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1 Project Summary

1.1 Intellectual merit

State of the art computational resources have been instrumental in making the University of California at
Santa Cruz (UCSC) one of the world’s leading centers for research in numerical astrophysics and plane-
tary science. The machine proposed here will provide an order of magnitude improvement in our ability to
address some of the most fundamental scientific questions of our time, from the structure of the early Uni-
verse and the nature of dark matter, through the assembly of the Milky Way, to the formation of extrasolar
planets and our own solar system. The proposal also provides a new, substantial storage system that will
not only support the ongoing research on the new machine, but also serve as an archive for datasets pro-
duced on larger off-site computers. The principal users will be the five co-PIs (Madau, Asphaug, Brummell,
Primack, and Woosley), 11 senior associates (Brandt, Conroy, Fortney, Garaud, Glatzmaier, Krumholz,
Laughlin, Lin, Miller, Nimmo, Ramirez-Ruiz) and over 80 graduate students and postdocs. This diverse
group of researchers in astrophysics and planetary science spans the Departments of Applied Mathematics
and Statistics, Astronomy and Astrophysics, Computer Sciences, Earth and Planetary Sciences, and Physics.
The hardware proposed is a 30 Tflop machine with 200 conventional compute nodes (2400 general-purpose
processing cores), 40 Graphic Processing Unit (GPU) accelerated nodes with 12 cores and 1 GPU unit in
each, and 1 petabyte of fast storage. A variety of highly parallelized codes will be ported to this system
to simulate phenomena such as cosmological structure formation, galaxy evolution, exploding stars, black
holes, turbulence and magnetic fields, star and planet formation, and asteroid impacts. The new codes will
be optimized by computer scientists in order to improve the efficiency of scalable storage systems.

1.2 Broader impact

The new cluster will enable cutting-edge science, help develop the next generation of simulation codes for
astrophysics, provide a stepping stone to national leadership-class facilities, and promote the training of the
next generation of computational astrophysicists. Our hybrid design, which couples the computer to a scal-
able storage database and an ultra-high-speed fiber-optic connection will also allow access to and analysis of
petabytes of legacy data by the community at large. The combination will further cement UCSC’s position as
a center for computational astrophysics and a portal for simulation results and educational resources. It will
facilitate the recruitment of excellent faculty, postdocs, and graduate students in astrophysics and planetary
science, increase their collective productivity, and foster interdisciplinary collaborations. Studies of storage
access patterns and efficiency by the computer scientists will be widely applicable to other storage systems
outside of astrophysics. Indeed, one of our goals is the nurturing of a new kind of interdisciplinary com-
putational scientist, well versed in both astrophysics and the computational tools of large-scale simulation
and analysis. Team members will conduct an aggressive knowledge transfer program, providing the broader
public with the opportunity to do and see astrophysics. The visual appeal of astrophysics simulations will be
used to engage students in research, connecting communities as disparate as astrophysics and the visual arts.
We will also disseminate the scientific images and insights of the Center via partnerships with high schools,
planetaria, the NASA Ames Hyperwall, GalaxyZoo, and GoogleSky. Participants in astrophysics summer
schools at UCSC will be given access to the cluster and therefore obtain unique hands-on experience with
parallel supercomputing. This has been very successful in the past, for example, for the International Sum-
mer Institute for Modeling in Astrophysics (ISIMA) and the High-Performance AstroComputing Center
(HiPACC).
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2 Project Description

Title: Acquisition of Beowulf Cluster for a Center
for Computational Astrophysics at the University of
California, Santa Cruz

2.1 Instrument Location and Type

Location: University of California Santa Cruz
Code: MRI-31

2.2 Research Activities to be Enabled

2.2.1 Background

UCSC is one of the world’s leading centers for re-
search in computational astrophysics. At any time,
about twenty faculty in four departments (Applied
Math & Statistics, Astronomy & Astrophysics, Earth
& Planetary Sciences, and Physics) and at least fifty
graduate students and postdocs are using a variety of
on-campus and off-campus computer facilities to ad-
dress some of the more fundamental scientific ques-
tions of the time, from the structure of the early Uni-
verse and the nature of dark matter, through the for-
mation of galaxies, stars, and planetary systems, to
impacts in the solar system. Over longer periods,
many more graduate students and postdocs are in-
volved. Our papers are highly cited and our simula-
tions are frequently featured in the media.

The primary on-campus facility currently used by
this research cadre is Pleiades, a machine purchased
through a previous NSF-MRI grant (see §1.2.2 be-
low), that is approaching the end of its useful life.
The machine has served our community well for
about six years, but warranties have expired, the
hardware is starting to fail and the technology is now
outdated. The machine should be replaced; a ma-
chine 5 to 10 times more powerful can sit in the same
footprint of space, power and cooling.

Pleiades has served a broad spectrum of needs in-
cluding facilitating code development and providing
a platform for small- and medium-scale experimen-
tal simulations in 2D and 3D, data analysis, and stu-
dent training. It has allowed us to hone our tools for
high resolution production 3D simulations that use
tens of millions of CPU hours on much larger sys-
tems off campus. As a direct consequence of the
demonstrable efficiency of these codes, our faculty

have been successful in competing for time on some
of the world’s most powerful machines, specifically
those owned by the DOE, NSF, and NASA. Un-
fortunately, these leadership-class facilities are not
intended for, and actually discriminate against the
midrange user. They are thus not conducive to stu-
dent training, small scale exploratory calculations,
or the dissemination of simulation data to the larger
community. Much, maybe even the majority of as-
trophysical simulation with high scientific impact is
still being carried out on mid-range clusters like the
one we propose to purchase here.

The nature of of how we interact with computers
is changing though. Increasingly, productivity is lim-
ited by the ability to analyze the large sets of complex
data generated by our simulations. Our largest nu-
merical simulations generate many tens (sometimes
hundreds) of Tbyte of data. Data analysis must often
be performed while running the simulations them-
selves, since the output data are too large to be moved
or stored for reuse. Simulation data at remote super-
computer centers have a finite lifespan. As a result it
is often difficult, if not impossible, to confront model
predictions with the observational data. The issues of
storage and archival of such large quantities of data
and efficient access to such enormous datasets for
analysis are becoming as critical as the calculation
of the data itself. New scalable, heterogeneous, hier-
archical methodologies appropriate for the scientific
context are needed.

The new mid-size computing cluster we are
proposing will have 6 times the computing power
and 20 times the storage capability of the old
Pleiades, while fitting comfortably within the same
footprint of power, cooling and administrative sup-
port. It will once again enable cutting-edge astro-
planetary science, allow the development of the
next generation of codes, provide a steppingstone
to national leadership-class facilities, and promote
the training of the next generation of computational
astrophysicists. In particular, this time, between
10 and 20 percent of the compute nodes will be
GPU accelerated, to allow preparation for the forth-
coming petaflop-scale GPU supercomputers at na-
tional centers like Blue Waters at NCSA and Titan
at ORNL. The new machine’s hybrid system de-
sign will integrate a high performance computing
(HPC) cluster with a scalable storage database and
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the UCSC/CENIC ultra-high-speed Internet fiber-
optic connection. This will allow access to and anal-
ysis of petabytes of legacy simulation data by the as-
trophysics community at large. In tandem, data ac-
cess patterns will be instrumented to provide insight
for research in scalable storage systems.

2.2.2 Results from prior NSF Support - NSF
MRI grant AST-0521566

Title: Acquisition of Beowulf Cluster for a Center
for Computational Astrophysics at the University of
California, Santa Cruz
PI: Stanford E. Woosley
Co-PI: Pascale Garaud, Donald T. Gavel, Gary A.
Glatzmaier, Joel R. Primack
Other Senior Personnel: Erik Asphaug, Douglas
N.C. Lin, Piero Madau, Claire E. Max, Jerry E. Nel-
son
Amount: $1,100,000
Duration: 9/15/2005 – 8/31/2007

This previous MRI grant was used to purchase
Pleiades, a Beowulf cluster with 828 cores, 1.66
TB of memory, a peak speed of 5.9 Tflops, and 55
Tbytes of storage. As of today, a total of 138 faculty,
postdocs, and graduate students have an account on
Pleiades and have kept it running at nearly full ca-
pability since its inception. Altogether, more than
200 papers in computational astrophysics and plane-
tary sciences have been published thanks to Pleiades
(listed in References Cited). Here, we provide some
highlights of the research enabled by the previous
grant, and emphasize the broad community that it has
served.

Galaxies and Cosmology Research in galaxy for-
mation was carried out by Madau and Primack and
their students and postdocs. Madau’s group included
graduate students B. Anderson, X. Chen, J. Guedes,
M. Kuhlen, V. Rashkov, and A. Sesana, and post-
docs J. Diemand, Q. Yu, and M. Zemp. Research
focused on the Via Lactea Project, a suite of the
most extensive cosmological simulations ever car-
ried out of the assembly of the cold dark matter
halo of our own Milky Way (26; 27; 28; 101; 103;
179). Although this massive computational effort
used large allocations of resources on NASA and
DOE-provided high-end supercomputing, access to

Pleiades for code testing and data analysis was es-
sential. The project became one of only ten compu-
tational projects nationwide featuring in the OASCR
Breakthrough 2008 Report on Recent Significant Ad-
vancements in Computational Science. The simula-
tions show the existence of thousands of very con-
centrated, possibly annihilating (2; 102; 105), dark
matter clumps surviving within the inner 50 kpc from
the Galactic Center. Via Lactea II simulation data
have been used to probe reionization and the “miss-
ing Milky Way satellite problem” (127; 128; 133;
155), to determine the velocity distribution function
of dark matter particles for prediction of the dark
matter–nucleon scattering rates in direct detection
experiments (106), and to study the kinematics of re-
coiling massive black holes in galaxy halos (61). In
the spirit of a “legacy” simulation, all processed Via
Lactea data have been made available to the public
(see http://www.ucolick.org/∼diemand/vl).

Figure 1: The Via Lactea II simulation of the dark matter halo
of a Milky Way-sized galaxy. Projected dark matter density-
square at the present epoch is shown in a 800 kpc cube. The
insets focus on an inner 40 kpc cube, in local density (bottom),
and in local phase space density (top). The Via Lactea II simu-
lation has a mass resolution of 4,100 M� and a force resolution
of 40 pc.

Primack’s group included postdocs P. Jonsson, J.
Lotz, and A. Romanowsky, graduate students B. All-
good, M. Covington, T. J. Cox, A. Dominguez, M.
Fumagalli, R. Gilmore, G. Novak, and C. Pierce, and
undergraduates A. Breslin, M. Coleman, T. Davalos,
S. Kahn, C. Mazakas, M. Planta, and M. Rocha. A
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major program of research involved hydrodynamic
simulations of galaxy mergers (21), including the ef-
fects of stellar evolution using the SUNRISE code
(75), to determine the observational timescales of
various morphological signatures (123; 124; 125;
122). These simulations were also used for predic-
tions of galaxy lensing observations (139), for com-
parison to kinematic observations of galaxies out to
redshift z ∼ 1 (19), to develop and normalize an an-
alytic model of galaxy mergers (18; 20). The Bol-
shoi large cosmological simulation suite (87; 151;
188; 13; 14; 156), while run on NASA supercomput-
ers, has immensely benefited from code development
and data analysis on Pleiades. Calculations of cluster
shapes have been compared with X-ray observations
in (38). A lot of effort was also devoted to semi-
analytic modeling of the evolving galaxy population
as a whole (177) and of the resulting extragalactic
background light for comparison with observations
(32; 54; 51; 52; 53).

9

Fig. 5.— 3D renderings of the outermost surface of carbon, oxygen, silicon, and nickel after mixing has frozen out. At left is model s15;
center is u15, and right is z15. Note that while the scale and time are consistent within models, the 3 models are shown at different scales
and time: 5x1013 cm and 4.0x105 seconds for s15, 5x1012 cm and 3.8x104 seconds for model u15, and 3x1013 cm and 1.7x105 seconds for
model z15. For no model did heavier, inner layers penetrate the lighter, outer layers, though for model z15 clumps of material have broken
off and moved a small distance into the H-He envelope.

Figure 2: Mixing in a Type IIp supernova calculated in 3D
using the CASTRO code (C. Joggerst, 2011 PhD thesis). The
figure shows the Rayleigh-Taylor instability that develops as the
helium core plows into the hydrogen envelope. Calculations
were done at LANL following extensive developmental work on
Pleiades (71; 72; 73).

High Energy Astrophysics Woosley’s work fo-
cused on supernovae of all kinds and involved both
code development and model building. In addition

to Woosley himself, five postdocs (Yoon, Kasen, Ma,
Malone, and Moll), four graduate students (Joggerst,
Ma, Roberts, and Lovegrove), and one staff mem-
ber (Dong) used Pleiades to study a wide variety of
supernova science. Mixing and fall back in Type II
supernovae was the topic of C. Joggerst’s 2010 PhD
thesis (Fig. 2; 71; 72; 73). Hubble Fellow D. Kasen
used Pleiades to further develop the SEDONA code
for computing supernova light curves and spectra,
and applied it to the study of Type Ia supernovae
(82; 83), core-collapse supernovae (81) and pair-
instability supernovae (84). S. C. Yoon used Glatz-
maier’s 3D MHD code to study magnetic torques in
differentially rotating massive stars (197). L. Roberts
used Pleiades to develop neutrino physics modules
for his protoneutron star evolution code (161). Wor-
thy of special note was the developmental work on
the radiation-hydrodynamics CASTRO code done by
H. Ma and Woosley on Pleiades and their simu-
lations of Type Ia supernova explosions (Fig. 3).
CASTRO was developed as part of a DOE SciDAC-
sponsored Computational Astrophysics Consortium
headed by Woosley. While the main hydrodynamics
drivers were developed by applied mathematicians at
LBNL (212), the modules for nuclear burning and
flame propagation in CASTRO were developed at
UCSC on Pleiades and tested there on 2D models.
This year alone, Woosley’s group has been awarded
34 M CPU h at NERSC on Franklin and Hopper and
42 M CPU h at ORNL on Jaguar, and will be an
early user of the Blue Waters Cray in Illinois. The
ease of access and rapid turnaround at Pleiades were
essential to getting Ma’s thesis done in a timely way
and demonstrating that the codes were ready for the
leadership-class machines.

Ramirez-Ruiz and his group - which includes three
postdocs (De Colle, Porter and Kasen), and five
graduate students (Guillochon, MacLeod, Navarrete,
Naiman, Rosen) - have used Pleiades to construct
numerical models of a variety of explosive phenom-
ena including gamma-ray bursts (112; 152; 153),
white dwarf mergers (25; 66; 168), tidal disruption
flares (65; 154; 169; 170; 171) and neutron star merg-
ers (86; 202; 160).

High energy astrophysics research using Pleiades
also included searching for gamma ray pulsars us-
ing the observations of the Fermi Gamma Ray Space
Telescope. This resulted in a Science cover paper (1)

6



(see Fig. 4). A Constrained Local UniversE Simula-
tion (CLUES) was also used by (22) to model gamma
rays from dark matter decay and annihilation in the
local universe. Madau, with graduate students Chen
and Sesana, ran numerical scattering experiments to
study three-body interactions between ambient stars
and a massive black hole binary (16; 17). Madau and
postdoc Yu followed the kinematics of hypervelocity
stars ejected by the massive black hole at the Galactic
Centre as a probe of dark halo triaxiality (199).

Figure 3: Centrally ignited carbon deflagration model for a
Type Ia supernova (H. Ma, 2011 PhD thesis). 3D calculations
were done using the CASTRO code at ORNL and NERSC fol-
lowing extensive developmental work on Pleiades. The figure
shows the explosion of a Chandrasekhar mass carbon-oxygen
white dwarf near the end of burning, 1.21 s after ignition. Red
shows the interface between ash and fuel and light blue color
indicates the star surface where density equals 106 g cm−3.

Stars and the Sun Research in solar and stel-
lar computational astrophysics spans three depart-
ments and broadly studies dynamos, mixing in stars
and star formation. Brummell has been working
on Pleiades with graduate student B. Byington on
simulations of a novel “essentially nonlinear” and
“stoked” dynamo mechanisms for magnetic field
generation using Brummell’s compressible MHD
code called HPS. Brummell and Glatzmaier, to-
gether with graduate student K. White and postdoc
C. Guervilly, have studied boundary-driven spheri-
cal dynamos related to the understanding of physical
dynamo experiments, using both Guervilly’s Boussi-
nesq PARODY code and Glatzmaier’s spectral code

on Pleiades. Garaud and Brummell, with graduate
student L. Acevedo-Arreguin and postdocs Guervilly
and T. Wood, have also utilised a combination of Ga-
raud’s steady state solver, HPS and PARODY, exten-
sively on Pleiades to formulate a new theory for the
dynamics of the solar tachocline. Garaud, and former
graduate student A. Traxler, postdocs S. Stellmach
and T. Wood, and external students E. Rosenblum
and G. Mirouh, have used a specially-developed code
(PADDI) on Pleiades to study the transport proper-
ties of double-diffusive instabilities, leading to im-
portant discoveries about spontaneous layer forma-
tion in 3D and therefore mixing in oceanographic,
planetary and astrophysical systems (46; 43; 181;
186; 44). Rogers and Glatzmaier have used Pleiades
to help develop a new 3D global solar dynamo code
that employs a spherical harmonics spectral method
in latitude and longitude but a more flexible finite-
difference method in radius, and solves an energy
equation for temperature rather than entropy.

Figure 4: The search for gamma ray pulsars in the Fermi
Gamma Ray Space Telescope dataset was performed on the
Pleiades cluster and resulted in the cover page of Science (1).

Krumholz’s research group studies star formation
and the interstellar medium (ISM), and uses simula-
tions on Pleiades to answer basic questions such as
what sets the rate of star formation in galaxies, what
determines the stellar initial mass function (IMF),
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Figure 5: Dynamos in non-penetrating and penetrating con-
vection. Shown are volume renderings of the magnetic field
(with strong field shown in bright and opaque colours, weak
as darker, translucent colours) generated by simulations of both
confined convection and convection overlying a stable region
(penetrative convection). (From (11).)

and what sort of interstellar environment produced
the Sun. Krumholz and undergraduate L. Gendelev
performed radiation magnetohydrodynamic simula-
tions using the ATHENA code to study how star-
forming clouds are disrupted by the ionizing radia-
tion of newly-formed stars (50, Fig. 6). Undergradu-
ates D. Dukes and J. Craig have used Pleiades to sim-
ulate N-body interactions between stars in the Sun’s
birth cluster, which might have helped shape the ar-
chitecture of the young Solar System (33). Graduate
student N. Goldbaum is using Pleiades to simulate
both the evolution of individual star-forming molecu-
lar clouds, and populations of clouds in a galaxy, us-
ing the ENZO adaptive mesh refinement (AMR) hy-
drodynamics code. Graduate students M. Fumagalli
and R. da Silva have worked with Krumholz using
Pleiades to develop the stochastic stellar population
synthesis code Stochastically Lighting Up Galaxies
(SLUG) for the study of the statistical properties of
star formation in dwarf galaxies with low star forma-
tion rates (40; 24). Krumholz worked with ISIMA
student M.-K. Lin using the ORION AMR radiation-
hydrodynamics code to study what sets the rotation
rates of massive stars at birth (118), and with ISIMA
student A. Myers to study how metallicity affects the
fragmentation of interstellar clouds and the result-
ing IMF (134). Postdoc C.-C. Yang has used sim-
ulations with the PENCIL code on Pleiades to study
how metals are mixed by turbulence in the ISM, and
then incorporated this into stars, producing the chem-
ical abundance patterns that we observe.

Planetary Systems Lin and collaborators (59)
used Pleiades to simulate the supernova triggered

collapse of a proto-solar molecular cloud. Their re-
sults demonstrated for the first time that adequate
amount of radioactive 26Al isotope may be inter-
cepted and the solar nebula can form on a time scale
shorter than that recently inferred from the calcium-
aluminum rich inclusions age spread in chondritic
meteorites. The discovery of diverse dynamical ar-
chitecture in extra solar planetary systems clearly in-
dicate that during their formation, some protoplan-
ets tidally interact and migrate extensively through
their natal disks. The first systematic studies of this
process in 2D turbulent disks was carried out by (8).
Their results naturally account for the retention of
a large population of newly discovered super-Earths
around nearby stars.

Figure 6: Two time slices from a simulation of the evolution
of a blister-type H II region in a magnetized medium. Color
indicates gas density; lines are magnetic field lines. In this sim-
ulation a star placed near the edge of a dense molecular cloud in
the left half of the simulation box begins to emit ionizing pho-
tons, which heat the gas and drive a shock into the cloud on the
left, coupled with a jet of ionized material rocketing away to the
right. This simulation was carried out on Pleiades as part of Leo
Gendelev’s senior thesis research (50).

Nimmo’s work using Pleiades has focused on
three areas: 1) the origin of the Martian hemispheric
dichotomy, where its formation was modeled via a
giant impact using the Zeus hydro code (138). It was
shown that a narrow range of impact sizes/velocities
could generate a basin of the required magnitude,
without producing so much melt that the basin was
erased; 2) an N-body integrator to investigate the or-
bital evolution of satellites in the presence of tidal
torques. This integrator has been used to place con-
straints on the interior structures and thermal histo-
ries of Enceladus, Dione and Tethys (204); and 3)
a 3D spherical convection code to investigate tidal
dissipation within and thermal evolution and relax-
ation of various icy satellites, including Enceladus
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(158; 159), Iapetus (163), and Pluto (162). UCSC
graduate student E. Chen, advised by Nimmo and
Glatzmaier, has run 3D simulations on Pleiades of
the circulation in the subsurface ocean on Europa
and the resulting magnetic induction due to Jupiter’s
time-dependent magnetic field through which Eu-
ropa orbits. Glatzmaier has run 3D simulations on
Pleiades of the convective dynamos of giant planets,
like Jupiter and Saturn (see Fig. 7), and of terrestrial
planets, like the Earth and Mercury.
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Figure 7: A snapshot of a Saturn dynamo simulation showing
the structure of the flows in the upper row of the figure and the
generated magnetic field in the lower row.

Laughlin and collaborators have used Pleiades to
demonstrate, for the first time, that the eight planets
of the solar system can exhibit a long-term instabil-
ity in which Jupiter and Mercury evolve into secular
resonance (10). Using a long-duration N-body sim-
ulation of the solar system evolution, they found that
when the secular resonance is achieved, Mercury’s
orbital eccentricity increases until its aphelion posi-
tion intersects Venus’ orbit. At this point, the inner
solar system becomes dynamically unstable and var-
ious catastrophes can ensue. The simulation showed
that there is a finite (albeit small) chance of this out-
come during the next 5 billion years. They also made
extensive use of the cluster to compute global climate
models for extrasolar planets on highly eccentric or-
bits. Comparison of such models with Spitzer obser-

vations of the transiting planet HD 80606b showed
that the radiative timescale in the planetary atmo-
sphere is surprisingly short, of order 12 hours (as
compared with 3 days on Earth) indicating the pres-
ence of an effective absorbing constituent high in the
planet’s atmosphere. These results were published
in Nature (111) and the ray-tracing simulation of
the optical appearance of the planet (also done with
Pleiades) was featured on the cover of Nature.

Fortney has been investigating the 3D structure
and circulation of exoplanet atmospheres. The “hot
Jupiters” are a class of strongly irradiated, tidally
locked planets, that orbit in only a few days. Fort-
ney has co-developed a model, SPARC, which si-
multaneously solves the 3D dynamics along with 1D
non-gray radiative transfer. The code has been run
on Pleiades and used to investigate the dynamics,
emission spectra, and transmission spectra of several
well-characterized planets (173; 174; 115; 39).

Figure 8: Simulation of the formation of the northern lowlands
of Mars. This collaboration (129), including 3D SPH simula-
tions performed on Pleiades, showed that a reasonably oblique
impact (45◦) would produce a crater with low melt production
and form an ellipsoidal mega-crater matching the shape of the
dichotomy boundary. This figure was the cover of Nature.

Asphaug’s 3D hydro code models of the Mars
hemispheric dichotomy (129; 130) established that
a major collision at 30-60◦ off axis, an event which
can only be modeled in 3D, allows for a mega-crater
to form that is of the right shape and that is formed
with only limited production of melt due to the off-
axis nature of the collision (see Fig. 8). Graduate
student L. Chambers (15) modeled the UV emissions
resulting from hypervelocity impacts ( 30-50 km/s)
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into Saturn’s ring particles, while graduate student
L. Ong (148) performed supercomputer models of
comets impacting the Moon, to derive the fraction
of water ice that remains bound and make quantita-
tive estimates of the contribution of cometary water
over the past 2 billion years. Simulations, run on
Pleiades, of planetesimal collisions during the first
few million years of solar system history, have led
to a new model for the origin of chondrules, the ig-
neous melt droplets found in profusion in chondrite
meteorites (7). Pleiades has also enabled geologi-
cally realistic models of planetary collisions: (78)
ran supercomputer models to predict the geologic
setting that NASA’s Dawn spacecraft would observe
when it entered rendezvous about asteroid Vesta, pre-
dicting the diameter and topographic profile of the
mega-crater with unexpected accuracy. (77) modeled
the origin of the lunar farside highlands as an accre-
tionary pile of material added to the Moon, when it
accreted a companion moon about 1/3 its diameter
(Fig. 9). This modeling prediction, featured in mag-
azines and newspapers worldwide, will be tested by
NASA’s GRAIL mission.

Figure 9: Simulation of the Moon’s farside highlands by a gi-
ant ‘splat’ involving a second moon, according to the hypothesis
of (77). This simulation was run on Pleiades and visualized on
its graphics front end.

2.2.3 Proposed New Research in Astrophysics

The presence of Pleiades for the last five years has
helped to grow a world-class program in computa-
tional astrophysics. For that program to endure and

expand, it is now essential to build a new HPC facil-
ity. Here we discuss some of the science that would
be enabled by that machine. The effort will involve
a total of at least 16 faculty (we can reasonably ex-
pect a few new hires over the coming years), and over
80 postdocs and graduate students. This lower limit
is less than past usage, and will be easily attained if
each faculty currently associated with this proposal
supervised only 5 graduate students and postdocs in
the next five years. Many are supervising more than
that right now.

Galaxies and Cosmology Madau’s research over
the next several years will focus on numerical stud-
ies that will lead to an understanding of the build-
ing block of galaxies, of their star formation activ-
ity at high redshifts, of the enrichment of the cir-
cumgalactic medium (172), of the formation of re-
alistic late-type spiral galaxies (60), and of the pro-
cesses that determine the survival of substructure in
present-day galaxy halos, all in the standard cold
dark matter paradigm of structure formation in the
universe. He will continue his program of cosmolog-
ical hydro AMR simulations with the ENZO code
(http://code.google.com/p/enzo/) to address in a co-
herent way the formation of dwarf galaxies with H2-
regulated star formation at high redshift (104), their
contribution to the ionizing background that ionized
the universe (214), and their detectability by the
James Webb Space Telescope. Many of today’s “ob-
servables” within the Milky Way and nearby galax-
ies relate to events occurring at early epochs, during
and soon after the era of reionization. Madau will
use a combination of ultra-high resolution N-body
(with the code PKDGRAV2, which has demonstrated
good scaling on Jaguar at ORNL on over 12,000
CPU) and SPH simulations (with the code GASO-
LINE (222)) to provide a better characterization of
the assembly of the Milky Way halo from such sub-
units, of the small-scale structure of Galactic dark
matter, of the “missing satellite problem”, and of the
abundance and properties of stellar streams and de-
bris that are the signature of disrupted satellite galax-
ies.

Primack’s continuing research program in this
area will focus on running a large set of cosmo-
logical hydrodynamic simulations of galaxies us-
ing the ART adaptive mesh code, in support of
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CANDELS and other observations. CANDELS
(http://candels.ucolick.org) is the largest project in
the history of the Hubble Space Telescope, and will
take three years to complete. The simulation pro-
gram will include radiative transfer calculations with
the SUNRISE code of the appearance and spec-
tral energy distributions of galaxies including stel-
lar evolution and dust scattering, absorption, and re-
emission of radiation. These simulations are cur-
rently at 15-30 parsec resolution, and include pre-
viously neglected phenomena such as radiative feed-
back. The latest NVIDIA GPUs on the new proposed
machine will speed up SUNRISE calculations by an
order of magnitude. Primack will continue to run his
Bolshoi program of large dissipationless cosmologi-
cal simulations on remote supercomputers. MiniBol-
shoi will include the evolution of hundreds of Milky
Way size galaxies and their subhalo populations, pro-
viding poorer spatial and mass resolution than simu-
lations of individual halos such as Aquarius and Via
Lactea, but with far greater statistics. The proposed
new HPC cluster will be used to analyze the large
simulation outputs and compare them with observa-
tions.

Figure 10: “Eris”, the first cosmological N-body/SPH simula-
tion in which a close analog of a Milky Way disk galaxy arises
naturally (60). Left panel: the optical/UV stellar properties of
Eris at z = 0. The images, created by running the radiative
transfer code SUNRISE on Pleiades, show an i, V, and FUV
stellar composite of the simulated galaxy seen face-on and edge-
on. Right panel: projected face-on and edge-on surface density
maps of Eris’s neutral gas. The color bar shows the neutral gas
fraction.

New UCSC faculty C. Conroy is developing a

new generation of stellar interior, atmosphere, and
spectral models for arbitrary elemental abundance
patterns. These models will be used to measure
the abundance patterns, ages, and stellar initial
mass functions of distant galaxies and of Galactic
globular clusters. This work is utilizing the new
modular stellar evolution code MESA and the AT-
LAS12/SYNTHE routines developed by R. Kurucz.
Uncertainties in the atomic and molecular linelists
will be reduced by running an ancillary grid with
variations in the linelist parameters that will be com-
pared to high resolution spectral standards such as
the Sun and Arcturus. On another front, Conroy’s
group is developing new modules for the ENZO
AMR hydrodynamics code in order to study the in-
teraction of AGB winds, Lyman-Werner flux from B
stars, and supernovae on the development and reten-
tion of gaseous reservoirs in young globular clusters.
Galactic clusters appear to have undergone multiple
generations of star formation at early times. This ap-
proach will be the first to include all the necessary
physics and processes in order to probe the origin of
multiple stellar populations in globular clusters.

High Energy Astrophysics One of the major re-
search thrusts by Woosley’s group in next several
years will be models for Type Ia supernovae (SN
Ia) using the CASTRO (212) and MAESTRO (219)
codes. CASTRO is a 3D compressible hydro code
with AMR that has been developed chiefly with
the SN Ia application in mind. MAESTRO is a
low-Mach number code, also 3D AMR, optimized
to study the pre-explosive convection that sets up
the ignition conditions for thermonuclear runaways
in stars. MAESTRO can take time steps that are
not Courant limited and works very stably in envi-
ronments where small driving forces operate in the
presence of an otherwise tight hydrostatic equilib-
rium. Both codes have demonstrated good scaling
on Franklin at NERSC and Jaguar at ORNL on over
100,000 CPU. Over 60 M CPU h has been awarded
in 2012 alone to run SN Ia models with these codes
at ORNL, NERSC and on the NSF Blue Waters Cray.
Substantial local developmental work will be nec-
essary, however, in order to effectively utilize these
resources. This local work falls in three areas: 1)
developing and testing efficient algorithms and ap-
proximations for treating nuclear burning, especially
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detonation physics in CASTRO and flame physics in
MAESTRO; 2) 2D surveys of several classes of mod-
els for SN Ia, especially Chandrasekhar mass mod-
els and sub-Chandrasekhar mass models; and 3) im-
proving and testing the performance of both codes
on GPUs. The latter is especially important since
the new machines at ORNL and Blue Waters will
make extensive use of GPUs. With MAESTRO it
will be possible to study, for the first time, the con-
vective runaway that goes on for months before the
thick helium shell in the sub-Chandra white dwarf
finally runs away, allegedly culminating in a deto-
nation. Such studies will show the localization of
the burning and whether ignition occurs in one point
or many and whether it occurs at the base of the
accreted layer or somewhere above. In other stud-
ies, Woosley will explore multi-dimensional models
for Type I X-ray bursts on neutron stars (215) and
the formation of proto-neutron stars in core-collapse
supernovae. X-ray bursts will be calculated using
MAESTRO, but tables will have to be developed to
approximate the complex burning of hydrogen by the
”rp-process”.

Ramirez-Ruiz’s group will be developing an SPH
general relativistic framework to study the mergers
of compact stars and black holes. More realistic
models for tidal disruption of stars by massive black
holes will be implemented in the FLASH code. De-
tailed simulations will tell us what happen when stars
of different types get tidally disrupted, and what is
the radiation spectrum and light curve a distant ob-
server may detect as the observational signature of
such events. Ramirez-Ruiz will also be developing a
3D a general relativistic framework to study the evo-
lution of neutrino-cooled disks using the HARM3D
code.

Stars and the Sun Brummell and Garaud will
continue the groundbreaking theoretical work based
on basic fluid dynamical simulations using Pleiades
that are currently under way. The search for a dy-
namo scenario that operates more efficiently than
the standard kinematic model at high magnetic
Reynolds numbers will continue. Essentially non-
linear dynamos, where the dynamo-generating flows
are driven by magnetic forces themselves, are show-
ing great promise, but such simulations with HPS are
necessarily high resolution and the process is highly

Figure 11: Interaction of many different models towards an
understanding of the solar tachocline by Brummell and Garaud’s
GAFD group.

nonlinear and therefore temperamental, requiring ex-
tensive preliminary searches of a wide parameter
space before final production simulations. The new
machine proposed in this document would be ideal
for this task.

The group’s work on the dynamics of the so-
lar tachocline has finally revealed why previous nu-
merical simulations have not exhibited dynamics
that are quantitatively similar to the observed phe-
nomenon. Preliminary simulations of a new ap-
proach on Pleiades using HPS have shown great
promise in a simplified Cartesian geometry and this
theory now needs extensive exploration in the proper
geometry using the PARODY code.

Garaud and collaborators will make their exten-
sive dataset of existing numerical simulations on
double-diffusive convection available to the general
community through the proposed new machine. In
addition, they plan to begin running larger-scale sim-
ulations to characterize transport by layered convec-
tion in the parameter regime relevant for giant plan-
ets and stellar interiors and to study the generation of
large-scale internal waves and their interaction with
the turbulence. This is of interest in order to explore
a new mechanism for the excitation of stellar pulsa-
tions (for comparison with Kepler observations) and
to determine whether layer formation could be trig-
gered mechanically in systems which are not other-
wise unstable to layering.

Glatzmaier and collaborators will be benchmark-
ing their new solar dynamo code against Glatz-
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maier’s older code, to compare the different formula-
tions and the use of finite-differences versus Cheby-
shev polynominal expansions in radius. After bench-
marking, high resolution, highly parallelized simula-
tions will be run of a complete solar interior, resolv-
ing the shear and magnetically-driven instabilities of
the tachocline, magnetic field generation in the con-
vection zone and magneto-inertial-gravity waves in
the radiative interior.

Krumholz’s group is now developing new simu-
lation techniques to understand star formation over
galactic and cosmological scales. Postdoc J.-H. Kim
is leading work to use ENZO to simulate the star
formation within an entire galaxy including ionizing
radiation transfer, using AMR to simultaneously re-
solve individual star-forming clouds. This will al-
low for the first time a simultaneous determination
of the star formation rate, the properties of molecular
clouds, and the ionizing photon escape fraction from
galaxies. Graduate student N. Goldbaum is devel-
oping new, much more realistic subgrid models for
star formation in cosmological simulations, that will
be implemented in the ENZO code. Graduate stu-
dent A. Rosen will run prototype simulations of the
formation of super star clusters and globular clusters
including dust-reprocessed radiation feedback using
the ORION code. These simulations should for the
first time yield realistic answers to basic questions
about globular cluster formation, such as whether
the globular clusters we see today are only a small
remnant of those that formed, as is the case for
smaller open star clusters, or whether globular clus-
ters form with such high gas-to-star conversion effi-
ciencies that most survive.

Planetary Systems Short-period gas giant planets
are exposed to intense radiation from their host stars.
Dobbs-Dixon, Lin, & Wang have constructed a fully
3D radiative hydrodynamic code to simulate both the
dynamics and CO2/CH4 cycle in the atmosphere of
these hot Jupiters. Their preliminary results showed
that non equilibrium reaction rates can lead to strong
day/night intensity contrasts which may be observ-
able with the Spitzer space telescope. Their next task
is to considered the water cycle on super-Earth plan-
ets. Liu, Guillochon, Lin, Ramirez-Ruiz have im-
plemented an equation of state for gas giant planets’
cores which will enable them to extend their simula-

tions of planetary tidal disruption (64). They will in-
vestigate the possibility of retaining gas giants’ cores
after the tidal disruption of their envelope. Li and
Lin will implant radiative diffusion into their hydro-
dynamic code and simulate gas accretion onto super-
mass cores in protostellar disks.

Future work by F. Nimmo will focus on two ar-
eas. First, satellite evolution is a coupled problem:
thermal evolution affects orbital evolution, and vice
versa and so a N-body orbital code will be com-
bined with a 3D convection code to investigate satel-
lite evolution in a fully self-consistent manner (164).
This code may be applied not only to outer solar sys-
tem bodies, but also to the Earth’s Moon, a focus of
much current scientific interest. Second, Nimmo will
continue to use his 3D spherical conduction code to
model satellite thermal evolution. Particular areas of
interest will be to determine whether Enceladus may
have undergone episodic convection which could ex-
plain its puzzling heat output, and the extent to which
his models can be reconciled with newly-derived ob-
servational constraints on satellite thermal history
from basin relaxation and flexural studies.

Glatzmaier plans to continue his simulation stud-
ies of Europa’s ocean circulation and magnetic in-
duction, of the laboratory dynamo experiment and
of giant-planet and terrestrial planet dynamos us-
ing more processors on the new cluster, which will
allow greater spatial resolution. In particular, the
simulations of Mercury’s dynamo will help to ex-
plain the recent magnetic field measurements made
by NASA’s Messenger Mission to Mercury and the
dynamo simulations of Jupiter and Saturn will make
predictions for the discoveries that will be made
starting in 2016 by NASA’s Cassini Solstice Mission
at Saturn and its Juno Mission to Jupiter.

Laughlin’s group has begun obtaining radial ve-
locity data from the Automated Planet Finder tele-
scope, which can probe the terrestrial-mass planetary
census of nearby stars. Large suites of dynamical
stability calculations are required in order verify sys-
tem stability and resonant structure within the emerg-
ing systems. In addition, he has begun to work with
MHD models of planetary atmospheres for planets
that oscillate in and out of the regime where the plan-
etary magnetic field couples with the atmospheric
dynamics. Studying these systems, even with cer-
tain idealizations, is numerically intensive, requires
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many exploratory simulations, and is ideally suited
to an in-house resource such as Pleiades’ envisioned
successor.

Fortney will continue to model the dynamics and
spectra of the highly irradiated transiting planets, but
also move into other areas. The atmospheres of low-
mass planets (below 10 Earth masses) are now being
characterized. These atmospheres may be made up
of predominantly of hydrogen, nitrogen, or carbon
dioxide. His group will model the atmospheric dy-
namics and spectra of these planets, which are being
found by Kepler and other platforms. In some cases,
for Earth-mass planets, he will assess the habitability
the planetary atmosphere/surface interface.

Asphaug’s group will continue working on pair-
wise accretion, and the computed physics and petrol-
ogy of planets, planetary remnants, and meteorites.
Graduate student N. Movshovitz has begun the task
of GPU acceleration of the parallel SPH code in
preparation for next generation modeling. Gradu-
ate student J. Guillochon has a NASA Fellowship to
model the Moon-forming giant impact. The group
will develop hit and run models for the origin of
planet Mercury, now a great puzzle since the reign-
ing explanation for its oversized iron core, as the af-
termath of an extraordinarily energetic giant impact,
is contrary to measurements by the MESSENGER
orbiter indicating little volatile fractionation. The
group shall continue studying smaller collisions in-
volving asteroids, comets, and the earliest meteorite-
forming planetesimals, as well as Moon-forming
mergers around Jupiter and Saturn, and binary colli-
sions in accreting exoplanetary systems to help char-
acterize these newly discovered populations.

2.2.4 I/O and Storage Management

While computational scientists make heavy use of
the I/O and storage system, it is often difficult to in-
strument code running large-scale clusters to analyze
and improve I/O performance. The computer sci-
entists in our group (Miller and Brandt) will work
with the computational scientists to explore both
short-term (seconds to hours) and long-term (days
to months) I/O access patterns of code running on
the new cluster. This analysis will improve our un-
derstanding of how cutting-edge astrophysics codes
use large-scale clusters, and will also provide insight

on how scientists find and utilize data. At UCSC,
we have extensive experience with scientific file sys-
tems and data access patterns (223; 211); we will
instrument system to allow us to gather additional
I/O traces from real-world applications without bur-
dening applications or scientists. Because this sys-
tem will be in an open environment, we will be able
to make these traces available externally, providing
a valuable resource for high performance computer
science researchers. We will also gather information
on metadata usage—which files and data the applica-
tions and scientists use. We are already exploring the
problem of improving file naming systems for high-
performance computing (217; 218; 220); the unique
opportunity for collaboration between computer sci-
entists and computational scientists in an open en-
vironment will help guide our development of new
naming systems to make large-scale storage easier to
use.

In addition to short-term usage studies, we will
explore long-term usage patterns for scientific data
(208; 210) by transparently monitoring accesses to
the petabyte-scale archive of scientific data. This will
not disturb users of the system, but will lead to better
understanding of long-term scientific data usage on
a publicly-accessible petabyte-scale archive, helping
us design more efficient, more reliable archival stor-
age systems (209; 224) and leading to reduced long-
term data storage costs across a wide range of scien-
tific disciplines. As with short-term tracing, we plan
to make our long-term access traces available pub-
licly, providing a much-needed resource to the com-
puter systems research community.

2.3 Impact on Research and Training In-
frastructure

In addition to amplifying the productivity and out-
side funding of senior investigators, the new cluster
will have a major impact on the training of graduate
students and postdocs. Computational science and
simulation are increasingly playing key roles in re-
search. A large fraction of the science done in the
next decade will be carried out on mid-size and large
computer clusters by the people that have the spe-
cial training to use them effectively. This training
is best achieved in graduate school and as a postdoc
by a “hands-on” approach. The best evidence of our
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success in this area are the large number of publica-
tions where the lead author is a graduate student or
a postdoc who used our previous machine (see Ref-
erences Cited). Tens of such students have gone on
to prestigious postdoctoral positions. More than a
dozen of our computationally-oriented students and
postdocs (Fabrycky, Chen, Diemand, Kasen, Lang-
ton, Ogden, Porter, Robinson, Roepke, Rogers, Stell-
mach, Yu, Zemp, Zingale) have taken faculty jobs in
theoretical astrophysics. The field of computational
astrophysics is presently heavily male-dominated.
And while only one senior member of our team is
a woman, we are actively trying to improve gen-
der balance: over the past 5 years, 16 female stu-
dents (Lindsay Chambers, Erinna Chen, Qiaoning
Chen, Jennifer Holt, Candace Joggerst, Elizabeth
Lovegrove, Jill Naiman, Darcy Ogden, Lissa Ong,
Tami Rogers, Sarah Robinson, Anna Rosen, Erica
Rosenblum, Adrienne Traxler, Katelyn White, Angie
Wolfgang) and 4 postdocs (Celine Guervilly, An-
nalisa Pillepich, Sijing Shen, Quingjuan Yu) have
been given access and used Pleiades to pursue their
research. The following UCSC undergraduate stu-
dents, also Pleiades users, have been awarded gradu-
ate student fellowships: Luke Kelley (Harvard), Matt
Coleman (UCSB), Ricky Fernandez (Columbia), and
Rion Parsons (Cambridge). We anticipate that the
success of this hands-on training program will con-
tinue with new resources.

Our experience has also shown that the proposed
computing platform will facilitate faculty recruit-
ment in theoretical astrophysics. Over the last 5
years, UCSC’s excellent computational resources
have helped attract 5 new theoretical astrophysi-
cists and planetary scientists to the faculty (Nic
Brummell, Charlie Conroy, Jonathan Fortney, Mark
Krumholz, and Francis Nimmo). Having a state-
of-the-art HPC cluster to share and work on attract
new hires in the first place and then cata;yses col-
laborations with the more senior faculty, increasing
the collective productivity and fostering interdisci-
plinary collaborations.

UCSC is host to a number of institutes for which
the proposed system would play a role. UCSC
runs the University of California systemwide “High
Performance AstroComputing Center” (HiPACC,
http://hipacc.ucsc.edu), which links computational
astrophysicists across the UC campuses and the as-

sociated National Laboratories. Each year HiPACC
sponsors conferences, public outreach via a website
with news stories, media releases including video vi-
sualizations, planetarium shows, grants to promote
collaboration between campuses and the associated
National Laboratories, grants to support undergradu-
ate research on computational astrophysics, and an
international summer school for graduate students
and postdocs. The summer schools in 2010 on
“Hydrodynamic Galaxy Simulations” (at UCSC) and
in 2011 on Computational Explosive Astrophysics
(at UCB/LBNL) had as students many of the best
young computational astrophysicists in the world.
The 2012 school will be on “AstroInformatics” (at
UCSD/SDSC), and the 2013 school will be on “Star
and Planet Formation” (at UCSC). The proposed
HPC cluster will provide support to HiPACC scien-
tific, educational, and outreach efforts. These include
enabling code development and research, preparing
and hosting simulation outputs and related astronom-
ical data, and preparing images and visualizations
from astrophysical observations and simulations for
outreach and education. UCSC also hosts the “Next
Generation Telescope Science Institute” (NEXSI,
http://nexsi.ucolick.org), which promotes computa-
tional research in support of new multi-billion dol-
lar astronomical facilities, and “Theoretical Astro-
physics at Santa Cruz” (TASC), which has begun a
new interdisciplinary program in scientific compu-
tation and visualization in collaboration with mem-
bers of UCSC’s Digital Arts and New Media Cen-
ter. UCSC has also launched in 2010 the Inter-
national Summer Institute for Modeling in Astro-
physics (ISIMA), a unique visitor program which
combines graduate training with collaborative re-
search on outstanding problems in astrophysics, us-
ing mainly local computing resources. Outside of
astrophysics, the UCSC Computer Sciences Depart-
ment is also a leading center for research into the use
of high-performance storage in support of large-scale
scientific computing. Two groups within the School
of Engineering have a history of highly visibile suc-
cesses in the field, including the development of the
Ceph file system, investigation of real-time storage
for large-scale computing, and analysis and develop-
ment of systems for long-term storage of scientific
data, highly pertinent issues not merely confined to
astrophysical research. It is the hope of the Co-I’s
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of this proposal that the new HPC platform proposed
here will further cement UCSC’s position as a center
for computational astrophysics and a portal for sim-
ulation results and educational resources.

Indeed, one of our goals is the nurturing of a new
kind of interdisciplinary computational scientist,
well versed in both astrophysics and the computa-
tional tools of large-scale simulation and analysis.
Computational power has increased enormously
in recent years, but educating people to use it has
lagged. Few graduate programs currently aim
specifically at large-scale computing. Our team
will establish core courses in High-Performance
Computing at UCSC, assisted by course devel-
opment in the Applied Math department. The
courses will combine computer-science topics
(e.g., applied math, algorithm design, parallel
programming, data analysis, visualization) with
relevant physics and astrophysics, plus hands-on
problems solving using the proposed resources. The
guiding principles for the graduate program are
based on recommendations in “Re-Envisioning the
PhD” (http://www.grad.washington.edu/envision).
UCSC’s rich environment naturally provides novel
opportunities through multiple mentors, exposure to
a wide variety of career options, interdisciplinary
activities, training for diverse teaching options,
partnerships with institutions that prepare and
hire doctoral students, and alliances with existing
programs at partner institutions for recruiting and
retaining women and underrepresented students.
As high-performance computing becomes a routine
tool, industry and government will seek graduates
with expertise in this field. The broad palette of
astrophysical simulations makes them an ideal train-
ing ground for many job situations. Students and
postdocs throughout our team will have access to
internships via an extensive network of partnerships
with industry and national laboratories, including
Google, NASA Ames, LBNL, and LLNL.

Our team will also conduct an aggressive knowl-
edge transfer program, providing the broader pub-
lic the opportunity to do and see astrophysics.
The visual appeal of astrophysics simulations will
be used as a tool to engage students in research,
connect communities as disparate as astrophysics
and the visual arts, and disseminate the scientific
messages of the Center via partnerships with two

distinguished high schools (Harker Academy and
Pacific Collegiate Charter School), planetaria, the
NASA Ames Hyperwall, GalaxyZoo, and Google
Sky. In a close partnership with UCSC’s MFA
in Digital Arts and New Media and UCSC’s top-
ranked program in Science Communications, arts
students and participating faculty are currently col-
laborating with computational students on joint vi-
sualization projects through our Openlab initiative
(http://artsresearch.ucsc.edu/openlab/). This basic
design facilitates diversity by linking two very dif-
ferent communities, applied computational science
and digital arts. Including the latter field, better bal-
anced with regard to gender and ethnicity, will im-
mediately create a more diverse and vibrant student
body. Engaging students in exciting projects that link
these two communities will further strengthen these
bonds.

2.4 Description of the Research Instrumen-
tation and Needs

2.4.1 Instrumentation

It is beneficial to first review the configuration of our
current cluster Pleiades, which will be used as the
reference point for the proposed new computing en-
vironment. Pleiades includes 208 compute nodes,
each with 2 dual-core Intel Xeon processors and 8
GB memory (2GB per core), and 2 visualization
nodes, one with 2 dual-core Intel Xeon processors
and 32 GB memory, and the other with 2 quad-core
Intel Xeon processors, 64 GB memory and a Nvidia
Quadro FX 5600 graphics card. It has 55 TB of total
usable storage (70 TB raw), served from 4 file servers
using the IBRIX parallel file system. The cluster is
interconnected with 2 network fabrics: Gigabit Eth-
ernet and non-blocking DDR (20 Gb/s) InfiniBand.

Many of the design principles for Pleiades still
hold true for the proposed new cluster. The di-
verse needs of our research groups still demand a
general-use, adequate memory (2 GB/core), and fast
internetworks machine with sufficient storage served
from an efficient parallel file system. On the other
hand, the specifications of the proposed new clus-
ter also reflect the lessons we have learned from
using Pleiades, the shift of parallel programming
models (including, among others, the advent of the
multicore and manycore computing), and the new
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data-intensive paradigm that is transforming scien-
tific computing and the way we do Astronomy. In
addition, we will also strive to retain and reuse any
components of the Pleiades cluster (like racks, UPS,
power and cooling system, visualization nodes, etc)
whenever applicable.

The choice of hardware is set by a balance among
our needs, cost estimates, and siting issues. An on-
campus facility with a few thousand processing units
is ideal for code development, running small- and
medium-scale experimental simulations, data analy-
sis, and student/postdoc training. Working with ven-
dors, we have determined that while the computing
power of a state-of-the-art compute node doubles ev-
ery 18 months, the price and power (and cooling) re-
quirement of a node stay roughly constant (which is a
logical conclusion of Moore’s law). Without spend-
ing capital for upgrading the power and cooling ca-
pacity of the data center at UCSC, we are limited to
around 200-250 compute nodes.

Quotes have been solicited from four vendors -
ASA, Dell, Fine Tec, and SGI. The quote from Dell
is highlighted here for multiple reasons: 1) Dell’s
quote provided the greatest detail; 2) Dell was the
vendor for the Pleiades cluster and has provided ex-
cellent products and services; 3) Dell’s price is com-
petitive; 4) using Dell to purchase the new cluster
would make it easier to retain and reuse some of
Pleiades’ components. All quotes are given in the
Supplementary Documents section and are (with the
exception of SGI) very similar in total cost and spec-
ifications, giving us confidence that the estimated
hardware budget, $1.04 M, is realistic given our re-
quirements. The actual vendor and quote will only
be selected after extensive product review and inter-
views once the proposal has been funded. As the
new machine would most likely be assembled from
components available in late 2012, it will probably
differ in details from what follows. In particular, we
anticipate the availability of faster processors with
more cores, faster GPU units, and higher capacity
mass storage solutions for the same cost. The per-
formance increase over Pleiades is expected to be a
factor of about 3 to 10, though this factor is code and
application dependent. Two factors will contribute
towards the expected performance boost: 1) there
will be 3 times the number of CPUs cores (6 times
if hyperthreading is enabled), with a small boost in

efficiency per core over Pleiades; 2) a fraction of
compute nodes (10 to 20 percent) will be GPU ac-
celerated, which can provide a 10 to 100 times speed
increase for codes that are optimized for GPU com-
puting.

2.4.2 Cluster Interconnects

Infiniband is the de facto standard for interconnects
of HPC clusters, with its extremely low latency and
high bandwidth. We’ll use a non-blocking, QDR In-
finiBand fabric for the proposed cluster, which will
provides a theoretical bandwidth of 40 Gb/s between
any two nodes in the cluster, with a latency of a few
microseconds. This is an upgrade from the DDR (20
Gb/s) InfiniBand fabric of the Pleiades cluster. Ad-
ditionally, the proposed cluster will also have a Giga-
bit Ethernet network, mostly for management traffic.
We will recycle the components from the Pleiades
cluster, thus saving some costs.

2.4.3 Compute Nodes

Given the contraints on power and cooling capac-
ity of our site, the proposed cluster will be limited
to 200-250 compute nodes. Regarding CPUs, our
experience with many small to mid-size clusters, as
well as the benchmarks independently done by many
hardware review sites, has led us to focus on the In-
tel Xeon product line, which holds the performance
crown in terms of both total performance and per-
formance per watt, particularly against the AMD
Opeteron line. Each compute node will consist of
two hex-core Intel Xeon X5650 CPUs, thus provid-
ing 12 cores per nodes (24 cores if hyperthreading is
enabled).

There will be 24 GB memory per compute node (2
GB per core) – all of our applications will run com-
fortably with that memory configuaration. Each node
will include a small hard drive. Their low cost (less
than $20K for all nodes) provides the flexibility of
a local swap space or local scratch storage for fu-
ture applications. Between 10 and 20 percent of the
compute nodes will be GPU accelerated. The Dell
quote includes 20 such accelerated nodes, each with
an nVidia Tesla M2070 GPU computing unit. GPU
computing nodes will serve multiple goals. They
will make a powerful subcluster for visualization and
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data analysis. They will also help our students and
postdocs become familiar with the increasingly im-
portant art of GPU and manycore computing, and
prepare them for the petaflop-scale GPU supercom-
puters at national centers, including Blue Waters at
NCSA and Titan at ORNL.

2.5 Management Plan

2.5.1 The Site

The timing of this proposal is largely motivated by
the declining ability of our current cluster, Pleiades,
which has been serving the computational astro-
physics community at UCSC for more than 5 years.
We will not, however, build a cluster from scratch, as
in the case for Pleiades. The new cluster will rather
be a major upgrade of Pleiades. We plan to use the
same site, and retain and reuse any component when-
ever applicable of the old cluster.

Pleiades is hosted at the Data Center of Informa-
tion Technology Services (ITS) at UCSC. In order
to deploy Pleiades 5 years ago, UCSC spent about
$450 K to renovate the site, adding a capacity of 100
kW power and 25 tons cooling, and a floor space
for 8 racks. The infrastructure is in perfect work-
ing order, and thus makes the best home for the pro-
posed machine. As the letter from the Vice Chan-
cellor for Research (see Supplementary Documents)
attests, the campus is committed to providing the site
and power/cooling for the proposed machine, if this
proposal is funded.

The proposed machine will fit nicely within the
power, cooling, and space budgets of the site. One
additional benefit of hosting the new cluster at the
ITS data center is the availability of high-speed dark
fiber connections. UCSC has recently deployed Dark
Fiber infrastructure, providing 10 Gbps layer 3 cir-
cuit to CENIC and thus a superfast pipe to other ma-
jor reseach universities and national labs. We will
link the proposed machine and the storage subsystem
directly to the Dark Fiber network. This will allow
large simulation data to be moved from national fa-
cilities, and to become accessible by the community
at large.

2.5.2 Machine Management and Time Alloca-
tion

Through the previous MRI-funded machines, UCSC
has accumulated invaluable experience and expertise
in cluster management and operation. We plan to use
the open source Rocks Cluster Distribution, which is
developed by SDSC. We’ll likely purchase a support
contract for the Lustre file system, a license for Intel
compilers and Intel cluster suite, and maybe a license
for a parallel debugger, either Totalview or DDT.

Hardware is warrantied for 3 years in the quotes
from the vendors. During final purchasing nego-
tiations we aim to secure an advantageous bid on
warranty support in the extended years (4th and 5th
years).

The machine will be operated by Dr. Shawfeng
Dong, the current administrator of Pleiades. Dr.
Dong is one of the top experts in parallel comput-
ing at UCSC, and excels in both the hardware and
software aspects of high performance computing. In
most national supercomputing centers, there are two
types of supporting staff: system adminstrators (who
keep the computers up and running) and consults
(who help users run their parallel codes); at UCSC,
Dong has done a superb job filling both roles. While
this proposal is for 2 years of operation, we expect
the useful life of the machine to be five or more years.
During the out years, the non-hardware costs of op-
erations will be paid for by other grants or donors.

Time allocation on the computer will be overseen
by a committee consisting of the PI, the 4 co-PIs,
and the 11 Senior Associates on this proposal. Most
of the members of our team are users of Pleiades,
and have shared such resource equitably in the past.
Computer time will be allocated equally among all
the members of our team. Time will be measured on
average usage over many months; there will certainly
be periods when one or a few users dominate the
machine because of time-critical calculations. The
Allocation Committee will have the power to adjust
quotas over the years to reflect evolution in person-
nel (new faculty hires, changing postdocs, evolving
research priorities, etc).
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3 Data Management

Two types of data collections will need to be man-
aged for the proposed facility. First is the data gen-
erated on the machine itself as result of ongoing lo-
cal research. Second is the data generated remotely
that needs to be archived locally and made publicly
available. Based upon the characteristics of simula-
tions we expect to run, the first class of data collec-
tions will be medium sized (a few terabytes per sim-
ulation set per group per year). The second type of
data collection results from full production runs on
the largest supercomputers in the US and is at least
an order of magnitude larger.

For local simulations, fast, reliable storage is re-
quired for caching and staging the data during the
run. Archival data collections, due to the relative in-
frequency of access, do not need to reside on such
robust or fast devices and can thus use cheaper me-
dia. Our proposed solution is thus a hybrid system
that provides rapid reliable access for a small sub-
set of the data, but slower access for larger archived
data sets, up to a total of approximately 1 PB. After
local simulations are completed, data can be moved
from the the fast cache storage to the slower archival
storage. This optimal configuration will be achieved
by the purchase of additional storage devices in the
second year.

For archival storage, we will use SATA drives, in-
stead of the much more expensive (but slightly more
reliable) SAS drives. Each drive will have a ca-
pacity of 2 TB or higher. These SATA drives will
be hosted in disk enclosures and connected to 8 file
servers with SAS interfaces. We plan to recycle the
4 file servers and disk enclosures (but will replace
the drives) from the current Pleiades cluster; thus we
will only need to purchase four more file servers. The
1 PB storage will be served to the whole cluster us-
ing a fast parallel file system. We are exploring using
Lustre, which is the de facto parallel file system, used
by many of the top 500 machines.

In the second year of the grant we will add 10 TB
of solid state drives (SSD) for caching and scratch
space. This will greatly increase the performance
of the overall storage system at modest cost. The
caching/scratching storage will provide an expected
IO speed of 10 GB/s (more than 10 times that of the
main storage); and its total capacity is more than suf-

ficient to hold all the output of running simulations
for a short period of time (10–30 minutes) before the
data are moved to the more spacious main storage.

The storage system will be directly linked to
UCSC’s “dark fiber network”, which connects to
the CalREN-HPR network tier at a bandwidth of
10 Gb/s. The dark fiber will allow the researchers to
move large amount of data between the new cluster
and supercomputers at national centers. It will also
enable the proposed machine to serve as a repository
for astrophysics legacy simulations, making these ac-
cessible to the community at large.

Within the budget of this proposal, extensive re-
dundant backup systems (such as robotic tape stor-
age) are not affordable. Our hybrid system of
solid state storage for the necessarily fast and robust
caching and staging process, and disk storage under
RAID6 for the archival storage mitigates this issue.
The greatly increased reliability of RAID6 will re-
duce the need for frequent backups, thus reducing
cost. Moreover, we will be able to reduce the need
for “hot spares” and fast rebuild by being able to sur-
vive two simultaneous disk failures, again reducing
management cost. Since the archival storage will not
be written frequently, the slightly lower write perfor-
mance of RAID6 as compared to RAID5 will not be
a major concern.

While the long-term storage systems will all be
RAID6, and therefore protect against many device
failures, we again intend to operate in a redundant
“dual mode” with regards to backup of the perma-
nently valuable data. The most valuable data are the
large production collections and the facility here is
intended as both a backup and public accessible sys-
tem for this data. The data will also be kept at the
production facility when possible, so that redundant
copies exist. Our facility may outlive the remote en-
tity however, at which point further backups become
an issue. For the locally-generated data, no redun-
dant backups (apart from the RAID) will exist. We
anticipate that this is not a catastrophic issue since
these simulations, though permanently valuable, are,
by the nature of the machine, mid-range calcula-
tions, and therefore reasonably reproducible by re-
calculation (208), based on work done by some of
the computer scientists in our team.

We expect that the archival repository will remain
available for at least 3–4 years after the end of the
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proposal funding period. While we cannot guaran-
tee funding for additional hardware during the post-
grant period, the space, power, and network connec-
tivity allocated to the system will remain available.
Thus, we can continue to run the storage system us-
ing existing hardware; our experience with Pleiades
suggests that the system will remain viable for 3 or
more years beyond the end of the grant period. In ad-
dition, we will seek additional funding to extend the
lifetime of the archive. Since we are doing work on
archival storage systems as well as astrophysics, we
may be able to leverage additional funding in either
of these areas to build a longer-term storage solution.
As noted above, we are also storing many important
results at high-performance computing centers; thus,
we do not expect to lose all data even after this sys-
tem becomes too old to be useful.
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5 Budget Justification

The request from NSF – $910,000 – is entirely for
computer hardware. We are also budgeting $130,000
from the matching funds for computer hardware.
A detailed discussion of the hardware selected was
given in § 1.4. Four quotes from the vendors ASA,
Dell, Fine Tec, and SGI, together with a summary
spreadsheet, are included in the Supplemental Doc-
uments. Three of them (ASA, Fine Tec, Dell) are
within ten percent of the total cost of the hardware
budgeted here – $1.04 M. Their similarity in to-
tal cost and specifications gives us confidence that
the estimated hardware budget, $1.04 M, is realistic
given our requirements. The fourth (SGI) is signifi-
cantly higher and was discarded. The Dell and Fine
Tec quotes differ in the number of GPU-accelerated
nodes and assume a total storage of about 200 TB
(raw).

The actual vendor and quote will only be selected
after extensive product review and interviews once
the proposal has been funded and the actual bud-
get and time line are better known. Our previous
experience was that vendors are more prepared to
make a deal when cash is in hand. As the new ma-
chine will be assembled from components available
in late 2012, it will probably differ in details from the
quotes above. In particular, we anticipate the avail-
ability of faster processors with more cores, faster
GPU units, and higher capacity mass storage solu-
tions for the same cost. All these factors make our
goal of a 1 PB storage facility reachable, and 0.5
PB guaranteed even in today’s market. In the event
that cost constraints prohibit us advancing beyond
0.5 PB, we will seek additional funding from other
sources in order to advance to 1 PB.

Our storage capabilities will be built over a two
year period. We have budgeted a total of $140,000
in the second year ($110,000 from NSF and $30,000
from cost sharing) for storage-related hardware. In
particular, we plan to add 10 TB of SSD (solid state
drives) for caching and scratch space in the 2nd year
of operation. This will greatly increase the perfor-
mance of the overall storage system at a relatively
modest cost. SDD storage will be deployed the 2nd
year as SSD technology is progressing at an ex-
tremely rapid pace, and delaying purchase will in-

evitably buy us more SSD for the same money.
A cluster of the proposed size and complexity will

require, at least initially, a full time person to look
after it. A knowledgeable system manager is a vital
component in helping to get the quotes, to select the
vendor from the quotes, and to supervise the actual
buying, installing, and setting up the HPC cluster.
Furthermore, once up and running initially, queuing
software will need to be developed and implemented,
the operating system and RAID arrays will need to
be tuned and debugged, security and licenses must
be installed and maintained, initial users will need
help, hardware will fail, etc, and so a system manager
is essential. We have budgeted $260 K (1.00 FTE
at the level of Associate Project Scientist II for year
1 and 0.354 FTE for year 2) from matching funds
to cover the (non-hardware) costs of operations over
two years.

We include, in the Supplemental Documents Sec-
tion, a copy of the letter from the Vice Chancellor
for Research at UCSC detailing their support for this
project. VCR Margon vouches that the University
will provide space, power, and air conditioning as is
necessary to operate the machine for its lifetime.
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6 Facilities, Equipment, and Other Resources

Our proposal is to purchase and operate a new facility. The relevant existing resources are thus the in-
frastructure for that facility, office space for the users and administrator, and other tools for amplifying the
operation and scientific yield of the new computer.

• The site and site preparation: The new machine will utilize the space, power, and cooling currently being
used by the one it is replacing, Pleiades. This is an area in the basement of the Information and Technology
Services Building on the UCSC campus. The conditioned and “interruptable” power is 100 kW and the
cooling is 25 tons. The floor space is approximately eight racks. When Pleiades was installed UCSC
spent $450,000 upgrading this space and purchasing the UPS. The infrastructure is in perfect working
order, and it has been guaranteed to us for the useful life of the new machine. It is also worth noting that
the electrical power being paid for by UCSC will cost, in five years, much more than the purchase price
of the cluster.

• Ethernet connection to the outside world: Two years ago, UCSC greatly upgraded his high speed inter-
connect with the outside world. This “Dark Fiber” infrastructure (shown in the Figure), provides 10 Gbps
layer 3 circuit to CENIC and thus a superfast pipe to other major reseach universities and national labs.
The new computer will be directly plugged into this network allowing it high speed access to our data at
the national centers.

• Visualization: A remarkable visualization facility – the OptIPuter – is housed in CITRIS in the Scool of
Engineering but is available to the whole campus. The OptIPuter is a distributed computer system capable
of fulfilling many computing roles. It incorporates an optical networking computational cluster driving a
tiled display wall. It is located in the UCSC Engineering Building, and boasts a display wall consisting of
40 HP monitors, each with 29.8 inches viewable area and 2560 x 1600 resolution. The displays are laid
out in a 10 x 4 grid, leading to a total display size of 272 inches by 71.6 inches and resolution of 25600 x
6400 (163.8 Megapixels). This is an ideal place to display our results from multi-dimensional simulations,
both for purposes of data analysis and public outreach. Many of our simulations from Pleiades have made
use of this facility. See http://www.iti.ucsc.edu/optiputer.

Figure 12: The UCSC Dark Fiber infrastructure, providing 10 Gbps layer 3 circuit to CENIC and thus a superfast pipe to other
major reseach universities and national labs.
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