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This report covers the period of October 15, 1995 to Octo
14, 1996.

1. STAFF
Astrophysics faculty are Lee Samuel Finn, David M

Meyer, Guy Miller, Giles Novak, Ronald E. Taam, Melvill
P. Ulmer and Farhad Yusef-Zadeh. Research Professors
Post Doctoral Fellows~and their Ph.D. granting institutions!
are: Jessie Dotson~Univ. of Chicago!, Diane Dutkevitch
~Univ. of Massachusetts!, Larry Kidder ~Washington Univ.,
St. Louis!, Steven M. Matz~Univ. of New Hampshire!,
Rachel Pildis~to arrive Nov. 10; Univ. of Michigan!, Will-
iam R. Purcell~Northwestern Univ.!, A. Katherine Romer
~to leave Dec. 31; Univ. of Edinburgh!, Eric L. Sandquist
~Univ. of California, Santa Cruz!, and Q. Daniel Wang~Co-
lumbia Univ.!. Deborah Brown continues as a full-time le
turer. Professor Emeritus Wm. Buscombe continues to w
on his star catalog. Graduate students are Anne Collins,
ong Lee, Tom Renbarger, and John Watson. Robert Hoo
a programmer working on the Gamma Ray Observat
project along with secretary Catherine Prullage. Melville
Ulmer continues as Director. Scott Grossman, James
man, and David Grabelsky have left to take jobs in indus

The University has approved plans to refurbish and
grade the 18-inch reflector in Dearborn Observatory. Re
bishment is planned to take place in earnest in the sprin
1997.

2. RESEARCH

2.1 Accretion Disks

With graduate student J. A. Milsom, R. Taam has stud
the time dependent evolution of inertial acoustic waves in
inner region of the disk surrounding black holes. The ve
cally integrated solutions reveal qualitatively distinct beha
ior in three regimes. In particular, for sufficiently high ma
accretion rates the disk is stable to inertial acoustic osc
tions; at intermediate rates a global oscillation occurs at
maximum epicyclic frequency, and local oscillations at t
local epicyclic frequencies are also present. At low accret
rates the disk exhibits local oscillations at all radii with n
global oscillation. The disk luminosity power spectra a
characterized by power law slopes of between21.95 and
20.8 with the flattest spectra corresponding to the low
accretion rates. In each regime the luminosity oscillation a
plitudes are largest for large viscosities~rms variations al-
ways about 1%! and the oscillations vanish if the viscosity
sufficiently small. Constant viscosity models and alpha v
cosity models were used and these yield qualitatively sim
results. The locations of the transitions between these t
regimes in terms of the Eddington accretion rate are appr
mately independent of the mass of the black hole. Unl
disk coronae or multi-dimensional effects reduce the am
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tude of these oscillations, observations of these oscillati
should be possible with RXTE~Rossi X-ray Timing Ex-
plorer!.

In a separate study, Milsom and Taam have perform
radiation hydrodynamic simulations of two-dimensional o
tically thick black hole accretion disks under conditions
varying mass accretion rate and kinematic viscosity. Spe
cally, the effects of inertial acoustic oscillations and conve
tion on disk structure and observable properties have b
studied. It is found that global oscillations with rms amp
tudes of about 0.3% can be present at the maximum epicy
frequency in the disk. These oscillations are favored for l
accretion rates and large viscosities. Local oscillations at
local epicyclic frequencies are always present with rms a
plitudes of about 0.2%. These oscillations yield power sp
tra with spectral slopes of20.98 and21.33. Qualitatively
similar behavior is found for disks described by an alpha l
or a constant viscosity. Oscillations may be present fo
restricted range of parameters for any viscosity law in wh
the shear viscosity increases upon compression, and
may be detectable with the RXTE. It is also found that f
sufficiently high mass accretion rates, convection domina
the transfer of energy in the disk. The convection cells g
erally stretch from the midplane to the disk surface at low
accretion rates while the cells appear on varying len
scales at high accretion rates.

In collaboration with M. A. Abramowicz~Goteborg Uni-
versity!, I. V. Igumenschchev~Goteborg University!, and X.
Chen ~NU!, Taam has studied the morphology of adiaba
accretion flows with small non-zero specific angular mom
tum in the axisymmetric and nonviscous limit. For an initi
state characterized by a Bondi flow with the specific angu
momentum distributed with respect to polar angle, a trav
ing shock wave forms which propagates more rapidly in
equatorial plane than in the plane perpendicular to it, res
ing in the formation of a hot torus. In cases where the
coming flow is restricted to lie near the equatorial plane
strong wind forms directed away from this plane with t
tendency for the formation of a nonsteady shock structu
As the height of the incoming flow is increased, it is foun
that the resultant wind weakens. The parameter regime c
acterized by a traveling shock and a nearly standing sh
structure is delineated.

2.2 Accretion Flows

G. S. Miller’s research is primarily concerned with com
pact objects — neutron stars, black holes, and white dwa
Although it has long been known that many cosmic X-r
sources are binary systems, and that the X-rays are prod
when gas from a companion star is accreted by a neutron
or black hole, the structure of the accretion flow and t
mechanisms by which the gravitational potential energy
the inflowing gas is converted to radiation remain understo
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only in broad outline. Part of this work has been devoted
comparing models for the production of X-ray spectra
accreting systems with flow models arrived at through st
ies of X-ray variability~Psaltis, Lamb, & Miller 1995!. Other
research has included a study of the disk/magnetospher
teraction in the bursting X-ray pulsar GRO J1744228, based
on observations of the variations of its pulse profile dur
X-ray outbursts~Miller 1996!.

New observations offer an opportunity to substantia
deepen our understanding of accreting systems, and
created a pressing need for theoretical investigations of t
poral variability in accretion flows. The RXTE satellite is
new and powerful tool that is revolutionizing studies of rap
X-ray variability. Its large proportional counter enables it
collect and record X-ray photons at unprecedentedly h
rates, so that it can be used to study variations at hig
frequencies and in greater detail than ever before. The bri
est X-ray sources provide the best data, and so it is natur
direct theoretical efforts toward modeling the most rapid
accreting galactic X-ray binaries, which include the bright
objects in the X-ray sky. The gas flows in these rapidly
creting systems are influenced not only by the tremend
gravity of the accreting neutron star or black hole, but a
by the great force applied to the gas by the escaping ra
tion. These systems have luminosities close to or excee
the Eddington critical luminosity, the luminosity at whic
radiation forces can counterbalance gravity.

Two projects nearing completion are devoted to the st
of the structure and natural modes of variability of radiatio
dominated~near-critical! astrophysical flows. In the first, G
S. Miller and M.-G. Park are examining time-depende
three-dimensional perturbations of accretion by a neut
star close to its Eddington limit. Their treatment assume
Schwarzschild geometry for the spacetime outside the n
tron star and is fully general relativistic. At all the accretio
rates studied, feedback between the production of radia
and the supply of gas by the flow to the radiation produc
regions promotes the existence of weakly damped glo
modes, each of which is associated with a characteristic
cillation about steady flow. This confirms results they h
obtained for Newtonian flows~Miller & Park 1995!. The
feedback mechanism is very general, implying that radiat
hydrodynamic oscillations may be a universal feature of r
idly accreting systems. The oscillatory modes are accom
nied by characteristic variations in the radiation output of
accretion flow. These variations strongly resemble the Q
found in low-mass X-ray binaries when they are on th
normal and flaring spectral branches, suggesting that ra
tion hydrodynamic modes may already have been obser
A new result is that at sufficiently high luminosities, th
flows become unstable to nonradial~aspherical! perturba-
tions. These non-oscillatory unstable modes are not a co
quence of general relativity; the earlier study failed to fi
them because it was designed only to find oscillatory mod
The non-oscillatory modes are associated with a conv
tively unstable layer in the accretion flow at moderate opti
depths. They allow accretion to occur preferentially throu
more rapidly descending columns of gas, while the radiat
produced escapes through neighboring columns in which
o
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gas descends more slowly. It is possible that at accre
rates so high that the system exceeds the Eddington li
these modes develop non-linearly into radiation-driven o
flows.

In the second project, G. S. Miller and S. A. Grossman
investigating the dynamical behavior of radiation-driv
winds, specifically winds that arise when Compton scatter
transfers momentum from the radiation field to the gas. S
winds occur during strong X-ray bursts from slowly accre
ing neutron stars, and also may be driven from the in
regions of a black hole or neutron star accretion disk wh
the mass transfer rate is very high. By linearizing the d
namical radiation hydrodynamic equations around soluti
for steady spherical outflow, we evaluate the response
radiation-driven winds to perturbations introduced at th
inner boundaries. We find that the winds exhibit resonan
that should produce quasiperiodic oscillations in their rad
tion output. The resonances are associated with inte
waves~entropy perturbations in the flow!; there appear to be
no resonances associated solely with sound waves~isentropic
perturbations!. These resonances may cause the photosph
oscillations observed in some strong Type I X-ray bursts

2.3 Binary Evolution

With postdoctoral fellow J. Terman~NU!, Taam is inves-
tigating the common envelope phase of binary evolution
the formation of cataclysmic variable systems using
smoothed particle hydrodynamics~SPH! method. From a
number of detailed numerical simulations in three dime
sions, it has been found that the ejection of the comm
envelope is favorable for binary systems consisting of
giants of large radii and massive companions. As a ma
conclusion, it was shown that the survival of the system a
detached post common envelope binary is sensitive to
structure of the red giant star. In particular, a long per
~greater than about 0.3 yr! system can be transformed into
short period system~less than about 1 day! provided that the
common envelope exhibits a flat mass-radius profile and
sufficient orbital energy is released to unbind the envelo
The orbital separation of these systems as they emerge
the spiral-in phase is estimated, and it is found that the
bital separations increase with the core mass of the prog
tor red giant star. Work is in progress with postdoctoral f
low X. Chen~NU! to study the details of the termination o
the common envelope phase. Since the SPH method is i
equate for resolving the structure where sharp density gr
ents exist above the red giant core, a three-dimensional
drodynamics code which includes nested subgrids to res
the inner region of the double core is used.

With postdoctoral fellow J. Terman and undergradu
student Craig Savage, Taam is studying the origin of l
mass X-ray binary systems from the helium star - main
quence binary remnants of a common envelope phase. U
a statistical Monte Carlo approach, the evolution of an init
distribution of zero age binaries is followed from the ma
sequence through a phase of common envelope evolu
and subsequent supernova explosion of the helium star.
resultant population of low mass main sequence stars wi
neutron star companion has been studied as a function o
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kick velocity associated with the possible asymmetry of
supernova explosion, the efficiency of mass ejection dur
the common envelope phase, the minimum mass for ev
tion to a neutron star, and the mass distribution of the s
ondary components in the system. As a major result, the
mass X-ray binary population cannot be reproduced with
a velocity kick in the supernova explosion. Specifically, f
an average kick velocity of about 450 km/s, as inferred fr
the radio pulsar distribution, birthrates ranging fro
;331026 to 1025 yr21 are indicated for efficiencies of th
mass ejection process during the common envelope pha
0.25 to 1. Work is in progress to extend these studies
investigate the constraints placed on the binary evolu
from the observed properties of high mass X-ray binary s
tems.

2.4 Clusters of Galaxies

The high redshift (z.0.5) end of the X-ray cluster popu
lation is especially interesting as it can tell us so much, b
about the formation of large-scale structure in the Univer
and about the physical processes that govern the cluste
vironment. Ulmer and Romer have been working since 3
on a NASA Astrophysics Data Program funded project,
SHARC Survey, to identify and analyze distant X-ray clu
ters. We are using the latest X-ray reduction technique
identify clusters that were detected serendipitously in arc
val ROSAT PSPC pointings. The primary goals of th
project are: 1! to derive the most accurate estimate to date
the high redshift X-ray cluster luminosity function, and 2! to
provide the community with a large, all-sky, well understo
list of distant X-ray clusters on which to base future~e.g.
AXAF, GEMINI, HST! studies. Rachel Pildis~arriving Nov.
10!, Anne Metevier~an NU physics senior! and colleagues a
the University of Chicago and John Moores University
Liverpool ~Nichol, Kron, Holden, Collins, and Burke! com-
plete this international collaboration. The X-ray data analy
is now complete for the'500 high galactic latitude PSPC
pointings at declinations greater than210 degrees, yielding
'200 extended sources. The process of differentiating
tant clusters from other extended X-ray sources~blends, low
redshift galaxies, and z,0.3 clusters! requires extensive op
tical follow-up. For this we rely on the 3.5m ARC telescop
Deep ~to r523) optical images in bothr and g are being
made of all the distant cluster candidates. To date, we h
studied 106 candidates ('2/3 of our sample! and have found
that roughly half of them show evidence of faint~below the
POSS plate limit! galaxy clustering. Multi-slit spectroscop
will be performed to confirm the source identifications and
provide cluster redshifts. Three SHARC-related papers w
submitted in 1996, Nicholet al., Holdenet al.and Connolly
et al.

2.5 Cosmology

As part of his continuing elucidation of the promise of t
nascent field of gravitational-wave astronomy, L.S. Finn h
recently published a detailed study of how a catalog
gravitational-wave observations of neutron star or black h
binary inspiral can be used to measure the cosmological
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rameters~i.e., the Hubble constant and deceleration para
eter! and the spectrum of neutron star or black hole mas

2.6 Galactic Center

A new and powerful probe to find evidence of shock a
tivity was recently discussed by Frail, Goss & Slysh~1994!.
They observed numerous distinct 1720 MHz OH maser sp
along the interface between the supernova remnant W28
an adjacent molecular cloud. They suggest that the ma
are being pumped collisionally behind the shock where2
molecules with densities and temperatures limited to
32105 cm23 and 25–200 K cause population inversion
the OH molecules~Elitzur 1976!. More recent cross sectio
calculations show a significant difference between para
ortho-H2 rates, suggesting that the ortho/para H2 ratio, as
well as the temperature and density of H2 , can be important
in collisional pumping of the 1720 MHz OH transition. Th
1720 MHz transition of the OH line received comparative
little attention in the Galactic center region until Yuse
Zadeh, Uchida & Roberts~1995! used the VLA to observe
the supernova remnant G 359.120.5, which had been show
earlier to be surrounded by a ring of molecular gas. The e
with which such masers were detected, both along the e
of the supernova remnant, and where a non-thermal filam
crossed the remnant, suggested that further searches fo
OH ~1720 MHz! maser line would be fruitful.

Follow-up radio observations of the Sgr A region ha
been carried out at the 1720 MHz transition of the OH m
ecule using the Very Large Array~VLA ! and the Australia
Telescope Compact Array~ATCA!. Yusef-Zadeh and col-
laborators reported the detection of OH~1720 MHz! maser
emission at seven different positions within a few arcminu
of the Galactic center. Most of the masers are located to
southeast of Sgr A* , at the boundary of the Sgr A Eas
nonthermal source with the M20.0220.07 molecular cloud.
One maser is located within the circumnuclear disk~CND!
and another may arise as the result of an expansion of S
East into molecular gas to the northwest of Sgr A* . It is
likely that these maser features are excited by the interac
of shocks in the Galactic center with adjacent molecular g
Significant circular polarization is observed toward ten d
tinct spectral components in the seven maser spots; if thV
signal is due to Zeeman splitting, preliminary measureme
of strong fields~local line-of-sight components ofB are es-
timated to be between 2–4 milligauss! are inferred toward all
sources. The direction of these magnetic fields is positive
all masers except for the CND maser, which is negative. T
potential for these maser features as a diagnostic of sho
gas in the Galactic center is discussed.

Roberts, Yusef-Zadeh & Goss~1995! studied the kine-
matics of the ionized gas in the inner pc of the Galac
center. A large velocity gradient (.600 km s21) and uni-
formly large velocities are observed along the rims of t
mini-cavity feature which is located within the inner fe
arcseconds of the dynamical center of the Galaxy. Th
observations show the kinematics of ionized gas with
highest spatial and velocity resolutions to date. They prov
an estimate of the mass distribution which is consistent w



l

y

to

r-

g
in
e

iu
u-

ga

he

te
n
m
pe

E
d
S
th
b
u

in

ity
h

a
dy
lu
i
lo
t

pe
al
ye
ity
ls
ke

us-
ctic
erate
ihi-
ctic
n-
io-
e
ion

n-
ions
di-

our
eV

us
tic
ata
ove
ta,
ay
b-
ga-

few
ray
ld
ec-
sly
frac-
ly,
re-
. If
e of
ec-

ins
://
pub-
ly
d to
to
ens
000

the
ces.
to

his
ator
x-
urst

les
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a mass of 3.060.53106 M( within the inner 0.13 pc of the
compact radio source Sgr A* , located close to the dynamica
center of the Galaxy.

A theoretical model of the formation of the mini-cavit
was carried out by Melia, Coker & Yusef-Zadeh~1995!. In
this model, the formation of the mini-cavity is interpreted
be the result of an impact between the streamer gas and
post-bow shock gas collimated by a massive (;106M()
black hole coincident with Sgr A*. Multi-wavelength obse
vations, including those of He I, Bra and Brg line emission
in the inner;0.3 pc region of the Galaxy provide stron
evidence for the presence of an ambient Galactic center w
with velocity vw'5002700 km s21 and mass loss rat
;32431023M( yr21. It is shown that the Bondi-Hoyle
process responsible for the accretion of;1022 g s21 by Sgr
A* also produces a downstream, focused flow with a rad
very similar to that of the mini-cavity and a mechanical l
minosity about 2.5 larger thanLcav . In addition, the size and
density of the blobs appear to be consistent with the
characteristics in this flow.

2.7 Gamma-Ray Astrophysics

The Compton Gamma Ray Observatory was launc
April 4, 1991. The CGRO/OSSE experiment~Jim Kurfess,
NRL, PI! in which NU ~Ulmer, Co-Investigator! has partici-
pated is working well and has already made detections
nearly all the major prelaunch objectives: the Galactic cen
plane emission of 0.5 MeV, AGNs, the Crab nebula a
pulsar, binary X-ray sources, black hole candidates, gam
ray bursts, and solar flares. The analysis at NU is being
formed by Grabelsky~who left the group Nov. 1, 1996!,
Matz, Purcell, and Ulmer. Matz is chairman of the OSS
gamma-ray burst team, Purcell is chairman of the OSSE
fuse Galactic emission team. Ulmer is chairman of the OS
pulsar team and the GRO pulsar committee. Most of
observations agree with prelaunch expectations. We have
gun a search for transient sources of line and continu
emission in these data.

We have also detected the26Al line from the Galactic
plane. We are currently developing a technique of us
earth occultations to improve our sensitivity to26Al. Prelimi-
nary results indicate a factor of 3 improvement in sensitiv
is possible. This improvement will allow us to measure t
distribution of 26Al in the galactic plane on scales of; 30
degrees.

In collaboration with James Cordes and Zaven Arzoum
nian ~Cornell Univ.!, they have been using OSSE to stu
pulsars. They have now made a survey of 15 pulsars inc
ing several milli-second pulsars. They have set upper lim
to these. In some cases these limits are significantly be
the predicted trends based on the relationship between
luminosity of gamma-ray detected pulsars and other pro
ties of the pulsars such as spin-down rate. They have
analyzed the observations of the Crab pulsar over a 5-
period, and they find no evidence for variability in intens
or in the ratio of the peaks of the light curve. They have a
done a deep search for line emission in the 400–600
range, and they have found no evidence for any lines.
the
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Purcell has worked with David Dixon~Univ. of Califor-
nia, Riverside! Marvin Leventhal~Univ. of Maryland!, and
Lingxiang Cheng~Univ. of Maryland!. They have developed
techniques for generating maps of gamma-ray emission
ing OSSE observations of the Galactic plane and Gala
Center region. These techniques have been used to gen
the first-ever maps of the Galactic 511 keV positron ann
lation line. These maps show evidence for a central Gala
bulge and a weak Galactic disk. The weak disk flux is co
sistent with that expected from positrons produced by rad
active 26Al in the interstellar medium. In addition to th
bulge and disk features, maps of the 511 keV line emiss
also show evidence for a feature nearl524°, b517° with
a flux about 50% that of the bulge. The source of this e
hanced emission is unknown. A series of OSSE observat
have been scheduled for late 1996 which will provide ad
tional information covering a region;25°325° around the
galactic center. These observations will help to improve
knowledge of the source and distribution of the 511 k
annihilation radiation.

Work has continued in the analysis of the simultaneo
OSSE and GRANAT/Sigma observations of the Galac
center region. By combining the high sensitivity OSSE d
with the imaging Sigma data, it has been possible to rem
the known point source contributions from the OSSE da
providing an estimate of the diffuse Galactic gamma-r
continuum in the energy range 50 keV – 1 MeV. The o
served emission is found to be broad and nearly flat in
lactic longitude over the range125°, l,220°. Analysis of
the spectrum suggests that the emission turns up below a
hundred keV. If the observed emission is due to cosmic-
electron interactions in the interstellar medium, this wou
indicate that the spectrum of low energy cosmic-ray el
trons extends down to much lower energies than previou
thought, and that these electrons represent a significant
tion of the heating of the interstellar medium. Alternative
the observed spectrum may be the result of multiple un
solved X-ray sources below the Sigma detection threshold
this is the case, then approximately 1 such source/degre
longitude would be required to explain the observed sp
trum.

NU is the center for OSSE burst analysis. Matz mainta
the OSSE burst data archive online at: http
www.astro.nwu.edu/astro/osse/bursts. New results are
lished monthly. This is by far the most up-to-date public
available database of gamma-ray bursts. It has been use
spark research, including a collaboration with COMPTEL
test the cosmological origin of bursts. The site has had t
of thousands of total accesses to date from more than 1
sites around the world.

Recent burst analysis with OSSE has focused on
search for pre- and post-burst emission from burst sour
The BATSE/OSSE burst response system allows OSSE
observe burst sources within 100 s of their detection. T
has been approved and funded as a GRO guest investig
observation in the last three NASA reviews. In addition, e
tensive studies of serendipitous OSSE observations of b
locations before and after events have been made.

The OSSE observations cover a number of time sca
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before and after bursts, including immediately before~when,
in a NS-NS or NS-BH scenario, there should be signific
tidal heating and neutrino emission! and after ~when NS
remnants/disk may be consumed!. Being so close to the
event, and in the energy range of primary interest, these
servations may put significant constraints on models. T
observations on longer time scales may also be of intere
themselves, and they provide an important baseline for
close-in measurements. Results from several events ind
that the average low-energy flux immediately before and
ter a burst must be less than 2% of the average burst flux
other instrument can make as sensitive observations of b
sources in this energy range.

Matz is also a co-investigator~with Gerry Share of NRL
as PI! on NASA ADP funded work to produce a final catalo
of the .100 strong gamma-ray bursts observed by
Gamma-Ray Spectrometer on the Solar Maximum Miss
satellite. This may provide the best available data set for
study of high-energy (.1 MeV! emission in gamma-ray
bursts.

A new OSSE observation of the pulsar PSR B1509258
with Matz as PI was approved and funded in the last se
GRO guest investigator proposals. It is a three-week ob
vation scheduled to be carried out in May 1997, with t
dual goals of 1! making a better observation of the low
energy pulsar spectrum to determine the spectral break
ergy and 2! measuring the diffuse nebular hard X-ray em
sion. This will help test models of plerion emission a
constrain the energetic electron spectrum and ambient m
netic field. They will also improve constraints on the hig
energy cut off, a test of polar cap models.

2.8 Globular Cluster Observations

With M. Bolte ~UCSC!, P.B. Stetson, and J.E. Hess
~DAO/HIA !, E. Sandquist has reduced and studied photo
etry of over 40,000 stars in the Galactic globular cluster M
The luminosity functions for the cluster have been compu
from the tip of the red giant branch to several magnitud
below the main-sequence turnoff. The ‘‘red-giant bump’’ h
been detected in the photometry, and its anomalous ma
tude relative to oxygen-enhanced stellar models can po
tially be explained bya-element enhancements observed
the cluster. This result is important because it would rem
the need to invoke convective overshooting as has been
ditionally done for other clusters. The helium abundance
the cluster as determined from the population ra
R5NHB /NRGB is found to beY50.1960.02. No other evi-
dence of low helium abundance is found, however, lead
them to conclude that the stellar populations have been
fected in some way. Using an improved subdwarf fit to t
main sequence of the cluster to derive the distance modu
an absolute age of 13.5 Gyr61 Gyr ~internal error! is found
for the cluster. More importantly though, the relative a
difference between M5 and the cluster NGC 288 is found
be 3.5 Gyr6 1.5 Gyr, as errors in chemical compositio
values do not appear to be capable of explaining the la
apparent difference in magnitude between the horizo
branch and the main sequence turnoff.
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2.9 Hydrodynamics

In collaboration with M. Bolte and L. Hernquist~UCSC!,
Sandquist has carried out hydrodynamic and hydrost
simulations of blue straggler formation mechanisms~direct
collisions and binary mergers!. Smooth-particle hydrody-
namical simulations of the merger of two main-sequen
stars have in all cases indicated that there is very little m
ing of core material for the two stars into the envelope of
remnant star. As a result, helium that has been created
hydrogen burning in the progenitor stars remains in the c
of the remnant, considerably shortening the core hydrog
burning phase of its evolution. In addition, it is found th
very little additional mixing of core material into the enve
lope occurs during the hydrostatic relaxation of the remn
star or during the subsequent main sequence evolution. W
or without mixing, the remnant stars spend a large fraction
their time near the main sequence. This result implies t
current models are unable to explain the color distribut
seen in the photometry of blue stragglers in Galactic globu
clusters.

2.10 Interstellar Medium

In collaboration with M. Jura~UCLA! and the late J. A.
Cardelli ~Villanova!, Meyer has obtained high signal-to
noiseHSTGoddard High Resolution Spectrograph~GHRS!
echelle observations of the weak interstellar O I# l1356 ab-
sorption toward the starsg Cas,e Per,d Ori, e Ori, 15 Mon,
t CMa, andg Ara. In combination with previous GHRS
measurements in six other sightlines, these new observa
yield a mean interstellar gas-phase oxygen abundance~per
106 H atoms! of 106 O/H 5 3166 9. There are no statisti
cally significant variations in the measured O abundan
from sightline to sightline and no evidence of densit
dependent O depletion from the gas phase. Assuming var
dust mixtures of oxides and silicates such as olivine,
abundance of interstellar O tied up in dust grains is unlik
to surpass 106 O/H ' 180. It is difficult to further increase
this O fraction in grain cores simply because the requis
metals are far less abundant than oxygen. Consequently
GHRS observations imply that thetotal abundance of inter-
stellar oxygen~gas plus grains! in the vicinity of the Sun is
about 2/3 of the solar value of 106 O/H 5 7416 130.

Cardelli, Meyer, Jura, and B. D. Savage~U. Wisconsin!
have also used the GHRS to analyze the abundance of i
stellar carbon from high S/N echelle observations of
weak C II# l2325 intersystem transition in six sightline
They find that the interstellar gas-phase C abundance sh
no dependence on either direction or the physical condi
of the gas, and that 106 C/H5 1406 20. If, like oxygen, the
total abundance of interstellar carbon is 2/3 of the solar va
~106 C/H 5 355 6 43!, the GHRS observations imply a
amount of C in grains~106 C/H ' 100! that would tightly
constrain extinction models. For example, this amount
solid carbon can explain such extinction features as the 2
Å bump through graphite and/or PAHs but would put s
vere restrictions on the availability of carbon in grains
explain the total optical/UV dust opacity.

J. K. Watson~NU graduate student! and Meyer have ob-



1
el
ra
e
e

a
in
a
al
he

n
n

ity
ll
ni

s

a
s f
-

al
ite

th
ar
m

o
y
ed
n
o

s
al-

ve
r

ng
le
s
rg
te

r-

us-
ns,
al-

rger
a-
uth

of
ty

de-
ob-
the
gu-
e-

a-
of
the
a
ac-
r,
the
ag-
nd
eld
th

the
ns?
ctic
dio
ions
fila-
ter
will
tes

s-
e
will
e
m-
u-
at

nel
ing
on

495NORTHWESTERN UNIVERSITY
tained high resolution (Dv ' 1.4 km s21) observations of
the interstellar Na I absorption toward the members of
binary star systems with the KPNO 0.9 m Coude Feed t
scope and spectrograph. These binaries consist of stars
ing in spectral type from O6 to A5, lie at distances betwe
85 and 1200 pc, and have stellar separations ranging betw
480 and 29,000 AU@. The rather definitive result is thatall
of these systems exhibit variations in their interstellar N
line profiles. Individual velocity components often change
strength, occasionally disappear entirely, and sometimes
pear to shift in velocity. Thus, it appears that small-sc
structure in the cold atomic gas is truly pervasive in t
diffuse interstellar medium.

2.11 Numerical relativity

Finn is co-Investigator on the NSF computational Gra
Challenge project ‘‘Black Hole Binaries: Coalescence a
Gravitational Radiation.’’ The goal of this project~which
also involves the University of Texas at Austin, Univers
of Illinois at Urbana, University of North Carolina, Corne
University, Pittsburgh University, Pennsylvania State U
versity, and Syracuse University! is to solve numerically for
the evolution of and gravitational radiation from the coale
cence of two black holes.

Since its inception, the practice of numerical relativity h
been dominated by finite difference methods. The reason
this are primarily historical:~1! The field equations of rela
tivity are highly non-linear and~when numerical relativity
was in its infancy! the treatment of nonlinearities by spectr
techniques was very difficult while their treatment by fin
difference techniques was very straightforward;~2! Early nu-
merical relativists drew upon the expertise developed at
national laboratories for solving the similarly non-line
equations of hydrodynamics, and this expertise was pri
rily in finite differencing.

In the intervening years, spectral methods have underg
considerable development, and there is no longer ana
priori reason that numerical relativity should be practic
exclusively with finite difference methods. In collaboratio
with post-doc Larry Kidder, Finn has investigated the use
spectral techniques for numerical relativity calculations.

Also in collaboration with Kidder, Finn is studying way
of characterizing initial data sets for numerical relativity c
culations.

2.12 Sources of gravitational radiation

In anticipation of the operation of large and sensiti
gravitational wave detectors~e.g., the Laser Interferomete
Gravitational-wave Observatory~LIGO! and VIRGO detec-
tors! Finn has become increasingly involved in developi
tools for gravitational-wave data analysis involving sing
detectors as well as multiple instruments operated a
single, networked detector. He is just now completing a la
study of signal detection and measurement, for either de
ministic or stochastic gravitational-wave signals, using
general ‘‘detector’’ consisting of multiple instruments at a
bitrary geographical locations.
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Plans are currently being studied to develop a large aco
tic gravitational-wave detector. In support of those pla
Finn has recently published an overview of gravitation
wave sources that such a detector might observe.

2.13 Submillimeter Polarimetry

G. Novak, J. Dotson, and graduate student T. Renba
are building a Helium-3 cooled 9-pixel submillimeter pol
rimeter for use with the 2-meter Viper telescope at the So
Pole. This instrument, called SPARO~the Submillimeter Po-
larimeter for Antarctic Remote Observations!, will be used to
observe the Galactic Center during the Austral Winter
1998, in collaboration with investigators from the Universi
of Chicago and Carnegie Mellon University~Novak, Platt, &
Dragovan 1995; Novaket al. 1995!. The technique of sub-
millimeter polarimetry has been developed over the last
cade, and is used for mapping magnetic fields in highly
scured regions of the interstellar medium. The goal of
SPARO observations is to discover the large-scale confi
ration of the magnetic field in the center of the Galaxy. Sp
cific questions that will be addressed include:

What is the configuration of the magnetic field in the m
terial that surrounds the circumnuclear ring? The role
magnetic fields in astrophysical accretion disks has been
topic of a large body of theoretical work. At last we have
case where we can observe the magnetic field inside an
cretion disk: the 3-pc circumnuclear disk in Sgr A. So fa
the characteristics of the polarized far-IR emission from
disk appear to be consistent with the predictions of the m
netic accretion disk model developed by Blandford a
Payne. An important test of the model is to observe the fi
at points surrounding the disk. This will be done wi
SPARO.

What is the relationship between the magnetic field in
hot, ionized regions and that in the cooler, neutral regio
One of the mysteries that is associated with the Gala
Center is the nature of the bright, straight, non-thermal ra
filaments that have been discovered at several locat
within the central 100 pc. It has been argued that these
ments are evidence for a strong poloidal Galactic Cen
magnetic field. The planned South Pole observations
determine the extent to which this poloidal field penetra
into the neutral regions.

SPARO is the first sub-Kelvin submillimeter detector sy
tem that will be used in Antarctica during the winter. Th
design of the cryostat incorporates several features that
simplify its operation and servicing. The parts for th
Helium-4 cryostat have been built, and first tests of this co
ponent will take place in Fall 1996. The completed instr
ment is scheduled to be tested with the Viper telescope
Carnegie Mellon University in Summer 1997.

2.14 X-ray Detectors

J. Ketterson, S. Maglic, and C. Thomas~Department of
Physics and Astronomy! have been working, with input from
Ulmer, on the development of a superconducting tun
junction ~STJ! as an X-ray detector. The detectors are be
entirely fabricated in-house. The multilayer tunnel juncti
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design allows them to overcome many of the problems
countered in single layer junctions, including such obvio
effects as the thickness of the detector~single layer junctions
are too thin to effectively absorb photons at energies ne
keV!. They are planning expansion into 3 areas:

The use of AlN rather than AlxOy as the insulating layer
This allows for ease in fabrication and flexibility in the thic
ness of the insulating layer.

The use of tunnel junctions as visible light detectors t
will also provide energy resolution.

The development of a resonant cavity detector wh
‘‘Q’’ is dependent on the surface conductivity. This shou
be linearly dependent on the energy of absorbed pho
which will produce quasi-particles that will migrate to th
surface of the cavity. This design has two advantages o
ordinary STJs:

The thickness of the absorbing layer can be made at l
10 times thicker.

Tunneling is not required. They plan to fabricate and t
a device. If the primary reason that STJs have not been
to achieve near-theoretical resolution is that the qu
particles do not tunnel efficiently, then the resonant cav
will perform much better~a factor of;10 better energy
resolution! than the standard STJs. If, however, the rea
for poor resolution in the STJ is due to the trapping a
recombining of quasiparticles in two superconducting l
tices, then we will be able to demonstrate this with simi
performance in the resonant cavity design.

2.15 X-ray Mirror Technology

Ulmer along with R. Altkorn~in the Northwestern Uni-
versity Basic Industry Research Laboratory! has continued
the development of the fabrication of X-ray mirrors via re
lication. They have produced flats that are better than 3Å
mooth. They have just been awarded 3 grants from NASA
study X-ray mirror fabrication. Two of the projects are sp
cifically for the purpose of making mirrors that function
the about 40–100 keV range. The other project is to per
high-angular-resolution, small, light-weight mirrors fo
studying the sun in the;1210 keV range. All of these
projects are in collaboration with Dr. Allen Krieger of Ra
diation Science, Inc. In collaboration with Prof. Yip-Wa
Chung and Drs. William Sproul and Ming-Show Wang, th
are investigating the use of super hard coating. The coa
not only protects the master they use in the electroform
process but also smooths the surface. Preliminary tests
cate that the super hard coating will be of benefit. They p
to make their first X-ray tests at the Advanced Photon Sou
~APS! at Argonne National Laboratory in December of 199
These tests will be done in collaboration with APS emplo
ees Drs. Barry Lai and Derrick Mancini.

2.16 X-ray Shadows

Q. Daniel Wang and collaborators are currently carry
out an extensiveROSATarchival study of X-ray shadow
produced by many X-ray-absorbing gas clouds~e.g., IR Cir-
rus!. They have published a sample of five fields they ha
-
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examined. They have successfully obtained telescope tim
both Kitt Peak and CTIO for follow-up optical observation
to measure the distances of clouds.

In one particular field near the Large Magellanic Clou
they have carefully examined the extent, pervasiveness,
emission color of the local hot gas. They have analyzed
X-ray shadows cast by two interstellar clouds, adjacent in
sky, but at different distances (D;70 pc, and 160 pc, respec
tively!. X-ray absorption by diffuse cool gas is tightly con
strained by observations of EUV sources in the field. Th
find that the X-ray-emitting gas doespervadebetween the
clouds, based on the rough proportionality of emission int
sity to cloud distance. From the measured X-ray emiss
intensity and color, they infer that the average temperat
and density in the sightline to the nearer cloud as;106 K
and 0.005cm23, assuming an optically-thin thermal mode
But the emission colors are significantly different in the tw
sightlines, indicating that the hot gas temperature varies
space. The temperature between the clouds is probably
;63105 K. These findings, together with previous X-ra
shadow observations, suggest that the Sun is indeed loc
in a low-density, hot superbubble, and that a part of t
superbubble has been recently heated by a break-out from
even hotter (;2.43106 K! superbubble centered around th
Scorpius-Centaurus starburst region. Much of the Gala
0.1 – 1 keV background can be explained by the emiss
from these two superbubbles and their interaction.

3. EDUCATIONAL PROGRAM
The Summer Research Program for High School Stude

and Undergraduates continues. This is funded primarily b
NASA educational grant. We had a very successful summ
program which enabled students to gain research experie
This past summer we had five high school students and
undergraduates working individually on research proje
with professors and postdoctoral fellows. Seminars w
held once a week and the last two weeks concluded with
students making their own presentations about their rese
projects.
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