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ABSTRACT

The TeraGrid is growing to a Petascale environment. Its latest addi-
tions and future planned systems will allow astrophysicists to inves-
tigate astrophysical objects that cannot be studied with today’s obser-
vational methods, and which were previously excluded from compu-
tational study by lack of both computational power and appropriate
codes. We present an overview of recent results in relativistic astro-
physics, including binary black hole systems and stellar core collapse
scenarios. We describe the main properties of our software infras-
tructure and our physics codes that we employ on the TeraGrid, and
we outline our plans towards new and groundbreaking physics in the
coming years.

1 INTRODUCTION

Since the invention of the microprocessor, there has been an expo-
nential increase in the (theoretical peak) single CPU performance and
consequently also in the integral peak performance of highly parallel
supercomputers. Machines reaching the petaflop mark are being de-
signed and built; they will be more than four million times faster than
the Cray-1 which still serves as the icon of supercomputing.

However, computer software is today not able to keep up with har-
nessing this wealth of computing power. In particular, many physics
codes written for the Cray-1 thirty years ago are still being used virtu-
ally unaltered on today’s workstations or as parts of large simulation
codes running on modern high performance systems. These codes are
typically not well optimized for modern architectures, leading to se-
vere limitations on efficient resource usage such as the observed large
gap between theoretical peak and actually achieved floating point per-
formance or parallel scaling.

Although hundreds of millions of dollars are being targeted at de-
signing and deploying petascale hardware and at developing new pro-
gramming languages and models, there is still a lack of understanding
of how they will be employed for real-life and real-science applications
[8].

One such science problem which is of interest to us is the merging
of two black holes. This is expected to be one of the strongest sources of
gravitational radiation in the universe. Gravitational waves have not
been observed directly to date, but gravitational wave detectors (e.g.
the NSF-funded LIGO [1]]) are in the process of reaching sensitivities

sufficiently high to observe interesting astrophysical phenomena. An-
other, particular challenging problem in astrophysics — the modeling
of gamma-ray bursts (GRBs, introduced in section [4.2]below) — is mo-
tivating us to be ready to exploit petascale computers, and is driving
our physics and computer science development program.

Although solving this GRB simulation problem is likely to be a
decade-long challenge, we believe that continuing to develop our sci-
entific software through the component framework Cactus [2} 37] will
provide a path to petascale. In this paper we present an overview of re-
cent results in two particular areas of relativistic astrophysics, namely
binary black hole systems and stellar core collapse, which are stepping
stones towards for GRB simulations. We further describe the main
properties of our software infrastructure and our physics codes, and
then outline our plans for the coming years.

2 METHOD DESCRIPTION

2.1 PHysIcs

We carry out our astrophysical simulations in full non-linear general
relativity (GR) without any symmetry assumptions (i.e., in 3D) using
the 3+1 formalism of Einstein’s GR (see e.g. [17] for a review) that foli-
ates spacetime into time-consecutive spacelike 3-hypersurfaces. Ein-
stein’s equations are treated as a Cauchy initial value problem and
are evolved freely. In the particular formalism we employ — BSSN
(see e.g. [0l [10] [16) [17, [20] for details on the formulation and numer-
ical implementation) — the Einstein equations separate into 17 evolu-
tion equations, 8 gauge evolution equations, and 4 constraint equa-
tions. The latter must be fulfilled by the initial data and continued
fulfillment is guaranteed by the evolution equations in the continuum
limit. In a numerical evolution at finite resolution the magnitude of
the constraint violations is used (1) to evaluate the quality of a sim-
ulation and (2) for testing proper convergence of the code. We em-
ploy our legacy curvature evolution code CCATIE [3} 9] [10] and the
newly developed state-of-the-art code McLachlan for the astrophysi-
cally highly relevant scenario of binary black-hole inspiral and merger
(see e.g. [41]55, 56| 57, 58]).

For relativistic astrophysical systems that contain dynamically-re-
levant amounts of ordinary matter, GR hydrodynamics is a crucial sec-
ond ingredient, providing, in coupled fashion with the curvature part,
for the time-update of the matter fields (for a review and details on GR
hydrodynamics see [34]). For this we employ the publicly available
finite-volume high-resolution shock capturing code Whisky [11]. We
are also in the process of developing the GR magneto-hydrodynamics
(GRMHD) code DiFranco [62] which will allow us to include the effects
of magnetic fields in our simulations. Most of our GR hydrodynamics
efforts have been focused on studying the collapse of massive stars to
neutron stars [50, 52, 53], the collapse of neutron stars to black holes
[11} 12} [14], non-axisymmetric rotational instabilities in neutron stars
[13} 52], neutron star binaries [30], as well as neutron-star — black hole
binary systems [44].
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2.2 COMPUTATIONAL INFRASTRUCTURE

We structure our code through the Cactus framework [2,[37]], which lets
us compose individually developed components (called thorns) to full
applications. Cactus is a tightly coupled framework, intended to run
within one high-bandwidth low-latency system. Components share
their main data structures, while memory, communication, and I/O
are managed by a specialised driver component. This architecture en-
ables highly efficient component coupling with virtually no overhead,
but imposes certain restrictions onto the architecture of the individual
components.

The framework itself (called flesh) does not offer any significant
functionality on its own. It rather offers a set of well-designed APIs
which are implemented by other components; the specific set of com-
ponents which are used to implement these can be decided at run time.
Such APIs provide coordinate systems, generic interpolation, reduc-
tion operations, hyperslabbing, and various I/O methods, and more.

Cactus originated in the numerical relativity community in 1997,
and has since matured into a generic software framework for high-
end computing applications which are developed by large and interna-
tional collaborations. Cactus is used by more than two dozen research
groups worldwide and is part of the petascale tool development for
NSF’s Blue Waters Petascale Computing System [4].

The specific physics equations and their discretization are imple-
mented as thorns. We discretize the simulation domain using high-
order finite differences on block-structured grids, employing Berger—
Oliger adaptive mesh refinement (AMR) [19]. We use explicit Runge—
Kutta type time integration methods, and subcycling in time on finer
grids ensures a constant CFL factor independent of the spatial resolu-
tion. Our AMR algorithm is implemented in the Carpet driver compo-
nent [5) [60] which provides the basic recursive AMR algorithm. Car-
pet builds on a lower level CarpetLib component providing memory
management and inter-process communication, and is accompanied
by helper components providing I/0O, grid structure setup, and other
functionality.

In addition to mesh refinement, Carpet supports multi-patch sys-
tems [29] 59} 62] where the domain is covered by multiple, possibly
overlapping, distorted, but logically Cartesian grid blocks.

The framework architecture, where each component declares its in-
terfaces and where memory is managed by a specialised driver compo-
nent, is akin to function composition in functional programming lan-
guages. Components do not store any state themselves, they only act
on variables which are passed in by the framework. This has a number
of advantages: debugging is simplified since the data flow is known
explicitly, all variables can be easily output since the driver manages
them, and checkpointing/recovery is almost trivial to implement since
the driver knows the complete state of the simulation at all times. This
assumes that components play by the rules — this is not actually en-
forced, but components have to manage exceptions on their own.

Cactus parallelizes its data structures on distributed memory ar-
chitectures via spatial domain decomposition, with ghost zones added
to each MPI process’ part of the grids. Synchronisation is performed
implicitly, by declaring for each routine which variables it modifies,
instead of by explicit calls to communication routines.

Higher order methods require a substantial amount of ghost zones
(in our case three ghost zones for fourth order accurate, upwinding dif-
ferencing stencils), leading to a significant memory overhead for each
MPI process. This can be counteracted by using OpenMP [6] within a
multi-core node, which is especially attractive on modern systems with
eight (Abe, Queen Bee) or 16 (Ranger) cores per node; all performance
critical parts of Cactus support OpenMP. However, NUMA systems
such as Ranger require care in laying out data structures in memory
to achieve good OpenMP performance, and we are therefore using a
4-by-4 combination on this system (4 MPI processes with 4 OpenMP

threads each).

We have recently used Kranc [7, [40| 42] to generate a new BSSN-
type Einstein code McLachlan from scratch. Kranc is a Mathematica-
based code generation system that starts from continuum equations en-
tered into Mathematica, and automatically generates full Cactus thorns
after discretizing the equations. This approach shows a large potential,
not only for reducing errors in complex systems of equations, but also
for reducing the time to implement new discretization methods such
as higher-order finite differencing or curvilinear coordinate systems. It
furthermore enables automatic code optimisations at a very high level,
using domain-specific knowledge about the system of equations and
the discretization method that is not available to the compiler, such as
cache or memory hierarchy optimisations or multi-core parallelization.
Such optimisations are planned for the future.

3 RESOURCE USAGE

We regularly use the TeraGrid resources Abe, Queen Bee, or Ranger in
addition to local resources for large-scale science runs. We are happy
to mention that we managed to increase the efficiency and scalability
of our computational infrastructure during the friendly-user periods of
each of these machines; we find that the noncommittal way in which
large amounts of CPU time can be used (or even abused) for tests and
the short queue turn-around times form an ideal playground on which
new ideas can be implemented and tried with relative ease.

In a “typical” medium-size production run we use, in addition to
a series of smaller companion runs, about 32-64 CPU cores with about
2 GByte of memory per core for binary black hole (BBH) simulations;
such runs may last for several days of wall clock time, for several tens
of kSU per simulation. A large-size production run uses significantly
more resources. Until recently, we were unfortunately restricted to us-
ing not more than about 256 cores per run due to inefficiencies in our
communication infrastructure, but several “hero runs” used 64 cores
for about 90 days of wall time [50, 52] to solve a particularly demand-
ing stellar-collapse problem.

In more recent production runs for our binary black hole simula-
tions, we use between 128 and 256 cores, since some observables of
astrophysical interest require higher resolutions and larger simulation
domains to achieve the accuracy necessary for our results. As parame-
ter studies, i.e., the study of many different BBH models, are indispens-
able in our work [56} 57, (58], we easily reach the capacities of terascale
clusters.

Figure[T|shows results of weak scaling tests of the McLachlan code
on Franklin (NERSC), Queen Bee (LONI), and Ranger (TACC), several
large machines that have recently become available. The machines’
configuration is briefly described in table [l Shown is the number of
grid point updates that are calculated per millisecond where larger is
better. The computational load per core was kept constant, increasing
the total problem size with the number of cores. Ideal scaling would
be a horizontal line. For large numbers of cores, the AMR infrastruc-
ture’s efficiency drops especially on Franklin, but simulations with up
to about 8192 cores on Ranger have reasonable efficiency. The exact
reason for the non-scaling is currently under investigation.

4 PHysIcs DRIVERS AND RESULTS

4.1 BINARY BLACK HOLE MERGERS

Binary black hole (BBH) mergers are expected to be the strongest
sources of gravitational radiation in the universe and are therefore of
main interest to the currently active first generation of gravitational
wave detectors. Hence, it is an important task for Numerical Rela-
tivity to produce gravitational wave templates for various different



Resource Host Type | Arch. CPUClock  Theor. Peak Interconnect Nodes Cores C/N
Franklin NERSC Cray XT4 AMD 26 GHz  52Gflop/s Hypertransport 9432 18864 2
Ranger TACC Sun Constellation | AMD 20GHz  8.0Gflop/s Infiniband 3936 62976 16
Queen Bee LONI Dell Intel 233GHz 9.32Gflop/s Infiniband 668 5344 8
Table 1: Overview of the machines used for the benchmarks shown in figure[] C/N denotes the number of cores per node.
McLachlan/Carpet unigrid Scaling
200 T
Franklin ——
3 Queen Bee
g 150 Ranger ---%---
. .
o
«o 100
£
g
S 50 | L RS TR -/ .
)
1 10 100 1000 10000
cores
McLachlan/Carpet AMR Scaling
40 — T Figure 2: Initial configuration for a binary black hole merger, showing both the
Franklin —— location and size of the black holes (black) and the grid structure of our mesh
o 35 refinement setup in the z = 0 plane. The height field is the lapse function, one
o Queen Bee
© 30 | * Ranger ---%--- - of the metric components indicating the curvature of the spacetime. Curvature
S becomes infinite near the centers of the black holes.
o 251 N
o
o 20 _
E tend further outwards. As the black holes move across the domain, the
S 15 - " N refined regions move to track them.
o 10 - alE %] The tracks of the black holes in a typical simulation are shown in
5 5 L el figure[B} As the black holes emit gravitational waves, the orbit shrinks
and the black holes speed up. This in turn leads to a higher rate of
0 R — gravitational wave emission and even faster shrinking of the orbit.
1 10 100 1000 10000 The end result is the spiral pattern of figure [f} which shows a mea-
cores sure of the gravitational wave content on an equatorial slice shortly af-

Figure 1: Weak scaling results of the McLachlan code for unigrid and for mesh
refinement setups, evolving the full Einstein equations on large contemporary
systems. Shown is the number of grid point updates calculated per millisecond
(larger is better). These tests employed a hybrid MPI/OpenMP communication
model (except on Franklin). Even with mesh refinement, there is reasonable
scaling to up to more than 8000 cores.

BBH models to sufficiently cover the parameter space of possible detec-
tions. These templates can be used within gravitational data analysis
in matched filtering searches to increase the probability in detecting a
wave signal for such events.

The initial data for our simulations are chosen to be on approxi-
mately quasi-circular orbitsﬂ We typically use 8 levels of mesh refine-
ment in order to have high resolution only where it is needed, i.e., close
to the black holes where the curvature is largest. Figure[2]shows the ini-
tial configuration and grid structure for one of our simulations. Only
the 5 finest levels of refinement are visible in the figure; the others ex-

!1f no gravitational waves were emitted the black holes would move on cir-
cular orbits.

ter the merger. Since gravitational waves propagate with the speed of
light, a larger radial coordinate corresponds to an earlier emission time.
This leads to a chirp-like gravitational wave signal as shown in figure
where both the amplitude and frequency increases with time until
the two black holes merge into one. This resulting black hole is ini-
tially highly distorted, and it settles down to a stationary state through
highly damped oscillations. In this phase the gravitational wave signal
is essentially an exponentially damped sinusoid.

Several important questions of astrophysical relevance can be ad-
dressed by BBH simulations. Among those is the recoil velocity that
the merger remnant acquires due to the asymmetric emission of grav-
itational radiation. Gravitational waves carry away a total net linear
momentum during the inspiral and merger, and due to the conser-
vation of linear momentum the merger remnant ends up obtaining a
gravitational recoil. This recoil or “kick” [18) [54] can be of astrophys-
ical significance in different ways. In the case of supermassive black
holes, this may lead to an understanding of how our universe evolved
during its early stages of galaxy formation in the epoch of structure
formation through hierarchical galaxy mergers. It is likely that each
galaxy hosts a central supermassive black hole, and these will merge
during galaxy mergers. If the kick of the merged central black hole is
sufficiently large, it may overcome the binding energy of the merged
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Figure 3: Tracks of two equal-mass black holes with unequal spin as they spiral
in towards each other. The tracks end when the black holes merge to a single
black hole. It is clearly visible that the “inspiral speed” increases as the black
holes approach each other. Figureshows the gravitational waveform gener-
ated by such an event.

host galaxy so that it is ejected. The host would subsequently follow a
different evolutionary path compared to galaxies with a central black
hole [43} 145, [46].

In the case of stellar mass black holes, the same consideration ap-
plies to the merger of globular clusters within our own galaxy and may
give us a hint on the distribution of these black holes in our galactic
disk [45) 48] 149].

While estimates of kick velocities have been available for some time
[31) 32, 33]], the largest part of the system’s acceleration is generated
in the final orbit and plunge of the binary system, and, thus, requires
fully-relativistic calculations to be determined accurately, and much
progress was recently made in this direction [15] 23] 27, 28 [35] 136} 38}
39, [41]].

We have performed a series of simulations computing kick veloc-
ities for different initial configurations. The parameter space of initial
configurations is seven-dimensional; there are three components for
the initial spin for each of the black holes as well as the mass ratio. We
restricted ourselves to equal-mass black holes whose spin is aligned
with the orbital angular momentum leaving us with only two free pa-
rameters: the z-component of the spins a1, a, for each of the two black
holes. This is motivated by evidence for a preference in nature for bina-
ries that have spins aligned with the orbital angular momentum [21]],
at least in gas-rich mergers.

In our simulations we found a quadratic dependence of the kick
velocity on the initial spins a;, a;. Furthermore, in our simulations the
kick is not sufficient to lead to an ejection from the host object [41} 55,
58]. This may be an artifact of the restricted parameter space which
we examined. Other works with different initial spin configurations
led to so called “super-kicks” [23} 27, 28] which may easily exceed the
escape velocity of average galaxies. However, these configurations are
less likely to occur in nature [21].

A further astrophysically interesting result is the dependence of the
spin of the final black hole on the initial spins of the individual black
holes. We were able to obtain a fitting formula for the final spin as
a function of the initial spin parameters, not only for spin-aligned bi-
naries [57, 58] with equal mass, but also for arbitrarily spinning black
holes with unequal masses [56]. Both of these phenomenological for-
mulas for the kick velocity and for the spin magnitude can be readily
used in N-body simulations of stellar cluster and galaxy simulations.

Pseudocolor
Var: r*Psid
0.03000

100
~0.01500
-0.000

—0.01500

e
-0.03000

Max: 0.06354
Min: -0.06346

Y-Axis
M) 01

-50

-100-

100 50 0 50 100
X-Axis (M)

Time=350.976 M

Figure 4: Gravitational radiation emitted in the orbital plane during a BBH merger
encoded in the Weyl scalar ¥,. Plotted here is » - ¥4 to compensate for the 1/7
falloff that ¥4 obeys. One can see that the amount of radiation is particularly
strong during a certain time - the time of the merger - and becomes weaker
in the ring-down phase where the final black hole settles to a stationary state.
The remnant can not be seen at this scale since its horizon radius is around
rg ~ 0.3M. The emitted radiation is slightly asymmetric.

In these cases, the numerical solution of the full Einstein equations in
black hole encounters is unfeasible and has to be included by approxi-
mate formulas.

4.2 STELLAR CORE COLLAPSE

Stars more massive than ~ 10 solar masses (M) burn their nuclear fuel
all the way to the peak of the nuclear binding energy curve marked by
nuclei of the iron group. The central iron core is surrounded by an
onion-skin structure composed of ashes of previous burning stages.
The iron core eventually loses its central pressure support and col-
lapses to a protoneutron star (PNS). Note that collapse never proceeds
directly to a black hole, since nuclear repulsive forces always lead to
a rebound-like (“core bounce”) stabilization at the protoneutron star
stage. Black hole formation can only occur through mass accretion at
later times.

The collapse to a protoneutron star releases a prodigious amount
of gravitational energy, a fraction of which could power a core-collapse
supernova, the dramatic event marking massive star death (for a semi-
popular review, see [25]).

The fundamental problem that supernova theory has faced in the
past 50 years is how exactly the necessary fraction (about a hundredth)
of gravitational energy is converted into the energy of the supernova
explosion. Although significant progress has been made, the commu-
nity is far from agreeing on the supernova mechanism [61] and the
core-collapse supernova problem remains unsolved to the present day.

A second, perhaps even more pressing, unsolved problem associ-
ated with core-collapse supernovae is their detailed relationship with
gamma-ray bursts (GRBs; see e.g. [47] for a review). GRBs are intense
narrowly-beamed flashes of y-rays (very high-energy photons) of cos-
mological origin. They come in two groups: long-soft bursts last be-
tween ~ 10-1000 seconds and have -y-spectra peaking at lower fre-
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Figure 5: Gravitational waveform generated by a black hole merger event. As
the black holes orbit each other, both frequency and amplitude of the wave in-
creases, peaking as a single black hole is formed. The single black hole is
initially highly distorted and rings down quickly. Shown is the “plus”-polarization
of the gravitational wave strain.

quencies than those of short-hard bursts, that have durations of ~ 2
seconds. Long-soft GRBs show features in their longer-wavelength
afterglow emissions that strongly suggest a close relationship with
very energetic type-Ic core-collapse supernovae from massive stars
that have lost their hydrogen envelope and a fair fraction of their he-
lium shell to a stellar wind (M 2 25-35 M). Just as the supernova
mechanism, the mechanism powering GRBs is currently not known.
Energetics and phenomenology suggests that GRBs may be powered
by a central engine, consisting of a stellar-mass black hole that accretes
from a rotationally-supported accretion disk. The rotational and grav-
itational energy of the accreting material could be converted by this
engine (via magneto-rotational effects and/or by the annihilation of
neutrino - anti-neutrino pairs) into the kinetic energy of a bipolar rel-
ativistic outflow (jet) that punches through the stellar envelope and
produces the characteristic y-ray emission.

The high-density, strong-gravity regions in which the engines of
both GRBs and core-collapse supernovae operate are impossible to ob-
serve by the means of conventional astronomy. Electromagnetic radia-
tion, the basic messenger of astronomy, cannot propagate through the
intervening stellar material. Only neutrinos and gravitational waves
have the potential of acting as live messengers for the intricate dynam-
ics associated with GRB and core-collapse supernova central engines.
In order to ascertain central-engine details, numerical models are re-
quired for predicting and matching gravitational wave and neutrino
observations.

Realistic numerical models of stellar collapse — the presumed pre-
cursor to both core-collapse supernovae and long-soft GRBs — must
encompass a multitude of physics, including GR, GRMHD, neutrino
transport and interactions, and a finite-temperature nuclear equation
of state, relating density, temperature and composition to pressure and
other thermodynamic quantities. In addition, simulations should be
carried out without symmetry restrictions, hence in 3D, in order to cap-
ture all possible multi-dimensional dynamics/phenomena.

In our efforts towards simulating core-collapse supernovae and
GRBs, we have recently reached an important milestone by perform-
ing the first self-consistent 3D simulations of massive star collapse in
full non-linear GR [50} 52, 53|]. These simulations also included for
the first time all relevant microphysics necessary (neutrino treatment,
finite-temperature nuclear equation of state) to model realistic young

Figure 6: Volume rendering of the rest-mass density of a rotationally-deformed
protoneutron star (PNS) shortly after core bounce in a 3D GR hydrodynamics
simulation carried out by Ott et al. [50} 52| 53]. The pattern displayed on the
plane below the PNS reflects the Weyl scalar ¥4, representing qualitatively the
outgoing gravitational wave field.
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Figure 7: Gravitational wave signature of stellar collapse, bounce, and early
post-bounce phase in a rapidly-spinning 3D GR model by Ott et al. [50} 52, [53].
Realistic cores stay axisymmetric through core bounce and the very early post-
bounce phase. This is reflected in the absence of gravitational wave emission
along the axis of symmetry. At later times, non-axisymmetric structures and
dynamics develop, leading to prolonged and strong emission of gravitational
waves also along the polar direction.

protoneutron stars. We performed this calculations for the 200-300 mil-
lisecond initial collapse phase and followed the protoneutron-star —
outer iron core system to ~ 100 ms after core bounce. Our focus in
this study was on the dynamics of collapse and bounce and on the de-
velopment of 3D structures and dynamics at post-bounce times.

The results of our simulations show that stellar core collapse pro-
ceeds in rotational symmetry (axisymmetry) through collapse and
bounce. At post-bounce times, however, the protoneutron star may
undergo a rotational hydrodynamic instability that drives the develop-
ment of non-axisymmetric structure as depicted in figure [6| for a par-
ticularly rapidly and differentially spinning protoneutron star simula-
tion. Figure[7]displays the gravitational waves emitted in a representa-



tive simulation of rapidly-rotating stellar core collapse. A strong burst
of gravitational waves is emitted at bounce when the inner core is most
compact and the accelerations are greatest. What follows are damped
ring-down oscillations in which the newly-formed protoneutron star
dissipates its remaining pulsational energy. Core bounce and ring
down occur in axisymmetry and are in gravitational waves visible only
to observers situated away from the axis of symmetry. At post-bounce
times & 20-30 ms, the protoneutron stars develops non-axisymmetric
substructure in regions near its equatorial plane, leading to the emis-
sion of quasi-periodic gravitational waves (blue graph in figure 7} as
seen by observers situated along the poles of the system). Although
of lower amplitude, the prolonged duration of this post-bounce emis-
sion can easily dwarf the bounce signal in total energy emission and
is an important enhancement of the stellar collapse gravitational wave
signature.

5 FUTURE IMPROVEMENTS

We assume that our present spacetime and GR (magneto-)hydrody-
namics codes can handle self-consistently and with good physical
detail both the initial collapse and early post-bounce phase of core-
collapse supernovae [50} 52} 53] and the dynamics of black hole for-
mation and subsequent accretion [51].

To model with sufficient physical detail the workings of core-
collapse supernova and GRB central engines, the inclusion of neutrino
transport and interactions is crucial. This will ultimately require radi-
ation transport in a multi-group flux-limited diffusion approximation.
Building upon experience with transport solvers in the VULCAN/2D
code (see, e.g., [26]), this could be implemented in an efficient ray-by-
ray fashion (e.g. [24]). Solving a diffusion equation at every time step
as well as the necessary implicit time integration schemes will necessi-
tate efficient solvers, increasing the computational requirements of our
code by at least an order of magnitude.

These plans for additional physics need to be accompanied by cor-
responding improvements in our computational infrastructure. Also,
future architectures such as Blue Waters will require unprecedented
levels of parallelism from codes that intend to achieve petascale per-
formance.

We expect some benefit from additional static optimizations, im-
plemented, e.g., within the Kranc code generator, including generat-
ing explicit vector instructions for inner loops, eliminating common
subexpressions, and reducing the amount of temporary storage. In
our experience, compilers do not perform well at these tasks for our
large inner loops. Automatic code generation will let us apply these
by re-generating affected code. Another set of optimizations can be
applied dynamically, i.e., at run time depending on the particular sys-
tem hardware; examples are loop tiling, prefetching, and data copy-
ing, or changes to the memory layout of our 3D grid functions to opti-
mize cache efficiency. Using a framework allows us to perform exper-
iments in this direction without rewriting the user code implementing
the equations or containing the discretization. All such optimizations
should be automatically evaluated at run time, both to give the user
feedback on their efficiency as well as to collect a performance database
for future research.

The GRB simulations will generate large amounts of output data,
both in size and in the number of simulations that will be run. Meta-
data are central to the management, archival and retrieval of simula-
tion data. In the metadata model currently under development for
Cactus, we define for each simulation extensible key—value pairs of
core and key metadata. Core metadata describe the basic and generic
characteristics of the simulation, including parameter settings, infor-
mation on active Cactus thorns, size of the simulation, machine and
performance information, source code version etc. Key metadata, on
the other hand, consist of application-specific key—value pairs, for ex-

ample, for a GRB simulation, they may contain a description of the
progenitor star characteristics (mass/rotational configuration etc.), in-
formation on when the black hole horizon first appears, or when the
GRB jet breaks through the stellar envelope. Each core and key meta-
data key—value pair may be classified static (cannot change during the
simulation) or dynamic (can change during the simulation). In this
way, the simulation metadata can also be used for on-line remote mon-
itoring of central characteristics while a simulation is running [22].
With the additional physics capabilities described above, and with
an improved and extended computational infrastructure, we hope to
be able to use current and future TeraGrid resources efficiently to make
good progress towards new and groundbreaking physics results.
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