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Abstract

The average mass density of the Universe, parameterized by £ (Omega), is
the most sought after single number in cosmology. It determines whether

the Universe is open, expanding forever (€2 < 1) or closed, eventually re-

collapsing (Q > 1). Unfortunately, after a half century of research € is still
uncertain by at least a factor of five. Most of the mass is in the form of dark
matter, and the precise relationship between its distribution and the
distribution of the observable galaxies is still not known.

We have the developed tools that may significantly improve the
measurements of the mass of the Universe. We have performed state-of-
the-art numerical simulations that provide complete dynamical information
about both galaxies and dark matter, and our work has shown that the usual
treatment of galaxies as point masses is unjustified. Additionally, we have
proposed a method to determine the cosmic mass density from redshift-
space distortions induced by large-scale flows in the presence of nonlinear
clustering.

Background and Research Objectives

In order to make progress in physical science where it is not possible to perform physical
experiments, one usually attempts to isolate a small part of the hierarchy of structures and
interactions, and to infer the fundamental physics from a specific model. The most
important of the fundamental questions in cosmology is: How much mass is there in the
Universe? We have made significant contributions to answering this question, by isolating
and studying the behavior of clusters of galaxies, and developing advanced analyses of

observational data.

Cosmological models of the expanding Universe are tightly constrained by the spectrum of
density fluctuations discovered by the Cosmic Microwave Background Explorer satellite
(COBE) and by the velocities of galaxies. However, a key parameter, €2, which specifies

the average mass density in the Universe, remains to be measured accurately.

*Principal Investigator: msw@Ilanl.gov
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If . > 1 then there is enough matter to “close” the observable Universe into a finite
volume and to cause an ultimate collapse of space in a “Big Crunch.”

For values of Q < 1, the Universe is “open” and no collapse will occur. The delineating
value, Q = 1 (favored by inflationary models), corresponds to a flat (Euclidean) Universe

whose expansion halts only at time t = infinity.

New automated galaxy surveys, e.g., the Sloan Digital Sky Survey, are coming online to
measure redshifts from millions of galaxies, probing the large-scale Universe at more
recent epochs. Supercomputing advances are enabling simulations of the Universe to
accurately track the physics of cosmological clustering over unprecedented range of scales,
providing quantitative tests of cosmological models against the observed Universe.

Measurements of Q come from observations of galaxies that move in an unknown sea of
dark matter. The extraction of cosmological information from these observations has
proved to be most difficult. However, with realistic simulations of the Universe, we can
experiment on systems for which everything is known about the dynamics of dark matter
and the galaxies. Our objective has been to give a proper theoretical treatment to the
problem of galaxy motions in a field of dark matter and to optimize measures of £ with the

aid of high-quality numerical simulations and the ever-improving observations.

Importance to LANL's Science and Technology Base and National R&D
Needs

This project contributes directly to our institutional goals and objectives of fostering
excellence in basic research, ensuring that our core science and technology capabilities are
integrated and recognized by government, universities and industry as being among the
nation's best, and fostering partnerships with universities and other government
laboratories to enhance our research efforts and to extend our capabilities.

The software developed to perform the simulations required for this project have enhanced
LANL's capability for modeling and high-performance computing, as well as served as a
proving ground for high-performance computers. The main Laboratory benefit is the
exploration at the forefront of basic science, which serves to enhance the Laboratory's
visibility, credibility, and stature.
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The project has also helped our group to attract the best young computational physicists in
the world to LANL, as well as demonstrating advanced techniques that are applicable to a
variety of difficult fundamental problems in materials science, biology and chemistry.

Scientific Approach and Accomplishments

We modified our original approach toward measurements of €2 to include large-scale flows.
With simulations we have optimized measurements of & from the statistical anisotropy in
redshift surveys induced by large-scale flows (Bromley, Warren & Zurek 1997).
Fundamental to this effort was the development of more sophisticated algorithms for
identifying galaxies in the simulations. The work of Pfitzner (1997, 2000) allowed us to
accurately post-process the enormous multi-million particle datasets into mock galaxy
catalogs suitable for further investigation.

We proposed a method to determine the cosmic mass density from redshift-space
distortions induced by large-scale flows in the presence of nonlinear clustering. Nonlinear
structures in redshift space, can contaminate distortions from linear flows on scales as large
as several times the small-scale pairwise velocity dispersion . We work in the Fourier
domain and propose a model to describe the anisotropy in the redshift-space power
spectrum; tests with high-resolution numerical data demonstrate that the model is robust for
both mass and biased galaxy halos on translinear scales and above. On the basis of this
model, we propose an estimator of the linear growth parameter = 0.6/b, where b measures
bias (a measure of how clustered the galaxies are with respect to the underlying mass
distribution), derived from sampling functions that are tuned to eliminate distortions from
nonlinear clustering. The measure is tested on the numerical data and found to recover the
true value of b to within 10%.

One of the simulations performed for this project won the 1997 Gordon Bell Prize for
superior effort in practical parallel processing research (Warren & Salmon 1997). Our
treecode sustained 170 Gigaops over a continuous 9.4 hour period on 2048 nodes of the
ASCI Red Teraops system, integrating the motion of 322 million mutually interacting
particles for 288 timesteps, while saving over 100 Gbytes of raw data. Additionally, we
have developed the capability to perform large parallel N-body simulations locally on the
Avalon cluster.
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We have continued to refine our data analysis capabilities to enable data mining from the
very large datasets we are currently able to generate. This enables comparisons with the
largest observational datasets such as the Las Campanas Redshift survey and the
forthcoming Sloan Digital Sky Survey. A paper comparing our N-body code with the
dozen leading cosmological codes in the world was published by the Astrophysical
Journal. This paper shows that our numerical methods provided the highest resolution
simulation among all of the participants. Another of the simulations performed for this
project won the 1998 Gordon Bell Prize for superior effort in practical parallel processing
research. This large parallel N-body simulation was performed locally on the Avalon
cluster (Warren et al. 1998).
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Figure 1: A rich cluster we have simulated with 5 million particles. This computation ran
for 80 hours and required nearly 2 times 10*{15} floating point operations. Within the
central object we have identified over 400 galaxies which can be used to directly model
observational derivations of €2.
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