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This report provides a summary and bibliography for therate slowing down or speeding up? and, Is the universe flat?
research activities at the Princeton University Observatoryihey review recent observations and suggest a best-fit uni-
and Department of Astrophysical Sciences during the perioderse that is lightweight, is accelerating, and is flat. The ac-
July 1, 1998 to June 30, 1999. celeration, if confirmed by upcoming experiments, implies
the existence of cosmic dark energy that overcomes the
gravitational self-attraction of matter and causes the expan-
sion to speed up.
1. PERSONNEL N. Bahcall, in several invited reviews, summarized the
During the reporting year the research staff consisted ofurrent observational determination of cosmological param-
Neta Bahcall, Renyue Cen, Bruce Draine, Jeremy Goodmamters - including the mass-density of the universe, the cos-
J. Richard Gott, James Gunn, Edward Jenkins, Gilliarmological constant, and the amplitude of mass fluctuations -
Knapp, Russell Kulsrud, Jeremiah Ostriker, Bohdan Paczyrusing different independent methods. A consistent picture is
ski, David Spergel, Michael Strauss, Scott Tremaine and Edseginning to emerge, as discussed above.
win Turner, as well as postdoctoral fellows David Bowen, Cen proposed to test all CDM models at moderate to high
Greg Bryan, Neil Cornish, Romeel Davgeljko Ivezig Al- redshifts using a suite of observations. The COBE micro-
exander Lazarian, Aigen Li, Robert Nelson, Alexandre Rewave background temperature fluctuations and the abun-
fregier, David Schlegel, Todd Tripp, Michael Vogeley, and dance of local rich clusters of galaxies provide the two most
Yun Wang. Christopher O'DedSTSc), Stefi A. Baum  powerful constraints on cosmological models. When all vari-
(STSc), and Leopoldo InfantéP. Univ. Catdica de Chile  ants of the standard cold dark matt&DM) model are sub-
held visiting positions. Greg L. Bryan accepted a position aject to the combined constraints, the power spectrum of any
MIT. Alexander Lazarian accepted a 5-year research fellowmodel is fixed to~ 10% accuracy in both the shape and
ship at CITA. Alexandre Refregier accepted a position afoverall amplitude. These constrained models are not ex-
Cambridge University. New graduate students this year arpected to differ dramatically in their local large-scale struc-
Lei Hao, Hiranya Peiris, Bartosz Pindor, Roman Rafikov,ture properties. However, their evolutionary histories differ
Stuart Wyithe, and Qingjuan Yu. New postdoctoral fellowswith differences being dramatically larger towards higher
this year are David Bowen, Neil Cornish, Romeel Dave redshift. In particular, it should be true that any statistical
Aigen Li, Robert Nelson, and David Schlegel. The Lymanmeasure that probes a rapidly diminishing tail of some dis-
Spitzer, Jr. Spring Lecture series was given by Alexei Filip-tribution should provide a sensitive test at some sufficiently
penko of the Univ. of California, Berkeley. Scott Tremaine high redshift, when the objects in question are rare and hence
was promoted to chair and David N. Spergel was promoteéh the tail. Six standardized COBE and cluster normalized

to associate chair. CDM models are examined with respect to a large set of
independent observations. The observations include correla-
2. RESEARCH PROGRAM tion function of rich clusters of galaxies, galaxy power spec-

trum, evolution of rich cluster abundance, gravitational lens-
ing by moderate-to-high redshift clusterdy, forest,

N. Bahcall and X. Fan, in the paper “A Lightweight Uni- dampedLy, systems, high redshift galaxies, reionization of
verse?” summarized the best constraints placed on the mas#ise universe and future CMB experiments. It seems that each
density of the universe as determined from several indeperef the independent observations examined is potentially ca-
dent observational methods. The methods include the olpable of distinguishing between at least some of the models.
served mass-to-light ratio of galaxies, groups and clusters aghe combined power of several or all of these observations is
a function of scale; the observed baryon fraction in clusterstremendous. Thus, they appear to be on the verge of being
and the evolution of cluster abundance. They showed that theble to make dramatic tests of all models in the near future
independent methods all indicate a sub-critical mass-densityising a rapidly growing set of observations, mostly at mod-
insufficient to halt the universal expansion. The differenterate to high redshift. Consistency or inconsistency between
techniques reveal a consistent picture of a lightweight unidifferent observed phenomena on different scales and/or at
verse withQ) ~ 0.2 - 0.3. different epochs with respect to the models will have pro-

N. Bahcall, J. Ostriker, S. Perlmutter and P. Steinhardt, ifound implications for the theory of growth of cosmic struc-
an invited review paper fogcienceThe Cosmic Triangle: ture.

Revealing the State of the Universe,” introduce the Cosmic Martin Bucher(DAMTP) and David Spergel in “Is the
Triangle as a way of representing the past, present, and fBark Matter A Solid?” proposed that a smooth unclustered
ture status of the universe. Our current location within thedark matter component with negative pressure could recon-
cosmic triangle is determined by the answers to three quesile a flat universe with the many observations that find a
tions: How much matter is in the Universe? Is the expansiorensity in ordinary, clustered matter well below the critical

2.1 Cosmological Models
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density and also explain the recent high redshift supernovenation(calibrated to the N-body modegle/as derived for the
data suggesting that the expansion of the universe is nolinear and fully evolved nonlinear mass power spectrum for a
accelerating. For a perfect fluid negative pressure leads t@nge of plausible Quintessence cosmologies.
instabilities that are most severe on the shortest scales. How- J. P. Ostriker, L. WangColumbig, R. R. Caldwell and P.
ever, if instead the dark matter is a solid, with an elastic]. Steinhardt presented a comprehensive study of the obser-
resistance to pure shear deformations, an equation of statational constraint on spatially flat cosmological models con-
with negative pressure can avoid these short wavelength intaining a mixture of matter and quintessene- a time vary-
stabilities. Such a solid may arise as the result of differentng, spatially inhomogeneous component of the energy
kinds of microphysics. Two possible candidates for a soliddensity of the universe with negative pressure. Their study
dark matter component are a frustrated network of nonalso includes the limiting case of a cosmological constant.
Abelian cosmic strings or a frustrated network of domainThey classify the observational constraints by redshift: low
walls. If these networks settle down to an equilibrium con-redshift constraints include the Hubble parameter, baryon
figuration that gets carried along and stretched by the Hubbl&action, cluster abundance, the age of the universe, bulk
flow, equations of state result with = —1/3 andw = velocity and the shape of the mass power spectrum; interme-
— 2/3, respectively. One expects the sound speeds for thdiate redshift constraints are due to probes of the redshift-
solid dark matter component to comprise an appreciabléuminosity distance based on type la supernovae, gravita-
fraction of the speed of light. Therefore, the solid dark mattettional lensing, the Lyman-alpha forest, and the evolution of
does not cluster, except on the very largest scales, accessilidéege scale structure; high redshift constraints are based on
only through observing the large-angle CMB anisotropy. Inmeasurements of the cosmic microwave background tem-
this paper, they develop a generally-covariant, continuum deperature anisotropy. Mindful of systematic errors, they adopt
scription for the dynamics of a solid dark matter componenta conservative approach in applying these observational con-
They derive the evolution equations for the cosmologicalstraints. They determine that the range of Quintessence mod-
perturbations in a flat universe with CDMsolid) and com-  els in which the ratio of the matter density to the critical
pute the resulting large-angle CMB anisotropy. The formal-density is 0.2< (), < 0.5 and the effective, density-averaged
ism presented here applies to any generalized dark mattequation-of-state is- 1 < w =< —0.2, is consistent with the
with negative pressure and a non-dissipative resistance tmost reliable, current low redshift and microwave back-
shear. ground observations at ther2evel. Factoring in the con-
Neil Cornish and David Spergel in “A Small Universe straint due to the recent measurements of type la superno-
After All?” (astro-ph/9906401discuss the possibility that vae, the range for the equation-of-state is reduced-tol
the universe is finite. They discuss using the cosmic micro=< w= - 0.4, where this range represents models consistent
wave background radiation to measure both the geometrwith each observational constraint at the vel or better
and topology of the universe. Previous work argued that théconcordance analysisA combined maximum likelihood
COBE-DMR data already rule out models that are multiplyanalysis suggests a smaller range,1 < w < —0.6. They
connected on scales smaller than the particle horizon. Thefind that the best-fit and best-motivated models lie Hegr
show the opposite is true: compasimal) hyperbolic uni-  0.33, with an effective equation-of-state — 0.65 anch0.65
verses are favored over their infinite counterparts. For a derand are consistent with a spectral index= 1.
sity parameter of), = 0.3, the compact models are a better L. -X. Li has constructed some time machines from
fit to COBE-DMR (relative likelihood~ 20) and the large- anti-de Sitter space. One is constructed by identifying points
scale structure datarg increases by- 25). related via boost transformations in the covering space of
Yun Wang, David Spergel, and Michael Strauss carriechnti-de Sitter space. The others are constructed by gluing an
out a theoretical analysis of the constraints one can put oanti-de Sitter space to a de Sitter space, which could describe
the primordial power spectrum by combining data from fu-an anti-de Sitter phase bubble living in a de Sitter phase
ture redshift surveys and future maps of the cosmic microuniverse. Self-consistent vacua for a massless conformally
wave background. They found that the data should be senstoupled scalar field are found for these time machines,
tive to subtle steps in the primordial power spectrum, asvhose renormalized stress-energy tensors are finite and solve
predicted in certain models of inflation. the semi-classical Einstein equations. The extensions to elec-
R. Croft (Harvard/CfA), W. Hu (IAS), and R. Davéhave tromagnetic fields and massless neutrinos are discussed. Li
obtained cosmological limits on the neutrino mass by meahas argued that, in order to make the results consistent with
suring the amount of power on intermediate scales at highEuclidean quantization, a new renormalization procedure for
redshift using the flux distribution in the ly forest. They quantum fields in Misner-type spac@disner space, Misner-
place a conservative upper limit of, < 5 eV (total mass of like de Sitter space, and Misner-like anti-de Sitter spase
all neutrino species if 0.2 < O, < 0.5, as is currently required. Li has proposed such a “self-consistent” renormal-
favored. ization procedure. With this new renormalization procedure,
P. Bode altered an existing cosmological N-body code taself-consistent vacua exist for massless conformally coupling
include a Quintessence componé@uintessence is a time scalar fields, electromagnetic fields, and massless neutrinos
evolving, spatially inhomogeneous energy component within these Misner-type spaces.
negative pressure and an equation of state< 0). In work L. -X. Li and J. R. Gott have investigated a model of an
with C. Ma (U. Penn), R. Caldwell (Princeton Physics inflationary universe in Kaluza-Klein theory, which is a four-
Dept) and L. Wang(Columbig a simple analytic approxi- dimensional de Sitter space plus a one-dimensional compac-
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tified internal space. They have found that the energy scalscribed by a modified Gaussian distribution. For the same
for inflation can be predicted from the fine-structure constanmatter distribution, i.e., the sanpé«|z), different values of
in a self-consistent solution of the semi-classical Einsteif),, and{}, can lead to very different magnification distri-
equations including the Casimir effect. From the observedutions. The formulae derived in this paper can be conve-
value of the fine-structure constant, Li and Gott has obtainediently used to calculate the weak lensing effects for ob-
an energy scale for inflation of = 1.84 X 101691’4 Gev, served Type la supernovae at arbitrary redshifts.
whereg, is a dimensionless number depending on the spin In the third SN paper, Yun Wang studied the effect of
and number of matter fields existing in the universe. Thiflux-averaging on the analysis of Type la supernova data.
value is consistent with the values often discussed for inflaShe combined the type la supernd&Ne |a data from the
tion and grand unification. Li and Gott have also found thatHigh-z SN Search and the Supernova Cosmology Project,
the wave function for this model predicts a high probability and binned the combined data by flux-averaging in redshift
for forming such universes, independent of the value of thdntervals ofAz = 0.05 andAz = 0.1. She found that the
cosmological constant. The tunneling probability favors thelnbinned data yield a Hubble constantttf = 65 = 1 km
creation of inflationary universes with a compactified dimen-S~ *Mpc™* (statistical error only a matter density fraction
sion, over those with all macroscopic dimensions. of O, = 0.7 = 0.4, and a vacuum energy density fraction
Yun Wang has studied the effective use of type la superof 3, = 1.2 = 0.5. The binned data foAz = 0.1 yield
novae(SNe 13 as cosmological probes in a series of threeHo = 65 = 1kms *Mpc ! (statistical error only Q.
papers. Type la supernové8Ne I3 can be calibrated to be = 0.3 = 0.6, andQ2, = 0.7 £ 0.7. Her results are not
good standard candles at cosmological distances. sensitive to the redshift bin size. Flux-averaging leads to less
In the first SN la paper, Yun Wang proposed a supernovdiased estimates of the cosmological parameters. Compari-
pencil beam survey that could yield between dozens to hurson of the data of 18 SNe la published by both groups of
dreds of SNe la in redshift bins of 0.1 upzo= 1.5, which  observers yields a mean SN la peak absolute magnitude of
would complement space based SN searches, and enable dg = —19.33 = 0.25. If the SNe la peak absolute
proper consideration of the systematic uncertainties of SN&Iminosity changes with redshift due to evolution, our ability
la as standard candles, in particular, evolution and gravitato measure the cosmological parameters from SNe la data
tional lensing. She simulated SNe la luminosities by addingvill be significantly diminished. Assuming power-law evo-
weak lensing noisdusing empirical fitting formuladeand  lution in the peak absolute luminosity, (+ z)#, she found
intrinsic scatter in SN la absolute magnitudes to standar@ Strong degeneracy between the evolution power-law index
candles placed at random redshifts. She showed that flu¥3 and the matter density fractiof,,. For ), = 0.3, she
averaging is powerful in reducing the combined noise due tdound that the unbinned data yield$, = 65 = 1km
lensing and intrinsic scatter. The SN number count is nos"*Mpc™! (statistical error only Q, = 1.4 = 1.1, and
sensitive to matter distribution in the universe; it can be useg@ = 0.5 = 1.6, and the binned datwith Az = 0.1) yields
to test models of cosmology and to measure the SN rate. THd, = 65 = 1 kms 1 Mpc™! (statistical error only Q,
SN pencil beam survey can yield a wealth of data which= 0.6 + 1.4, andg = 0.0 = 1.0.
should enable accurate determination of the cosmological pa-
rameters and the SN rate, and provide valuable informatio
on the formation and evolution of galaxies. She showed thal

a SN pencil beam survey can be accomplished on a dedi- Draine (1999 reviewed the processes by which interstel-
cated 4 meter telescope with a square degree field of viewar matter can radiate at microwave frequencies, and showed
This telescope can be used to conduct other important obsethat the observed dust-correlated microwave emission from
vational projects compatible with the SN pencil beam surthe interstellar medium must be primarily due to a combina-
vey, such as QSOs, Kuiper belt objects, and in particulartion of magnetic dipole emission and rotational emission
weak lensing measurements of field galaxies, and the seargfom rapidly rotating ultrasmall dust grains. The optimum
for gamma-ray burst afterglows. frequency for CMB observations is near 90 GHz, where the
In the second SN la paper, Yun Wang studied the weakjust emission has a local minimum.
lensing of standard candles. Weak lensing leads to the non- In a pair of papers (astro-ph/9811252; astro-ph/
Gaussian magnification distribution of standard candles a811253 David Goldberg and David Spergel have devel-
given redshiftz, p(u|z). In this paper, she gave accurate andoped a formalism for calculating and measuring the Micro-
simple empirical fitting formulae of the weak lensing nu- wave Background Bispectrum, a probe of non-linear physics
merical simulation results with the generalized Dyer-Roedein the microwave bacgkround. Gravitational fluctuations
prescription. The smoothness parameiegssentially repre- along the line-of-sight from the surface of last scatter to the
sents the amount of matter that can cause weak lensing ofabserver distort the microwave background in several related
given source. Since matter distribution in the universe is inways: The fluctuations deflect the photon péghavitational
homogeneous, we can think of our universe as a mosaic dénsing, the decay of the gravitational potential produces
cones centered on the observer, each with a different value afdditional fluctuationgISW effec) and scattering off of hot
«. She defined thelirection dependensmoothness param- gas in clusters produce additional fluctuatiof@unyaev-
etera via the Dyer-Roeder equation; there is a unique mapZel'dovich effec). Even if the initial fluctuations generated
ping betweerw and the magnification of a source. She foundat the surface of last scatter were Gaussian, the combination
that the distribution ofa at givenz p(a|z), is well de- of these effects produce non-Gaussian features in the micro-

.2 Cosmic Microwave Background Radiation
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wave sky. They discuss the microwave bispectrum as a toghmeters. They showed that the existence of these massive
for measuring and studying this signal. For MAP, they esti-clusters (with masses comparable to twice the mass of
mate that these measurements will enable us to determine ti@®ma at these early epochs strongly rules out Gaussian
fraction of ionized gas and to probe the time evolution of themodels with critical mass density)}=1, og = 0.5); such
gravitational potential. They also compute the bispectrum remodels form massive clusters only recently and predict es-
sulting from the 2nd order Rees-Sciama effect, and find thagentially no high-mass clusters at these redshifts- (10~ °
is undetectable with current and upcoming missions. clusters expected atz 0.65 and~ 10 3 clusters at z 0.5
David Spergel was part of a study outlining science goalsis compared with the (z> 0.65 and 3(z> 0.5) clusters
for cosmic microwave background observations in the postobservedl From these observations, they derive best-fit val-
Planck era(astro-ph/9907276 Over the coming decade, the yes of() = 0.2(+0.3, - 0.2 andog = 1.2 (+ 0.4) (95%).
Microwave Anisotropy Probe and Planck missions will pro-The highog ~ 1 amplitude, comparable to that observed for

vide low noise maps of the temperature of the cosmic minOga|axieS, Suggests that mass approximate|y traces ||ght on
wave backgroundCMB). These maps will allow measure- |arge scales.

ment of the power spectrum of the CMB with measurement Cen, in collaboration with J. Einast&stonia et. al., has

noise below cosmic variance for| 1500. It is anticipated cajculated the mean power spectrum of all galaxies using
that no further all sky CMB temperature observations will bepyplished power spectra of galaxies and clusters of galaxies.
needed after Planck. There are, however, other CMB megon small scales they use the power spectrum derived from
surements for which Planck will be not the end but the bethe 2-dimensional distribution of APM galaxies, since this
ginning. Following Planck, precise CMB polarization obser-sample is not influenced by redshift distortions and is the
vations will offer the potential to study physical processes ajgrgest and deepest sample of galaxies available. On large
energies as high as ¥0GeV. In addition, arcminute scale, gcales they use power spectra derived from 3-dimensional
multi-frequency observations will allow study of the early yata for various galaxy and cluster samples which are re-
phases of the formation of large-scale structure in the unigced to real space and in amplitude to the power spectrum
b . _ . _ ~ of APM galaxies. They find that available data indicate the
In collaboration with David Spergel, N. Cornish studied resence of two different populations in the nearby Universe.
how the shape of the universe affects the cosmic microwave|siers of galaxies sample a relatively large region in the
background radiation. They produced simulations of the miypjyerse where rich, medium and poor superclusters are well

crowave sky in a number of compact versions of the Usuatlepresented. Their mean power spectrum has a spike at
hyperbolic (open Friedman-Robertson-Walker model, and ,4venumberk = 0.05 = 0.01 h Mpc~1, followed by an

found these models to be a good fit to the COBE-DMR dataapproximate power-law spectrum of index ~ —1.9

They also verified that these models could be experimentally,, - -4s small scales. Some galaxy survé@BM 3-D, IRAS
distinguished from their infinite counterparts by applying theQDOT and SSR$CfA2 130 Mpd have similar ,spectra.

“match circles test” to search for correlations in the micro- The power spectrum found from LCRS and IRAS 1.2 Jy
wave radiation. They have submitted these findings to PhySLéurveys is flatter around the maximum, which may represent
cal Review Letters. Before they could arrive at these resu“?egions of the Universe with medium-rich and poor super-

they fllrsthhad tof_sglvche a problem in apP"ed mathemhat'csclusters. Differences in power spectra for these populations
Ealme y, how f dm t. Etz. wav]? tﬁpgctrum n rc}:cimpalct. y?ﬁ.r'may partly be due to the survey geometries of the datasets in

Olic Spaces. escription of their approach 1o solving | ISquestion and/or to features of the original data analysis.
problem has been submitted to Experimental Mathematics.

X . . Cen, in collaboration with J. Einast&stonia et. al., sug-
Oleg Gnedin and Nickolay GnediBerkeley solved the ! 1on wi inast 8 ug

Bolt tion f logical i d thegeStS a new method to determine the bias parameter of gal-
oflzmann equation for cosmological Neutrinos around e, ;qq va|ative to matter. The method is based on the assump-
epoch of the electron-positron annihilation in order to verify

the f ¢ imati dt ; el thtion that gravity is the dominating force which determines
€ freeze-out approximation and to compute accurately g, o, o nation of the structure in the Universe. Due to gravi-
cosmological neutrino distribution function. They find the

- . ) tational instability matter flows out of under-dense regions
0, -
e et e Sae e Pt g-denstycnes. To o  galasy e densy o

y . app ' : PG hatter within a certain radius must exceed a critical thresh-
trum of the cosmic microwave background anisotropies

changes by- 0.3%-0.5%, depending on the angular ScaleoId (Press-Schechter limjtthus the galaxy formation is a

and the amplitude of the mass fluctuations on scales beIO\‘E\WeSI’]Old process. In low-density environmefusids) gal-

1 %—0.30M axies do not form and matter remains in primordial form.
about 100 h™ Mpc decreases by about 0.2%-0. B). They estimate the value of the threshold density which di-

vides the matter into two populations, a low-density popula-
tion in voids and a clustered population in high-density re-

N. Bahcall, in collaboration with X. Faifgraduate stu- gions. They investigate the influence of the presence of these
den, investigated the observed evolution of the abundancéwo populations to the power spectrum of matter and galax-
of clusters of galaxies and used it to place strong constraintes. They find that the power spectrum of clustered particles
on cosmological parameters: the mass-density of the unigalaxies is similar to the power spectrum of matter. They
verse,(), and the amplitude of mass fluctuations ori 8h show that the fraction of total matter in the clustered popu-
Mpc scale,og. They used the most massive distant clusterdation determines the difference between amplitudes of fluc-
of galaxies observed so far, at-z0.5, to constrain these pa- tuations of matter and galaxies, i.e. the bias factor.

2.3 Large-Scale Structure
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To determine the fraction of matter in voids and clusteredsurveys and cosmology, which were published in Nature,
population they perform numerical simulations. The fractionand in a textbookFormation of Structure in the Universe
of matter in galaxies in the present epoch is found using &ds. A. Dekel and J.P. Ostriker.
calibration through therg parameter. They findg = 0.89 Strauss and Jeff WillickStanford completed an analysis
+ 0.09 for galaxiesgg = 0.68 = 0.09 for matter, and the comparing existing Tully-Fisher peculiar velocity data with
biasing factor of the clustered matigralaxies relative to all  the velocity field predicted by the large-scale distribution of
matterbg, = 1.3 = 0.13. IRAS galaxies. They confirmed their earlier results that the
Cen, in collaboration with J. Einast(Estonia et. al., model fits the observed flows well, and that= Q%%b is
compared the observed power spectrum of matter found i0.50, with very small error bars.
Papers | and li(see abovewith analytical power spectra. Strauss worked with Marc Davis and Jonathan Baker
They extrapolate the observed power spectra on small scal¢Berkeley, Ofer Lahav(Cambridge, and Basilio Santiago
to find the linear power spectrum of matter. They conside(Porto Alegre to demonstrate that the velocity fields pre-
spatially flat cold and mixed dark matter models with cos-dicted by the distribution ofRASand optically-selected gal-
mological constant as well as open models. They fix theaxies are in excellent agreement with one another. This result
Hubble constant and the baryon density in the middle of thallowed them to put constraints on the relative bias of
allowed range and vary the density parameter and the co#frared- and optically-selected galaxies.
mological constant. They determine the primordial power Blanton is carrying out an analysis of the relative bias
spectrum of matter using the power spectrum of matter antietween early and late-type galaxies in the Las Campanas
the transfer functions of analytical models. They take twoRedshift Survey. He is finding evidence for the first time that
different spectra suggested by observations: with a sharfhe bias is not deterministic; that is, that early-type galaxy
maximum at 128~ *Mpc and with a broader one, as found density is not a unique predictor of late-type galaxy density.
for regions with rich and medium rich superclusters of gal- M. Vogeley and C. Park(Seou) analyzed the three-
axies, respectively. For both models, the primordial powerdimensional power spectrum and correlation function of
spectra have a break in amplitude; in the case of the speciusters of galaxies selected from both opti@aPM, Abell)
trum with a sharp maximum the break is sharp. They conand X-ray surveygROSAT).
clude that a scale-free primordial power spectrum is ex- M. Vogeley and A. ConnollyPittsburgh investigated the
cluded if presently available data on the distribution ofimpact of Galactic extinction and errors in photometry on the
clusters and galaxies represent the true mass distribution afccuracy of statistical measures of the large-scale distribu-
the Universe. tion of galaxies. Galactic extinction or photometric zero-
Turner, Y. Suto(U. Tokyo), T. Yamada and I. Tanaka point fluctuations cause erroneous fluctuations in the
(Tohoku U) are analyzing the faint galaxy population redshift-space distribution of galaxies, hence extra apparent
present in a series of very deep SPIcam drift scans obtainedustering power on scales of order the angular size of these
with the APO 3.5-meter in a field contained an alleged suvariations at the effective depth of the survey. These analyses
percluster of quasars with redshifts of 1.01. If confirmed byprovide guidelines for the accuracy with which the SDSS
the presence of a “Great Wall” type supercluster in the gal-and other similar surveys must correct for extinction and for
axy distribution, this structure would challenge many theo-the large-scale photometric calibration.
ries of structure formation due to its large size and amplitude Infante, Strauss, Bahcall and Knapp have identified close
at high redshift. The optical data is being combined withpairs and triplets of galaxies in the Sloan Digital Sky Survey
x-ray and IR images to further probe the overall mass districomissioning imaging data. The data sets are from two of the
bution in this region. SDSS equatorial fields covering 200 ded. They have es-
Working with J. Ostriker, P. Bode has developed an effi-timated the angular correlation function of these objects and
cient new code to study the formation of large-scale strucappear to be appreciably more strongly clustered than are
ture. Called Tree-Particle-MegPM), this code combines single galaxies.
the Particle-Mesh method for long-range forces with short- Infante has used the 3.5m APO telescope to obtain
range forces determined by the Tree approach. Preparatioksband imaging of galaxies selected from the CNOC2 sur-
are underway to carry out simulations with this code com-vey. The purpose is to distinguish the evolution of large-
bining large volumes (1000 Mpg/with high mass and force scale structure from the evolution of component galaxy
resolution(using a billion particles and a maximum spatial populations over the redshift range 0.42z < 0.55 from a
dynamic range of 70,000). Such a large volume will reducek-selected sample.
cosmic variance and give a statistically meaningful sample Yun Wang reported her work with David Spergel and
of clusters of galaxiesespecially at high redshjfto facili- Michael Strauss on the model-independent measurement of
tate comparisons with observations from next generation othe primordial power spectrum at the 193rd Meeting of the
X-ray cluster surveys such as Chandra, XMM and Astro-E American Astronomical Society in Austin, Texas, and at
At the same time, the high resolution will make it possible toCOSMO-98(International Workshop on Particle Physics and
map out the gravitational lensing potentials of clusters ofthe Early Universgin Monterey, California. She also re-
galaxies and large-scale structure, which can be comparggbrted her work with Neta Bahcall and Edwin Turner on a
with the next generation of galaxy and quasar surveys sucimodel-independent photometric redshift estimator, at the
as the SDSS. Workshop on Photometric Redshifts and High Redshift Gal-
Michael Strauss wrote two major reviews about redshiftaxies, hosted by Carnegie Observatories.
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2.4 Intergalactic Medium and Galaxy Formation large-scale (109 Mpc) numerical hydrodynamic simula-
. . . . tion of the popularA CDM cosmological model, including in
hi %ergé(;?ut?g:ag?raetl(sjga\lzmgo\]s.rz.oIgsitggler:, (;lr?)z %Saenc:icnegtheir treatment dark matter, gas and star-formation, on the
9 ton, large-s ' 9 y y 98 asis of standard physical processes. The method, applied
axy formation simulations of a standard cold dark matter . . . ) o
. . - . with a numerical resolution o 200h™ “kpc (which is small
model (with a cosmological constanare utilized to predict ; : .
compared to nearest neighbor separation of galaxies except

the distribution of baryons at the present and at moderate . )
Y P In clustery, attempts to estimate where and when galaxies

redshift. It is found that the average temperature of baryon L2
is an increasing function of time, with most of the baryons at?orm. They then compare the smoothed galaxy distribution

the present time having a temperature in the ranééﬁo with the smoothed mass distribution to determine the “bias”

Thus, not only is the universe dominated by dark matter, pupiefined asb = (6M/M)gai/(8M/M)o(a ON scales large

more than one half of the normal matter is yet to be detecteac.ompare‘j with the code numerical resolution the basis of

Detection of this warm/hot gas poses an observational Char_esolution tests given in the appendix of this pap@hey

lenge, requiring sensitive EUV and X-ray satellites. Signa_find that (holding all variables constant except the quoted

tures include a soft, cosmic X-ray background, apparen?ne) b_ias increases w_ith decreas.ing_scale, _With incre_:asing
warm components in hot clusters due to both intrinsic warnfalactic age or metalllcl:lty and with increasing redshift of
intra-cluster gas and warm inter-cluster gas projected ontgPServations. At the® “Mpc fiducial comoving scale bias
clusters along the line of sight, absorption lines in X-ray and /0" Pright systemsis 1.35 atz = 0 reaching to 3.6 az
UV quasar spectrie.g., O VI(1032,1038A lines, OVII 574 3, both numbgrs being conS|ster1th|th exftant. observa-
eV line], strong emission line.g., O VIl 653 eV lingand  tiOns. They also find that (16- 20)h~*Mpc voids in the
low redshift, broad, low column densitiy, absorption dlstr|but|on of luminous objects are as obser\(ef}., ob-
lines. They estimate that approximately 1/4 of the extragaS€rved voids are not an argument against CDM-like models
lactic soft X-ray backgroun@SXRB) (at 0.7ke\ arises from and finally that the younger systems should_ show a colder
the warm/hot gas, half of it coming from < 0.65 and Hubble flow than do the early type galaxiéa testable
three-quarters frorz < 1.00, so the source regions should pr.oposmorj. Surprisingly, little evolution is found in the am-
be identifiable on deep optical images. plitude of the smoothed galaxy-galaxy correlation function
Cen, in collaboration with M. Blanton, J.P. Ostriker and (@S & function oftomovingseparation Testing this predic-
M.A. Strauss, using a large-scale hydrodynamic simulatiodion Vs observations will allow a comparison between this
with heuristic criteria for galaxy formation, investigated how Work and that of Kauffmanret al. which is based on a dif-
the galaxy field is related to physical parameters, such as tH&rent physical modeling method.
mass density and the gas temperature. In their flat Cold Dark Cen, in collaboration with M. Blanton, J.P. Ostriker, M.A.
Matter model withQ), = 0.37, they find that the relation Strauss and M. Tegmark, has investigated the time evolution
between the galaxy and mass density fields is a function o?f galaxy formation and bias in cosmological simulations.
scale. The biab(R) = a4(R)/a(R), whereoy(R) is the The clustering of galaxies relative to the mass distribution
variance of galaxy counts in spheres of radtuiand o(R) is declines with time because: first, nonlinear peaks become
the same for mass, varies from 2.6 at1* Mpcto 1.2 at 30  less rare events; second, the densest regions stop forming
h~! Mpc. Including the dependence of the galaxy density or€W galaxies because gas there becomes too hot to cool and
local gas temperature as well as on local mass density caifllapse; third, after galaxies form, they are gravitationally
fully account for this scale dependence. Galaxy density de-debiased” because their velocity field is the same as the
pends on temperature because gas which is too hot cann@grk matter. To show these effects, they perform a hydrody-
cool to form galaxies; this causes scale dependent¢Rf  nhamic cosmological simulation and examine the density field
because local gas temperature is related to the gravitation@f recently formed galaxies as a function of redshift. They
potential, and thus contains information about the large scalind the biasb, of recently formed galaxie&he ratio of the
density field. They show that temperature dependence geneims fluctuations of these galaxies and massolves from
ally cause(R) to vary on quasilinear and nonlinear scales,4.5 atz = 3 to around 1 az = 0, on &~ Mpc comoving
indicating that scale dependence of bias may be a generisales. The correlation coefficient, between recently
effect in realistic galaxy formation scenarios. They find thatformed galaxies and mass evolves from 0.2 at 3 to 0.25
the relationship between the galaxy and mass density fields &t z=0. As gas in the universe heats up and prevents star
also a function of galaxy age. On large scales, the oldeformation, star-forming galaxies become poorer tracers of
galaxies are highly biased (=~ 1.7) and highly correlated the mass density field. After galaxies form, the linear conti-
(r = (66g)looy ~ 1.0) with the mass density field; nuity equation is a good approximation to the gravitational
younger galaxies are not biased & 0.8) and are poorly debiasing, even on nonlinear scales. The most interesting
correlated ¢ =~ 0.5) with the mass. They argue that linear observational consequence of the simulations is that the lin-
bias is inadequate to describe the relationship between gatar regression of the star-formation density field on the gal-
axies and mass. They present a more physically based praxy density field evolves from about 0.9at= 1 to 0.35 at
scription which better fits their results and reproduces the=0. These effects also provide a possible explanation for

scale dependence of the biaspy/(py) = L(p/  the Butcher-Oemler effect, the excess of blue galaxies in
(p)YM(1 + T/40,000K), whereL = 1.23,M = 1.9, and clusters at redshifz ~ 0.5. Finally, they examine cluster
N = -—0.66. mass-to-light ratio estimates 61, finding that while((2z)

Cen, in collaboration with J.P. Ostriker, analyzed a newincreases wittz, one’s estimaté)..(z) decreases.
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Cen, in collaboration with K. Nagamine and J.P. Ostriker, R. Dave with L. Hernquist(Harvard/Cf4), N. Katz (Mas-
has computed the rest-frame comoving luminosity density irsachussels and D. WeinbergOhio Stat¢, has determined
various bands as a function of redshift and the cosmic stathe metallicity of the high-redshift intergalactic medium
formation rate(SFR) using a Lambda-CDM hydrodynamical from CIV absorption in a Keck HIRES quasar spectrum of
galaxy simulation. They used an updated isochrone synthes@@1422+231 to be[C/H]~ —2.5, given an ionizing back-
code to calculate the luminosity density. The calculated UVground as produced by quasars. Furthermore, OVI absorp-
luminosity density and the cosmic SFR have a steep riséon shows that lower density gas has a lower metallicity, as
from z=0 to 1, a moderate plateau at= 1 — 3, and a might be expected in recent metal ejection scenarios. Com-
slight decrease beyond=8. They find that the calculated paring OVI and CIV absorption shows that Helium reioniza-
SFR agrees well with the extinction corrected data points ofion has begun by ~ 3.5, although a patchy ionization
the optical(to submm surveys of galaxies. They discuss the structure could still exist down ta ~ 3.
conversion between UV-luminosity density and SFR as well Together with R. CroffHarvard/CfA), this group has in-
as the implication of their results on the effects of dust ex-estigated the possibility of discriminating cosmological
tinction. Finally, they consider the physical origin of the models by comparing high-redshift quasar spectra from Keck
“Madau Plot” in terms of cooling time of the gas by ana- (provided by D. Tytler and S. Burlgsvith hydro simulations
lyzing the temperature-mass relation and the ratio of coolingf currently popular cosmologies. Preliminary results favor
time to the Hubble-time in the simulation at various red-cosmologies with higher power a ~ 3, such as lonwQ
shifts. models.

Leo Blitz, David Spergel, Peter Teuben and Dap Hart- R. Dave with L. Hernquist(Harvard/CfA), S. Kirhakos
mann continue their investigations of the possibility that theand J. BahcalllAS), has preliminarily determined the me-
High Velocity Clouds are extra-galactic. Hierarchical struc-tallicity of the low-redshift diffuse intergalactic medium
ture formation models predict the existence of large numberfrom HST QAL Key Project data to be— 1.5 = [C/H]
of low velocity dispersion dark halos. Galaxy surveys find= —2, somewhat higher than the kyforest metallicity at
far fewer galaxies than predicted by analytical estimates anHigh redshift. There is also weak evidence for a gradient in
numerical simulations. In this paper, we suggest that thesmetallicity with density from OVI absorption.
dark halos are not missing, but have been merely misplaced R. Davehas compared the formation of high-redshift gal-
in the galactic astronomy section of the journals: they are thexies in high-resolution cosmological hydro simulations with
High Velocity Clouds(HVCs). They review the predictions observed “Lyman-break galaxies(LBGs; Steidel,et al)).
of the model for the Local Group origin of the HVCs and its Applying Bruzual & Charlot population synthesis models to
implications for the formation and the evolution of our Gal- simulated galaxies along with the Lyman-break color selec-
axy. They describe recent observations that confirm many dfon, these simulations suggest that LBGs represent the most
earlier predictions and discuss future tests of the model. massive galaxies at this epoch{ 3), containing the oldest

Graduate student Michael Blanton, working with M.A. stellar populations, in agreement with independent argu-
Strauss, J.P. Ostriker and R. Cen, has explored the nature wients based on their clustering and biasing propeffidesl-
galaxy bias in large cosmological simulations. They haveberger,et al.). Together with R. SomervilléHebrew Univ),
shown that galaxy formation is a strong function of local gasthe relationship between dampedd.yabsorbers and LBGs
temperature, which has a modulating effect on the largeis also being investigated.
scale distribution of galaxies, giving rise to a scale- R.Dave L. Hernquist(Harvard/CfA, D. Weinberg(Ohio
dependent bias. In addition, they have explored the evolutioStatge and N. Katz (Massachusettshave investigated the
of bias with time, identifying the various physical processesevolution of clustering and biasing of galaxies frar= 4
that give rise to the evolution. — 0, using a 58 Mpc ACDM hydro simulation with

R. Dave L. Hernquist(Harvard/CfA), N. Katz (Massa- 10h~ ‘kpc resolution. The comoving galaxy correlation func-
chusetty and D. Weinberg(Ohio State have studied the tion evolves only mildly, with the correlation length first
intergalactic medium at low redshift by comparing cosmo-decreasing then increasing with time. Galaxies begin as
logical hydrodynamic simulations with HST Quasar Absorp-highly biased tracers of the mass, and become less so with
tion Line Key Project results. Currently favored cosmologiestime. The scale dependence of bias also decreases with time.
reproduce many observed evolutionary trends of thee Ly = S.P. Oh(graduate studeninvestigated the future detec-
forest fromz = 4 — 0, and they find that the driving factor tion of the first luminous objects in free-free andvtemis-
in the evolution of the number density of ky absorbers is sion. The integrated free-free emission from ionized halos
the metagalactic photoionizing background.cLyabsorbers creates a spectral distortion of the Cosmic Microwave Back-
represent the same underlying objects at high and low redyround, detectable by the planned DIMES satellite. lonized
shifts, but due to Hubble expansion and evolving photionizahalos may also be imaged directly in free-free emission by
tion conditions, their observational “window” on these ab- the Square Kilometer Array. Balmer line emission from ion-
sorbers evolves with redshift, so that an absorber of giveized halos is detectable by the Next Generation Space Tele-
strength traces a higher overdensity at lower redshift. Alsoscope. Unlike Ly, the Hx line does not suffer from reso-
low-z absorbers appear to trace the large-scale structure imant scattering by neutral hydrogen, and is still observable
which galaxies reside, but are seldom associated with galagvhen the IGM is not fully reionized. Expected number
tic gas, in agreement with observations by Tripp, Lu andcounts and signal strengths are calculated in the context of a
Savage, among others. semi-analytic galaxy formation model.
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Tripp completed a study with L. L(Caltech and B. Sav- N. Bahcall, in collaboration with J. Kepner and X. Fan
age(Wisconsin of the relationship between low redshift Ly- (graduate studentsJ. Gunn and R. Lupton developed an
mane« clouds and galaxies based on low resolution, but venautomated method for detecting clusters of galaxies in imag-
high signal-to-noise, HST spectroscopy of two QSOs, H1821ng and redshift galaxy surveys. The Adaptive Matched Fil-
+643 and PG1116215(Tripp, et al. 1998. These observa- ter (AMF) method utilizes galaxy positions, magnitudes, and
tions show that many low z Ly clouds are due to gas in - when available - photometric or spectroscopic redshifts to
large-scale structures rather than the gaseous halos of indind clusters and determine their redshift and richness. The
vidual galaxies. Subsequently, Tripp, Jenkins, and SavagaMF can be applied to most types of galaxy surveys: from
applied for and received HST time to observe these QSOgvo-dimensional2D) imaging surveys, to multi-band imag-
with the Space Telescope Imaging Spectrogré®hilS) in  ing surveys with photometric redshifts of any accur#2y
the far UV at high resolutiofR = 46000. The first of these D), to three-dimensional3D) redshift surveys. The AMF
observations was executed successfully and the analysis gn also be utilized in the selection of clusters in cosmologi-
the physical conditions and metallicity of the low z &y cal N-body simulations. The AMF identifies clusters by find-
absorbers is underway. ing the peaks in a cluster likelihood map generated by con-

These new STIS observations will also be used to searc{;oh,ing a galaxy survey with a filter based on a model of the
for the large reservoir of intergalactic baryons in gas & T ¢lyster and field galaxy distributions. In tests on simulated
10° — 10’ K predicted by hydrodynamic simulations of 2p and 2 D data with a magnitude limit af’ ~ 23.5, clus-
cosmological structure growth by Cen and Ostriker. This willtgrs are detected with an accuracyAdf 0.02 in redshift and
be done by searching for O VI absorption lines which arise_ 1094 in richness to < 0.5. Detecting clusters at higher
in the hot gas, which is quite difficult to observe in x-rays edshifts is possible with deeper surveys.
due to complicated foreground absorption and emission cor- vy Wang, N. Bahcall and E. Turner derived a simple em-
rections. To interpret the STIS data, Cen, Tripp, Jenkins, angjrical color-redshift relation for z 4 galaxies in the Hubble
Ostriker are producing synthetic spectra from the cosmolog|Deep Field(HDF) using a linear function of three photomet-
cal simulations_for c_omparison to the observations. ric colors(U - B, B - V, V - 1). The dispersion between the

In collaboration with a team at NASA-Goddard headed bYggtimated redshifs and the spectroscopically observed ones is

S. Heap, Tripp and Jenkins participated in the analysis 0fmg| for relations derived in several separate color regimes;
STIS observations of the high redshift QSO Q0302-003 tgy,o dispersions range from, = 0.03 to 0.1 for z 2 galax-

study He Il absorption in the intergalactic medium. From thejog and fromo, = 0.14 to 0.25 for z 2 galaxies. They
high signal-to-noise %TIS spectrum s”e‘_’eral results were degyjieq the color-redshift relations to the HDF photometric
rived. First, the He I "proximity effect” is clearly detected, ¢4t40 and obtained estimated redshifts that were consistent
and analysis of the proximity profile showed that near thei, those derived from spectral template fitting methods.
QSO all He Il absorption is due to discrete clouds with Norye 44yantage of these color-redshift relations is that they
contribution from smoothly distributed diffuse intergalactic ;. simple and easy to use and do not depend on the assump-
gas. Second, the He |l layqpacny was m(.aasur_ed at sgveral tion of any particular spectral templates; they provide model
redshifts, and a substant|a_l decreasg n th|_s opacity WaRdependent redshift estimates fox 24 galaxies using only
c!early detected at z 3. Th's change n opacity could in- multiband phometry, and they apply to about 90% of all
dicate an abrupt change in the |on|.zat'|on.state C?f the IGMgalaxies. The method was used to obtain a color-based esti-
perhaps due t_o completion of He_relqnlza'uon. Thlrd, a We”'mate redshift catalog of HDF galaxies ta z1. The estimated
detected gap in the He Il absorption is found which matche?‘edshifts were used to investigate the redshift distribution of
galaxies in the HDF, finding peaks in the redshift distribution

a gap in the H | Ly forest in redshift space. This gap is
that suggest large-scale clustering of galaxies to at least.z

probably due to photionization of the IGM from a local
source such as an AGN' However, a different promlnent Yakhe peaks are consistent with those identified in spectro-
in the H | Ly« forest still shows strong absorption by He II. scopic probes of the HDF

Cen developed and tested a method to compute mass and

In collaboration with the STIS Instrument Definition
Team, Tripp and Jenkins have observed several other QSOa%to—correlation functions of rich clusters of galaxies from
linear density fluctuations, based on the formalism of Gaus-

(e.g., HS 1708-6416, PKS 0405-123, 3C 3bWith STIS to

study the_ nature of the QSO absorbers mclud_lng the_|r phy.S'éian peakgBardeenget al. 1986. The essential, new ingre-
cal conditions and metallicity as well as their relationship

i ) dient in the current approach is a simultaneous and unique
with galaxies and larger scale structures. Analyses of th . . . .
ixture of thesizeof the smoothing window for the density
spectra are underway.

field, r¢, and thecritical height for collapse of a density
peak, 5., for a given cluster mas$enclosed within the
sphere of a given radius rather than the virial radius, which is
N. Bahcall summarized the current observational conhard to measure observationallyOf these two parameters,
straints from studies of the large-scale structure of the unir; depends on both the mass of the cluster in questiorfland
verse, clusters and superclusters of galaxies, and their coghereasé, is a function of onlyQ) and A. These two pa-
mological implications. The use of upcoming large-scalerameters have formerly been treated as adjustable and ap-
surveys in the optical and in X-Rays, including the Sloanproximate parameters. Thus, for the first time, the Gaussian
Digital Sky Survey, were discussed and their impact exPeak Method GPM) becomes unambiguous, and more im-
pected in these fields highlighted. portantly, accurate, as is shown here. This method is then

2.5 Clusters and Groups of Galaxies
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used to constrain all variants of the Gaussian cold dark maties of the dark matter and worst for the total X-ray luminos-
ter (CDM) cosmological model using the observed abun-ity. Even in this case, simulations that adequately resolve the
dance of local rich clusters of galaxies and the microwavecore radius of the gas distribution predict total X-ray lumi-
background temperature fluctuations observed by COBEosities that agree to within a factor of two. Other quantities
The combined constraint fixes the power spectrum of anwre reproduced to much higher accuracy. For example, the
model to~ 10% accuracy in both the shape and overall amtemperature and gas mass fraction within the virial radius
plitude. To set the context for analyzing CDM models, theyagree to about 10%, and the ratio of specific kinetic to ther-
choose six representative models of current interest, includnal energies of the gas agree to about 5%. Various factors
ing an{}, = 1 tilted cold dark matter model, a mixed hot contribute to the spread in calculated cluster properties, in-
and cold dark matter model with 20% mass in neutrinos, twacluding differences in the internal timing of the simulations.
lower density open models witl); = 0.25 and Q, Based on the overall consistency of results, they discuss a
= 0.40, and two lower density flat models with§ number of general properties of the cluster they have mod-
= 0.25A; = 0.75) and ; = 0.40A, = 0.60). This elled.
suite of CDM models should bracket any CDM model thatis  Strauss and graduate student Rita Kim have explored star-
currently viable. The parameters of all these models are alsgalaxy separation algorithms with early commissioning data
consistent with a set of other constraints, including thefrom the Sloan Digital Sky Survey. In collaboration with
Hubble constant, the age of the universe and the lightNeta Bahcall and former graduate student Jeremy Kepner,
element nucleosynthesis wit, chosen to maximize the they have applied various cluster-finding algorithms to the
viability of each model with respect to the observed gas fracdata, including Voronoi tessellations and an adaptive
tion in X-ray clusters. matched filter technique. Many previously unidentified clus-
Cen, in collaboration with J.P. Ostriker, has performed aers have been found, including some with X-ray emission in
variety of tests to determine the numerical resolution of thehe ROSAT data. They have shown that the cluster contrast
cosmological TVD eulerian code developed by Ryu, et alis appreciably stronger in red than blue galaxies.
(1993. Tests include 512and 2568 simulations of aP, In his thesis, Oleg Gnedin studied tidal effects in clusters.
« k™1 spectrum to check for self-similarity and comparison High-redshift clusters of galaxies show an overabundance of
of results with those from higher resolution SPH and grid-spirals by a factor of 2-3, and a corresponding underabun-
based calculationd-renk,et al. 1998. They conclude that in dance of SO galaxies, relative to the nearby clusters. This
regions where density gradients are not produced by shockaorphological evolution can be explained by tidal interac-
the code degrades resolution with a Gaussian smoothing tions with neighboring galaxies and with the time-variable
diug length of 1.7 cells. At shock caused gradiefitsr  cluster potential. The efficiency of the tidal interactions de-
which the code was designethe smoothing length is 1.1 pends on the size and structure of the cluster, as well as on
cells. Finally, for 8 model fit clusters, they can approxi- the epoch of its formation. Therefore, evolution of galaxies
mately correct numerical resolution by the transformationneeds to be studied in the context of the hierarchical cluster
RZ,e — R2oe — (CAl?, whereAl is the cell size and formation.
C = 1.1 — 1.7. When they use these corrections on their Gnedin followed numerically the formation and evolution
previously published computations for the SCDM andof the Virgo-type clusters in each of the three cosmologies: a
A CDM models they find luminosity weighted, zero redshift, critical density modeK), = 1, an open mode{), = 0.4,
X-ray cluster core radii of (210- 86,280+ 67)h ‘kpc, and a flat modef), = 0.4 with a cosmological constant. All
respectively, which are consistent with obserddnes & three clusters are chosen to have similar masses and velocity
Forman 1992 values of 50— 200h~lkpc. Using the cor- dispersions. The tidal field along the trajectories of the iden-
rected core radii, the COBE normalized SCDM model pre-tified galaxies is carefully extracted, correcting for the effects
dicts the number of bright, > 10*%erg/s clusters too high of self-interaction. The maxima of the tidal force do not al-
by a factor of~ 20 and theA CDM model is consistent with ways correlate with the closest approach to the cluster center.
observations. They are produced to a large extent by the local density
Cen, in collaboration with C.S. Frenfburham et. al.,  structures, such as massive galaxies and the unvirialized
has simulated the formation of an X-ray cluster in a coldremnants of groups of galaxies. Close encounters between
dark matter universe using 12 different codes. The codethe galaxies are significantly intensified by the substructure,
span the range of numerical techniques and implementationgith about 10 encounters per galaxy within 10 kpc in the
currently in use, including SPH and grid methods with fixed,Hubble time. These very close encounters contribute an im-
deformable or multilevel meshes. The goal of this compari-portant amoun{10—50% of tidal heating of galaxies. Over-
son is to assess the reliability of cosmological gas dynamicadll, tidal heating is stronger in the loR, clusters.
simulations of clusters in the simplest astrophysically rel- Oleg Gnedin showed that tidal forces acting on galaxies
evant case, that in which the gas is assumed to be noin clusters lead to strong dynamical and morphological evo-
radiative. They compare images of the cluster at differentution. In order to quantify the amount of evolution, self-
epochs, global properties such as mass, temperature andnsistent simulations of disk galaxies are performed for a
X-ray luminosity, and radial profiles of various dynamical variety of galactic models in three cosmological scenarios.
and thermodynamical quantities. On the whole, the agreeFhe realistic tidal field is extracted from the cosmological
ment among the various simulations is gratifying although ssimulations of clusters in th&, = 1; Qy = 0.4; andQ,
number of discrepancies exist. Agreement is best for proper= 0.4, , = 0.6 scenarios. The galaxy models include an
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exponential stellar disk and an isothermal dark matter halonights. These data are used for a variety of purposes includ-
For large spiral galaxies with the rotation speed of 250 kming measurement of lens differential time delays, statistical
s™1, tidal interactiong(1) truncate the massive halo at a ra- characterization of intrinsic quasar/AGN variability, micro-
dius of 30+ 6 kpc, (2) have little effect on the radial scale lensing studies and potential triggering of spacecraft target-
length, (3) thicken the disk by a factor2 0.4, increasing of-opportunity observations of “caustic crossing” events.
Toomre’s parameter to ® 2 and stabilizing the disk against The latter could lead to indirect mapping of quasar/AGN
gravitational instabilities. Dwarf galaxies with the circular emission regions on spatial scales as small as one AU.
velocity of 20 km s* are completely disrupted by the exter- ~ J.S.B. Wyithe (Visiting Student Research Collaborator
nal tidal field. Extended low surface brightness galaxies losg¢rom the University of Melbourne R.L. Webster(U. Mel-
most of their stars and contribute to the diffuse intraclustebhourng and Turner have developed a method for computing
light. Thus, the likely consequence of tidal shocks is to turnthe probability distribution of microlensed light curve deriva-
a large fraction of normal spirals into SO galaxies and totives both in the case of a static lens with a transverse veloc-
deplete the LSB population. With regard to cosmologicality, and in the case of microlensing that is produced through
scenario, at a given cluster velocity dispersion the @y  stellar proper motions. The distributions are closely related
models produce stronger tidal forces. Tidal effects explainn form, and can be considered equivalent after appropriate
both the morphological evolution of galaxies in distant clus-scaling of the input transverse velocity. The comparison of
ters and the present abundances of distorted disk galaxies {Re distributions in this manner provides a consistent way to
nearby clusters. _ _ consider the relative contribution to microlensifth large
ChanamePUQ), Infante and ReiseneggéPUC) studied  and small fluctuationsof the two classes of motion, a prob-
the ionized gas kinematics of the LMC-type galaxy NGCem that is otherwise an extremely expensive computational
1427 in the Fornax Cluster. This galaxy show an extendegyercise. They find that the relative contribution of stellar
pattern of strong star formation. From measured ¥loci-  proper motions to the microlensing rate is independent of the
ties they investigate the rotation of the galaxy and argue thahass function assumed for the microlenses, but is a function
the passage through the hot intracluster gas is a very likelyt gptical depth and shear. They also find that stellar proper

scenario to explain its morphological properties. motions produce a higher overall microlensing rate than a
o transverse velocity of the same magnitude. This effect be-
2.6 Gravitational Lenses comes more pronounced at higher optical depth. With the

B. Paczyski and his associates worked mostly on a majorintroduction of shear, the relative rates of microlensing be-
observing program aimed at detecting gravitational micro£0me dependent on the direction of the transverse velocity.
lensing in the bulge of our Galaxy and in the MagellanicThiS may have important consequences in the case of qua-
Clouds (the Optical Gravitational Lensing Experiment - druply lensed quasars such as Q228805, where the
OGLE), and the projects that came serendipitously from thedlignment of the shear vector with the source trajectory var-
OGLE. All hardware and most software was developed byes between images.
the BP's collaborators at the Warsaw University Observa- Wyithe, R.L. Webster(U. Melbourne and Turner also
tory, under the leadership of Dr. Andrzej Udalski. The tele-note that determination of microlensing parameters in the
scope with its CCD camera were in near continuous operadravitationally lensed quasar Q2280305 from the statis-
tion since January 1997, and the data is processed in nelgs of high magnification events will require monitoring for
real time, i.e. within 24 hours. The results of several obserymore than 100 years. However, they have shown that the
ing programs are posted on the WWW at http:/€effective transverse velocity of the lensing galaxy can be
www.astro.princeton.edu/ ogle/ OGLE discovers about 50 determined on a more realistic time-scale through consider-
microlensing events every year. In the spring of 1999 thedtion of the distribution of light-curve derivatives. The 10
first OGLE event towards the LMC was detected, as well ayears of existing monitoring data for Q2288305 were
the first event in the Carina region of the Milky Way. Also, analyzed. These data display strong evidence for microlens-
in addition to the numerous single events four double lensng that is not associated with a high magnification event. An
events with caustic crossing were found last year. upper limit ofv; < 500km sec * is obtained for the galac-

A major new software tool, the image subtraction methodic transverse velocity which is smaller than previously as-
was developed by C. Alard and R. H. Lupton using OGLEsumed values. The analysis suggests that the observed mi-
data. It has been already applied to the near real time ph@rolensing variation may be predominantly due to stellar
tometry of the quadruple quasar 2237305 (Huchra’s leny ~ proper motions. The statistical significance of the results ob-
by P. Womiak, Princeton graduate student. The results aréained from this method will be increased by the addition of
posted on the WWW on a day following the observations,data points from current and future monitoring campaigns.
and the paper with data analysis was submitted to ApJ.  However reduced photometric errors will be more valuable

Working in collaboration with a substantial number of than an increased sampling rate.
collaborators at Apache Point Observatory and several other Building further on these results, Wyithe, R. L. Webster
institutions in the US, Australia, Germany and Japan, TurnetU. Melbourng and Turner have used the observed distribu-
is continuing the APO gravitational lens photometric moni-tion of light curve derivatives to treat the relative rates of
toring program. Light curves are being accummulated in twamicrolensing due to proper motions of microlenses, the or-
bands(g’ and r’) using the SPlcam imager on the APO 3.5- bital stream motion of microlenses and the bulk galactic
meter telescope at a sampling rate of approximately alternatieansverse velocity quantitatively. By demanding that the mi-



PRINCETON UNIVERSITY 11

crolensing rate due to the motions of microlenses in theSeveral authors have discussed the utility of using micro-
bulge is the minimum that should be observed they deterlensed gamma ray burst&RBs to probe the cosmological
mine lower limits of the average mass of stars and compaqtopulation of Massive Compact Halo Obje@4ACHOSs) by
objects in the bulge of Q22370305. If microlenses in the searching for the repeating signals that should result from
bulge are assumed to move in an orbital stream the lowegravitational lensing by a single mass. However, Wyithe and
limit ranges between 0.005 and 0.023 where the system- Turner have considered the microlensing effect on the ob-
atic dependence is due to the fraction of smooth matter angerved flux of GRBs of a collection of MACHOs. They con-
the size of photometric error assumed. However, if the misider the cumulative flux as a function of time resulting from
crolenses are assumed to move according to an isotropic véelays due to microlensing by cosmological MACHOs, and
locity dispersion then a larger lower limit of 0.019-0M 1 its variation with MACHO mass and optical depth and find
is obtained. A significant contribution of Jupiter mass com-that the observation of a number of GRBs that do not exhibit

pact objects to the mass distribution of the bulge is thereforéaint echos due to low magnification delayed microimages
unambiguously ruled out in this case. could be used to place limits on the mass and optical depth
Wyithe, R. L. WebstefU. Melbourng, Turner and D. J. ©f cosmological MACHOs.
Mortlock (U. Melbourng then use the observed duration ofa  W. Colley (Harvard CfA, T. Kundic (Renaissance Tech.
gravitational microlensing high magnification evétME) ~ @nd Turner have completed an analysis of all four years of
in Q2237+0305A to place limits on the dimensions of the APO 3.5-meter monitoring data of the gravitational lens sys-
quasar continuum source. They obtain both upper and lowdem Q095%561A,B and constructed well sampled light
statistical limits on the size of the continuum source from theCUrves in two bands. The differential time delay and image
observed HME using determinations of transverse velocitPrightness ratio determined from the first two years of data
obtained from the published monitoring data. Their calcula-2r€ confirmed and even more accurately measured. The data
tions take account of the caustic orientation as well as th@lace strong constraints on the rate of microlensing perturba-
component of the caustic velocity that results from stellafions affecting the light curves.
proper motions. Their determination of source size relies on B: Pindor(Princeton graduate studgrind Turner, work-
an assumed event duration of 52 days for HME, and so will"d in collaboration with a group of other members of the

be refined when more HMEs are observed. The upper amgPSS collaboration, have begun to search for new gravita-

lower limits on the magnified region of the continuum sourcefional lens systems in the early SDSS imaging data. A large

are 6 X 1015 and 2 X 10"*cm respectively(99% confi- number of promising candidates have been selected on the
dence. Through consideration of the joint probability for Pasis of color and image morphology via a partially auto-

source size and mean microlens mass they find that the me&f@ted algorithm. Some of the most promising cases have
mass lies between 0.0IM , and~ 1M, (95% confidence been followed up with spectroscopy using the APO 3.5-

Wyithe, R. L. WebsterU. Melbourng and Turner also meter telescope, but none have yet been confirmed. A popu-

note that spectrophotometric observations of the gravitation 210N of compact, intensely star forming galaxies at moder-
ally microlensed quasar Q2231305 during a High Magni- ate redshift (0.2 to 03 are producing a significant
fication Event(HME) is potentially a very powerful tool for background of false po_smves. . .

probing the structure of the quasars accretion disc on scales yun Wang and Edwin Tumer studied the s_elf-lensmg of a
of ~ 10 8 arc seconds. In cases where the HME is produce@Ingular |sgthermal sphere. Many astrophysical sy§tems can
by a single causti¢SHME), microlensing induced changes °¢ approximated as isothermal spheres. In an isothermal

- ; ; here, the “foreground” objects can act as lenses on
in the spectrum during the event may be used to directly’® _ . A :
P g y ibackground” objects in the same distribution. They studied

infer the source intensity profile. Several groups are actively ~~ "3 g . . .
monitoring Q2237 0305 with this goal in mind. It is there- gravitational lensing by a singular isothermal sphere analyti-

fore useful to know how often one can expect to observe gally. Their results may have interesting applications.

HME. Building on the models and parameter determinations _ : .

described above, they find that the average SHME rattg‘7 Gamma-Ray Bursts, Active Galactic Nuclei,

summed over all images in Q2230305 is 1.5 0.6 - 6.2 and Black Holes

* 1.3 events per decade. During the period following a caus- B. Paczyski continued his work on gamma-ray bursts:

tic crossing, the event rate in the corresponding image ishe relation between the GRBs and supernovae, and the pos-

enhanced by~ 50 — 100%, and therefore that the overall sible observable outcome of neutron star mergers. A mini-

event rate may be higher during these periods. There is feview paper on the subject is in preparation.

chance in~ 4 — 10 of observing a SHME per observing  The OGLE team observed optical afterglow of the GRB

season. The systematic dependence in these values arigg0510 on several nights, and the first very clear evidence of

from the different assumptions for smooth matter contentthe change of the decay slope was found. All data was made

orientation of the galactic transverse velocity and the size opublic domain on the WWW, and was used for an overall

photometric error in the monitoring data. The results supportompilation and analysis by several groilds Staneket al.,

continued monitoring of Q22370305 with the aim of ob- and F. Harrisonet al.).

taining detailed spectroscopic and photometric observations Cen proposed a scenario that explains both the observed

of a SHME. high pulsar velocities and extragalactic gamma-ray bursts
Wyithe and Turner have considered the temporal smeatGRBs. The model involves an ultra-relativistic jet from a

ing of gamma ray bursts due to gravitational microlensingsupernova(SN), that produces a GRB and its afterglow,
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whose characteristics are similar to an isotropic fireball GRBZnajek mechanism: a Kerr black hole with a toroidal electric
perhaps with some differences at late times in the aftergloweurrent residing in a thin disk around the black hole in the
once some significant transverse diffusion has occurred. Thequatorial plane. The electromagnetic power of the black
time scales and many other properties of GRBs and theinole and disk is calculated. Li has found that, for a wide
afterglows in this model are consistent with observationsrange of parameters specifying the rotation of the black hole
GRBs in this model have special intrinsic properties, that carand the distribution of the electric current in the disk, the
either falsify or prove this model unambiguously by obser-power of the disk dominates the power of the black hole. As
vations. The most direct proof is the detection of a SN abouthe disk loses its angular momentum, the mass of the disk
the same time as the luminous GRB event. Most GRBs andradually drifts towards the black hole and gets accreted.
SNe are expected to occur at moderate redshaift< 1 Ultimately the power comes from the gravitational binding
— 3), if they follow the observed universal star formation energy between the disk and the black hole, as in the stan-
history, as implied in this model. Searching for GRB/SN dard theory of accretion disk, instead of the rotational energy
associations is a challenge, because the majority of the SN& the black hole. This suggests that the Blandford-Znajek
will be faint. mechanism may not be effective in extracting rotational en-
Cen has shown that differential Doppler shift of different ergy from a Kerr black hole with a disk.
patches of the blastwave front in the fireball model at vary- R. Rafikov (Princeton graduate studeni. Kuznetsova
ing angles to the line of sight could provide an intrinsic (Moscow Institute of Physics & Technologyand V. Beskin
smoothing mechanism for the spectra of gamma-ray burst®®.N. Lebedev Physical Institute, Moscpstudied the pro-
(GRBs and the associated afterglows at lower energy bandsess of particle acceleration in the strong magnetic field in
For the model parameters of interest, it is illustrated that d@he vicinity of black holes and neutron stars. This phenom-
monochromatic spectrum atin blastwave comoving frame enon is important in understanding the physics of pulsars and
is smoothed and observed to have a half-width-half-AGNs. They considered the stationary axisymmetric outflow
maximum(HWHM) of ~ (0.6 — 2.0)v. Some other impli- from a rotating sphere with &splitf monopole magnetic
cations of this smoothing process are discussed. In particulafield. The stream equation describing the outflow is linear-
if the circumburster medium is uniform and electron andized in terms of the Michel magnetization parameter*
magnetic energies are fixed fractions of the total post-shocke 1, which allows a self-consistent analysis of the direct
energy with time, the observed GRB or afterglow spectrgproblem. It is shown that for a finite the fast magnetosonic
cannot be steeper than @ with o = 0.75— 1.25, regard- surface is located at a finite distaneec®R, (R, = ¢/Qf is
less of the intrinsic spectra in the comoving shock frame; i.e.the light cylindey. They have also found that the particle
a very steep electron distribution functigwith p > 3) energy at the fast surface is just equal to the vajue

could produced an observed spectrum with- 1. In addi- ~ o*. The particle acceleration and magnetic field collima-
tion, a generic fast-rise-slow-decay type of GRB temporation are shown to become ineffective outside the fast mag-
profile is expected. netosonic surface.

Cen has shown the bright, transient companion spot to Fan and Strauss, in collaboration with a large number of
SN1987A with a projected distance of about 17 light-daysastronomers in Princeton and the Sloan Digital Sky Survey
observed by optical speckle interferometry one to twoconsortium, have carried out a spectroscopic survey of high-
months after explosion, may be due to a receding ultraredshift quasar candidates based on early SDSS imaging
relativistic jet traveling at- 53° to the observer-to-SN1987A data, and guided by Fan’s models mentioned above. As of
vector, through a circumstellar medium of density profilethis writing, they have discovered over 30 quasars with red-
p(r) < r~2_If it had approached us along the line of sight, shifts greater than 3.6, including two with redshift greater
a very bright gamma-ray burst would have been seen with athan 5. They have also discovered a number of objects with
apparent isotropic energy ef 10°%rg and an opening angle very unusual spectra, including &#.6 object without emis-
of a few degrees. The model provides an adequate explanaion lines, a z4.90 BAL quasar, and two objects whose
tion for the evolution of the spot, although there are stillspectra defy classification.
problems in explaining its observed color. This model im- There is strong evidence that some kind of massive dark
plies that at least some GRBs would be seen as goingbject is present in the centers of many nearby galaxies. The
through a medium with densitg(r) = r~2 rather than a detection of flares from tidally disrupted stars could confirm
uniform medium which is frequently adopted in GRB calcu-that these objects are black hol@Hs). Tremaine and J.
lations. Improved analysis of the speckle data has revealellagorrian (CITA and Cambridge have computed stellar
another and fainter spot on the opposite side. disruption rates in detailed dynamical models of real galax-

T. Kundic (Renaissance Teghand Turner have com- ies, taking into account the refilling of the loss cone of stars
pleted reduction and analysis of the light curves of six gravi-on disruptable orbits by two-body relaxation, and by tidal
tational lens systems, including that of Q095561A,B, forces in non-spherical galaxies. The highest disruption rates
monitored during the first four years of the APO 3.5-meter(one star per 10yr) occur in faint L < 10'% ) galaxies,
lens monitoring project. These data reveal a striking andvhich have steep central density cusps. More luminous gal-
tight correlation between the g and r band variablility thataxies are less dense and have much longer relaxation times
does not appear to be easily understood in terms of convemnd more massive BHs. Dwarf stars in such galaxies are
tional models of AGN accretion disks. swallowed whole by the BH and hence do not emit flares;

L.-X. Li has considered a toy model for the Blandford- giant stars could produce flares as often as everyytp
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although the rate depends sensitively on the shape of thé&lASA’'s Space Interferometric Missiprand GAIA (ESA’s
stellar distribution function. Such flares could be detected irGlobal Astrometric Interferometer for Astrophysicdold
current supernova searches. The total mass of stars cothe promise of mapping out the detailed phase space struc-
sumed over the lifetime of the galaxy is of order®iQ,, ture of the Galactic halo by providing unprecedented annual
independent of galaxy luminosity; thus disrupted stars mayroper motion and parallax of + 10uas astrometric accu-
contribute significantly to the present BH mass in galaxiegacy. They show that proper motions of hundred or so giant

fainter than~ 10°L, . branch stars in tidal debris torn from a small satellige
10°~ 'L, Galactic dwarf galaxy or globular clusjein the
2.8 Galaxies halo is sensitive to the current Galactic potential and its past

_evolution. They follow the evolution of a colgelocity dis-

Tremaine has studied the geometry of the structures "f.')ersion of 10 km/sstream on a nearbipetween 8-50 kpc
galaxies that arise through incomplete phase mixing. ThesS

. oY olar orbit in a variety of histories of the potential of the
structures occupy a complex surface of dimendbom six- Galaxy, and observe the bright/ (< 18mag members of
dimensional phase space, where usudlly< 3 (e.g. D ’

: . the debris tail with GAIA accuracy. They simulate effects
= 1for t|dgl taily. The appearance O.f Sth ;tructures todue to the growing or flipping of the Galactic disk over the
observer_s IS qleter_mm_ed by th_elr projection into a Spac'}nf>ast4Gyrs or the perturbation from a massive accreted lump
whose d|m_en5|ona||ty( Is determined _b_y the _number of O.b' such as the progenitor of the Magellanic Clouds. They study
servaples in the survefe.g. s_ky position, d!stance, fad"f’" various factors influencing their ability to identify streams,
velocity, etc).. The most prommen_t featur.es N surveys_wnh including contamination from field stars, accuracy of radial
K = D and incomplete phase mixing will be stable singu-

. . velocity and distance data and evolution and non-axial sym-
larities (catastrophés The simplest of these are the shells v . L . Y
. N ; : metry of the potential. Their simulations suggest that nearby,
seen in the outer parts of elliptical galaxies, which are ex- ) . .
. L . : ... cold streams could be detected with GAIA if these cousins of
amples of fold singularities; more complicated singularities

can arise but fob = 3 they fall into only a few categories: the Sagittarius stream exist. Results of Johnston, Zhao, Sper-
folds, cusps, swallowtails, elliptic and hyperbolic umbilics. gel and Herngws(lggg and Helm" Zha.o and de Zeeuw
. . . . (1999 for static Galactic potentials are likely to be largely
M. Vogeley began an analysis of statistical fluctuations in

the background light as measured in the Hubble Deep Fielgenerallzable to moderately time-evolving potentials. SIM

South after masking out detected galaxies. This measuremef d GAIA measurements of debris stars might be used to

il songy contan possive sources of th optalex 0 e ol St e oo o,
tragalactic background light. This constraint is crucial for pny

determining the spectrum of the EBL because reported upD“f‘)ff the interstellar medium, with particular attention to prob-

limits on the optical EBL are several times larger than the °Ms connected withl) emission and absorption of electro-

surface brightness from detected galaxies, suggesting tH’gagnetic radiation by interstellar dust graif@ the dynam-

it o : ' Ics of interstellar dust grains, particularly in connection with
possibility of additional galaxy populations. Vogeley’'s pre- S : :
vious analysis of the HDF North indicated that the meanthe_prpblem of grain alignmen(3) the physics Of. photodis-
optical EBL is likely to be within a small fraction of the sociation frontsj4) the expected rates of accretion of metal

surface brightness from detected galaxies. Analysis of thgtoms onto interstellar grains, and whether the observed in-

HDF South provides a test of this result in an independen&erSte"ar depletions are consistent with their understanding
area on the sky of the kinetics; and5) the possibility that a proposed popu-

M. Vogeley, with J. Huchra and M. GelldCfA), pub- lation of very small interstellar clouds might be observed

lished the South Galactic Cap region of the extension of théfough the phenomenon of “gaseous lensing™ of light from

Center for Astrophysics redshift survey to magnitudg,  distantstars.
< 15.5. ISO observations of the planetary nebula NGC 2346 were

modelled in terms of a propagating ionization/dissociation

galaxies, M. Vogeley, Z. Ivezic, and undergraduate K. Fin-front (Vicini, et al. 1999. The H, line emission was mod-
lator matched the Updated Zwicky Cataldgalco, etal. €léd using the UV pumping/collisional —excitation-
1999 with five-band driftscan photometry from the SDSS. dissociation code developed by Draine. _
This matching also provides a critical test of the SDSS pho- Draine & Lazarian1998 studied the rotational dynamics
tometry software itself. of dust grains and found that very small grains could attain
M. Strauss and M. Vogeley were responsible for testing©tation rates as high as 100 GHz, and that the small grain
the algorithms that select galaxies from SDSS photometry aBPPulation would be expected to radiate electric dipole emis-
targets for SDSS spectroscopy. M. Vogeley was responsibi@ion with intensities and spectrum capable of accounting for

for producing documentation to support testing of data fromfn€ “anomalous” microwave emission which several groups
the SDSS imaging camera. have previously discovered to be correlated with 460

emission from interstellar dust, and the physical processes
involved in the rotational dynamics are discussed — impor-
tant processes include rotational damping by rotational elec-
H. Zhao, K. Johnston, L. Hernquist and D. Spergel havdric dipole radiation as well as by emission of infrared pho-
continued their investigations of tidal debris as a probe of théons following heating by absorption of starlight photons,
galactic potential. Future astrometric satellites, such as SIMind rotational excitation by collisions with atoms and ions.

To study the multicolor photometric properties of bright

2.9 Galactic Astronomy and Interstellar Matter



14 ANUAL REPORT

Even in predominantly neutral regions, ions play an impor{evel. By contrast, fory> Vel N(DI)/N(HI) = 2.12
tant role in rotational excitation because of electrostatic fo-+ 9 35x 1075, a value that is about three times larger. The
cussing effects. The intensity of the rotational emission hagetermination for¢ Pup gives N(DI)/N(HI) = 1.67

been estimated for various interstellar environments. X 10~° which is close to determinations for the very local
Draine & Lazarian(1999 examined the physics of ther- medjum revealed by HST observations of absorption against
mal fluctuations of the magnetization within interstellar the chromospheric emission of late-type stars.
grains, and show that if the iron in interstellar grains resides p. womiak has carried out a detailed analysis of the H
in ferrimagnetic or ferromagnetic materials, there can bqines appearing in the IMAPS Spectra ofind é Ori, to see
strong magnetic dipole radiation in the microwave regionif they repeat the unusual shifts and broadening for lines
resulting from thermal fluctuations. In fact, observations neatoming out of different levels of rotational excitation that
90 GHz can be used to show that not more than approXiwas reported earlier faf Ori A, only 1 to 2 degrees away in
mately 5% of interstellar Fe can be in metallic form. the sky, by E. Jenkins & A. Peimbefformer graduate stu-
Lazarian and Drain€1999 showed that thermal fluctua- denp. Apparently the features toward these two stars do not
tions within interstellar grains can have profound effects orexhibit this bizarre behavior, which is perhaps not unex-
the grain dynamics of dust grains undergoing “crossovers, pected since there is no high velocity atomic gas that could
where the grain rotatiofin body coordinatesis undergoing  create the shock needed to explain the broadening and veloc-
a reversal. Dissipation associated with the Barnett effect willty shifts for differentJ.
result in a phenomenon which Lazarian and Draine term Extending previous work of B.T. Draine and A. Lazarian,
“thermal flipping,” where the effect of the fluctuation is to postdoctoral research associate A. Li and B.T. Draine are
accelerate the “flipover” which the grain must undergo asstudying the rotational dynamics of ultrasmall interstellar
the result of the torques which will produce first a spin-downgrains. Because the excitation occurs in a system which is far
followed by a spin-up(with the grain rotatation reversed in from equilibrium, the rotational distribution function will de-
body-coordinates viate, perhaps significantly, from a Maxwellian. Detailed
Graduate student Joseph Weingartner and Draine have imodelling of the excitation and damping processes allows
vestigated the expected rates for depletion of metal atomgalculation of the steady-state rotational distribution func-
onto dust grains in various phases of the interstellar mediumtjon, and from this the microwave emission spectrum is cal-
Weingartner and Draing1999 show that the observed culated. It is found that the resulting emission spectrum can
depletions can in fact be understood provided the bulk ofjeviate substantially from emission spectra which had previ-
depletion takes place in dense clouds; this requires rapid exusly been calculated using a Maxwellian distribution func-
change of matter between the dense phéasksre depletion tjon.
can take placeand the diffuse phasdwhere we are able to A. Li, J.M. Greenberg(Leiden and D.H. Wooden
measure depletions via ultraviolet absorption line stydies (NASA-Ames have been working on comet Hale-Bopp.
Draine (1998 pointed out that the dust-free gas clouds Modeling the near infrared silicate emission spectra together
which have been proposed as a “dark matter” component ofyith the submillimeter continuum as a function of heliocen-
the Galaxy could be detectable through their lensing effectgic distance, they seek to constrain the coma dust mineral-
on background stars. If a significant fraction of the gravita-ogy, dust and gas production rate, as well as the nucleus
tional mass of the Galaxy were contained in a halo populamorphology of Hale-Bopp.
tion of Jovian-mass cold clouds, they could be detected E. Jenkins and T. Tripp are collaborating with C. Bowers
through their contribution to lensing of stars in the LMC and (NASA GSFOQ, F. Roesler, R. Reynolds and M. Haffri.
SMC. The light curves closely resemble “gravitational lens-wisc) in observing the spectra of 21 stars over the wave-
ing” light curves in the high-magnification region, but de- |ength intervals 1160 to 1361 A and 1626 to 1906 A to
magnification also is preseittinlike gravitational lensing  register interstellar absorption features using the STIS instru-
Accurate photometry by existing programs to study micro-ment on HST. The primary objective of this program is to
lensing could strongly constrain the cloud population. Thesample the thermal pressures of the interstellar medium by
hypothesized clouds could be definitively detected during aneasuring the relative populations of neutral carbon atoms in
gaseous lensing event by observation of far-red absorptiogxcited fine-structure levels. Secondary objectives include
lines of H, in the stellar spectrum. the detection of H Il regions with the excited Si Il line and
The analysis of data from the Interstellar Medium Ab-the measurements of various atomic abundances. The nar-
sorption Profile SpectrograpiMAPS) which flew on the rowest features detected so far indicate that the use of a
ORFEUS-Spas Il Shuttle mission in late 1996 is continuing.special, narrow entrance slit on STIS and a half-pixel sam-
Most of the effort by E. Jenkins, T. Tripp, P. Wiak  pling of the MAMA detector allows one to attain a wave-
(graduate student G. SonnebornNASA GSFQ, and U. length resolving poweh/AN = 200,000 with the highest
Sofia (Whitman Collegg has focused on careful measure- resolution echelle gratings. Most of the targets were chosen
ments of the deuterium-to-hydrogen ratios for interstellarto be within HST’s continuous viewing zone, so that a factor
matter in the directions toward Ori, { Pup andy? Vel. The  two efficiency gain in observing could be attained. As a re-
results seem to provide an abrupt reversal of the generalult, most targets in the plane of the galaxy are centered
notion that D/H is the same everywhere in the local part ofabout the galactic longitudes 120° and 300°. A few stars
the Galaxy. Toward § Ori A they found that were selected at high galactic latitudes so that useful com-
N(D)/N(HI) = 7.4fi;§ X 107% at a 90% confidence parisons could be made with results from the Wisconsin H
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Alpha Mapper(WHAM). and/or VLT it will be possible to reduce the errors and to
determine accurate distance, age and helium content.
Gnedin and Ostriker study the reaction of a globular star
2.10 Stellar Systems cluster to a time-varying tidal perturbatiofgravitational
%vhoclé using self-consistent N-body simulations and address

eclipsing binaries in the SMC, and double mode and secon Ot qt:estg)nsa_ng'f[,_ tf) wh_at f),()tesnt IS ;heh cluster r;nftertlr(:r
overtone cepheids in the SMC. A catalog of about half ghrotected by adiabatic invariants = second, how much further

million photometric measurements of several thousand Cepqnergy change does the postshock evolution of the cluster

heids in both Magellanic Clouds is in preparation andpotential produce and how much does it affect the dispersion

should be available on the WWW by the end of Summerof stellar energies? They introduce the “adiabatic correc-

1999. tion” as the ratio of the energy changelE), to its value in

P. Womiak and M. Szymaski analyzed stellar variability the impulse approximation. When the potential is kept fixed,
background which may be confused with small amplitudethe numerical results for the adiabatic correction for stars
microlensing events. There is fortunately not much danger oyvith_orbital frequency 1 can be approximated asl

. . . . . +QZ 7_2)—)/
contamination, provided care is taken about establishing - _ o _
non-variability of the lens candidate outside of the lensing For shocks with the characteristic duration of the order of

time interval. the half-mass dynamical time of the cluster< tyy,,, the

A major result of the OGLE project is the establishmentexponent y = 3. For more prolonged shockss

of red clump giants as one of the best standard candles cur 4ty .1, the adiabatic correction is shallowey, = 3.
rently available. In order to clarify a confusion about the When they allow for self-gravity and potential oscillations
color - metallicity relation B. Paczygki and the rest of the that follow the shock, the energy of stars in the core changes
OGLE team are preparing a catalog of several hundred resignificantly while the total energy of the system is con-
clump giants in Baade’s Window with extinction corrected served. Paradoxically, the postshock potential fluctuations
U, B, V, | photometry, to be used as a finding list by spec-reduce the total amount of energy dispersi¢dE?). The
troscopists. Red clump giants offer a better alternative to Meffect is small but real and is due to the postshock energy
giants for bias free studies of metallicity distribution in the change being statistically anticorrelated with the shock-
galactic bulge stars. It is expected that future spectroscopig,quced heating. These results are to be applied to Fokker-
metallicities will correlate well with the colors, and will in-  pjanck models of the evolution of globular clusters.

crease the confidence with which red clump giants can beé Gnedin and Ostriker, in collaboration with L. Hernquist

used to estl_mate distances. . (Santa Crug, derive expressions for the tidal field exerted by
A potentially more accurate way to measure distance {Q, spherically symmetric galaxy having an extended mass dis-
the I\_/Iaggllan_lc Clougls s 10 use detached, eclipsing SPECUGsihtion and use their analysis to calculate tidal heating of
scopic_ binaries. T.h's approach has been successfully tars in a globular cluster or a satellite galaxy. They integrate
tempted by E. Guineret al. and corrected by A. Udalski, the tidal force over accurate orbits in various models for the

et al. using the binary HV 2274. The availability of a large _ . . . N .
. . L ; primary by using the impulse approximation, coupled with
number of very ‘clean’ eclipsing systems discovered by, . . . ) e
. . : . adiabatic corrections that allow for time variation of the per-
OGLE will lead to a considerable improvement in the accu-

racy of the LMC and SMC distance determinations. E.lgr?:t'(;?]' thhheey vzlr;fg t::ﬁ:e::gstr\?g tr: d'r.?ﬁ ttﬁéb?:g)r: S(;r:tl:l(!)?]-al
At this time all OGLE results point strongly to the ‘short’ It ',ht th y imati P Heati Wlh' hl v A y
distance scale, with the distance modulus ¢ M) yc in straignt-path approximation. Feating on highly eccentric or-

the range 18.2 - 18.3, distinctly smaller than the distancdits dominates, since adiabatic corrections strictly prohibit
adopted by the HST Key project, but in agreement with thefNergy changes on low-eccentricity orbits. The results were
implications of cepheids found in the NGC 4258, the ga|axylllustrat§ql .for g.lobular cluster NGC 6712. 'Fo.r the orbital
with the accurate maser distance. If the ‘short’ distance scalBCcentricities higher than 0.9, the future lifetime of NGC
turns out to be correct, ther, based on cepheids and SN Ia 6712 s less than Byr. Their analysis can be used to study
will have to be increased by 10-15%. tidal interactions of star clusters and galaxies in a semiana-
A project which evolved from OGLE, the search for de- lytical manner.
tached eclipsing binaries in globular clusters is led by J. Gnedin and Ostriker, in collaboration with H.M. Lee
Kaluzny, visiting Princeton from the Warsaw University Ob- (Seoul Nat. Univ., Koreg present new Fokker-Planck mod-
servatory, and conducted in collaboration with I. Thompsorgls of the evolution of globular clusters, including gravita-
of the Carnegie Institution of Washington. At least half ational tidal shocks. They extend their calculations beyond
dozen binaries of the right type have been found in severagore collapse by adopting three-body binary heating. Effects
globular clusters, and OGLE-V-17 in Omega Cen has its firspf the shocks are included by adding the tidal shock diffu-
spectroscopic orbit determined. The masses and radii of thgion coefficients to the ordinary Fokker-Planck equation: the
two components, both close to the main sequence turn-ofirst order heating term{dE), and the second order energy
point, are M, = 0.78 = 0.08Vl,, R, = 1.85 dispersion term{dE?). As an example, they investigate the
+ 01Ry, M; = 068 = 0.0”™,, R; = 0.86 evolution of models for the globular cluster NGC 6254. Us-
+ 0.09Ry. The accuracy is limited by the small photon ing the Hipparcos proper motions, they are now able to con-
collecting area of the telescopes used. With the Magellastruct orbits of this cluster in the Galaxy. Tidal shocks accel-

Several new catalogs were published by the OGLE: 145
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erate significantly both core collapse and the evaporation afinary stars, white dwarfs, quasars, and compact emission-
the cluster and shorten the destruction time from 24 Gyr tdine galaxies.

18 Gyr. They examine various types of adiabatic corrections With its deep magnitude limifabout 23 for the more
and find that they are critical for accurate calculation of thesensitive bands excellent image quality and very accurate
evolution. Without adiabatic corrections, the destruction timephotometry, it was expected that the SDSS would be a gold-
of the cluster is twice as short. They examine cluster evolumine for the study of very cool stars. This has indeed turned
tion for a wide range of the concentration and tidal shockout to be the case with the discovery in the first SDSS test
parameters, and determine the region of the parameter spaggaging data of several spectroscopically confirmed ‘L’
where tidal shocks dominate the evolution. They present fitdwarfs(the next spectral class below M dwarémnd the first

ting formulae for the core collapse time and the destructiorfield ‘methane’ dwarfs - objects like GI229B which are cool
time, covering all reasonable initial conditions. In the limit of enough (< 1000 K) to have atmospheric methane bands, i.e.
strong shocks, the typical value of the core collapse tim&o have spectra very like those of the giant gas planets, Ju-
decreases from 1Q4tto 3 t, or less, while the destruction piter and Saturn. The discovery of these objects has blurred
time is just twice that number. The effects of tidal shocks arghe distinction between stars and planets, and shown that
rapidly self-limiting: as clusters lose mass and become morgpjects of masses at most a few tens times that of Jupiter can
compact, the importance of the shocks diminishes. This iMfgrm alone. The ‘L’ dwarfs may or may not be brown dwarfs
plies that tidal shocks were more important in the past. . the methane dwarfs certainly are. A large number of can-
didate L dwarfs have been identified in SDSS commission-
ing data(including many objects with ‘L dwarf’ colors in the
NGC 2068/NGC 2071 star forming region in OrjorSpec-

Z. Ivezic and G. Knapp, in collaboration with T. Knauer roscopy with the ARC 3.5 m telescope of some of these
(U. Kentucky), studied about 12,000 stellar sources observe@PI€cts shows that they range in spectral type from L0 to L8.
in both the IRAS and HIPPARCOS Surveys. They calculate! "€ detection rate of candidate objects is about 1 per 15
bolometric luminosities from the integrated spectral energysduare degrees, and the SDSS is expected to find many thou-
distributions from the UV to far-IR wavelengths and the Sands of them. They were found in the SDSS photometric
HIPPARCOS parallaxes. For about 2,000 sources with th&ata by their distinctive r-i and i-z colors, and their spectra
best datgerror in luminosity of less than 50pthey perform  Were taken with the APO 3.5 meter telescope. The first
a detailed analysis of the spectral properties, and correlationa®?SS methane dwarf was found by X. Fan and M. Strauss,
between the luminosity and dust emission. They use th@&nd confirmed with near-infrared spectra taken at UKIRT by
IRAS [25]-[12] color to select sources with dust emissionS- Leggett(UKIRT) and T. Geballe(Geminj. The second
and show that they are found throughout the Hertzsprungas found by Z. Tsvetanov, W. Zheng and D. Golimowski
Russell diagram, including pre-main-sequence, main selJHU). Ten “SDSS” L dwarfs have been found by the above
quence, and post-main-sequence objects. fyéiapp and  groups and by D. SchneidéPenn State who used the
Knauer also find clear evidence that M and N stars with dustiobby-Eberly telescope. SDSS collaborators in this effort
emission have luminosities 3-4 times larger than their couninclude J. Gunn, R. Lupton, Z. Ivezic, G. Knapp and J. Pier.
terparts without dust. They estimate a minimum threshold Knapp, Ivezic, Ken Young(CfA) and Merce Crosas
luminosity of about 2000  for evolved stars to have dust, (CfA) carried out a search for atomic carbon in the envelopes
in good agreement with models for radiatively driven winds.of evolved stars using the Caltech Submillimeter Observa-
Once this threshold is achieved, the amount of circumstellafory (CSO. Atomic carbon was detected in the envelopes of
dust seems to be independent of the stellar luminosity. ~ three carbon-rich evolved stars: HD 441(#FGL 915, the

Z. lvezic, in collaboration with D. Vinkovic M. Elitzur ~ ‘Red Rectanglg; HD 56126; and, tentatively, the carbon
(U. Kentucky and A. MiroshnichenkdPulkovo Obs. has  star V Hya. This brings to seven the number of evolved star
continued to work on the studies of medium- and high-masgnvelopes in which CI has been detected. Upper limits were
young stellar objects. They have developed a radiative trandound for several other stars, including R CrB. Cl was not
fer code to model continuum emission from an opticallydetected in several oxygen rich post asymptotic giant branch
thick and geometrically thin disk embedded in a sphericalAGB) stars(OH231.8t+4.2, for examplg although it is de-
envelope. Ivezi@nd collaborators fit their models to infrared tected in their carbon-rich analogues. Two trends are evident
spectral energy distributions and infrared imaging data for an the data. First, circumstellar envelopes with detectable ClI
sample of Herbig Ae/Be stars. They show that these modelgre overwhelmingly carbon rich, suggesting that much of the
overcome difficulties encountered in previous studies, in parCl is produced by the dissociation of molecules other than
ticular the puzzle of observed sizes decreasing with wave€O. Second, the more evolved the envelope away from the
length. Such a decrease is found to be a consequence of tAéB, the higher is the CI/CO ratio. The oxygen-rich super-
disk emission overtaking envelope emission: the disk temgiant stara Ori remains the only oxygen rich star with a
perature decreases much faster with radius than the envelopénd containing detectable CI.
dust temperature, hence the effective size for disk emission is These data suggest an evolutionary sequence for the
smaller than for envelope emission. CI/CO ratio in cool circumstellar envelopes. This ratio is

Graduate student Xiaohui Fan has published a detailedmall (a few %9 while the star is on the AGB, and the Cl is
theoretical study of the distribution of stellar objects in thelocated in the outer envelope and produced by photodisso-
color space of the Sloan Digital Sky Survey, modelling or-ciation. The ratio increases to about 0.5 as the star evolves

2.11 Stars
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away from the AGB because of the dissociation of CO andaccreting X-ray pulsars, Robert Nelson is completing a study
other carbon-bearing molecules by shocks caused by the fagt the interaction between an accretion disk and a rotating
winds which appear at the end of evolution on the AGB.stellar magnetosphere. In particular, he has generalized the
Finally, the ratio becomes > 1 as the central star becomes Weber-Davis model of angular momentum transport in the
hot enough to photodissociate CO. solar wind to include both viscous and magnetic dissipation.
Several examinations of the structure of the circumstellaThe inner disk boundary layer is a transition region where
envelopes around nearby individual evolved stars were ca@ngular momentum transport switches from viscous to mag-
ried out. Knapp, Crosas, Young and Karl Mentéax  netic stresses. The torque acting on the star is an eigenvalue
Planck Institut made observations of submillimeter spectralof the MHD equations; it must be determined by solving the
line emission from the molecular envelope of Mira with the fluid motion and field structure self-consistently. As has been
CSO. Several rotational lines of 6fCO and*3CO (up to J  shown for purely fluid star-disk boundary layers, the star can
= 6-5 and of SiO(up to J= 16—15 were observed. The spin down while continuing to accrete material. This may
profiles show bright emission at the stellar velocity probablyexplain the dramatic spin-up/spin-down states observed in
associated with a circumstellar envelope expanding a3  accreting X-ray pulsars.
km s7%, plus blue and redshifted wings which may be due to Anticipating the launch of the Chandra X-ray telescope,
a bipolar outflow. The wings are asymmetric: both tf@0  Robert Nelson and Graduate Student Lei Hao are exploring
and3CO lines show brighter blueshifted emission, while themechanisms of X-ray emission from pre-main sequence stars
SiO lines show brighter redshifted emission. Three model$PMS). These rapidly rotating and fully convective stars are
were explored: pa bipolar outflow, b a binary system, in known to produce outbursts of X-ray and radio emi§sion
which Mira moves with a velocity around its companion _comparabl_e to their time-averaged bolometric_luminositle_s. It
which is similar to the outflow velocity of the envelope, and IS unclear if th_ese outburst_s are d_ue to star-disk interactions,
c) an edge-on, dense, disk in which th€O line is also OF are instrinsic to magnetic activity of the stars themselves.
optically thick. All three models can qualitatively reproduce They are attempting to clarify potential Chandra observa-
most of the features of the observed line profiles, if addi-ions that could distinguish between these physical models.
tional conditions are applied. However, the binary modelBorrowing from empirical studies of X-ray emission from

provides the most natural reproduction of all the features off@in sequence stars, they are exploring the dependence of
the observed?CO. 13CO. and SiO emission. X-ray luminosity on the effective Rossby number describing

Knapp, Young and Crosas observed the envelope of the §€ convective PMS stellar interior.

starsr Gru in the CQJ = 2-1) and SidJ = 5-4) lines. The
CO line profile differs from the usual parabolic shape seen irf-12 Planets and Proto-Planets
uniformly-expanding envelopes; it has a Voigt-like profile  Tremaine has investigated the process of resonant relax-
and two horns. A model for line formation in the envelope ation, a novel form of gravitational relaxation that arises in
shows that a tilted, expanding disk reproduces the observarearly Keplerian disks such as protoplanetary disks. Reso-
tions well. The star also has a fast molecular wind, with anant relaxation does not affect the semimajor axes of the
projected outflow speed of at least 70 and perhaps as high articles, but enhances relaxation of particle eccentricities
90 kms*. The fast wind is presumably ejected from the and inclinations. The equilibrium state after resonant relax-
poles of the disk. ation is a Rayleigh distribution, with the mean-square eccen-
Knapp, S. Dobrovolskii(Princeton graduate student tricity and inclination inversely proportional to mass. The
Ivezic, Young, Crosas, J. Matt¢éAAVSO) and M. Rupen rate of resonant relaxation depends strongly on the preces-
(NRAO) also studied the carbon star V Hya. This star hassion rate of the disk. If precession due to the disk’s self-
two variability periods, 530 and 6008 (17 year$ which  gravity is small compared to the total precession, then the
have been observed for more than 100 years and have begflaxation is concentrated near the secular resonance be-
regular over this time. The 53(period and its 18— 2"  tween each pair of interacting bodies; on the other hand if the
amplitude show that V Hya is a Mira variable. These authorgrecession rate is dominated by the disk’s self-gravity then
suggest that the star is in a binary syst@ms also suspected relaxation occurs through coupling to the large-scale low-
from the structure of the circumstellar envelpped that the  frequencym = 1 normal modes of the disk. Depending on
17-year variation is due to extinction by circumstellar dustthe disk  properties—especially the mean-square
orbiting with the companion. The properties of the envelopeeccentricity—resonant relaxation may be either stronger or
found from molecular line observations: the fast molecularweaker than the usual non-resonant relaxation: for the terres-
wind, the relatively small size of the dense circumstellar endrial planets, non-resonant relaxation dominates in the early
velope, and the high mass loss rate, all suggest that V Hystages of planetesimal growth, but resonant relaxation may
has entered its ‘superwind’ phase. However, its spectral typelominate in the late stages when the mean-square eccentric-
period, colors, and lack of ionizing radiation show that theity is higher.
star is still on the AGB. These observations of V Hya and Plutinos are Kuiper-belt objects that share the 3:2 Nep-
Gru show that the complex structure seen in many planetarjune resonance with Pluto. Graduate student Q. Yu and
nebulae, including quadrupolar structure and fast winds, mayremaine have investigated the long-term stability of Pluti-
largely evolve from structure formed while the progenitor nos under the combined influence of Neptune and Pluto. Plu-
star is in the last stages of evolution on the AGB. tinos with eccentricities close to Plutractional eccentricity
Motivated by the surprising torque behavior observed indifference Ae/e, =] e — ep|/ep =< 0.1) can be stable
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because the longitude difference librates, in a manner similaglination vary by only+ 0.013 and+ 4° respectively. There
to the tadpole and horseshoe libration in coorbital satellitesis no evidence of chaos on Myr timescales.
Plutinos withAe/e, = 0.3 can also be stable; the longitude  Bart Pindor (Princeton graduate studgrand Goodman
difference circulates and close encounters are possible, bbhave re-examined the formation of planetesimals in the later
the effects of Pluto are weak because the encounter velocifghases of a gaseous protoplanetary disk. If planets are to be
is high. Orbits with intermediate eccentricity differences areformed, it is necessary that solid particles segregate them-
likely to be unstable over the age of the solar system, in theelves from the gas before the gas is removed. It is believed
sense that encounters with Pluto drive them out of the 3:2hat the particles settle into a relatively dense “dust layer”
Neptune resonance and thus into close encounters with Nepear the disk midplane, but that turbulence created by the
tune. This mechanism may be a source of Jupiter-familysmall difference in orbital velocity between the dust layer
comets. Despite its tiny mass, Pluto plays a central role irand the gas prevents the layer from directly achieving a den-
sculpting the present structure of the Kuiper belt. sity above the Roche limit for gravitational fragmentation.
Tremaine and N. W. Evan®©xford) have studied multi- Pindor and Goodman find, however, that the turbulent drag
step methods for the integration of ordinary differentialbetween the dust and gas has its own rapid instabilities,
equations that describe reversible dynamical systems, wittvhich concentrate the dust into dense rings with a radial
particular emphasis on the planar Kepler problem. It has prewidth comparable to the dust-layer thickness. Gravitational
viously been shown by Cano & Sanz-Serna that reversibléragmentation then becomes possible, and asteroid-sized
linear multisteps for first-order differential equations are genbodies are expected to result.
erally unstable. Evans and Tremaine report on a subset of Erick Lee (Princeton graduate studénand Goodman
these methods—theero-growth methodsthat evade these studied single-armed spiral waves in gaseous disks whose
instabilities. They provide an algorithm for identifying these potential is dominated by a central mass but whose self-
rare methods, and find and study all zero-growth, reversiblgravity is not entirely negligible. Such disks exist around
multisteps with six or fewer steps. This select group includegprotostars and also around massive black holes in some ga-
two well-known second-order multistefthe trapezoidal and lactic nuclei. Single-armed waves have a special status in
explicit midpoint methods as well as three new fourth-order such disks because the gas streamlines are close to elliptical
multisteps—one of which is explicit. Variable timesteps cankeplerian orbits. This means that the waves can be sustained
be readily implemented without spoiling reversibility. Testsby very weak pressure and self-gravity, and also that the
on Keplerian orbits show that these new reversible multiwaves can propagate from large radial distances down to the
steps work well on orbits with low or moderate eccentricity,immediate environment of the central mass. It also makes the
although at least 100 steps/radian are required for stability.construction of nonlinear solutions relatively easy. By varia-
Symplectic integration algorithms are well-suited for tional methods, Lee and Goodman find tianlineardisper-
long-term integrations of Hamiltonian systems because thegion relation, angular momentum flux, and propagation ve-
preserve the geometric structure of the Hamiltonian flowlocity of tightly-wound waves. The pitch angle increases
However, this desirable property is generally lost when adapwith amplitude until the tight-winding approximation breaks
tive timestep control is added to a symplectic integratordown. By semianalytic methods, they find a series of nonlin-
Tremaine and graduate student M. Preto have found aear logarithmic spirals which is exact in the limit of small
adaptive-timestep symplectic integrator that can be used iflisk mass and which extends to large pitch angle. A paper
the Hamiltonian is the sum of kinetic and potential energydescribing this work has been accepted for publication in
components and the required timestep depends only on thdonthly Notices.
potential energye.g. test-particle integrations in fixed poten-  N. Wyn Evans(Oxford) and Goodman studied scale-free
tials). In particular, they describe an explicit, reversible, sym-disks that have no preferred length or time scale. The ques-
plectic, leapfrog integrator for a test particle in a near-tion has been raised whether such disks have a continuum of
Keplerian potential; this integrator has timestep proportionalinstable linear modes or perhaps no unstable modes at all.
to distance from the attracting mass and has the remarkablehey resolve this paradox by analysing the particular case of
property of integrating orbits in an inverse-square force fielda gaseous, isentropic disk with a completely flat rotation
with only “along-track” errors; i.e. the phase-space shape ofcurve (the Mestel disk exactly. The heart of the matter is
a Keplerian orbit is reproduced exactly, but the orbital periocthis: what are the correct boundary conditions to impose at
is in error by O(N~?2), whereN is the number of steps per the origin or central cusp? They argue that the linear stability
period. problem is ill-posed and that similar ambiguities may afflict
The orbit of Neptune’'s satellite Nereid has a number ofgeneral disk models with power-law central cusps. From any
unusual features. Its eccentricity of 0.751 is far larger tharfinite radius, waves reach the origin after finite time but with
the eccentricity of any other planet or satellite in the soladogarithmically divergent phase. Instabilities exist, but their
system; it is strongly perturbed by the Sdthe fractional pattern speeds depend upon an undetermined phase with
strength of the solar perturbation is only larger for the Moonwhich waves are reflected from the origin. For any definite
and a few of the outer satellites of the giant plajjedad itis  choice of this phase, there is an infinite but discrete set of
strongly perturbed by Triton. Tremaine and undergraduatgrowing modes. The ratio of growth rate to pattern speed is
student R. deSimone have therefore integrated the orbit dhdependent of the central phase. This ratio is derived in
Nereid for 2 Myr. The orbital elements exhibit oscillations closed form for non self-gravitating normal modes and is
with a wide range of timescales but the eccentricity and inshown to agree with approximate results obtained from the
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shearing sheet in the short-wavelength linfihis provides namics. They found that the correct theory in this context
the first exact, analytically solved stability analysis for a dif- was definitely that of Sweet and Parker rather than Petschek.
ferentially rotating disk.For self-gravitating normal modes, However, if one replaces the standard Spitzer resistivity by
the ratio of growth rate to pattern is found numerically by an anomalous one driven by plasma instabilities on the small
solving recurrence relations in Mellin-transform space. A pa-sscale, then the reconnection can go much faster. Further, the
per describing this work has been submitted to Monthly Noproblem with the Petschek theory in the magnetohydrody-

tices. namic context was found to be associated with the assump-
tion of constant resistivity. If the resistivity is anomalous
2.13 Plasma Astrophysics then it becomes very space dependent and this seems suffi-

N tandi blem in the th  th i cient to partially reestablish the Petschek mechanism. How-
ongstanding probiem In the theory of the propaga 'Onever, this will not lead to reconnection as fast as the Alfven

of cosmic rays is how do the particles pitch angle Scatterspeed as is generally assumed. Further, it is crucial to have

through 90 degrees. The difficulty is that the hchIrOdymag'anomalous resistivity for reconnection to go faster than pre-

nit'ﬁ wavlez that |gge;act resogantly W'tT cosmic raysl W'ttr;gicted by Sweet and Parker. Thus, for example, it seems
pitch anglee near 50 degrees have nearly zero wave leng unlikely that reconnection in the interstellar medium, for ex-
and are hard to excite. The question is how does this effe

th It that : v h bulk vel .t%mple, would be very fast unless the reconnection theory is
e resu at cosmic rays generally have a bulk velocl ystrongly modified away from the standard boundary layer
near the Alfven speed?

. ) analysis.
Gian Marco Felice, a PhD student, and Kulsrud have re- y

examined this problem. They found that the Alfven waves . d Sof )
are themselves scattered through small anglesbout the 2.14 Ins.trl.Jmentanon and Software:
o . Sloan Digital Sky Survey

mean magnetic field by nonlinear processes. For those waves
resonant with 90 degree cosmic rays,= cosd < 1 the Over the past year, several major milestones were
value ofk, p =~ 6/u can be quite large even for smatl, achieved by the SDS&loan Digital Sky Survey Princeton
wherek, is the perpendicular wave number apdis the team members made major contributions in these successes:
gyration radius. This leads to strong suppression of th&dhe Princeton SDSS hardware groGpE. Gunn and M.
growth rate of the waves by the cosmic ray anisotropy andCarn, having essentially finished building and commission-
thus the nonlinear damping dominates so the effective dampng the SDSS camera, have worked primarily on building
ing of the waves is much larger than supposed from standarand finishing other SDSS systems, primarily for the tele-
quasilinear theory. Also, the efficiency of cosmic ray scatterscope itself, this academic year. The documentation for the
ing. by the waves is strongly reduced. On the other hand, aamera itself is still being worked on, and a major paper
large value ofk, p makes the non resonant non linear scat-(Gunn, et al. 1998 appeared in December describing the
tering more effective so it is comparatively easy for this scatcamera and its systems.
tering to nonlinearly take the cosmic ray through 90 degrees. The 2.5-meter primary mirror of the SDSS telescope was
They are matching these two processes together to determinelivered with about 0.6 waves of third-order astigmatism,
the effective drift velocity of cosmic rays through a plasma.which appeared when the pressurization hardware, used to
They expect it to be considerably larger than the Alfvenprevent print-through of the support structure to the thin
speed. This could have nontrivial implications for cosmic rayfaceplate, was removed. It was decided at the time that this
shock acceleration, as well as cosmic ray propagatiorould be corrected later, and we designed and built a low-
through the interstellar medium. friction air-pressure system to do this. It was installed in

R. Rafikov (graduate studeptand A. Gurevich and K. January and works as designed; the corrected mirror has no
Zybin (P.N. Lebedev Physical Institute, Moscpearried out measurable astigmatism, and the device introduced no other
the study of magnetohydrodynamic flow of supersonicproblems.
plasma flux around conductive body. This problem is impor- The instrumentation on the telescope was from the begin-
tant in the study of flow of solar wind around planets or thening controlled by a glycol-water mixture refrigerated by a
motion of satellites in rarefied plasma. The structure of theconventional refrigeration system known to be inadequate
magnetic field perturbations and the distribution of thewhile a ‘proper’ system was designed and built. They re-
plasma currents that result from inductive interaction areceived the responsibility for doing this in the early fall, and
studied. The kinetic effects associated with the finiteness dbuilt a system designed around thermoelectric coolers to do
the absorption and emission currents transporting chargte job. TECs have the enormous advantage over mechanical
from the body to plasma and back are taken into account. ltefrigerators that they work basically differentially from am-
is found that substantial potentials can be generated on tHgent temperature, instead of with essentially fixed operating
surface of the body which can sufficeintly accelerate parfluid temperatures. Since we wish to deliver fluid to the in-
ticles in the neighborhood. This can be important for understruments at 4C below ambient, this characteristic is ideal.
standing the nature of auroral phenomena in the Earth’Shis system was installed in February and works well.
ionosphere. Princeton built the cameras for the SDSS spectrographs

A thesis was completed by Dmitri Uzdensky in which but did not originally have responsibility for the liquid nitro-
magnetic reconnection was examined carefully by a boundgen system which keeps the spectrographic cameras filled.
ary analysis of the reconnection layer. He and Kulsrud didSince the hold time of the small camera dewars is only a few
this in the context of constant resistivity magnetohydrody-hours, it is necessary to have such a system both to be able to
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observe through a night and to avoid having to service théecause of seeing variations - this is the bugbear of doing
instruments on extremely inconvenient and costly timescalesiccurate photometry from data taken with short exposures.
They were asked to take responsibility for this system in theThe problem has been characterized and software to deal
fall for delivery in the spring when the spectrographs firstwith it is now being implemented.
went on the telescope. The system was delivered in May and There is interesting science in this seeing variation, of
was used for the commissioning run and first data run for the€ourse. The atmospheric contribution to the PSF shows
first spectrograph. Both systems were constructed at theuasi-periodic behavior with typical periods of from a few to
same time, and the second one is ready for installation on thever 30 minutes and amplitudes 0.1-0.5 arcsec. The unique
second specrograph in mid-August. design of the SDSS camera reveals, for the first time, that
The spectrographs need both flat-field and wavelengt§uch atmospheric seeing variations are spatially coherent on
calibration systems in order to produce scientifically usefulscales exceeding two degrees. The centroid wander has also
data. They were given responsibility for producing the lampg2een shown to be spatially coherent on these scales in inves-
and a new screen for illumination by those lamps in the falltigations of SDSS astrometry by J. Pig).S. Naval Obser-
for delivery this summer. The lamps were finished in Junevatory and colleagues.
and were delivered in middle July, along with the screen. Ivezic is also working on source matching code, to match
The system is currently being installed on the telescope an@Pjects found in SDSS with those found in other catalogues
being interfaced with its control system, which was built by~ FIRST, IRAS etc. He has produced a set of SDSS images
Fermilab and is part of the Programmable Logic Controllerof galaxies across the Hubble sequence, for use in popular
(PLC) system used for other telescope control functions. textbooks etc. Lupton is helping develop and finish the soft-
The Princeton SDSESloan Digital Sky Surveysoftware ~ Ware which monitors and operates the SDSS telescope and
group(R. Lupton, Z. Ivezic, M. Strauss, X. Fan, M. Vogeley, ItS Instruments. Str_aus_s is responsible for independent testing
D. Schlegel, J. Gunn, G. Knapp, K. Finlator and J. Goldston ©f tr_le spectroscopic pipeline, and_ for galaxy target sel_ectlon.
have as their primary responsibility the photometric pipelineH€ 1S also working on the selection of quasars and, in col-
that automatically reduces the data from the imaging camerigboration with D. Hoggs and D. EisenstélAS), the selec-
on the 2.5 m telescope. Observations with the imaging canfion of “bright red galaxies,” those which are morphologi-
era consist of continuous drift scans, with the sky passingally similar to those found in the centers of rich clusters.
through five filters(u’, g, ', i, and ) in turn. The pho- The Sloan Digital Sky Surve$SDSS is a joint project of
tometric pipeline corrects the data, finds and measures od-N€ University of Chicago, Fermilab, the Institute for Ad-
jects, and produces a catalogue of objects. vancgd Study, th'e Japan Participation Gr'oup, The Johns
Following first light from the SDSS camera in May 1998, Hopkins - University, the Max-Planck-Institute for As-
test data have been taken by drift-scanning the celestial equi©nomy, Princeton University, the United States Naval Ob-
tor. To date, data for about 400 square degrees of sky hayervatory, and the University of Washington. Apache Point
been taken in photometric conditions and used to test th@PServatory, site of the SDSS, is operated by the Astrophysi-

performance of the camera, telescope, and photometric soft@l Résearch Consortium. Funding for the project has been
ware. The output of the photometric pipeline has been usefrovided by the Alfred P. Sloan Foundation, the SDSS mem-
to select objects, for which test spectra were taken with thé’er |r_1$t|tut|0ns, the Na‘uopal Aeronauuc_s and Space Admin-
first of the two SDSS spectrographuilt by a group led by istration, the National SC|enc§ Foundation, 'the U.S. Depart-
A. Uomoto, JHU. Target selection for galaxies appears oment of Energy, and the Ministry of Education of Japan.
work well, producing a uniform, magnitude limited sample . .
for which well determined redshifts can be determined.z'15 Instrumentation and Software: Space Science
Schlegel has incorporated the Schlegel-Finkbeiner-Davis ex- M. Reale(electronics enginegand E. Jenkins have com-
tinction and reddening map into SDSS target selection, angleted their development of a special signal processing sys-
is also working on the selection of standard stars. tem that enables the real-time detection of photoevents in
The photometric pipeline works reliably and efficiently image frames coming from the windowless, electron-
(most of the time - there are still a few bugs to)fand has  bombarded CCD image sensor that flew on the Interstellar
been used to process and reprocess the photometric test dasfadium Absorption Profile SpectrogragtMAPS). Labora-
acquired so far. Two major new developments have provegbry tests of this system demonstrated that faint images are
necessary. The first is to detect rapidly moving objéets  recorded with sharper detail and far less noise than a more
teroid9 whose positions change significantly on the 7 minuteconventional recording technique that adds together the digi-
time in which a given point on the sky passes through theized raw signals in an accumulating memory. This new sys-
SDSS mosaic camera. As well as removing a significantem will enable IMAPS to observe much fainter targets than
source of contamination for searches for objects of unusudlefore.
colors, this effort will give a very large catalogue of solar For many years, E. Jenkins has participated as a member
system objects. It is expected that as the absolute astrometoy the science team for the Far Ultraviolet Spectroscopic Ex-
of the data reaches its goal, it should be possible to dete@iorer (FUSE that was being developed at the Johns Hop-
solar system objects out to the Kuiper Belt. kins University. FUSE is a space observatory that can record
The second development is to take account of the variathe difficult 900 — 1200A wavelength range, one that has
tion of the point spread functiofPSH. The PSF varies both not been covered by a major, long-term observatory in orbit
across a CCD because of telescope optics and down a CCdéince Copernicuswhich flew in the 1970's. FUSE was
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launched on June 24, 1999, and this event will ultimately set power spectrum of matter. Ill. The primordial spectrum,”
into motion a research program on interstellar and interga- AJ, 519, 469.

lactic matter to be conducted by E. Jenkins, D. Bowen and TCen, R, & Ostriker, J.P., 1999, “Where are the Bary-
Tripp, in collaboration with other astronomers on the FUSE ons?,” AJ, 514, 1.

science team. Cen, R, & Ostriker, J.P., 1999, “Accuracy of Mesh Based
Cosmological Hydrocodes: Tests and Corrections,” AJ,
PUBLICATIONS 517, 31.

Cen, R, & Ostriker, J.P., 1999, “Cosmic Chemical Evo-

Bahcall, N, 1998, “Clusters and Superclusters of Galax-  lution,” AJ, 519, L109.
ies,” in Formation of Structure in the Universeds. A.  Crosas, M., Young, K.|vezic, Z., & Knapp, G.R., 1998,
Dekel and J.P. Ostriker, Cambridge University Press, ~New Atomic Carbon Detections in post-AGB stars,”
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