate in the HST Key Proj
concerning the determination of the extragalactic dista
scale. Just submitted is a paper on the Cepheid variable
in the Virgo spiral galaxy NGC 4548 in which 24 stars
this type were identified. The period-luminosity relatio
points to a distance of 16 Mpc which agrees well with t
Cepheid distances to other spiral galaxies in Virgo. No c
rection has been made for metallicity which appears to
especially high for NGC 4548. Other galaxies in the Vir
core have been found metal rich and if such a correctio
applied, it is clear that all Cepheid distances here will
changed in the same sense. In an effort to specify the m
licity correction explicitly and empirically, Graham is work
ing with Wendy Freedman~OCIW! and a small group of
collaborators to reobserve in the infraredH(1.6mm! band a
selected sample of Cepheids from the Key Project data b
They are making use of the near infrared camera~NICMOS!
on the HST for this purpose. In the infrared, chemical ab
dance differences are expected to have a much smaller e
on the Cepheid period-luminosity relation than at visu
wavelengths. The observational program is now effectiv
completed and they are now engaged in the analysis of
NICMOS frames.

Kelson, also a member of the HST Key Project, has b
actively involved in measuring Cepheid distances to nea
galaxies. The team has now begun to move into its fi
phase of turning its many distances into a single value of
Hubble Constant. At this time, they are using the Ceph
distances to groups and clusters like Leo I, Virgo and F
nax, along with the Fundamental Plane of early-type gal
ies, to determine a value for the Hubble Constant. The F
damental Plane is an empirical relation which uses the h
light radii of early-type galaxies as a standard rod~for fixed
surface brightness and velocity dispersion!. Using Cepheid
distances, they can refer these standard rods to physical
of distance, and thus use the angular-size-redshift diagra
infer a value of the Hubble Constant.
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