
576
Princeton University
Department of Astrophysical Sciences

Princeton, New Jersey 08544

@S0002-7537~98!04001-3#
97

e

te
a

d
m
p
e

As
e

rg
a
ce

m

ra
d
hi

n
st

n
rs
ge
ow
-

is

as
ca
ve
it

-
o

of

r
d
t the

M
rs

ned

f
ty,

in
ma-
ta-

rom
al
lso
and
oth

gy
the
u-

he

y in

the

ea-
sity
for
p-
la-
rd

rva-
test

d-
ster-
ing
This report covers the period 1 July 1996 — 30 June 19

1. PERSONNEL
During the reporting year, the Research Staff was join

by Željko Ivezić ~from the University of Kentucky!, Alexan-
dre Refregier~from Columbia University!, Todd Tripp~from
University of Wisconsin!, and Michael Vogeley~Hubble
Fellowship Program, Space Telescope Science Institu!.
Professor Lyman Spitzer, Jr. passed away on 31st March
Martin Schwarzschild passed away on 10th April.

Honors were conferred upon several members of the
partment. Neta Bahcall was elected to the National Acade
of Sciences. Bohdan Paczynski received the Henry Dra
Award from the National Academy of Sciences. Micha
Strauss received the Newton Lacy Pierce Prize in
tronomy. Martin Schwarzschild was posthumously award
the 1997 National Medal of Science.

Associate Professors Jeremy Goodman and David Spe
were both promoted to full Professor. Bruce T. Draine w
appointed chair of the Department of Astrophysical Scien
and director of Princeton University Observatory.

Visitors staying over one month included: Changbo
Park ~Seoul National University!, Michael Rupen~National
Radio Astronomy Observatory!, Kandau Subramanian~Tata
Institute of Fundamental Research!, and HonSheng Zhao
~Leiden Observatory!.

The Spitzer Lecturer in the spring was John P. Huch
Harvard College, Center for Astrophysics who presente
series of lectures on survey-related work, including reds
surveys, ROSAT, and 2MASS.

2. RESEARCH PROGRAM

2.1 Galaxies, Quasars and Cosmology

N. Bahcall, in collaboration with S.P. Oh~graduate stu-
dent!, determined the peculiar velocity distribution functio
of clusters of galaxies using an accurate sample of clu
velocities ~Giovanelli and Haynes, 1996! based on Tully-
Fisher distances of Sc galaxies. The observed velocity fu
tion does not exhibit a tail of high peculiar motion cluste
in contrast with previous samples with considerably lar
velocity uncertainties. The current results indicate a l
probability of <5% of finding clusters with one- dimen
sional peculiar motions greater than;600 km s21. The
root-mean-square cluster peculiar velocity
293628 km s21.

The observed cluster velocity distribution function w
compared with expectations from different cosmologi
models. The absence of a high-velocity tail in the obser
function is found to be consistent with a low mass-dens
(V;0.3) CDM model and inconsistent at the.3s level
with V51.0 CDM and HDM models. The rms one
dimensional cluster peculiar velocities in these models c
respond, respectively, to 314, 516, and 632 km s21 ~when
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convolved with the observational uncertainties!. Comparison
with the observed rms cluster velocity of 2936 28 km s21

further supports the low-density CDM model.
N. Bahcall, X. Fan~graduate student!, and R. Cen showed

that the evolution of the number density of rich clusters
galaxies breaks the degeneracy betweenV ~the mass density
ratio of the universe! ands8 ~the normalization of the powe
spectrum!, s8V0.5.0.5, that follows from the observe
present-day abundance of rich clusters. They showed tha
evolution of high-mass~Coma-like! clusters is strong in
V51, low-s8 models ~such as the standard based CD
model withs8. 0.5!, where the number density of cluste
decreases by a factor of;103 from z50 to z. 0.5; the
same clusters show only mild evolution in low-V, high-v8

models, where the decrease is a factor of;10. This diagnos-
tic provides a most powerful constraint onV. Using obser-
vations of clusters toz.0.521, they found only mild evo-
lution in the observed cluster abundance. They determi
V50.360.1 ands850.8560.15 ~for L 5 0 models; for
V1L51 models,V50.3460.13). These results imply, i
confirmed by future surveys, that we live in a low-densi
low-bias universe.

N. Bahcall reviewed some of the unsolved problems
the study of large-scale structure of the universe and sum
rized goals for their resolution. She reviewed the current s
tus and future use of large-scale structure investigations f
multi-wavelength sky surveys, including the Sloan Digit
Sky Survey, and their impact on cosmology. Bahcall a
reviewed the topics of clusters of galaxies, superclusters,
voids as well as dark-matter in the universe, including b
observations as well as cosmological implications.

J.R. Gott, R. Cen, and J.P. Ostriker studied the topolo
of large-scale structure as a function of galaxy type using
genus statistic. In hydrodynamical cosmological CDM sim
lations, galaxies form on caustic surfaces~Zeldovich pan-
cakes! then slowly drain onto filaments and clusters. T
earliest forming galaxies in the simulations~defined as ‘‘el-
lipticals’’ ! are thus seen at the present epoch preferentiall
clusters~tending toward a meatball topology!, while the lat-
est forming galaxies~defined as ‘‘spirals’’! are seen currently
in a spongelike topology. The topology is measured by
genus~5 number of ‘‘donut’’ holes — number of isolated
regions! of the smoothed density-contour surfaces. The m
sured genus curve for all galaxies as a function of den
obeys approximately the theoretical curve expected
random-phase initial conditions, but the early forming elli
tical galaxies show a shift toward a meatball topology re
tive to the late forming spirals. Simulations using standa
biasing schemes fail to show such an effect. Large obse
tional samples separated by galaxy type could be used to
for this effect.

R. Cen and J.P. Ostriker, in collaboration with T. Pa
manabhan and F.J. Summers, studied the nonlinear clu
ing of dark matter particles in an expanding universe us
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N-body simulations. They investigate nonlinear cluster
for six different power spectra: power laws with spectral
dexesn522,21, cold dark matter~CDM!, and hot dark
matter models with density parameterV51; CDM including
a cosmological constant (L) with VCDM50.4, VL50.6;
and n521 model withV50.1. They find that:~i! Power
law spectra lead to self-similar evolution in anV51 uni-
verse.~ii ! Stable clustering does not hold in anV51 uni-
verse to the extent our simulations can ascertain.~iii ! Stable
clustering is a better approximation in the case ofV,1 uni-
verse in which structure formation freezes out at some
redshift.~iv! The relation between dimensionless pair velo
ity and the mean correlation function,j̄, is only approxi-
mately independent of the shape of the power spectrum
the nonlinear end, the asymptotic value of the dimension
pair velocity decreases with increasing small-scale pow
because the stable clustering assumption is not univers
true. ~v! The relation between the evolvedj̄ and the linear
regime j̄ is also not universal but shows a weak spectru
dependence. They present simple theoretical argument
these conclusions.

R. Cen and J.P. Ostriker, in collaboration with
Wambsganss, described in detail a new method to trace
rays through an essentially three dimensional mass distr
tion up to high redshift. As an example, they applied t
method to a standard cold dark matter universe. They
tained a variety of results, some of them statistical in natu
others from rather detailed case studies of individual ‘‘lin
of sight.’’ Among the former are the frequency of multip
imaged quasars, the distribution of separation of the mult
quasars, and the redshift distribution of lenses: all as fu
tions of quasar redshift. They found effects from very we
lensing up to highly magnified multiple images of high re
shift objects. Applied to extended sources, i.e., galaxies,
ranges from slight deformations of the shapes, only mea
able in a big ensemble, through tangentially aligned arc
up to giant luminous arcs. One can thus study the weak
herent shear fields produced by lensing of large-scale st
ture in directions that are devoid of large mass concen
tions as well as the strong lensing around massive cluste
galaxies. Gravitational lensing directly measures mass d
sity fluctuations along the line of sight to very distant o
jects. No assumptions need to be made concerning bias
ratio of fluctuations in galaxy density to mass density. Hen
lensing is a good tool to study the universe at medium
high redshifts. Cosmological models — normalized to t
universe at redshift zero — differ considerably in their p
dictions for the mass distributions at these distance sca
Therefore lensing is a powerful tool to distinguish betwe
various cosmological models. The ultimate goal is to ap
this method to a number of cosmogonic models in orde
study their gravitational lensing effects and be able to eli
nate some models whose properties are very different f
the properties of the observed universe.

R. Cen and J.P. Ostriker, in collaboration with J. Wam
sganss and G. Xu, examined effects of the weak gravitatio
lensing by large-scale structure on the determination of
cosmological deceleration parameterq0 . They find that the
lensing induced dispersions on truly standard candles
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0.04 and 0.02 mag at redshiftz51 andz50.5, respectively,
in a COBE-normalized cold dark matter universe w
V050.40, L050.6, H565km/s/Mpc ands850.79. It is
shown that one would observeq0520.4420.05

10.17 and
q0520.4520.03

10.10 ~the errorbars are 2s limits! with standard
candles with zero intrinsic dispersion at redshiftz51 and
z50.5, respectively, compared to the truth ofq0520.40 in
this case, i.e., a 10% error inq0 will be made. A standard
COBE normalizedV051 CDM model would produce three
times as much variance and a mixed~hot and cold! dark
matter model would lead to an intermediate result. O
unique signature of this dispersion effect is its no
Gaussianity. Although the lensing induced dispersion
lower redshift is still significantly smaller than the current
best observed~total! dispersion of 0.12 mag in a sample o
type Ia supernovae, selected with the multicolor light cur
shape method, it becomes significant at higher redshift. T
show that there is an optimal redshift, in the ran
z;0.522.0 depending on the amplitude of the intrinsic d
persion of the standard candles, at whichq0 can be most
accurately determined.

R. Cen and R.A. Simcoe~undergraduate!, performed a
detailed analysis of the Lya clouds produced by cosmolog
cal hydrodynamic simulations of a spatially flat cold da
matter universe with a non-zero cosmological constant. T
found a very wide variety of structures, ranging from roun
ish high-density regions withNHI.1016 cm22, to filamen-
tary and sheet-like structures with column densities be
1014 cm22. The most common shape of the Lya clouds
found in this simulation resembles a cigar squashed in
longitudinal direction. Furthermore, these Lya clouds range
in size from several kiloparsecs to about a hundred kilop
secs, indicating that if simple models with a single popu
tion of uniformly-sized spheres~or other shapes! fit observa-
tions, this is only by coincidence. They show that the meth
of inferring the sizes of Lya clouds using observations o
double quasar sightlines is only meaningful~in terms of set-
ting lower limits on cloud sizes! when the sightline separa
tions are small (Dr ,50h21 kpc!. Finally, they conjecture
that high column density Lya clouds (NHI.1016 cm22)
may be progenitors of the lower redshift faint blue galaxi
because the correlation length of these Lya clouds~extrapo-
lated to lower redshift! resembles that of the observed fai
blue galaxies, and their masses are close to those of star
dwarf galaxies in the Babul & Rees proposal.

R. Cen and J.P. Ostriker, in collaboration with J. Mirald
Escude´ ~University of Pennsylvania!, and M. Rauch
~CalTech!, used an Eulerian hydrodynamic cosmologic
simulation to model the Lya forest in a spatially-flat, COBE-
normalized, cold dark matter model withV50.4. The inter-
galactic, photoionized gas is predicted to collapse into sh
like and filamentary structures which give rise to absorpt
lines having characteristics similar to the observed Lya for-
est. A typical filament is;1h21 Mpc long with thickness
;502100h21 kpc ~in proper units!, and baryonic mass
;1010h21M ( . The cell size is (2.5,9)h21kpc in the two
simulations, with true resolution perhaps a factor of 2
worse than this. The gas temperature is in the range 104 - 105
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K, increasing with time as structures with larger velociti
collapse gravitationally.

The predicted distributions of column densities,
parameters and equivalent widths of the Lya forest clouds
agree reasonably with observations, and their evolution
consistent with the observed evolution, if the ionizing bac
ground has intensity betweenz52 andz54. A new method
of identifying lines as contiguous regions in the spectr
below a fixed flux threshold is suggested to analyze the
sorption lines, given that the Lya spectra arise from a con
tinuous density field of neutral hydrogen rather than discr
clouds. They also predict the distribution of transmitted fl
and its correlation along a spectrum and on parallel spec
and the He II flux decrement as a function of redshift. Th
predict a correlation length of;80h21 kpc perpendicular to
the line of sight for features in the Lya forest.

In order to reproduce the observed number of lines
average flux transmission, the baryon content of the clo
may need to be significantly higher than in previous mod
because of the low densities and large volume- filling f
tors. If the background intensityJhi is at least that predicted
from the observed quasars,Vb needs to be as high a
;0.025h22; the model also predicts that most of the baryo
at z.2 are in Lya clouds, and that the rate at which th
baryons move to more overdense regions is slow. A la
fraction of the baryons which are not observed at presen
galaxies might be intergalactic gas in the currently collaps
structures, withT;1052106 K.

R. Kulsrud, R. Cen and J.P. Ostriker, in collaborati
with D. Ryu, demonstrated that strong magnetic fields
produced from a zero initial magnetic field during the preg
lactic era, when the galaxy is first forming. Their develo
ment proceeds in three phases. In the first phase, weak
netic fields are created by the Biermann battery mechan
Results from a numerical simulation make it appear lik
that during the second phase homogenous isotropic Kolm
oroff turbulence develops associated with gravitational str
ture formation of galaxies. Assuming that this turbulence
real then these weak magnetic fields will be amplified
strong magnetic fields by this Kolmogoroff turbulence. Du
ing this second phase, the magnetic fields reach satura
with the turbulent power, but they are coherent only on
scale of the smallest eddy. During the third phase, wh
follows this saturation, it is expected that the magnetic fi
strength will increase to equipartition with the turbulent e
ergy and the coherence length of the magnetic fields
increase to the scale of the largest turbulent eddy, com
rable to the scale of the entire galaxy. No further dyna
action after the galaxy forms is necessary to explain the
gin of magnetic fields. However, the magnetic field will ce
tainly be altered by dynamo action once the galaxy and
galactic disk have formed.

Cen studied the effects of projection on various obse
ables of clusters of galaxies at redshift near zero, includ
cluster richness, velocity dispersion, X-ray luminosity, thr
total mass estimates~velocity-based, temperature-based a
gravitational lensing derived!, gas fraction and substructur
utilizing a large simulation of a realistic cosmological mod
~a cold dark matter model with the following paramete
-
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H0565km/s/Mpc, V050.4, L050.6, s850.79). Unlike
previous studies focusing on the Abell clusters, it was c
servatively assumed that both optical and X-ray observati
can determine the source~galaxy or hot X-ray gas! positions
along the line of sight as well as in the sky plane accurate
hence we only include sources inside the velocity space
fined by the cluster as possible contamination sources.
jection effects are found to be important for some quantit
but insignificant for others.

It was shown that, on average, the gas to total mass r
in clusters appears to be 30-40% higher than its correspo
ing global ratio. Independent of its mean value,the broadn
of the observed distribution of gas to total mass ratio is
equately accounted for by projection effects, alleviating
need to invoke other non gravitational physical process
While the moderate boost in the ratio narrows the gap, i
still not quite sufficient to reconcile the standard nucleos
thesis value of Vb50.0125(H0/100)22 ~Walker, et al.,
1991! andV051 with the observed gas to mass ratio val
in clusters of galaxies, 0.05(H0/100)23/2, for any plausible
value ofH0 . However, it is worth noting that real observa
tions of X-ray clusters, especially X-ray imaging observ
tions, may be subject to more projection contaminations t
we allow for in our analysis. In contrast, the X-ray lumino
ity of a cluster within a radius<1.0h21Mpc is hardly altered
by projection, rendering the cluster X-ray luminosity fun
tion a very useful and simple diagnostic for comparing o
servations with theoretical predictions.

Rich cluster masses @M (,1.0h21Mpc)>3
3 1014h21M (# derived from X-ray temperatures or galax
velocity dispersions underestimate, on average, the true c
ter masses by about 20%, with the former displaying
smaller scatter, thus providing a better means for clus
mass determination. The gravitational lensing reconstruc
~assuming an ideal inversion! mass overestimates the tru
mass by only 5-10% but displays a dispersion significan
larger than that of the X-ray determined mass.

Projection inflates substructure measurements in ga
maps, but affects X-ray maps much less. Most clust
(>90%) in this model universe do not contain significa
intrinsic substructure on scales >50h21kpc at
Rpro j<1h21Mpc without projection effects, whereas mo
than ;50% of the same clusters would be ‘‘observed’’
show statistically significant substructure as measured by
Dressler-ShectmanD statistic. The fact that a comparab
fraction (;50%) of real observed clusters show substruct
measured in the same way implies that most of the subst
ture observed in real clusters of galaxies may be due to
jection.

Finally, it was pointed out that it is often very difficult to
correctly interpret complex structures seen in galaxy and
ray maps of clusters, which frequently display illusory co
figurations due to projection. The best way to compare p
dictions of a cosmological model with the clust
observations is to subject clusters in a simulated univers
exactly the same observational biases and uncertainties
cluding projection and other instrumental limitations, and
compare the ‘‘observed’’ simulated clusters with real one

Cen investigated the high end of the Lya optical depth
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distribution of a quasar spectrum. Based on the flux distri
tion ~Miralda-Escude´, et al., 1996!, a simple yet seemingly
cosmological model-differentiating statistic,Dt0

— the cu-

mulative probability of a quasar spectrum with Lya optical
depth greater than a high valuet0 — was emphasized. It wa
shown that two different models — the cold dark mat
model with a cosmological constant and the mixed hot a
cold dark matter model, both normalized to COBE and lo
galaxy cluster abundance — yield quite different values
Dt0

. Moreover, it was argued thatDt0
may be fairly robust

to compute theoretically. Furthermore,Dt0
can be obtained

sufficiently accurately from currently available observ
quasar spectra fort0;3.024.0, when observational noise
properly taken into account. Analyses of observations
quasar Lya absorption spectra over a range of redshift m
be able to constrain the redshift evolution of the amplitude
the density fluctuations on small-to-intermediate sca
therefore providing an independent constraint onV0 ,
V0,HDM andL0 .

Cen studied the cluster-cluster two-point correlation fu
tions in topological defect models. Gaussian cosmolog
models, typified by the inflationary cold dark matter mode
and non-Gaussian topological defect based cosmolog
models, such as the texture-seeded model, differ in the or
of large-scale cosmic structures. Textures initially are r
domly distributed on scales larger than their size, in sh
contrast to the initial high-density peaks in the Gauss
models, which are already strongly clustered before
gravitational evolution has occurred. One thus expects
the resultant correlation of large cosmic objects such as c
ters of galaxies in the texture model should be significan
weaker than its Gaussian counterpart.

An V051 biasedb52 ~as required by cluster abundan
observations! texture model~or any random seed model! pre-
dicts a two-point correlation length of<6.0h21Mpc for rich
clusters, independent of richness. On the other hand, the
served correlation length for rich clusters is>10.0h21Mpc
at an approximately 2s confidence level. It thus appears th
the global texture cosmological model or any random s
cosmological models are ruled out at a very high confide
(.3s).

Cen and Ostriker, in collaboration with S. Phelps~physics
graduate student! and J. Miralda-Escude´, examined the auto
correlation of Lya clouds~along the line of sight! in detail
utilizing a hydrodynamic simulation of Lya clouds in a cold
dark matter universe with a cosmological constant, comp
ing it to that of mass and galaxies. The correlation stren
of Lya clouds is somewhat weaker than that of the unde
ing matter, which in turn should be weaker than that of g
axies ~biased galaxy formation!. On the scales probed
102300km/s, higher density, higher optical depth, high
column density Lya clouds are more strongly clustered th
lower density, lower optical depth, lower column density
gions, with the difference being larger at small separati
and smaller at large separations. Thus, a consistent pic
seems to emerge: the correlation strength for a given se
objects is positively correlated with their characteristic g
bal density and the differences among the correlations
galaxies, Lya clouds and mass reflect the differences in d
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sity that each trace. Significant positive correlations with
strength of 0.121.0 are found for Lya clouds in the velocity
range 502300km/s. This effect should be observable. T
correlation function of Lya clouds seems to be a monoton
cally decreasing function of separation, indicating that cor
lation strength should be less than 0.1 atDv.300km/s,
where the simulation box was too small to give a reliab
measure.

Among the correlational measures examined, an opt
depth correlation function may serve as the best correlatio
measure. It reasonably faithfully represents the true corr
tion of the underlying matter, enabling a better indication
both matter correlation and the relationship between gala
and Lya clouds. Furthermore, it appears to be an alterna
to the conventional line-line correlation function with th
virtue that it does not require ambiguous post-observa
fitting procedures such as those commonly employed in
conventional line-finding methods. Neither does it depe
sensitively on the observational resolution~e.g., FWHM!,
insofar as the clouds are resolved~i.e., the FWHM is smaller
than the line width!. Conveniently, it can be easily measure
with the current observational sensitivity without being co
taminated significantly by the presence of noise, if o
chooses an appropriate optical depth floor valuetmin ~an
adjustable parameter! say,<2.0.

Cen, in collaboration with F. Governato, B. Moore,
Stadel, G. Lake and T. Quinn, studied the dynamics of
Local group. The dynamics of Local Group and its enviro
ment provide a unique challenge to cosmological mod
The velocity field within 5h21 Mpc of the Local Group~LG!
is extremely ‘‘cold.’’ The deviation from a pure Hubbl
flow, characterized by the observed radial peculiar veloc
dispersion, is measured to be 60 km/s. The local velo
field was compared with similarly defined regions extrac
from N-body simulations of a universe dominated by co
dark matter. This test yields a strong discriminator betwe
models that have different mean mass densities. Neither
V51 ~SCDM! or V50.3 ~OCDM! cold dark matter models
can produce a single candidate Local Group that is emb
ded in a region with such small peculiar velocities. The
models, produce velocity dispersion between 300–700 k
and 150–300 km/s respectively, more than twice the
served value.

Although both CDM models fail to produce environmen
similar to those of our Local Group, they give rise to ma
binary systems that have similar orbital properties as
Milky Way-Andromeda system. The local bias of halos
the CDM ‘‘Local Group’’ environments is; 1.5, indepen-
dent ofV.

Cen and Ostriker, in collaboration with M. Rauch,
Miralda-Escude´, W.L.W. Sargent, T.A. Barlow, D.H. Wein-
berg, L. Hernquist, and N. Katz, measured the distribut
function of the flux decrementD5e2t caused by Lya forest
absorption from intervening gas in the lines of sight to hi
redshift QSOs from a sample of seven high resolution Q
spectra obtained with the Keck telescope. The observed
decrement distribution function~FDDF! is compared to the
FDDF from two simulations of the Lya forest: aLCDM
model ~with V 50.4, L50.6! computed with the Eulerian
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code of Cen & Ostriker, and a standard CDM mod
~SCDM, withV 5 1! computed with the SPH code of Hern
quist, Katz, & Weinberg. Good agreement is obtained
tween the shapes of the simulated and observed FDDFs
both simulations after fitting only one free parameter, wh
controls the mean flux decrement. The difference betw
the predicted FDDFs from the two simulations is small, a
we show that it arises mostly from a different temperature
the low-density gas~caused by different assumptions th
were made about the reionization history in the two simu
tions!, rather than differences between the two cosmolog
modelsper se, or numerical effects in the two codes whic
use very different computational methods.

A measurement of the parameterm } Vb
2h3/G ~whereG

is the HI ionization rate due to the ionizing background! is
obtained by requiring the mean flux decrement in the sim
lations to agree with the observed one. Estimating the lo
limit G .7310213 s21 from the abundance of know
QSOs, they derive a lower limit on the baryonic matter de
sity, Vbh2.0.021(0.017) for theLCDM ~SCDM! model.
The difference between the lower limit inferred from the tw
models is again due to different temperatures in the lo
density gas. Adopting a fixedVb , the measurement ofm(z)
allows a determination of the evolution of the ionizing rad
tion field with redshift. The models predict an intensity th
is approximately constant with redshift, which is in agre
ment with the assumption that the ionizing background
produced by known quasars forz,3, but requires additiona
sources of ionizing photons at higher redshift given the
served rapid decline of the quasar abundance.

W.N. Colley, J. Richard Gott III and C. Park studied th
topology of the fluctuations in the microwave backgrou
found in the COBE 4-year results. The topology is measu
by the genusg(n) which is defined as the number of h
spots minus the number of cold spots as a function of te
perature threshold. Their results are in beautiful agreem
with the theoretical curve expected for a Gaussian rand
phase distribution:g(n) } nexp(2n2/2) wheren ~in terms
of standard deviations! defines the area fractionf below the
temperature threshold. These results are therefore consi
with the standard inflationary-big bang model in which t
density fluctuations are due to random quantum fluctuati
in the early universe.

Gott, Cen and Ostriker examined how the 3D topology
galaxy clustering is expected to vary by galaxy type. Sp
and SO galaxies should display a random phase sponge
topology, but elliptical galaxies, which form earlier and ha
more time to fall into clusters, should, by virtue of the
non-linear effects, show more of a ‘‘meatball’’ topology wit
a preference for finding isolated clusters shown by a sm
shift to the left of the 3D genus curve. This effect is demo
strated using the Ostriker and Cen hydrodynamical cos
logical simulations, which incorporate not only gravity b
also gas dynamics. This is a subtle but measurable ef
which shows up in the hydrodynamic simulations but not
ones where galaxies are picked by a simple biasing sch
that identifies peaks in the initial mass distribution. This
fect could be measured in the Sloan Digital Sky Survey r
shift sample where there will be a sufficient volume stud
l
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and it will be possible to type the galaxies automatical
Thus one can use the topology statistics to probe the de
of the galaxy and large-scale structure formation process

With N. Gnedin~MIT and UCB!, Ostriker completed two
papers~Ostriker & N. Gnedin, 1996; N. Gnedin & Ostriker
1997!, describing very high resolution simulations of th
early formation of nonlinear structure in the Universe. In t
first of these, they noted that current observational evide
strongly favors a conventional recombination of ionized m
ter subsequent to redshift z5 1200, followed by reionization
prior to redshift z5 5 and computed how this would hav
occurred in a standard scenario for the growth of structu
They showed by direct, high-resolution numerical simu
tions ~of a COBE normalized CDM1 L model! that reheat-
ing will occur in the interval 20.z.7, followed by reion-
ization and accompanied by a significant increase in
Jeans mass. However, the evolution of the Jeans mass
not significantly affect star formation in dense, self-shield
clumps of gas, which are detached from the thermal evo
tion of the rest of the universe. On average, the growth of
Jeans mass tracks the growth of the nonlinear mass sca
result they suspect is due to nonlinear feedback effects. C
ing by molecular hydrogen leads to a burst of star format
prior to reheating, which produces Population III stars w

V* reaching 1025.5 andZ̄/Z( reaching 1023.7 by z;14. Star
formation subsequently slows down as photodestruction
the rise of the temperature deplete molecular hydrogen
later times,z,10, when the characteristic virial temperatu
of gas clumps reach 104 degrees, star formation increas
again as hydrogen line cooling becomes efficient. Obje
containing Population III stars accrete mass with time and
soon as they reach 104 K virial temperature, engage in re
newed star formation and turn into normal Population II o
jects having an old Population III, metal-poor component.
the second work~astro-ph/9612127!, they simulated a plau-
sible cosmological model in considerable physical and
merical detail through the successive phases of reheatin~at
10,z,20), formation of POP III stars atz515, with sub-
sequent reionization atz57. They assumed an efficiency o
high mass star formation appropriate to leave the unive
after it becomes transparent, with an ionizing backgrou
J2150.4 ~at z54), near the observed value. Since the sa
stars produce the ionizing radiation and the first genera
of heavy elements, a mean metallicity ofZ̄/Z(51/200 is
produced in this early phase, but there is a large varia
about this mean, with the high density regions havi
Z̄/Z(51/30 and low density regions having essentially n
metals. Reionization, when it occurs, is very rapid, whi
will leave a signature which may be detectable by very la
area meter-wavelength radio instruments. Also, the ba
ground UV radiation field will show a sharp drop from 1Ry
to 4Ryd due to absorption edges. The simulated volum

too small to formL* galaxies, but the smaller objects whic
are found in the simulation obey the Faber-Jackson relat

In order to explore theoretically this domain of ‘‘the en
of the dark ages’’ quantitatively, numerical simulations mu
have a mass resolution of the order of 104.5M ( in baryons,
high spatial resolution~1 kpc! to resolve strong clumping
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and allow for detailed and accurate treatment of both
radiation field and atomic/molecular physics.

In more observationally oriented work~Colley, et al.,
1996! on the Hubble Deep Field, Ostriker, with W. Colle
~graduate student! and J. Rhoads and D.N. Spergel, co
cluded that the small faint images are not separate gala
but pieces of larger ones~most likely star forming regions!.
It had been suggested that faint source counts continu
rise to the completeness limit of the data, implying a ve
large number of galaxies. The two-point angular correlat
function and number-magnitude relation of sources w
used to assess the nature of the sources in the HDF. T
found that the correlation peaks between 0.’’25 and 0
with amplitude of 2 or greater and is much higher for t
smallest objects. This angular scale corresponds to phy
scales of order 1 kpc for redshiftsz*1. The correlation mus
therefore derive from objects with subgalactic separatio
At faint magnitudes, the counts satisfy the relation num
} 1/flux, which is expected for images that are subdivisio
of larger ones.

Several explanations for these observed correlations
possible, but a conservative explanation can suffice to p
duce their results. Since high-redshift space (z*0.5) domi-
nates the volume of the sample, observational redshift eff
are important. Rest-frame ultraviolet radiation appears in
HDF’s visible and near-UV bands, and surface brightn
dimming enhances the relative brightness of unresolved
jects versus resolved objects. Both work to increase
prominence of compact star-forming regions over diffu
stellar populations. Thus, a ‘‘normal’’ gas-rich galaxy
high redshift can appear clumpy and asymmetric in the
ible bands. Form sufficiently faint and distant objects,
compact star-forming regions in such galaxies peak ab
undetectable diffuse stellar backgrounds. Their results do
exclude asymmetric formation or fragmentation scenario

In a subsequent paper,~Colley, et al., 1997!, Ostriker,
with W. Colley, O.Y Gnedin~graduate students! and J.E.
Rhoads, investigated the dynamics of the ‘‘small galaxie
in the Hubble Deep field, concluding that it was unlikely th
we are witnessing accretion events, and more likely that
are simply seeing bright spots in irregular star forming s
tems. The previous work had found a significant angular c
relation of faint, high color-redshift objects on scales bel
one arcsecond, or several kiloparsecs in metric size. A
relation at this scale is most likely due to physical assoc
tions. They examined the correlation and nearest neigh
statistics to conclude that 38% of these objects in the H
have a companion within one arcsecond~or about 6 kpc!,
three times the number expected in a random distribu
with the same number of objects; the total excess approa
1.5 objects for separations of 10 arcseconds. They next
amined three possible dynamical scenarios for these ob
multiplets: 1! the objects are star-forming regions within no
mal galaxies, whose disks have been relatively dimmed
K-correction and surface brightness dimming; 2! they are
fragments merging into large galaxies; 3! they are satellites

accreting onto parent normalL* galaxies. They found tha
hypothesis 1 is most tenable. First, large galaxies in the
cess of a merger formation would have accumulated
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much mass in their centers (531012M ( inside 2 kpc! to
correspond to any abundant category of present day obje
Second, accretion by dynamical friction occurs with a p
dictable slope in density vs. radius that is not seen among
faint HDF objects. Since the dynamical friction time
roughly 1 Gyr, a steady state should have been reache
redshift z&5. In the context of these two dynamical sc
narios, they consider the possible effects of a gradien
mass-to-light ratio caused by induced star formation dur
infall. They noted that star-forming regions within galaxi
clearly present no dynamical problems, but also that la
spirals would still appear as such in the HDF, which lea
the collaborators to favor a scenario in which the faint co
pact sources in the HDF are giant star-forming regio
within small normal galaxies, such as Magellanic irregula
Last they noted that the ‘‘excess’’ number of correlated o
jects near a given faint source approaches 1.5, sugge
that the previous counts of objects have overestimated
number of galaxies by a factor of 2.5, while underestimat
their individual luminosities by the same factor.

Ostriker completed a paper,~Ciotti & Ostriker, 1997! with
Luca Ciotti ~Bologna!, arguing that quasars and coolin
flows are different aspects of the same phenomenon. T
presented a new class of solutions for the gas flows in e
tical galaxies containing massive central black holes~BH!.
Modified King model galaxies are assumed. Two sou
terms operate: mass loss from evolving stars, and a secu
declining heating by SNIa. All relevant atomic physical pr
cesses are modeled in detail. Like the previous models in
tigated by Ciotti,et al., ~1991!, these new models first evolv
through three consecutive evolutionary stages: wind, o
flow, and inflow. At this point the presence of the BH alte
dramatically the subsequent evolution, because the en
emitted by the BH can heat the surrounding gas to ab
virial temperatures, causing the formation of a hot expand
central bubble. Short and strong nuclear bursts of radia
are followed by longer periods during which the X-ray ga
axy emission comes form the coronal gas (Lx). The range
and approximate distribution spanned byLx are found to be
in accordance with observations of X-ray early type galaxi
Moreover, although high accretion rates occur during bu
ing phases when the central BH has a luminosity charac
istic of QSOs, the total mass accreted is very small wh
compared to that predicted by stationary cooling-flow so
tions and are in accord with putative BH nuclear masses
the bursting phasesLx is low and the surface brightness pr
file is very low compared to pre-burstor to cooling flow mo
els. They propose that these new models, while solving so
long-standing problems of the cooling flow scenario, c
provide a unified description of QSO-like objects and X-r
emitting elliptical galaxies, these being the same objects
served at two different evolutionary phases.

A major breakthrough in the observations of gamma-
bursts was the detection of ‘‘afterglows’’ in X-ray, optica
and radio domains, following rapid and accurate positio
obtained with the BeppoSAX satellite. In order to explain t
original energy source. Paczynski~1997! proposed a mode
of a ‘‘hypernova,’’ a massive star with the spin energy of
collapsed core rapidly transported to the envelope by
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super-strong magnetic field. If this model is correct th
gamma-ray bursts should appear in or near star forming
gions at moderate redshifts.

Andrew Ulmer~graduate student!, working under the su-
pervision of B. Paczynski, developed a model of stellar ti
disruption by a close passage near a supermassive black
with the emphasis on the observable effects of such a p
nomenon. Ulmer~1997! argued that the object is likely to
appear as an optical-UV transient source in a gala
nucleus, and may be detectable in ongoing superno
searches and also through ‘‘fossil’’ ionized nebulae near
lactic nuclei.

P.S. Udomprasert~undergraduate! carried out senior the
sis research with Knapp on optical and infrared measu
ments of interstellar dust masses in early-type galaxies,
lyzing data for a sample of 64 nearby elliptical and
galaxies. The optical data are from an analysis of HST
ages of galaxy cores by van Dokkum and Franx~1995!,, that
found dust lanes in about half of the galaxies. Udompra
and Knapp compared these results with dust masses de
from far- infrared flux measurements. They found that: S
galaxies contain 2 - 3 times as much dust on average as
elliptical galaxies; elliptical galaxies contain 1022 to 1023 of
the amount of dust found in spiral galaxies of similar lum
nosity; the statistics of the detection rates suggest that m
or all early-type galaxies contain interstellar dust; the dus
these systems is fairly similar in its properties to that in
Galaxy; the far-infrared observations detect much more d
~by about a factor of 100! than do the HST observations
showing that the dust is in structures extending well outs
the galaxy cores; that the dust content is uncorrelated w
either luminosity or internal structure; and that dusty ellip
cal galaxies are much more likely to contain non-therm
radio emitting cores than are galaxies with low dust conte

Michael Richmond continued to investigate the propert
of supernovae, in concert with a group of colleagues at
University of California at Berkeley. Using a new robot
telescope, which started regular operations in Novem
1996, they discovered the Type II Supernova 1997bs
April, 1997. The KAIT ~Katzman Automatic Imaging Tele
scope! has been monitoring SN 1997bs and several ot
nearby supernovae regularly, in order to make precise m
surements of supernova light curve shapes.

Richmond has been working for several years with
group of amateur astronomers who are building their o
CCD cameras. The Amateur Sky Survey~TASS! plans to
measure repeatedly the stars in a three-degree band ar
the celestial equator between sixth and thirteenth magnit
in theV andI passbands. Several members of the group g
presentations at the summer 1997 AAS meeting in Winst
Salem, North Carolina. Richmond created and maintains
TASS home page on the World-Wide Web.

Maki Suginohara~visiting student!, Tatsushi Suginohara
and David Spergel explored the possibility of detecting
signature of gravitational lensing in the microwave bac
ground by cross-correlating cosmic microwave backgrou
radiation fluctuations with redshift surveys. Density inhom
geneities along the line-of-sight distort fluctuations in t
cosmic microwave background. Usually, this effect
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thought of as a small second-order effect that mildly alt
the statistics of the microwave background fluctuatio
They show that there is a first-order effect that is potentia
observable if they combine microwave background ma
with large redshift surveys. They introduce a new quan
that measures this lensing effect,^T(du•¹T)&, where T is
the microwave background temperature anddu is the lensing
due to matter in the region probed by the redshift surv
They show that the expected signal is first order in the gra
tational lensing bending angle,^(du)2&1/2, and find that it
should be easily detectable,~S/N! ; 15-35, if they combine
the Microwave Anisotropy Probe satellite and Sloan Digi
Sky Survey data. Measurements of this cross-correlation
directly probe the ‘‘bias’’ factor, the relationship betwee
fluctuations in mass and fluctuations in galaxy counts.

Matias Zaldarriaga~MIT ! and Spergel studied the auto
correlation function of CMB polarization anisotropies an
their cross correlation with temperature fluctuations as pr
of the causal structure of the universe. Because polariza
is generated at the last scattering surface, models in w
fluctuations are causally produced on sub-horizon scales
not generate correlations on scales larger then;2o. Infla-
tionary models, on the other hand, predict a peak in the c
relation functions at these scales: its detection would
definitive evidence in favor of a period of inflation. Th
signal could be detected with the next generation of sa
lites.

Jeremy Kepner~graduate student!, Arif Babul~NYU! and
Spergel explored the effects of a background radiation fi
on the formation of dwarf galaxies. One of the largest unc
tainties in understanding the effect of a background UV fi
on galaxy formation is the intensity and evolution of th
radiation field with redshift. This work attempts to shed lig
on this issue by computing the quasi-hydrostatic equilibri
states of gas in spherically symmetric dark matter ha
~roughly corresponding to dwarf galaxies! as a function of
the amplitude of the background UV field. They integrate t
full equations of radiative transfer, heating, cooling and no
equilibrium chemistry for nine species: H, H1, H2, H2 ,
H2

1 , He, He1, He11, and e2. As the amplitude of the UV
background is decreased the gas in the core of the dwarf
through three stages characterized by the predominanc
ionized ~H1), neutral ~H! and molecular~H2) hydrogen.
Characterizing the gas state of a dwarf galaxy with the
diation field allows us to estimate its behavior for a variety
models of the background UV flux. The results indicate th
a typical radiation field can easily delay the collapse of gas
halos corresponding to 1-s CDM perturbations with circular
velocities less than 30 km/s.

M. Zaldarriaga, D. Spergel and U. Seljak~CfA! explored
how microwave background experiments could be used
constrain cosmology parameters. They used a high- accu
computational code to investigate the precision with wh
cosmological parameters could be reconstructed by fu
cosmic microwave background~CMB! experiments, in par-
ticular the two satellite missions MAP and Planck Survey
~COBRAS/SAMBA!. They identify several parameter com
binations that could be determined with a few percent ac
racy with MAP and the Planck Surveyor, as well as so
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degeneracies among the parameters that cannot be accu
resolved with the temperature data alone. These degener
can be broken by other astronomical measurements. P
ization measurements can significantly enhance the sci
return of both missions by allowing accurate determinat
of cosmological parameters, by enabling the detection
gravity waves and by probing the ionization history of t
universe. They also address the question of how Gaus
the likelihood function is around the maximum and wheth
gravitational lensing changes the constraints.

Ue-li Pen~CfA! and David Spergel explored the physi
of a String-Dominated Universe. The string-dominated u
verse locally resembles an open universe, and fits dynam
measures of power spectra, cluster abundances, redshif
tortions, lensing constraints, luminosity and angular diame
distance relations and microwave background observati
They show examples of networks, which might give, rise
recent string-domination without requiring any fine-tun
parameters. They discuss how future observations can di
guish this model from other cosmologies.

J. Dalcanton, D.N. Spergel and F. Summers~postdoc,
Princeton! developed a theory for the formation of disk ga
axies. They present a scenario for the formation of di
which explains not only the properties of normal galaxi
but the properties of the population of low surface brightn
galaxies ~LSBs! as well. They use a gravitationally sel
consistent model for disk collapse to calculate the observ
properties of disk galaxies as a function of mass and ang
momentum of the initial protogalaxy. The model natura
produces smooth, asymptotically flat rotation curves and
ponential surface brightness profiles over many disk sc
lengths. In this scenario, low mass and/or high angular m
mentum halos naturally form low baryonic surface dens
disks, which will tend to be low surface brightness. Theore
cal and numerical calculations suggest galaxy halos sh
form with a wide range of mass and angular momenta,
thus, the disks, which form within these halos, should hav
wide range of surface brightness’ and scale lengths. They
theoretical predictions for the distribution of halo masses
angular momenta to explicitly calculate the expected num
density of disk galaxies as a function of central surfa
brightness and disk scale length. The resulting distributio
compared to the observed properties of galactic disks, an
shown to explain the range of observed disk properties,
cluding the cutoff in the maximum disk scale length as
function of surface brightness. They also show that disk
stabilities explain the observed lack of high surface den
disks. The calculated distribution of disk properties also s
gests that there are large numbers of galaxies, which rem
undetected due to biases against galaxies with either
surface brightness or small-scale length. They quantify
by calculating the difference between the intrinsic luminos
function and the luminosity function, which would be me
sured in a galaxy survey with a given limiting surface brig
ness. They show that current measurements of the ga
luminosity function may be missing more than half of allL*
galaxies, and an even larger fraction of faint galaxies, gi
the correlation between mass and surface brightness.
likely underestimate of the luminosity density is also e
tely
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pected to be large. They discuss how this affects obse
tions of the ‘‘faint blue galaxy’’ population.

Dalcanton, Spergel and Summers also investigated the
namics of galaxies as a function of surface brightness. T
showed that, in the absence of any systematic change in
ratio of disk mass to disk luminosity, galaxies of all surfa
brightness’ should lie on the same Tully-Fisher relation. T
models also show systematic changes in the shape of
rotation curve as a function of angular momentum, wh
leads to low surface brightness galaxies having slowly ris
rotation curves. Furthermore, because high angular mom
tum LSB disks have their baryonic mass spread over a la
area than normal galaxies of comparable mass, LSB d
contribute very little to the observed dynamics of the gala
Thus, LSBs provide a very effective tracer of the shape a
mass profile of the dark matter halo, out to proportiona
larger radii than is possible to observe with normal gala
rotation curves.

J. Dalcanton ~OCIW!, D.N. Spergel, J.E. Gunn, M
Schmidt~Caltech! and D.P. Schneider~Penn State! presented
results of a large area CCD survey for low surface brightn
galaxies~LSBs! that reaches central surface brightness’
25mag/arcsec2 in V. They have analyzed 17.5 (deg)2 of
transit scan data, and identified a statistical subset of 7 p
disk LSB’s with central surface brightness’ fainter tha
m0523Vmag/arcsec2 and with angular exponential sca
lengths larger thana52.59. The LSB detection is entirely
automated, and the selection efficiency of the survey is w
quantified. After correcting for the selection efficiency, th
find a surface density of 4.122.1

12.6galaxies / degree2 for LSBs
in the considered range ofm0 anda ~90% confidence levels!,
with the largest correction being due to the area lost beh
bright stars, and the difficulty in detecting LSBs with sma
angular sizes. They have measured redshifts to the fi
sample of LSBs, and find them to be at distances compar
to those probed by large galaxy catalogs, and to have int
sic scale lengths of 1.723.650

21kpc, also comparable to nor
mal galaxies. They use the redshifts and the selection
ciency to calculate the number density in LSBs w
23,m0,25Vmag/arcsec2 and find N 50.0120.005

10.006

galaxies h50
3 Mpc23, with 90% confidence. The measureme

of the absolute number density of LSBs probably represe
a lower limit, due to very strong biases against LSBs w
bulges or edge-on LSBs in the sample. Comparing the L
number density to the number density of normal galax
with either similar scale lengths or similar luminosities, th
find that the number density of LSBs wit
23,m0,25Vmag/arcsec2 is comparable to or greater tha
the number density of normal galaxies. The luminosity de
sity in LSBs is comparable to the luminosity density of no
mal galaxies with similar luminosities, but is a factor of 3-1
smaller than the luminosity density of normal galaxies w
similar scale lengths. The relative LSB number density a
luminosity density agrees well with the theoretical pred
tions of Dalcanton, Spergel and Summers. The redshift-sp
distribution of the LSBs suggests that the trend for low s
face brightness galaxies to have weak small scale corr
tions may continue to the fainter surface brightness’ cove
in this survey.
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Michael Strauss continued his work on studies of
large-scale distributions and motions of galaxies. In colla
ration with Jeff Willick ~Stanford!, Avishai Dekel~Hebrew
University!, and Tsafrir Kolatt~UC Santa Cruz!, he carried
out a detailed likelihood analysis comparing existing Tul
Fisher data with the IRAS redshift survey. Unlike previo
comparisons of peculiar velocity and redshift data, t
worked directly with the raw Tully-Fisher data themselve
and thus involved a minimal amount of massaging of
data. Thus the calibration of the Tully-Fisher data themsel
was included as part of the analysis, and correction
Malmquist bias is part and parcel of the technique itself
was found that the Tully-Fisher and IRAS data are consis
with one another as expected from linear gravitational ins
bility theory and linear biasing. The small-scale velocity d
persion of galaxies was found to be 125620kms21, and
b[V0.6/b50.4960.07.

In collaboration with Willick, Dekel, Stephane Courtea
~DAO!, David Burstein~Arizona State University! and San-
dra Faber~UC Santa Cruz!, Strauss published the Tully
Fisher data upon which the above analysis was based,
the most reliable and uniform calibration available.

In collaboration with Daniel Koranyi~CfA!, Strauss pub-
lished a critique of the results of I. Segal,et al., who used the
IRAS redshift survey to argue that the observed correla
of fluxes and redshifts in the sample ruled out the Hub
law, and favored a universe in which the redshifts of galax
are proportional to the square of their distances. They
peated Segal’s analysis, and were able to show that this
clusion followed from a systematic error in the way Seg
et al., calculated the luminosity function of galaxies. Co
recting for this error, they found that the techniques of Se
et al., did in fact not distinguish very strongly at all betwee
the two cosmologies. However, adding the additional
sumption that the galaxy distribution is homogeneous
large scales allowed them to rule out the quadratic reds
distance law unambiguously.

In collaboration with Rita Kim~Princeton!, Strauss devel-
oped a parameterized form for the observed distribut
function of counts in cells of galaxies. Fitting this form
observed data allowed them to constrain the skewness
kurtosis of the galaxy distribution. They were able to sh
with the aid of N-body simulations that this method giv
unbiased results, which are more robust in several ways f
those determined by the traditional moments method.

In collaboration with Luigi Guzzo~Milano!, Karl Fisher
~U. Texas!, and Riccardo Giovanelli and Martha Hayn
~Cornell!, Strauss calculated the small-scale velocity disp
sion of galaxies of different morphological types in th
Pisces-Perseus redshift survey. They found that the velo
dispersion of spiral galaxies was considerably smaller t
that of ellipticals, and that the spiral velocity dispersion w
much more robust to the presence or absence of rich clu
in the sample, suggesting that they measure the velocity
persion in the field.

Strauss wrote a review of large-scale bulk flows, that w
appear in the proceedings of a conference, ‘‘Critical D
logues in Cosmology,’’ which took place in Princeton
summer 1996.
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Turner, in collaboration with T. Kundic´ ~Caltech!, W.
Colley, J. R. Gott, Y. Wang, J. Rhoads~KPNO!, S. Malhotra
~IPAC!, J. Wambsganss~AIP!, L. Bergeron, K. Gloria and
D. Long ~all of APO!, made a robust determination of th
time delay in 09571561A,B and thus measured the glob
value of Hubble’s constant using Refsdal’s method. Con
ued photometric monitoring of the gravitational lens syst
09571561A,B in theg and r bands with the Apache Poin
Observatory~APO! 3.5 m telescope during 1996 showed
sharpg band event in the trailing~B! image light curve at the
precise time predicted in an earlier paper. The prediction w
based on the observation of the event during 1995 in
leading ~A! image and on a differential time delay of 41
days. This success confirmed the so called ‘‘short dela
and the absence of any such feature at a delay near 540
rejected the ‘‘long delay’’ for this system, thus resolving
long standing controversy. A series of statistical analyses
the APO light curve data yielded a best fit delay of 41763
days ~95% confidence interval! and demonstrated that thi
result is quite robust against variations in the analysis te
nique, data subsamples and assumed parametric relation
of the two light curves. Recent improvements in the mod
ing of the lens system~consisting of a galaxy plus a galax
cluster! allow derivation of the global~at z50.36) value of
Hubble’s constantH0 using Refsdal’s method, a simple an
direct ~single step! distance determination based on expe
mentally verified and securely understood physics and ge
etry. The result isH0564613 km/s/Mpc~for V51) where
this 95% confidence interval is dominantly due to remain
lens model uncertainties. However, it is reassuring that av
able observations of the lensing mass distribution over c
strain the model and thus provide an internal consiste
check on its validity.This determination of the extragalacti
distance scale (10% accurate at 1s) is now of comparable
quality, in terms of both statistical and systematic uncerta
ties, to those based on more conventional techniques.

Turner, S. Malhotra~IPAC! and J. Rhoads~KPNO! ob-
tained evidence for dusty gravitational lenses. Foregro
galaxies that amplify the light from background quasars m
also dim that light if the galaxies contain enough dust. E
tinction by dust in lenses could hide the large number
lensed systems predicted for a flat universe with a large va
of the cosmological constantL. They looked for one signa
ture of dust, namely reddening, by examining optic
infrared colors of gravitationally lensed images of quasa
They found that the lensed systems identified in radio a
infrared searches have redder optical-IR colors than optic
selected ones. This could be due to a bias against sele
reddened~hence extinct! quasars in the optical surveys, o
due to the differences in the intrinsic colors of optical a
radio quasars. Comparison of the radio-selected lensed
unlensed quasars shows that the lensed ones have redde
ors. They therefore concluded that at least part of the co
difference between the two lens samples is due to dust. F
the color difference between lensed and unlensed radio
sars~and assuming Galactic extinction law! they could rec-
oncile a large cosmological constant (L50.9) with the num-
ber of lensed systems observed in flux limited optic
surveys. These results substantially weaken the stron
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constraint on cosmological scenarios that invoke a non-z
cosmological constant to explain age discrepancy proble
satisfy predictions of inflationary models of the early un
verse and play a role in large-scale structure formation m
els. They also raise the prospect of using gravitational len
to study the interstellar medium in high redshift galaxies.

Turner and M. Umemura~Tsukuba University! examined
the possibility that a population of relic massive black hol
perhaps constituting an important component of the d
matter, might be indirectly detected via their occasional v
strong gravitational lensing of individual luminous stars
distant external galaxies. For plausible, and in some resp
conservative, values of the relevant physical parameters,
showed that such events might be detected either in w
area surveys reaching routine CCD magnitude limits~such as
the Sloan Digital Sky Survey! or in small field, very deep
images~such as the HDF!. Thus, it would be a challenging
but not impossible task to detect or place limits on a cos
population of relic massive black holes.

Yun Wang ~while in Fermilab! collaborated with Ed
Turner ~Princeton! on part II of their work on statistics o
extreme gravitational lensing events, the finite shear c
They considered an astrophysical system with a popula
of sources and a population of lenses. For each pair of so
and lens, there is a thin on-axis tube-like volume behind
lens in which the radiation flux from the source is grea
increased due to gravitational lensing. Any objects~such as
dust grains! which pass through such a thin tube will exp
rience strong bursts of radiation, i.e., Extreme Gravitatio
Lensing Events~EGLE!. They studied the physics and st
tistics of EGLE for the case in which the shear is larger
comparable to the finite source size. They found that
presence of shear has only a small effect on the EGLE
tistics.

Yun Wang collaborated with Pierre Sikivie~University of
Florida! and Igor Tkachev~Ohio State! on a secondary infal
model of galactic halo formation and the spectrum of c
dark matter particles on Earth. The spectrum of cold d
matter particles on Earth is expected to have peaks in ve
ity space associated with particles which are falling onto
Galaxy for the first time and with particles which have fall
in and out of the Galaxy only a small number of times in t
past. They obtained estimates for the velocity magnitu
and the local densities of the particles in these peaks. To
end they used the secondary infall model of galactic h
formation which they had generalized to take account of
angular momentum of the dark matter particles. The n
model is still spherically symmetric and it admits self simil
solutions. In the absence of angular momentum, the mo
produces flat rotation curves for a large range of values
parametere which is related to the spectrum of primordi
density perturbations. They found that the presence of an
lar momentum produces an effective core radius, i.e.
makes the contribution of the halo to the rotation curve go
zero or zero radius. The model provides a detailed desc
tion of the large-scale properties of galactic halos includ
density profiles, extent and total mass. They obtained pre
tions for the kinetic energies of the particles in the veloc
peaks and estimates for their local densities as function
ro
s,
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the model parameters which are the amount of angular
mentum, the age of the universe ande.

Yun Wang collaborated with Turner~Princeton! on the
caustics, critical curves and cross sections for gravitatio
lensing by disk galaxies. They studied strong gravitatio
lensing by spiral galaxies, modeling them as infinitely th
uniform disks embedded in singular isothermal spher
They derived general properties of the critical curves a
caustics analytically. The multiple-image cross section i
sensitive function of the inclination angle of the disk relati
to the observer. They computed the inclination-averag
cross section for several sets of lensing parameters. For
istic disk mass and size parameters, they found that the c
section for multiple imaging is increased by only a mod
factor and no dramatic increase in the optical depth f
strong lensing of QSOs would be expected. However,
cross section for high magnifications is significantly i
creased due to the inclusion of a disk, especially for nea
edge-on configurations; due to the strong observational
lection effects favoring high magnifications, there might
significant consequences for lensing statistics.

2.2 Stellar and Galactic Dynamics

With Pawan Kumar~MIT, IAS!, Goodman studied the
importance of three-mode couplings for tidal capture of st
in globular clusters. Tidal capture is the formation of a b
nary from two stars initially on a hyperbolic~unbound! rela-
tive orbit, as a result of excitation of large-amplitude osc
lations in the stellar envelopes during pericentral passa
Other workers have shown that tidal capture can someti
be only temporary, because the transfer of energy from
orbit to the oscillations is in principle reversible; the line
damping times of the large-scale oscillations are of order
thousand years. Goodman and Kumar have shown, howe
that oscillations large in amplitude and scale readily desta
lize numerous short-wavelength g-modes through thr
mode couplings. The g-modes are quickly damped by ra
tive diffusion. As a result of this nonlinear process, t
effective damping time of the large-scale modes is redu
to less than a year, and tidal capture is effectively irreve
ible.

Siang Peng Oh~graduate student! and Goodman have re
investigated the efficiency of turbulent convection for circ
larizing the orbits of close binary stars. Older binaries a
circular at longer orbital periods, which suggests that cir
larization proceeds during the main sequence phase. S
the periods of interest are shorter than the turnover time
the largest convective eddies, it is believed that turbul
dissipation of the stellar tides~and hence of the binary’s
eccentricity! is partially suppressed. The degree of suppr
sion, however, is disputed. Via new analytic and numeri
calculations, Oh and Goodman find that the suppressio
severe. Furthermore, they find that even without suppress
turbulent convection viscosity is unable to explain circula
ization of the longer period orbits during the main-sequen
lifetimes of binaries containing solar-type stars.

Ostriker and O.Y. Gnedin completed three papers rela
to the dynamics of globular clusters. In the first of these~O.
Gnedin & Ostriker, 1997a!, they investigated the dynamica
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evolution of the Galactic globular cluster system in cons
erably greater detail than has been done hitherto, finding
destruction rates are significantly larger than given by pre
ous estimates. For the evolution of individual clusters, th
used a Fokker-Planck code including the most import
physical processes governing the evolution: two-body re
ation, tidal truncation of clusters, compressive gravitatio
shocks while clusters pass through the Galactic disk,
tidal shocks due to passage close to the bulge. Gravitati
shocks are treated comprehensively, using a recent resu
Kundić & Ostriker that thê DE2& shock-induced relaxation
term, driving an additional dispersion of energies, is gen
ally more important than the usual energy shift term^DE&.
Various functional forms of the correction factor are adop
to allow for the adiabatic conservation of stellar actions
the presence of transient gravitational perturbation.

They used a recent compilation of the globular clus
positional and structural parameters, and a collection of
dial velocity measurements. Two transverse to the line
sight velocity components were assigned randomly acc
ing to the two kinematic models for the cluster syste
~following the method of Aguilar, Hut, & Ostriker!: one with
an isotropic peculiar velocity distribution, corresponding
the present-day cluster population, and the other with
radially preferred peculiar velocities, similar to those of t
stellar halo. They used the Ostriker & Caldwell and the Ba
call, Schmidt, & Soneira models for our Galaxy.

For each cluster in their sample, they calculated its or
over a Hubble time, starting from thepresentobserved posi-
tions and assumed velocities. Medians of the resulting se
peri- and apogalactic distances and velocities are used
as input for the Fokker-Planck code. Evolution of the clus
is followed up to its total dissolution due to a coherent act
of all of the destruction mechanisms. The rate of destruc
is then obtained as a median over the entire cluster sam

They found that the total destruction rate is much lar
than that given by Aguilar, Hut, & Ostriker with more tha
half of the present clusters~52% - 58% for the Ostriker &
Caldwell model, and 75% - 86% for the Bahcall, Schmidt,
Soneira model! destroyed in the next Hubble time. Alterna
tively put, the typical time to destruction is comparable to t
typical age, a result that would follow from~but is not re-
quired by! an initially power law distribution of destruction
times. They discussed some implications for a past histor
the globular cluster system and the initial distribution of t
destruction times, raising the possibility that the curre
population is but a very small fraction of the initial popul
tion with the remnants of the destroyed clusters constitu
presently a large fraction of the spheroid~bulge 1 halo!
stellar population.

In the second paper, Ostriker and O. Gnedin~O. Gnedin
& Ostriker, 1997b!, utilized the dynamical theory develope
in the first paper to describe how the observed lumino
function of globular clusters in external galaxies can funct
as a new and reasonably accurate distance indicator. As
ing the same initial luminosity function as in the Milky Way
they constructed an intrinsic distribution of globular cluste
resulting from an isolated, passive evolution over the Hub
time of the true initial distribution. The galactic environme
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changes this distribution primarily through tidal shocks a
dynamical friction. Their model explains, on a quantitati
basis, the observed differences between the inner and o
populations of globular clusters in the Galaxy, M31, a
M87. They can further calculate the amount of appar
brightening of the peak of the luminosity function due
destruction of low-mass clusters. Comparing the correc
peak with the center of the intrinsic distribution, they obta
distance moduli to the galaxies. Using this method they fi
dmM31524.0360.23 and dmM87530.8160.17, as com-
pared to the current best estimates using other meth
(dmM31524.3060.20, dmM87531.060.1). This new
method, coupled withHubble Space Telescopeobservations,
promises to provide an independent way of estimating d
tances to galaxies with recessional velocities&10,000 km
s21, or d&100h21 Mpc. The surprising consistency of th
predicted and observed distances supports the initialAnsatz
that the mass functions of globular clusters in the three g
axies, spanning a wide range of masses, were universal a
birth of these systems.

Finally, in a more theoretically oriented paper, O. Gned
and Ostriker examined the self-consistent response of st
systems to gravitational shocks~including the effects of po-
tential fluctuations driven by internal oscillations!. Specifi-
cally, they studied the reaction of a globular star cluster t
time-varying tidal perturbation~gravitational shock!, using
self- consistent N-body simulations, and address two qu
tions. First, to what extent is the cluster interior protected
adiabatic invariants. Second, how much further ene
change do the postshock cluster oscillations produce
how much do they affect the dispersion of stellar energ
They found that when the cluster potential is fixed, the ad
batic corrections for the energy change follow a power-l
in the adiabatic parameterx[vt,A(x)5(11x2)25/2 for the
shock durations of the order of the half-mass dynamical ti
for the cluster,t&tdyn,h. For more prolonged shocks, th
adiabatic corrections become shallower,A(x)5(11x2)23/2

for t54tdyn,h, approaching the prediction of the linea
theory by Weinberg. When they allow for self-gravity an
the oscillations, which follow the shock, the evolution of th
potential causes significant changes in the energy of sta
the core, while the total energy of the system is conserv
Paradoxically, the post-shock potential fluctuationsreduce
the total amount of energy dispersion,^DE2&. The effect is
small but real, and is due to the post-shock energy cha
being statistically anti-correlated with the shock induced
ergy change. These results are to be applied to Fok
Planck calculations of evolution of globular clusters.

2.3 Stellar Astronomy and the Solar System

Jorissen and Knapp completed an analysis of the circ
stellar properties of S stars in order to put these propertie
perspective with current understanding of the evolution
status of S stars, in particular the intrinsic/extrinsic d
chotomy. This dichotomy states that only Tc-rich~‘intrin-
sic’! S stars are genuine thermally-pulsing asymptotic gi
branch stars, possibly involved in the M–S-C evolutiona
sequence. Tc-poor S stars are referred to as ‘extrinsic
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stars, because they are the cooler analogs of barium s
and like them, owe their chemical peculiarities to mass tra
fer across their binary system.

An extensive data set probing the circumstellar envir
ment of S stars~IRAS flux densities, maser emission, C
rotational lines! was collected and critically evaluated. Th
data set combines new observations~13 stars were observe
in the COJ5221 line and 3 in the COJ5322 line, with
four new detections! with existing material~all CO and ma-
ser observations of S stars published in the literature!. The
IRAS flux densities of the S stars were re-evaluated by
adding the individual scans, in order to better handle
intrinsic variability of these stars in the IRAS bands a
possible contamination by Galactic cirrus.

In IR color-color diagrams, S stars were found to seg
gate into five distinct regions according to their Tc conte
and the ZrO/TiO, C/O and IR spectral indices. A simp
radiative-transfer code was used to infer the chemical na
~carbonaceous or silicate! of the dust grains from the ob
served IR colors of the circumstellar shell. Comparison w
the (K2@12#,@25#2@60#) color-color diagram showed tha
both carbon-rich and oxygen-rich dust shells are proba
observed around S stars. The IR colors of S stars popula
the region of the color-color diagram with smallK2@12#
excess and moderate@25#2@60# excess are best reproduce
by carbon-rich dust. This result is consistent with the featu
less appearance of their IRAS low resolution spectra~LRS
classes S or F!, as predicted for graphite or amorphou
carbon grains, with the absence of the silicate IR featur
9.7mm, and the absence of SiO, OH or H2O maser emission

Several S stars have large 60mm excesses that are be
explained by detached dust shells. For many of these s
the 60 mm emission is resolved by the IRAS beam. T
prototypical SC star FU Mon is among these. Since SC s
are believed to be in a very short-lived evolutionary pha
where C/O5 1 within 1%, FU Mon may be a good cand
date for the ‘interrupted mass-loss’ scenario advocated
Willems & de Jong~1988!. The CO line profile of FU Mon
is also peculiar in being quite narrow (Ve52.8kms21), sug-
gesting that mass loss has just resumed in this star.

Mass loss rates or upper limits have been derived for a
stars observed in the CO rotational lines, and range ra
from ,23108M (yr21 for extrinsic S stars to
131025M (yr21 ~the Mira S star W Aql!. These mass-los
rates correlate well with theK2@12# color index, which
probes the dust loss rate, provided th
95M.1028M (sunyr21. Small mass-loss rates are foun
for extrinsic S stars, consistent with their not being
evolved~RGB or E-AGB! as the Tc-rich S stars. This resu
does not support the claim often made in relation with sy
biotic stars that binarity strongly enhances the mass-loss

Ž. Ivezić, in collaboration with M. Elitzur~U. Kentucky!
has continued to work on the scaling properties of radia
transfer through dust. They find that the spectral shape of
radiation processed by dust is independent of overall lu
nosity and geometrical size scale, when the inner bounda
controlled by dust sublimation. These scaling properties
sult in tight correlations among various observables, and
able systematic studies of large infrared databases. Toge
rs,
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with A. Miroshnichenko~Pulkovo Observatory!, they per-
form such studies for various classes of medium- and h
mass young stellar objects~e.g., Herbig Ae/Be stars, B@e#
stars!. They find that the models of spherical dusty envelop
with roughly 1/r density distribution can explain IR emissio
from the majority of such sources, in contrast with the lo
mass T Tau stars which require disk like geometry.

Ivezić and D. Christodoulou~Louisiana St. University!
have searched IRAS database for young stars in HI h
velocity clouds~HVCs!. Their results point to a low but sig
nificant star-formation rate in intermediate and high Galac
latitude HVCs. Such rate is sufficient to account for the e
istence of young blue stars born in the Galactic halo, and
nonprimordial metallicities inferred for some HVCs.

Ivezić, in collaboration with M. Groenewegen~MIP,
Garching!, A. Men’shchikov ~PAS, Warsaw!, and R. Szcz-
erba~PAS, Toruń!, has defined a set of benchmark problem
for dust radiative transfer, and presented solutions obtai
by three codes which implement different numeric
schemes. These results are used for the verification of sev
new dust radiative transfer codes.

2.4 Galactic Astronomy and Interstellar Matter

B.T. Draine continued to work on theoretical astrophys
of the interstellar medium, with particular attention to ph
todissociation fronts and to interstellar dust.

The theory of stationary photodissociation fronts has b
investigated by Draine & Bertoldi~1996!. It is shown that
overlap of the ultraviolet absorption lines of H2 ~neglected in
much previous work! can often be important. New approx
mations are developed for the treatment of self-shield
when line overlap becomes important, and photodissocia
front models including these effects are computed. The m
els are applied to the bright photodissociation region in NG
2023, for which there are now observations of H2 fluorescent
emission in both the K band and the far-red. It is shown t
the photodissociation region in NGC 2023 must be cons
erably denser and warmer than previously believed in or
to reproduce the observed H2 emission spectrum.

ISO observations of the S140 reflection nebu
photodissociation region have been analyzed and mode
using the theoretical models developed by Draine and B
toldi. The ISO satellite has, for the first time, made possi
observations of H2 emission from rotationally excited level
of the ground vibrational state, in addition to emission fro
vibrationally-excited levels of H2 , and various atomic and
ionic fine-structure lines. The observed intensities~Timmer-
man,et al., 1996! show that a layer of the molecular gas
the S140 PDR is characterized by a surprisingly high kine
temperature, in excess of 500K. Such high temperatures
theoretically surprising; the only previous evidence for su
high temperatures was the analysis by Draine & Berto
~1996! of NGC 2023.

Radiation pressure has long been recognized to play
important role in grain dynamics because of the force exe
on grains by an anisotropic radiation field, but the torqu
exerted on dust grains by anisotropic radiation can also
dynamically important.
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Draine and Joseph Weingartner~graduate student! studied
the radiative torques exerted on irregular dust grains w
they are illuminated by interstellar starlight. The theory u
derlying calculation of these torques is developed, and
torques are calculated for examples of irregular grains us
a modified version of the DDSCAT code for calculating sc
tering and absorption by targets using the discrete dip
approximation. Radiative torques exerted on grains by
interstellar radiation field may result in spinup of the gra
to superthermal rotation rates~Draine & Weingartner 1996!.
Even isotropic starlight can produce superthermal rotat
but modest anisotropies in the radiation field — such as
expected in the interstellar medium — can be very imp
tant, both for producing superthermal rotation and for alig
ing dust grains with the local magnetic field. The effects
torques from moderately anisotropic starlight have be
studied~Draine & Weingartner 1997!. It is found that star-
light torques appear to play a major role in the process
grain alignment. In many cases, it is found that radiat
torques can bring about grain alignment much more rap
than the paramagnetic dissipation process which is usu
invoked.

A. Lazarian has continued developing the theory of gr
alignment. One challenging problem was to describe qua
tatively the alignment of the grain’s principal axis of large
moment of inertia with the grain’s angular momentum. La
arian earlier established the fact that thermal fluctuati
within the grain material make this alignment incomple
but only a qualitative description was obtained at that tim
Working with W. Roberge~Rensselaer!, A. Lazarian ob-
tained a detailed description of this process, thus openin
avenue of applications of this new effect in grain alignme
theory.

The process of grain alignment, whether by radiat
torques or the ‘‘classical’’ Davis-Greenstein mechanism
paramagnetic dissipation, characteristically involves ‘‘cro
over’’ events, where the grain’s angular velocity compon
along the grain’s principal axis of largest moment of iner
changes sign. These crossover events are critical to the
cess of grain alignment, because the grain is easily dis
ented during the period when its angular momentum is sm
Lazarian and Draine~1997! have shown that previous analy
ses of the crossover process overlooked the subtle but
important effects of thermal fluctuations within the gra
When these fluctuations are taken into account, it is fou
that the larger grains — the ones, which are observed to
highly aligned in the interstellar medium — are much le
susceptible to disorientation during crossover than had
viously been believed. It seems paradoxical that ther
fluctuations can result in improved grain alignment; this h
pens because the thermal fluctuations cause the grain’s
axis to deviate from the direction of the angular momentu
which prevents the ‘‘systematic’’ torques from spinning t
grain down to very small angular momenta during t
‘‘crossover’’-process. As a result, it is found that even wit
out radiative torques acting, classical paramagnetic diss
tion appears capable of achieving the observed degre
grain alignment, for plausible assumptions regarding gr
properties.
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Lazarian obtained new results relevant to the Gold mec
nism for alignment of non-spherical grains, providing
analytical description of the alignment process in the pr
ence of incomplete internal relaxation. He obtained go
agreement between his results and available numerical d
Addressing the problem of Davis-Greenstein alignment
non-spherical grains, Lazarian obtained analytical expr
sions for their measure of alignment in the presence of
complete internal alignment.

Lazarian, in collaboration with Roberge, studied param
netic alignment of grains subjected to cosmic rays. T
study disproved a fallacy that cosmic rays provide an ess
tial means for grain alignment.

Lazarian, in collaboration with M. Efroimsky~Harvard!
and J. Ozik~Tufts!, calculated measures of mechanical alig
ment for suprathermally rotating prolate grains. These res
provide a quantitative foundation for the ‘‘cross-section
alignment mechanism introduced earlier by A. Lazarian.

Lazarian, in collaboration with A. Goodman and P. Mye
~CfA!, calculated alignment measures provided by vario
alignment mechanisms in dark clouds. These results
plained earlier observations by A. Goodman.

Lazarian, in collaboration with D. Pogosyan~CITA!,
showed that Gaussian fluctuations can produce distinct
mentary patterns within galactic HI. These results can
plain ubiquitous filaments that are observed within HI da
cubes.

E.L. Fitzpatrick continued to work on studies of interste
lar absorption lines. Fitzpatrick~1996! analyzed the pattern
of interstellar gas-phase abundances of the elements S
Mn, Cr, Fe, and Zn for about 30 individual interstellar clou
along the sightlines toward the Galactic disk star HD 682
and the halo stars HD 93521, HD 149881, and HD 2157
The gas-phase abundance of S relative to H in these clo
appears indistinguishable from the solar value. For the o
elements, well-defined upper limits are found in the g
phase abundances at significantly subsolar values. For
Mn, and Cr~and probably Ti! there are no convincing case
where the relative gas-phase abundances exceed;20.5 dex,
i.e., these elements have not been seen in interstellar gas
an abundance greater than about 1/3 solar. For Si the lim
;20.15 dex, and for Zn a constant abundance of20.13 dex
is found from seven clouds along one halo sightline. Th
subsolar maximum abundances have two possible interp
tions: ~1! they indicate the presence of an essentially in
structible component of interstellar dust, which conta
about 2/3 of the Ti, Mn, Cr, and Fe and about 1/3 of the
~assuming that the intrinsic interstellar abundances are so!
or ~2! they indicate that the true total abundances of th
elements are substantially less than in the Sun.

Fitzpatrick and Spitzer~1997! continued their multi-year
study of the physical properties of individual interstell
clouds with a detailed examination of the line of sight t
wards the star HD 215733 in the Galactic halo. Analysis
data from the Goddard High Resolution Spectrograp
(l/dl.85000) and the Kitt Peak Coude´ Feed spectrograph
(l/dl.200000) reveals a exceedingly complex line
sight, with more than 20 individual absorption compone
identified in the low- ionization species. Most of the gas se
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towards HD 215733 is cold, with temperatures of order 1
K. Five different electron density diagnostics are availab
based on collisional excitation equilibrium of C1 fine struc-
ture levels, and ionization equilibrium of C0/C1, Mg0/Mg1,
S0/S1, and Ca1/Ca11. The various ionization equilibrium
diagnostics are found to have systematic discrepancies o
to 1 dex, in the sense that the values involving the neu
species tend to be larger than those derived from the C1/
Ca11 ratio. The values derived from Ca are consistent w
the observed C1 excitation in the cold clouds if the fre
electrons come primarily from ionization of the metals. T
gas pressuresP/k implied by this condition are reasonabl
in the range 1000–5000 cm23K. The reason for the discrep
ancy among the ionization equilibrium diagnostics is n
known. Future studies will seek to establish the system
behavior of these discrepancies. A paper describing th
results were published in theAstrophysical Journal.

Fitzpatrick ~1997! derived an empirical estimate of th
oscillator strengths of the far-UV Mg IIll1239,1240 lines.
The strong near-UV Mg IIll2796,2803 lines are generall
highly saturated along most interstellar sightlines outside
local ISM and usually yield extremely uncertain estimates
Mg1 column densities in interstellar gas. Since Mg1 is the
dominant form of Mg in the neutral ISM and since Mg
expected to be a significant constituent of interstellar d
grains, the far-UV lines are critical for assessing the role
this important element in the ISM. This study consisted
complete component analyses of the absorption along
lines of sight toward HD 93521 in the Galactic halo andj
Per andz Oph in the Galactic disk, including all four UV
Mg1 lines and numerous other transitions. The three an
ses yield consistent determinations of thell1239,1240
f -values, with weighted means of 6.460.431024 and
3.260.231024, respectively. These results are a factor
;2.4 larger than a commonly used theoretical estimate,
a factor of;2 smaller than a recently suggested empiri
revision. The effects of this result on gas- and dust-ph
abundance measurements of Mg are discussed.

Jenkins and A. Peimbert~graduate student! analyzed Ly-
man and Werner band absorption features of interstellar
lecular hydrogen in the UV spectrum ofz Ori A. This spec-
trum was recorded over the wavelength interval 95021150Å
at high resolution by the Interstellar Medium Absorptio
Profile Spectrograph~IMAPS! during the first flight of
ORFEUS-SPAS, an instrument and spacecraft configura
launched into orbit and retrieved by the Space Shuttle~STS-
51! in late 1993. H2 towardz Ori A appears in three princi
pal velocity components. One of these components sh
velocity displacements and broadening for absorptions ou
successively higher rotational levels. This behavior is unl
what is usually seen for H2 , where the profile shapes ar
virtually identical in shape, as one would expect for optic
pumping in a thin medium. Using evidence from atom
lines at large and moderate negative velocities, Jenkins
Peimbert~1997! concluded that the strange behavior of t
H2 lines is probably caused by molecule formation behin
shock front. They proposed that this process is occurring
collapsing column of warm, partly ionized gas that is reco
bining and cooling behind a bow shock created by the co
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sion of a stellar wind with a foreground interstellar cloud.
For the analysis of interstellar or intergalactic absorpt

features that are somewhat resolved by a spectrograph,
kins has devised a method of correcting the apparent op
depths~as a function of velocity! to compensate for error
caused by very narrow, saturated structures inside the m
profiles. The correction scheme can be applied only wh
two or more lines from the same absorber are observed,
it makes use of disparities in the scaling of the appar
optical depths with transition probabilities. The analys
method operates on the same principle as the interpreta
of a curve-of-growth for the total equivalent widths of line
In an article that discusses how the method works, Jen
~1996! presents some very simple approximations to the
act formulae that can be applied in practice.

B. Paczynski and his associates worked on a major
serving program aimed at detecting gravitational microle
ing in our Galaxy~the Optical Gravitational Lensing Exper
ment — OGLE!, and on projects that arose serendipitou
from the OGLE. The most important new development is
full-scale operation of the new OGLE-2 telescope at the L
Campanas Observatory. This R/C 1.3-meter telescope h
permanently mounted 2k x 2k back-illuminated CCD ca
era. It is dedicated to massive photometric searches for v
able objects: gravitational microlensing events and all ot
types of variable stars. Dr. A. Udalski of the Warsaw Un
versity Observatory and his associates developed all h
ware and software. The instrument makes up to 50 mill
photometric measurements every clear night, and the da
processed on site within 24 hours. While the data has b
flowing smoothly since January 1997, it will take till the en
of 1997 before the first significant scientific results will b
available.

B. Paczynski and his associates studied various effe
which affect quantitative analysis of microlensing data: t
blending of images in crowded fields, the relation betwe
the observed time scale and the lens mass, and theore
understanding of the global properties of microlensing.

A major ‘‘spin-off’’ of the massive variability searche
was implemented following the idea that detached eclips
double line spectroscopic binaries can be used to mea
distance directly. A visitor to Princeton, Dr. J. Kaluzny
the Warsaw University Observatory, successfully continu
the search for such binaries in star clusters and in M31.

The OGLE data continued to be used for studies of
Galactic bar and the star distribution towards Baade’s W
dow. Additional catalogues of variable stars discovered
the OGLE data were published. All photometric measu
ments of all these stars, and the finding charts are avail
electronically by ftp and WWW.

It is generally recognized that Kolmogoroff hydrody
namic turbulence is very effective in generating and am
fying magnetic fields, so it is important to understand t
process by which it happens. On the basis of the MHD fl
equations it appears that magnetic energy is rapidly built
on very small scales, scales smaller even than the visc
scale of Kolmogoroff turbulence. If the resistivityh is much
smaller than the kinematic viscosityn, then the energy rap
idly propagates all the way down to the resistivity sca
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which can be orders of magnitude smaller than the visc
scale. However, in general the mean free path is only m
erately smaller than the viscous scale, and the plasma i
fectively collisionless on scales smaller than the mean
path. Kulsrud, Cowley, Sudan and Gruzinov~1997! have
shown that in the collisionless limit, even very weak ma
netic fields rapidly damp any motions that would tend
amplify the magnetic fields. This is true provided the gyr
radius is smaller than the mean free path. As a result,
generation of energy on smaller scales than the mean
path is effectively blocked and magnetic energy cannot re
smaller scales in a realistic plasma. This result is import
for properly understanding the role of small-scale magn
fields in astrophysical dynamos in plasmas for whichh!n.

Magnetic reconnection is important in many astrophysi
contexts such as in the sun and in accretion disks. Kuls
and Ph.D. student Uzdensky are studying the infinitely la
magnetic Reynolds number limit of two-dimensional ma
netic reconnection. In this limit the geometry of the magne
reconnection breaks up naturally into a narrow bound
layer in which the magnetic reconnection actually occurs
the surrounding global regions. As plasma reconnect
passes into a second narrow region that separates the
connected plasma and the reconnected plasma, the sepa
region. All the rest of the plasma is in magnetostatic equi
rium.

Uzdensky and Kulsrud~1997! show that it is important to
understand the dynamics of the flow into this separatrix
gion because the back pressure from the deceleration of
flow in this region can react back on the main reconnect
layer and slow down the magnetic process itself. Furth
they have shown that The reconnection layer has to be
nected to the separatrix region through a magnetic cusp
generalizing and correcting a previous theory of magn
cusps carried out by Bekstein and Priest. The knowledg
the magnetic field and flows just outside of the narr
boundary layer regions is necessary to properly solve for
magnetic reconnection and flows in this region, and thus
determine the reconnection rate.

James Binney~Oxford!, Ortwin Gerhard ~Basel! and
Spergel explored the photometric structure of the inner G
axy. The light distribution in the inner few kiloparsecs of th
Milky Way is recovered non-parametrically from a dust- co
rected near-infrared COBE/DIRBE surface brightness m
of the inner Galaxy. The best fits to the photometry are
tained when the Sun is assumed to lie;1464pc below the
plane. The recovered density distributions clearly show
elongated three-dimensional bulge set in a highly n
axisymmetric disk. In the favored models, the bulge has a
ratios 1:0.6:0.4 and semi-major axis length;2kpc. Its
nearer long axis lies in the first quadrant. The bulge is s
rounded by an elliptical disk that extends to;2kpc on the
minor axis and;3.5kpc on the major axis. In all models
there is a local density minimum;2.2 kpc down the minor
axis. The subsequent maximum;3 kpc down the minor axis
~corresponding tol .222° andl .17°) may be associate
with the Lagrange point L4 . From this identification and the
length of the bulge- bar, they infer a pattern spe
Vb.60270kms kpc21 for the bar. Experiments in which
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pseudo-data derived from models with spiral structure w
deprojected under the assumption that the Galaxy is ei
eight fold or four-fold symmetric, indicate that the high
non-axisymmetric disks recovered from the COBE d
could reflect spiral structure within the Milky Way if tha
structure involves density contrasts greater than.3 at NIR
wavelengths. These experiments indicate that the anglef0

between the Sun-centre line and a major axis of the bu
lies near 20deg.

2.5 Instrumentation and Software

The second orbital flight of the Interstellar Medium Ab
sorption Profile Spectrograph~IMAPS! occurred during a
long-duration Shuttle mission~STS-80! in November and
December of 1996. Once again, IMAPS was attached to
Astro-SPAS spacecraft which was flown on a mission sp
sored by the US and German space agencies, NASA
DARA. IMAPS is an objective-grating echelle spectrogra
that can record the spectra of bright, early-type stars in
wavelength interval 93021150Å at the high resolution tha
is needed to see most of the velocity structure in the abs
tion features. In an observing program that was divid
equally between scientists on the IMAPS team and gu
observers, the following stars were observed:g Cas,e Per,j
Per, d Ori, e Ori, m Col, b CMa, 15 Mon,e CMa, HD
64760,z Pup,g2 Vel, a Leo, r Leo, h UMa, b Cen, anda
Gru. Many interstellar species were detected, the most
portant of which included H2, O VI, and atomic deuterium
Improvements in the data collection system implemented
Princeton engineers P. Zucchino and M. Reale enab
IMAPS to operate at much higher efficiency than before
as a result of this improvement and a longer observing tim
IMAPS gathered roughly eight times as much data as
obtained on the earlier flight in 1993. Analysis of the da
from this mission is currently in progress.

The Sloan Digital Sky Survey work at Princeton includ
several major contributions to the software systems, wh
will automatically reduce the SDSS data as they are tak
The photometric pipeline reduces the data from the C
drift-scan imaging camera; it corrects the data for defe
finds objects, measures them, incorporates photometric
position calibrations, combines the data in the five differe
SDSS filters for each object, and outputs reduced and c
brated images plus a large number of measured object
rameters. The last major task, the deblending of overlapp
images, is well along. The software has been extensiv
tested using simulated images. The development of this p
line has been carried out by a group consisting of R. Lupt
M. Richmond, Ž. Ivezić, J. Gunn, M. Strauss, G. Knapp an
T. Quinn ~University of Washington!. The code will run on
current computers at a rate close to that at which the data
taken.

Strauss and Lupton, with R. DeSimone~undergraduate!,
are testing the spectroscopic pipeline, which is being writ
at the University of Chicago. Lupton has made many con
butions to the data base and infrastructure. Richmond
worked extensively on the code to reduce the photome
calibration data. Knapp and J. Goldman~undergraduate! are
working on estimating the Galactic reddening and extinct
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over the survey area. Strauss, Lupton and Gunn, with gra
ate students X. Fan and K. Nagamine have also worked
the criteria for the selection of objects~quasars, galaxies an
brightest cluster galaxies! whose spectra are to be taken.
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Miroshnichenko, A.,Ivezić, Ž. and Elitzur, M., 1997,Ap.J.,

475, L41.
Murphy, T.W. Jr., Armus, L., Soifer, B.T., Knop, R.A., Maz

zarella, J.M.,Strauss, M.A., and Nakajima, T., 1997,The
Astronomical Journal, submitted.

Ostriker, J.P. and Gnedin, N.Y., 1996,Ap.J., 472, L63.
Paczynski, B., 1996, in IAU Symposium,169, ‘‘Unsolved

Problems of the Milky Way’’, eds. L. Blitz and P. Teuben
93.

Paczynski, B., 1996,Ann. Rev. Astron. and Astrophys., 34,
419.

Paczynski, B., 1997, in Proceedings of STScI Symposiu
‘‘The Extragalactic Distance Scale’’, ~Cambridge Univer-
sity Press, Cambridge! 273.

Paczynski, B., 1997,Ap.J., submitted.
Paczynski, B., 1996,Acta Astronomica, 46, 291.
Paczynski, B., 1996,Acta Astronomica, 46, 361.
Paczynski, B., Udalski, A., Kubiak, M., Szymanski, M.

Olech, A., and Pietrzynski, G., 1997,Bull. AAS, 190, 260.
Padmanabhan, T.,Cen, R., Ostriker, J.P., and Summers

F.J., 1996,Ap.J., 466, 604.
Partridge, R.B., Crawford, T., Marr, J., andStrauss, M.A.,

1996, in IAU Symposium175, Extragalactic Radio
Sources, eds. by R. Ekers, C. Fanti and L. Padrielli~Dor-
drecht: Kluwer!, 215.

Rauch, M., Miralda-Escude´, J., Sargent, W.L.W., Barlow
T.A., Weinberg, D.H., Hernquist, L., Katz, N.,Cen, R.,
andOstriker, J.P., 1997,Ap.J., submitted.
:

Strauss, M.A., 1997, in ‘‘Formation of Structure in the Uni
verse,’’ eds. A. Dekel andJ. P. Ostriker ~Cambridge:
Cambridge University Press!, in press~invited review!.

Strauss, M.A., 1996, in ‘‘Critical Dialogues in Cosmol-
ogy,’’ ed. Neil Turok ~Singapore: World Scientific!, in
press~invited review!.

Timmermann, R., Bertoldi, F., Wright, C.M., Drapatz, S
Draine, B.T., Haser, L., and Sternberg, A., 1996,Astr.
Ap., 315, L281.

Ulmer, A., 1997,Ap.J., submitted.
Uzdensky, D.A., andKulsrud, R.M. , 1997,Physics of Plas-

mas, in press.
Wambsganss, J.,Cen, R., Ostriker, J.P., and Xu, G., 1997,

Ap. J., 475, L81.
Wambsganss, J.,Cen, R., andOstriker, J.P., 1997,Ap.J., in

press.
Wang, Y. andTurner, E.L. , 1997,Ap.J., 482, 63.
Wang, Y. andTurner, E.L. , 1997,M.N.R.A.S., in press.
Wijers, R. andPaczynski, B., 1997,Nature, 386, 650.
Willick, J.A., Courteau, S., Faber, S.M., Burstein, D., Dek

A., andStrauss, M.A., 1997,Ap.J. Suppl., 109, 333.
Willick, J.A., Strauss, M.A., Dekel, A., and Kolatt, T.,

1997,Ap.J., 486.
Wozniak, P. andPaczynski, B.,1997, Ap.J., in press.
Yamada, M., Ji, H., Hsu, S., Carter, T.,Kulsrud, R.M., ,

Ono, Y., and Perkins, F., 1997,Phys. Rev. Lett., 787,
3117.

Yamada, M., Ji, H., Hsu, S., Carter, T.,Kulsrud, R.M.,
Bretz, N., Jobes, F., Ono, Y., and Perkins, F., 1997,Phys-
ics of Plasmas, 4, 1986.


