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This report covers research activities in the Department ofems are being designed to support long-term synoptic spec-
Astronomy and the High Energy Astrophysics group for thetroscopy and photometry of time-variable sources, using un-
period September, 1996 through August, 1997 inclusive. attended automation techniques that have been developed
and used on the companion 0.41m telescope, RoboScope, at
1. INTRODUCTION this site. A radio modem was installed to support higher

The Astronomy Faculty at Indiana University consisted ofspeed data communications between campus and the
Professors: Haldan N. Cohn, Richard H. Durisen, R. KenfRoboScope/SpectraBot site. By placing the antennas on a
Honeycutt, Phyllis M. Lugger, and Stuart L. Mufs@@hain; tower at the obervatory and on a high building on campus, a
Associate Professor: Martin S. Burkhead; Assistant Profesiear-line-of-sight link is available for this 900 Mhz spread
sor: Michael J. Pierce; and Professors Emeriti: Frank K. Edspectrum signal, and 56KB data rates are now regularly
mondson and Hollis R. Johnson. Other department membe@yailable.
included Postdoctoral Fellows: Gordon Drukier, Jeanette L. Through an interdisciplinary collaboration involving 15
Miller, and Jeffrey W. Robertson; Visiting Research Associ-Co-investigators from seven departments with cost-sharing
ate: Craig Wood. Assistant Professor Constantine P. Deliyby various administrative units, Indiana University obtained
annis joined the faculty in August, 1997, and R. Kent Hon-a grant from the NSF Academic Research Infrastructure Pro-
eycutt became the Chairman effective July 1, 1997. Brice Rgram of the Computer and Information Science and Engi-
Adams, William R. Kopp, Richard LeBeau, and George W.neering Directorate to acquire an advanced multiple-
Turner were members of our technical staff; Cathy N. Champrocessor computer and visualization facility. The
berlin and Brenda S. Records were the secretarial staffollaboration is called the Scientific Applications on Arrays
Graduate Students in the Department during the year wer@f Multiple ProcessorsSCAAMP) Project. The SCAAMP
Robert C. Berrington, David H. Bush, Todd C. Hillwig, Tho- Co-l.’s include four members of the Department of As-
mas D. Hunt, John Jurcevic, Robert Link, Adam W. Reng-tronomy faculty(Cohn, Durisen, Lugger, and Piejcepre-
storf, Shawn D. Slavin, Aaron J.B. Steinhauer, Daniel Jsenting three distinct research proje@tar and galaxy clus-
Swearingen, and Robin M. Tripoli. ter modeling, constraints on cosmological parameters from

The High Energy Astrophysics group at Indiana Univer-gravitational lenses, and gravitational instabilities in protos-
sity is an interdepartmentdAstronomy and Physigsre-  tellar disks. An SGI Origin 2000 system with two 32 pro-
search group with faculty: R.M. Hein@hysicg, J. Musser cessor supermodules plus 4 developmental processors was
(Physicg, S.L. Mufson (Astronomy; Senior Scientist: C. purchased and delivered in Spring, 1997. The Origin system
Bower; Postdoctoral Fellows: R. Hatcher and J.L. Miller; has a total shared memory of 16.5 Gigabytes and a peak
Graduate Students: A. Hawthorne and A. Bhattacharyya. Mcollective speed of about 25 Gigaflops. In Fall, 1997, a Com-
Gebhard and G.W. Turner were staff members; C.N. Champuter Automated Virtual Environment or CAVE was pur-
berlin, B.S. Records, and J. Williams provided secretariathased for use in visualization of scientific results.
support. The High Energy Astrophysics group has continued its

The Bachelor of Science Degree in Astronomy and Astroparticipation in the MACRO(Monopole, Astrophysics, and
physics was received by Jennifer J. Hoffman, Annie C. Me-Cosmic Ray Observatoryexperiment in the underground
jia, Lynn D. Neakrase, Heather M. Pickett, and Michael S.Gran Sasso Laboratory in Italy. This experiment is a joint
Walworth. The Master of Arts Degree in Astronomy was Italian-American collaboration designed to search for GUT
received by Robert C. Berrington, Shawn D. Slavin, Danielmonopoles and other fractionally charged superstring par-

J. Swearingen, and Robin M. Tripoli. ticles and for astrophysical sources of muons and high en-
ergy neutrinos. In addition, MACRO continues its search for
2. RESEARCH the neutrino signal from Type Il supernovae in our Galaxy

and will alert observatories around the world if detected.

Further, MACRO is investigating the composition of cosmic
SpectraBot, a new 1.25m telescope at a site 16 miles norttays in the range of 26— 10'® eV/nucleon. The full detector

of campus, is nearing completion under the general directiof10,000 nis is now complete. It is expected that the detec-

of Honeycutt. The mirror mounts and the control system fortor will operate until the year 2000.

this /8 Cassegrain telescope are being constructed in-house. The balloon flight program of the High Energy Astro-

The control system is completed and undergoing tests anphysics group is currently involved with the HEA(High

the mirror mounts are awaiting optics delivery, expected NoEnergy Antimatter Telescopexperiment. The first HEAT

vember, 1997. The primary and secondary mirrors are lightflight took place in May, 1994 from Ft. Sumner, NM. The

weight borosilicate honeycomb design, and the secondargecond flight took place in August, 1995 from Lynn Lake,

mirror mount incorporates an active tip-tilt motion for opti- Alberta. These flights measured the cosmic ray positron

cal alignment and for the eventual incorporation of imagespectrum in the range 5-50 Gev using a superconducting

motion compensation. The telescope and observatory sysaagnet spectrometer, along with TRD detectors, a calorim-

2.1 Instrumentation and Facilities
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eter, and time-of-flight detectors. In 1998, a redesigned extion. This presents some difficulties for scenarios in which
periment will be flown from Ft. Sumner to measure the abunchondrules are formed far from the site of parent body for-
dance of low energy cosmic ray antiprotons. mation. To refine understanding of the chondrule rim/core
The High Energy Astrophysics group is now involved in relation, Durisen and Turner produced power-law fits to pub-
an effort to expand the experimental reach of neutrino oscillished data and confirmed that a nearly linear relation is fa-
lation parameter space to include the region that best aarored.
counts for the peculiar atmospheric neutrino results obtained Durisen is continuing his research on ballistic transport
by the Kamioka experiment in Japan. This experiment(BT) in planetary rings. BT is the net transport of mass and
called MINOS, will study muon neutrinos that have beenangular momentum due to exchanges of ejecta from hyper-
directed to northern Minnesota from Fermilab. The experi-velocity meteoroid impacts onto ring particles. Earlier ana-
ment will explore the neutrino mass region below 1 eV. Thislytic and numerical work has shown that BT can explain the
experiment is approved and construction is expected to begiproduction and maintenance of features near the inner-edges
in 1999. of the A and B Rings, including the edges themselves. Simu-
The Fermilab experiment COSMOS is a search for thdations published to date follow model inner-edge regions for
oscillation of muon neutrinos into tau neutrinos. This ‘ap-about 100 characteristic times, long enough to show that the
pearance’ experiment will take place in the astrophysicallyfeatures can be produced, but not long enough to span the
interesting neutrino mass region of 1-30 eV. There is a greaing system lifetime. A faster algorithm for BT simulations
deal of evidence that a significant fracti(®0%-99% of the  has been in development for several years. Durisen, Tripoli,
matter in the universe is “dark,” although the composition and |.U. undergraduate major H. Pickett have now fine-tuned
of this dark matter is unknown. A leading candidate for thisthe fast algorithm to a considerable degree. For some param-
hot dark matter is a neutrino with a nonzero mass. Cosmoeter ranges, they can now obtain excellent agreement with
logical arguments set the interesting neutrino mass scale #te older, slower code in simulations of up to 500-1,000
1-30 eV. COSMOS is an approved Fermilab experiment deeharacteristic times but with about 100 times fewer compu-
signed to search for neutrinos in this mass range. Both Mltations per time step. Qualitatively new behaviors have al-
NOS and COSMOS share the same neutrino beam and witeady been discovered which, through comparisons with ob-

turn on at the turn of the century. served ring features, increasingly constrain the uncertain
input physics. Future work with the new code will include
2.2 Solar System more realistic treatments of ring opacity, kinematic viscosity,

. , L . and ejecta distribution functions for meteoroid impacts. Col-
Wlth support from N.ASAS Cassini M|SS|0n,’Dur|sen. €O |aborations will continue with J.N. Cuzzi and E. Asphaug
ordinated a collaboration to observe the Sun’s crossing of\Asa-Ames Research Cenjen efforts to characterize the

tse?él;g;ém%ﬂgﬁgeer'g gﬂﬁ;nti; nigiiil\:jvétgtjhﬁgﬁi?cuwttlY\,;IuejeCta from both disruptive and nondisruptive hypervelocity
. ' o . ' ~“impacts. The inclusion of disruptive impacts and of rin
rcevic, and Tripoli from Indiana and L. Dones and M.R. P P P v

' opacity is likely to be critical for understanding the effects of
Showalter from NASA-Ames Research Center. The f|ve—BT on Saturn’s rings.

night observing run produced about 200 images of Saturn’s Honeycutt participated in a study of Comet Hyakutake

rngs ar_1d moons In B, V R, I, and the 8900. A methane sing the WIYN telescope for imaging with high time reso-
absorption band. Many Images recorde.d seeing of O.'G'O'I tion and angular resolution near closest approach. Two arc-
arcseconds FWHM. A movie m'ad'e from images taken in th haped molecular resonance emission features were found in
methane band and other preliminary analyses and samp fiese images. The morphology of these features suggests that

'mages - can _be viewed at ht_tp://vyww.a}stro.md|an§1.eo_lu n extended region of icy grains surrounds the nucleus and
personnel/durisen/. The dataset is unique in its Combmat'OEOntributes significantly to the production of volatiles.
of orbital coverage and sensitivity for detecting small moons

in the outer satellite system. If one assumes that small mooNs 5 i e

have albedos similar to those of known Saturnian moons, no’

new moons with radii down to about 3 km, correponding to Durisen and B.K. PickettNASA-Ames Research Cen-

a limiting R magnitude of about 21.5, were detected over théer), together with J.N. Imamura and J. Tomdh Oregon),
orbital radius range of 3 to 23 Saturn radii. The orbit longi- have completed linear analyses of rotating polytropic equi-
tude completeness is about 80% over 4 to 15 Saturn radilibrium objects identical to the protostars studied earlier with
Preliminary studies also indicate that the data will be usefuh nonlinear 3D hydrodynamics code. A variety of linear
for E Ring photometry. Durisen and G.E. MorfilMax  techniques were used, including the tensor virial equations, a
Planck Institute for Extraterrestrial Physjcare continuing Lagrangian Variational PrincipleLVP), and an initial value
their collaboration to evaluate formation scenarios for chonproblem (IVP) approach utilizing hydrodynamic equations
dritic meteorites based on constraints set by laboratory studinearized about the equilibrium state. The best linear regime
ies which have shown that the thicknesses of fine-grainedesults for dynamic instabilities are obtained with the IVP;
chondrule accretion mantles are proportional to the chonand, for secular instabilities, with the LVP. For a range of
drule core radii. Analytic models for chondrule growth showfluid compressibilities and rotation lawiangular momentum
that a natural way to account for this trend is to have thedistributiong, the linear and nonlinear results for dynamic
chondrules deplete the dust over a localized volume in théwo and three-armed Kelvin mode instabilities are in remark-
time between chondrule formation and parent body formaable quantitative agreement. The two-armed barlike instabil-
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ity sets in for T/|W|=0.26, whereT is the total rotational structure is radically altered, with the development of ex-
K.E. andW is the total gravitational P.E., a remarkably gen-tremely slender, dense spiral arms and arclets. Indiana’s new
eral result. However, for extreme flattening and angular moSGI Origin 2000 is now being used to study these systems at
mentum distributions, the agreement between the linear anigher resolution over longer times. The long-term goals are
nonlinear calculations is not as good. In particular, the IVPto introduce more realistic treatments of thermal equilibrium,
does not seem to confirm a one-armed instability detected ito probe the conditions, if any, under which disks will frag-
the nonlinear calculations. Work is continuing on efforts toment, and to characterize the long-term effects of gravita-
treat the more extreme cases at higher resolution. Visit http:flonal instabilities. To view some animations of results to
cosmic.arc.nasa.gov:8082pickett/ for diagrams, images, date and for links to related Web sites, visit http:/
animations, and other information. Durisen and co-workersvww.astro.indiana.edu/scaamp/projects/.
are continuing research on the structure and stability of rap- Durisen, Jurcevic, Honeycutt, M.F. Sterziklax Planck
idly rotating protostellar cores and protostellar disks. Pickett)nstitute for Extraterrestrial Physigsand W. BrandnefU.
Durisen, and Link have extended earlier work by Durisenlllinois & U. Wurzburg completed their binary frequency
and S. Yang(JPL) on equilibrium models for protostellar study of ROSAT-selected X-ray sources south of the Taurus
cores that would form from the collapse of centrally con-star forming region(SFR. R-band images for 99 optical
densed initial clouds. In particular, the equilibrium objectscounterparts of ROSAT All-Sky Survey sources were ob-
that form from the collapse of singular isothermal spheregained under excellent seeing conditioi@s5 to 0.6 arcsec-
are star/disk systems with massive rotationally-supporte@nds with the WIYN 3.5m telescope. The binary frequency
disks and with distinct pressure-supported central stars. Thi@r the young stars in the sample over the detectable separa-
disk vertical structure and the star/disk boundary are fullytion range is consistent with that for solar-type main se-
resolved. Numerical models of these objects can be comguence stars placed at the Taurus distance. Durisen and
puted for disks up to several Astronomical UnigsU.’s) in Sterzik are continuing their systematic study of the decay of
size. Sequences of the star/disk systems with increasing sif@nhierarchical few-body systems. The primary application
represent an evolutionary sequence and can readily be coff this work is to the young stellar object few-body systems
nected to realistic initial cloud conditions. The self- which are likely to form through the collapse and fragmen-
consistent-field equilibrium code used by Pickett, Durisenfation of interstellar clouds. This research is motivated in
and Link effectively forces the assumption that these starpart by modern hydrodynamical collapse and fragmentation
disk models consist of isentropic ideal gas, with an adiabagalculations and in part by the observations of some X-ray
representative of the starlike regions. As a result, the diskselected T Tauri stars quite far from known SFR’s. One pos-
tend to be unrealistically hot and thick. Pickett, P. Cassesibility is that these are “runaway” T Tauri stafRATTS)
(NASA-Ames Research Cenjerand Durisen have devel- ejected dynamically with large speeds G km/g from de-
oped a technique for cooling the disks of these models in agaying few-body systems of young stars. Durisen and Sterzik
axisymmetric version of Pickett's hydrodynamics code. Thehave now producedN-body simulations which follow the
specific entropy along cylinders about the rotation axis iscomplete decay of such systems and where the effects of a
kept uniform but is decreased quasistatically until some tarrealistic initial mass functiofiMF) are included. Initial con-
get ToomreQ stability parameter is attained. One particular ditions are constrained according to known properties of mo-
star/disk model witlQ~1.5 has been used as a starting con-lecular cloud cores and to available results of hydrodynamic
dition for 3D hydrodynamic stability studies. The disk is collapses. FON=3D5, about 2/3 of the systems decay fully
small (outer radius smaller than Mercury’s orbital semimajorinto binaries, and the number of high-speed % km/s ejec-
axis) and massivédisk mass about 40 to 50% of the total tions is quite large { 20-25% of the stajs However, dy-
system mass-0.5M ) and, withQ~1.5, has realistic tem- namical biasing causes preferential ejection of the lowest
peratures. The recent discovery of massive substellar confass stars included in the IMF. So the vast majority of
panions orbiting close A.U.) to solar-type stars has in- RATTS are likely to be low-mass stars or brown dwarfs. At
creased interest in the stability of such small, massivéhe same time, the heavier remnafitsostly binaries and
protostellar disks. stable triples receive a substantial recoit 2 km/s which
Several 3D simulations have been completed using differadds stochastically to the random motions of their parental
ent assumptions about thermal equilibium in the disk, includ<louds, enhancing their diffusion rate out of their SFR. With
ing locally isentropic and locally isothermal behavior, in or- collaborator Pickett, Durisen and Sterzik are also using their
der to test the sensitivity of gravitational instabilities to few-body decay results to produce kinematic models of
thermal energetics. In both cases, the instabilities begin i®FR’s dominated by few-body fragmentation. The Robo-
the star/disk boundary region and stimulate the growth ofScope long-term photometry of cataclysmic varial§les’s)
three and four-armed Kelvin modes in the star and innefS being used by Honeycutt, Robertson, and Turner to per-
disk. A global two-armed mode grows more slowly in the form observational tests of the predicted dependence of ac-
disk region but eventually dominates the system evolutiongcretion disk structure on mean mass transfer rate from the
The combined action of these instabilities is that a nonlineasecondary star. HigM systems such as old nova and nova-
pulse of mass and angular momentum transport works outike CV's are expected to be stable against thermal instabili-
ward through the disk. In the isentropic case, the growth oties in the accretion disk, such as those seen in dwarf novae
all modes eventually saturates at modest amplitude leadingutbursts. Nevertheless, the RoboScope data shows that sig-
to steady-state transport; in the isothermal case, the diskificant numbers of nova-likes have outbursts that resemble
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those in dwarf novae, except that the amplitudes are smallestars of the Li | 6707.8 A and/or the Be Il 3131 A doublets
VY Scl CV’s undergo low states in which the accretion turnstaken at UH 2.2m, CFH 3.6m, and Keck | 10m telescopes.
off for a period of time. During slow transitions between The Li and Be depletion pattern in the star 110 Her is not
states these systems may be subject to dwarf nova outburstsique; the program stars with detections in both Li and Be
RoboScope has been monitoring a number of VY Scl stars tdefine a clear trend which suggeéts the surface Li and Be
search for such effects, with mixed results. Outbursting-likeabundances are depleted simultaneously @dsurface Li
events are seen during some slow transitions, but the data agi@ninishes more rapidly than surface Be. The remaining pro-
too sparce at present to attribute these to thermal instabilitiggram stargwith upper limits in Li or in both Li and Beare
in the disk. Z Cam stars have intervals of steady disk brightfully consistent with this trend. The results suggest that si-
ness interleaved with intervals of dwarf nova outburstsmultaneous Li and Be depletion is a normal process that F
These systems should have a larger mean brightness whetars undergo. The Li—Be trend argues strongly against the
steady, reflecting the highdt needed for disk stability. Us- mass loss and diffusion mechanisms and strongly supports
ing both RoboScope and AAVSO data, Honeycutt and Jslow mixing as the cause of the surface light element defi-
Mattei (AAVSO) have found that, in general, these expec-ciencies. Moreover, models with rotationally-induced mixing
tions are confirmed fo5 Z Cam systems. If we assume that are in better agreement with the data than models with wave-
the outbursts seen in nova-likes are mass transfer even@fiven mixing. These conclusions also support the idea that
then the overall conclusion is that long-term CV photometryrotationally-induced mixing has depleted the Li abundances
generally supports accretion disk limit cycle theory. in halo dwarfs from a higher primordial Li abundance, with
Robertson, Honeycutt, and Hillwig have used the WIYN implications for testing and interpreting models of big bang
telescope for both photometric and spectroscopic studies dfucleosynthesis. Work is ongoing to present results from the
specific CV's. Orbit-resolved spectroscopy of V794 Agl, SSremainder of the survey.
UMi, V630 Cas, and PG 1000667 has been obtained to  Deliyannis, in collaboration with King, Boesgaard,
find the orbital period and to study the structdkenematics  Stephens, and others, continues to obtain Li, Fe, and O data
and excitation of the accretion disks. PG 10867 was in several open clusters using the WIYN 3.5m telescope with
found by RoboScope to be a new VY Scl star. WIYN spec-the Hydra multi-fiber spectrograph in echelle mode. This
troscopy gives a period of"328™, placing the system just combination allows unprecedented efficiency in studying
above the period gap where all other VY Scl stars reside. sufficiently large numbers of stars in enough open clusters to
WIYN multiple-object spectroscopy and multi-color im- address interesting astrophysical problems. The purposes of
aging by Robertson, Honeycutt, Hillwig, and Jurcevic hasthis program include using Li as a probe of stellar structure
been used to recover 7 old novae whose identifications werand studying the chemical history of the Galaxy. Li has been
missing or uncertain. Determining the rate of brightness deobserved in over 120 stars in the old open cluster M67,
cline long past nova outburst bears on the relationship amonghich has a similar age and metallicity as the Sun. Prelimi-
CV variability types and the possible transformation fromnary analysis of Li near the turnoff in this cluster argues
nova-like to dwarf nova a#l declines after the nova explo- 29&inst both diffusion and mass loss as the mechanism re-
sion. Some of these new recoveries are quite old nova argPonsible for the Boesgaard Li gap and supports slow mix-
therefore important for such studies. V446 Hatova Her  ING: This is in agreement with the completely independent
1960 has been recently found to have regular dwarf novd—"Be_ data described above. Cooler dwarfs s_uggest that the
outbursts, so that at least one recent nova now hag &ow _Su_n IS not extr_eme_ly abnormé@nd may be entirely normpl
enough for the accretion disk instability to operate. in its Li depletion; in any case, these dwarfs are_much more
Deliyannis together with A. Boesgaart). Hawaii), A. depleted than those in youngézmd_ more me_tal-nch_clus-
StephensU. Hawaij, J. King (STSc), S. Vogt(Lick Obs), tere such as th_e Hyades, suggest_lng that Li depletion occurs
and M. Keang(CTIO) presented lithium and beryllium ob- during the main sequence. This is n sharp contrast to the
servations in field F stars that clearly identify the physicale>(pectat'0.n.S of standard st_ellar evolution theory and suggests
mechanism responsible for creating the Boesgaard Li gap. at . adﬁltler:jal crjnec_hemsm; _arei reqwlreq, sbuch das
has been known for over a decade that Hyades F stars ha}rl(%tatlona y-induced mixing. similar result Is obtaine
severely depleted their Li abundancéhe “Li gap”), in rom observations in NGC 752. To address these and other

sharp contrast to the predictions of the standard stellar evg--Ues @ key goal is to map out the evolut_|on of the morphol-
ogy of the Li-T4¢ relation in clusters of different ages and

g\?; ;222%; Ospi‘;ﬁ' Iigﬁgﬁfg fqgg'g?gstf”;ﬁfﬁ;ghf aLr'] dggﬁ_metallicity. Additional issues include the following. The tim-
ferent forms of slow mixing such as wave-driven mixing and"? of .vv.hen .the-Boesgaard gap forms "’T”d 't.s erendence on
rotationally-induced mixing of various kinds. Following the metalhcny will yield further elues as to.|ts ongin. The evo-
suggestion by Deliyannis & Pinsonneault that the surface Bé““on of the open clust_er L.' pIateau_ will yield insights |nt_o
abundance leaves a different signature for each class he.ther_ or not Galaetlc L'. producﬂon hes occurred, with
mechanism, and particularly that stars like 110 Kzlow) implications for the primordial big bang Li abundance.

may be the smoking gun of the responsible mechanism, a Li

and Be survey was begun aimed at identifying the physicab 4 Giopular Clusters

mechanism that creates the Li gap. The first results of that

survey were presented, which includes high resolutign Deliyannis continues programs to study lithium in globu-
=3D 48,000 — 120,000and high S/N observations in 24 lar cluster dwarfs, with the purpose of evaluating both stellar
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interior and Galactic processes that may have affected the ltialo by the galactic tidal field. Lugger, Cohn, and Slavin
abundances contained in the surfaces of these stars, andntinued their participation in a collaboration with J. Grind-
therefore estimates for the primordial big bang abundance. Itay (Harvard, C. Bailyn(Yale), and A. Cool(San Francisco
collaboration with Boesgaard, Stephens, and King, results istatg to search for cataclysmic variabléSV’s) in globular
M92 have been published and observations in M13 and M7tlusters using HST. Planetary Camera images of collapsed-
have been obtained and are being analyzed. All of the dateore globular clusters in UBVRI andddare used to identify
for these clusters were taken with the Keck | 10m telescopecandidate CV’s. They discovered twoatexcess CV candi-
As was the case in M92, preliminary indications in M13 aredates in the relatively nearby cluster NGC 6752. HST Faint
that there exist otherwise apparently identical stars that hav@bject Spectrograph observations of the nearby cluster NGC
Li content differing by at least a factor of 2 — 3. Together 6397 have yielded a fourth CV and another interesting blue
with J. Thorburn(Yerkes Obs, M. Rich (Columbia U), E.  star that lies between the main sequence and the white dwarf
Rubinstein(Yale U), and J. OrocZPenn State data were cooling curve. Cohn, Lugger, Slavin, and Grindlay have con-
taken at the CTIO 4m telescope with the Argus multi-objecttinued the analysis of their WFPC2 UBV imaging of the
spectrograph in echelle mode for about 40 stars in NGenters of the collapsed-core clusters NGC 6284 and NGC
6397. Analysis is ongoing and will include other southern6293. A striking finding of this work is the detection of sub-
clusters in the future. Like the previous clusters, NGC 6397tantial, centrally concentrated blue straggler populations in
also shows a scatter in Li at the safig. Furthermore, both clusters. The typical blue straggler mass, estimated
stars past the turnoff agree remarkably well with field halofrom the spatial distribution of these stars relative to that of
stars in that both sets of stars: establish a Li plateau near 9iants, is about twice the turnoff mass;, about 1.5Mg .
the turnoff, b experience subgiant Li dilution by about a Artificial star experiments are now underway to assess com-
factor of 10 — 20 neaiT.;; =3D 5400 K, 0 establish a p_Ieteness_and ph_otornet_nc accuracy. (_Zohn_and L_ugger con-
diluted plateau fron.;; =3D 5300 to 5000 K, and)dex- tinued their participation in a collaboration with I. King & C.
perience sudden and severe Li depletion with giant branci0Sin (UC Berkeley, Cool, Bailyn, and Grindlay to study
evolution past 5000 K, which is probably relateditositu the distribution of stars in the central region of NGC 6397.
giant branch mixing. Cohn and Lugger haye recently developed 20-group Fokker-
Dull completed a Ph.D. dissertation on modeling gIobuIarPlaan models for this cluster that reasonably reproduce the

clusters under the direction of Cohn and Lugger. As part of€havior of the observed mass functions, surface density pro-
this work, they presented a new determination of the centrdf!®: @nd velocity dispersion profile. The quality of the fit
velocity dispersion profile of the collapsed-core cluster M15Substantially exceeds that of standard multi-mass King mod-

based on high-resolution, long-slit spectroscopy. They als§'s- The Fokker-Planck model fits suggest that significant

developed a new set of Fokker-Planck models to fit thesdda! mass loss has occurred in the outer regions of NGC

data. The models predict the presence of a few timgs 106397- Drukier, Cohn, and Lugger carried out a program to
degenerate remnants with masses exceeding ablu 1of refine and extend a two-dimensional Fokker-Planck code for

which a few times 1D are likely to be neutron stars. B simulating star cluster evolution. This code follows the stel-

Murphy (Butler Univ), Cohn, Lugger, and Drukier have de- lar orbi_tal angular momen_tum distribl_Jtion as vyell as the stel-
ar orbital energy distribution. Thus, it is possible to observe

veloped a refined set of 20-mass-group Fokker-Planck mod ) , ;
els to fit the most current data sets for M15, including HSTthe dgvelopment of veIOCIty-Space a.nlsotropy.m bOth the ex-
Faint Object Camera star counts from Sosin & King and thé:)andlng halo_of a c_Iust_er and in the inner region during core
newly determined velocity dispersion profile from WIYN collapse. An investigation of long-term, post-collapse evolu-
observations. Lugger, Cohn, Drukier, Slavin, and Murphytion has been carried out with this new code. An important
continued a program t,o use t'he WIYN, telescobe to study thgoal of this work_is to produce an accurate simulation 01_‘ an
global dynamics of globular clusters. The Hydra multi-objectISOIatGd cluster, in arder to provide a bhenchmark against

spectrograph is used to obtain high-accuracy stellar veIociWhICh to compare simulations of clusters subject to the per-

ties over a radial range extending from the inner arc minutjurbatwe effects of the galactic tidal field. Drukier has con-

to the tidal radius. During the past year, an efficient metho inued the development of a non-parametric method for cor-

was developed for selecting likely cluster members usinien%t'gio?grii?r/i durl:::r;lpaciﬁ:)elsfunctlons for incompleteness

Washington system photometry. A large, 4-color mosaic was
obtained for M92 in May, 1997. Follow-up WIYN-Hydra
spectroscopy in June, 1997 indicated that 75% of the sta
selected from the color-color diagram are cluster members. S. Ryan(R. Greenwich Q. and Deliyannis continued

To date, velocities have been determined with a median agheir study of Li depletion in halo stars cooler than the Spite
curacy of 0.3 km/s for 230 members of the collapsed-core.i plateau. Understanding whether or not the plateau itself is
cluster M15 and 300 members of the normal-core clustedepleted(from a higher primordial big bang valueequires
M92. This group developed a new Bayesian technique fothat we first understand how these cooler stars are depleted
determining cluster velocity dispersion profiles from stellar(see also sections on Stars and on Globular Clusters, above
velocity data sets and reported results for M15. These indi26 stars were observed with the CTIO 4m, AAT 3.6m, and
cate a striking flattening and possible upturn of the velocityKeck | 10m telescopes. These metal-poor stars are generally
dispersion profile in the outer region of the cluster-G'). cooler than the Spite plateau, where Li destructiom

This finding provides evidence for tidal heating of the clusterdwarfg and dilution (in subgiants is expected. Iron abun-

I%.S Galaxies and Cosmology
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dances were also measured from the spectra. The dwarésforeground group superimposed upon the core of the clus-
show steep depletion of Li by about 0.27 dex per 100 K oveter. The group appears located at the “turn-around” radius
the interval 5000 K< T4 < 5500 K. Even stars at 5700 K of the cluster. This interpretation would imply that the intrin-
show systematically lower abundances than hotter plateasic precision of theD,,— o relation is considerably higher
stars. Depletion is slightly greater than predicted by a subséhan has been generally believed. Efforts are underway to
of 16.5 Gyr Yale “standard” (nondiffusive, nonrotating, test this interpretation by observing additional nearby clus-
nonmagnetic, no—mass—Igsnodels at 5400 K, by perhaps ters as well as more distant samples where “line-of-sight
0.3 dex, but is in reasonable agreement with those models depth” should be minimal. Data have been acquired for
5000 K. A more quantitative comparison requires that ageabout 40 galaxies in Abell 98 =3D 0.105. Cumulative
and metallicity effects be considered. Despite the shalloweexposures of 14 hours were required to reach a signal-to-
slope of the observations over this temperature range, depleoise comparable to that in the nearby clusters. Imaging data
tion becomes a much steeper function of temperature coolevas acquired is sub-arcsec see{sgme of the images have
than this, as judged by the nondetection of Li in stars cooleFWHM =3D 0.4-0.5 arcsec The r.m.s. scatter in the
than 4800 K, consistent with the models. Other models may ,— o relation is found to be only 6% in distance implying
also be acceptable. The subgiants conform to dilution patthat the precision is indeed high and that the Coma sample
terns previously revealed for this class, with the exception oprobably suffers from contamination. With such a precise
two stars cooler than 5000 K for which other mechanisms arélistance indicator it becomes possible to determine redshift-
believed responsible. independent distances for clusters to very high precision. Ef-
As part of his Ph.D. dissertation, under the supervision oforts are underway to use this technique to establish the local
Lugger and Cohn, Berrington continued an investigation ofdistance scale and provide a high-precision measure of the
the dynamical evolution of galaxy clusters. High-resolution,Hubble Constant. The feasibility of using this technique to
N-body simulations have been carried out on the Indianaonstrain{) is also being investigated. Integral-field spec-
University Intel Paragon massively parallel supercomputertroscopy of a subset of about 25 members of Coma and about
These simulations are now being ported to the new Indian&5 members of the Virgo Cluster have also been obtained at
University SCAAMP facility. The focus of this work is the WIYN using “Dense-Pak.” Dense-Pak consists of a 7x14
simulation of the mergers of poor clusters of galaxies that ararray of closely-packed fibers which are 3 arcsec in diameter.
believed to result in the development of rich clusters. BerBy spatial resampling, the velocity dispersions of nearby gal-
rington, Lugger, and Cohn have continued a program to usexies can be measured over comparable spatial scales as
the WIYN telescope to obtain photometric and spectroscopienore distant systems and thereby avoid any systematic errors
data sets for galaxy clusters that have been noted to hawehich might arise from the use of a fixed-sized slit/fiber. The
complex structure in X-ray or previous optical studies. Thesalata are currently being reduced, and we hope to make this
data are being used to test the results of Nhbody cluster database available to the community in the coming year.
simulations. Deep R-band image mosaics have been obtained Tying the high-precision relative distances produced via
for A2256, A399, and A401. The Hydra Multi-Object Spec- this technique to the Virgo Cluster will enable these results
trograph has been used to obtain velocities for approximatel{o be placed upon an absolute scale and hence enable a high-
200 galaxies in A2256. A71, A104, A154, and A2271 haveprecision measurement of the Hubble Constant. Pierce and
also been observed. Musser, Mufson, Honeycutt, and Rengollaborators are using deep, I-band HST imaging of a nucle-
storff, in collaboration with Yale, are involved with the ated dwarf ellipticaldE) in the Virgo Cluster. The tip of the
QUEST project. A major goal of this project is to collect a red giant brancHTRGB) is a standard candle in the I-band,
sample of gravitationally lensed quasars between one arglovided that[Fe/H|] < -0.7. This is essentially a modern
two orders of magnitude larger than the present worldversion of Baade’s now classic result for M31. Multi-color
sample, and to do this with uniform and carefully controlledsurface photometryU,B,V,R,l) obtained at WIYN imply an
experimental efficiencies. With this sample of gravitational[Fe/H] =3D -1.2 for the dE using the calibration of Galactic
lenses we plan to make a sensitive search for Einstein’s Coglobular clusters. The co-added HST dét2 full-orbit ex-
mological Constant=09 Pierce has continued investigating posureg easily reaches the TRGB, and a luminosity function
the intrinsic dispersion in the fundamental plane of ellipticalhas been obtained using ALLFRAME/DAOPHOT. Maxi-
galaxies and the precision &f,— o relations for measuring mum likelihood fits are in progress, and we expect to soon
distances. The multiplex advantage offered by the multi-fibehave a distance to Virgo that is independent of the Cepheid
spectrograph at WIYNHydra) allows data to be obtained on distance scale. In addition to simply being a check of the
as many as 60 galaxies at a time. The spectroscopic data afey Project results, this technique should provide a higher-
taken at 0.5 A/pix and have a velocity resolution of 50 km/precision distance to Virgo given that the dE’s in Virgo are
sec. A signal-to-noise ratio of about 50 can be achieved imore strongly concentrated to the core of the cluster than are
nearby clusters within 4 hours, enabling velocity dispersionghe spirals. That is, the line-of-sight depth within the dE
to be measured to a precision of 10 km/sec. Dispersions hay@opulation should be minimal. Link and Pierce have com-
been obtained for over 100 galaxies within both the Comaleted the initial phase of their investigation into the use of
Cluster and Abell 2199. Data for about 50 members of thegravitational lens systems with multiple giant arcs as a
Perseus Cluster have also been acquired. Dhe o and  means of determining cosmological parameters. The recent
distance-velocity relations for Coma show a ‘“ridge-line” purchase of a 68-processor SGI Origin 2000 machine by the
with a scatter of only 6% in distance with strong evidence forSCAAMP collaboration has enabled extensive testing of the
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methodology using simulated lens systems constructed from The MACRO data are currently being searched for astro-
galaxy images in the Hubble Deep Field. The method workghysical point sources of high energy neutrinos using all-sky
by exploiting the fact that sources over a considerable rangsurvey techniques. These neutrinos are detected as upgoing
of redshift can be imaged by the same potential. This allowsnuons that result from neutrino interactions in the rock be-
the effects of the lensing mass distribution and the cosmollow MACRO.
ogy to be separated, and the parameters used to simulate theThe balloon flight program of the High Energy Astro-
data can be recovered. The only input data required are grhysics group is currently involved with the HEAHigh
image of the system at HST resolution and the redshifts foEnergy Antimatter Telescopexperiment. This experiment
about 4 arcs. Monte-Carlo simulations have been completedas designed to analyze the cosmic ray positron spectrum in
which imply that redshift errors are the dominant source ofthe range 5-50 Gev. The first HEAT flight took place in May,
uncertainty in the method and suggest thiatcan be mea- 1994 from Ft. Sumner, NM, and the second in August, 1995
sured to within about 10% using this approach. Simulationgrom Alberta. Future flights in this series are planned to mea-
using more complicatef.e., nonanalyti¢ lensing potentials sure the abundance of low energy cosmic ray antiprotons.
computed fromN-body simulations are currently under in-
vestlgathn. Although the methqd has yet to be apphgd 10 & 7 Miscellaneous
real gravitational lens system, it shows strong promise for
constraining cosmological parameters, provided that a suffi- In October, 1996, Durisen received an Alexander von
cient number of arc redshifts can be determif@oout 4 or Humboldt Research Award for Senior U.S. Scientists to pur-
5) and sufficient care is taken in modeling the details of thesue research at Max Planck Institute for Extraterrestrial
lensing potential. Phyiscs in Munich, Germany. The award will permit visits
totaling twelve months over the next five years.
After an unexpected delay by the printer, Edmondson’s
2.6 High Energy Astrophysics book AURA and its US National Observatoriegas pub-
. . . , lished by the Cambridge University Press on March 6, 1997.
Mufson, Miller, and A. Habig(Boston University have The total number of pages is 388viii + 367), of which 83

continued their studies of the arrival directions of MUONS,, . the References are two Appendices, and 14 are the Index.
observed by MACRO. Presently they have analyzed all tht?_|e autographed 15 copies at the Winston-Salem Meeting

muons collected from the turn-on of MACRO in February, and 125 for AURA at the Corporate Office in May. His

1989 thr?]u?h Jun_e, 1997. Theyfhave mﬁde_ anl all-sky Su_rl_\;]e%ture plans include revision of a 1989 draft of a paper, “The
to seﬂr}: or p0|r]1ct sources o astrop ysica _m”uons. ®ord Foundation and the European Southern Observatory,
search for muons from point sources is essentially a searcilar the Journal for the History of Astronomy and continuing

for exotic Processes. This survey used the entire MUOork on Daniel Kirkwood and the history of the Indiana
sample. In addition, a search was performed for muon eXUniversity Department of Astronomy

cesses modulated by the orbital period of the X-ray source
Cygnus X3. Further, a search was made for bursting activity
from the sources Cygnus X3, Hercules X1, Mrk421, andPUBLICATIONS
3C273. No sources were found in any of these searches at tlailyn, C.D., Rubenstein, E.PSlavin, S.D., Cohn, H.N.,
95% C.L. Lugger, P.L., Cool, A.M. & Grindlay, J.E., 1996, “A

A high quality subset of the muon data was searched for Search for Cataclysmic Variables in the Core Collapse
evidence of seasonal variations in muon rate. This effect was Cluster NGC 6752,” ApJL, 473, L31-L34.
found to be present in the data over a period of 4 years and tBoesgaard, A.M.Deliyannis, C.P, Stephens, A., & King,
be correlated with atmospheric temperature. Essentially, a J.R., 1998, “Primordial Lithium: Keck Observations in
higher underground muon rate is observed during the M92 Turn-Off Stars,” ApJ, 492, in press.
warmer summer months and a lower rate is observed durinBoesgaard, A.M.Deliyannis, C.P, Stephens, A., & Lam-
the cooler winter months. The MACRO muon data have also bert, D.L., 1998, “Boron in Lithium- and Beryllium-
been searched for a deficit of muons in the direction of the Deficient F Stars,” ApJ, 492, in press.
moon. The detection of the “moon shadow” is important for Carpenter, K.G., Robinson, R.Dlphnson, H.R, Eriksson,
the verification of the accuracy of MACRO's absolute point- K., Gustafsson, B., Pijpers, F.P., Querci, F., and Querci,
ing and the determination of its angular resolution. With a M., 1997, “Hubble Space Telescope Spectroscopy of the
sample of 31 million muons, the moon shadow was detected Carbon Star TX Piscium,” ApJ, 486, 457-470.
at a significance level of 4.& with an angular resolution of Deliyannis, C.P, Boesgaard, A.M., Stephens, A., King, J.R.,
0.9 degrees. Vogt, S.S., & Keane, M.J., “Correlated Depletion of

The MACRO muon data is being analyzed for the “side-  Lithium and Beryllium in F Stars,” ApJ, submitted.
real anisotropy” that would result from the solar system mo-Deliyannis, C.P, Boesgaard, A.M., King, J.R., & Duncan,
tion through a sea of extragalactic cosmic rays, an effect first D.K., “New Observations of Beryllium in the Galactic
predicted by Compton and Getting. Preliminary results sug- Halo,” AJ, submitted.
gest a sidereal anisotropy is present with an amplitude obeliyannis, C. P, & Pinsonneault, M.H., 1997, “110 Her: A
approximately 0.1%, although the direction of the anisotropy Possible Prototype for Simultaneous Lithium and Beryl-
is uncertain. If the direction is not toward the solar apex, then lium Depletion, and Implications for Stellar Interiors,”
alternative explanations for the effect must be developed. ApJ, 488, in press.
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