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EXECUTIVE SUMMARY

EXECUTIVE SUMMARY

Nuclear physics is manifest in areas as seemingly disparate as the history of the early universe, the
generation of energy in the sun, and the creation of nearly all the elements in stellar furnaces and
explosions. A major focus of nuclear physics is the strong force and the atomic nuclei whose binding is a
direct result of it, and whose stability underlies that of the atoms and thus molecules forming the familiar
matter of all life forms and everyday objects. The strong nuclear force is a complex one, much more so
than the gravitational and electromagnetic forces familiar from daily life. Understanding this nuclear
force places particularly difficult demands not only on experiment but also on theory and calculation,
particularly on computational power needed for these calculations.

Nuclear physics pursues several major areas of research, including the following:
1. Structure of nuclei

2. Nuclear forces and quantum chromodynamics (QCD), the quantum field theory of the strong
interaction

3. Fundamental interactions and symmetries that govern the interactions and the quantum states
observed

4. Nuclear astrophysics and the synthesis of nuclei in stars and elsewhere in the cosmos
5. Hot QCD for the highest temperatures known and phases of strongly interacting matter

6. Science and design of the accelerators, detectors, and other tools essential for pursuing these scientific
guestions.

The analysis and interpretation of results, and the development of an encompassing theoretical and
intellectual framework depend on significant and focused investments, particularly in large-scale
computing facilities and their ancillary capabilities for data visualization, storage, retrieval and
transmittal. These are necessary in parallel to the perhaps more familiar investments in state-of-the-art
accelerators and detectors to support experimental investigations. Most forefront problems now driving
active research depend on access to large-scale computing facilities for tasks ranging from designing the
facilities, making predictions based on current theories, and determining the implications for scientists’
overall understanding of the experimental results, all with more demanding requirements for precision.

The scale of computing facilities needed for state-of-the-art scientific exploration far outweighs what is
possible with desktop- to departmental-scale (few to hundreds of computing cores) resources—instead,
requiring access to the (few) large national centers where tens of thousands of computing cores, capable
of delivering sustained performance of hundreds of teraflops, are available. Many problems, coming
from all areas of nuclear physics, still require that significant approximations be made before such
powerful centers can process the problem, or cannot even be attempted at present centers as they require
computing timescales on the order of years. Extrapolating to the computing power needed to remove
such approximations indicates a major shift in the ability to address such forefront questions that will
occur with computing resources that are a few orders of magnitude more capable than current state-of-
the-art machines. It can be projected that in a number of areas of active research, descriptions become
possible that include all presently known phenomena and address the science involved at the multitude of
physics scales that are known to be important. This report provides a focused consideration of the nuclear
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EXECUTIVE SUMMARY

physics that could be addressed at such a facility and notes proactive investments in computing facilities
that would advance state-of-the-art technology.

The shift in architecture away from single-core to multicore computer architectures over the past two
decades means that efforts to harness and make best use of the computing power offered need not only
involve scientists and applied mathematicians to develop the best numerical approaches to solving
computational problems, but necessarily also involves collaboration with computer scientists to develop
programming approaches and languages that make best use of the massively parallel architectures. Thus,
any exploration of the possibilities for computation in nuclear physics at scales that exceed those of today
necessarily involve joint efforts among scientists, applied mathematicians, and computer scientists.

This report is an account of the deliberations and conclusions of the workshop on “Forefront Questions in
Nuclear Science and the Role of High Performance Computing” held January 26-28, 2009, co-sponsored
by the U.S. Department of Energy (DOE) Office of Nuclear Physics and the DOE Office of Advanced
Scientific Computing Research. Representatives from the national and international nuclear physics
communities, as well as from the high-performance computing community, participated. The purpose of
this workshop was to 1) identify forefront scientific challenges in nuclear physics and then determine
which—if any—of these could be aided by high-performance computing at the extreme scale; 2) establish
how and why new high-performance computing capabilities could address issues at the frontiers of
nuclear science; 3) provide nuclear physicists the opportunity to influence the development of high-
performance computing; and 4) provide the nuclear physics community with plans for development of
future high-performance computing capability by the DOE Office of Advanced Scientific Computing
Research.

Technical panel discussions focused on five major areas where extreme scale computing is most relevant
to nuclear science:

e nuclear forces and cold QCD

e nuclear structure and nuclear reactions
e nuclear astrophysics

e hot and dense QCD

e accelerator physics.

This report gives a description of key science issues and opportunities for these five major science areas.
The current status is exhibited with examples drawn from active research that uses current large
computing centers. The report then provides priority research directions (PRDs), including scientific
goals that can be achieved at each step of a series of measured increases in computing power above that
presently available, culminating in a factor of one-thousand-fold increase in capability. A discussion of
crosscutting issues is provided, with opportunities featured for collaboration with scientists particularly in
the areas of applied mathematics and computer science. The report concludes with a conclusions and
recommendations section.

Scientific Grand Challenges: Forefront Questions in Nuclear Science and the
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Priority Research Directions
The PRDs that the five sub-panels identified are summarized in the following paragraphs.
Sub-Panel 1 — Nuclear Forces and Cold Quantum Chromodynamics

QCD is the underlying quantum field theory describing the strong interactions. When combined with the
electroweak interactions, it is responsible for the interactions and properties of the nucleons and all nuclei.
Lattice QCD is the only known technique which can be used to solve QCD and involves a direct
numerical evaluation of the path-integral of QCD using large-scale computers. This sub-panel identified
four PRDs.

o The first is the spectrum of QCD, which involves the calculation of the spectrum and properties of
excited states of mesons, in particular those with explicit gluonic degrees of freedom.

e The second is how QCD makes a proton, which involves the calculation of the contribution of
gluons to nucleon structure, which will refine scientists’ knowledge of the origin of mass and spin in
the proton.

e The third is from QCD to nuclei, which involves the calculation of the three-nucleon interaction with
lattice QCD, which will provide interactions between nucleons that must be known, yet are
inaccessible to experimentation; this inaccessibility currently limits nuclear structure/reaction and
astrophysics calculations.

e The fourth is fundamental symmetries, which involves the calculation of both parity-violating
nuclear forces and time-reversal-violating observables resulting from the weak- and strong-
interactions with lattice QCD.

Sub-Panel 2 — Nuclear Structure and Nuclear Reactions

The theory of the atomic nucleus focuses on predicting and explaining extensive classes of phenomena
that occur in nuclei. These phenomena are important in the birth of the universe, in astrophysical settings,
in energy generation via fission and fusion, and in industrial and medical applications via use of stable
isotopes and radioisotopes. This sub-panel identified four PRDs.

e The first is the physics of extreme neutron-rich nuclei and matter, which includes computing
properties of nuclei that determine the r-process nucleo-synthesis path in stars and the nucleonic
matter in neutron star cores and crusts.

e The second is the microscopic description of nuclear fission, which involves solving a problem of
both basic science interest and of great practical importance—computing the paths to fission and its
products.

e The third is nuclei as neutrino physics laboratories, which involves computing properties of nuclei
used in double-beta decay experiments and neutrino-nucleus cross sections for modeling supernova
explosions and for the exploration of the properties of neutrinos.

e The fourth is the reactions that made us, which involves computing the triple-alpha process that
produces *?C, the nucleus at the core of organic chemistry and thus life forms, and **C(a.,y)'°0, the
element that is key to both water and the reactions that power humans and our present society.
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Sub-Panel 3 — Nuclear Astrophysics

The study of astrophysics and cosmology helps scientists understand the universe, how it came to be, and
our place in it. Given ever more precise astrophysical models, the universe becomes a far more powerful
laboratory for neutrino physics beyond the standard model, astrophysics, and nuclear physics at high
density and neutron content. Laboratory experiments in nuclear and neutrino physics in turn can
influence understanding of astrophysics. This sub-panel identified three PRDs.

e The first is the sun and other stars, which involves both developing the first three-dimensional
models of the sun and other stars that capture the turbulence of stellar interiors, and determining their
ramifications for stellar evolution, nucleosynthesis, and neutrino physics.

e The second is stellar explosions and their remnants: thermonuclear supernovae, which involves
the development of high-fidelity models of thermonuclear supernovae (the standard candles for
studying the behavior of dark energy with redshift) with complete treatments of turbulent nuclear
burning, of the transition from deflagration to detonation, and of radiation transfer to determine their
explosion mechanism and element synthesis.

e The third is stellar explosions and their remnants: core-collapse supernovae, which involves the
development of precision three-dimensional models of core-collapse supernovae to ascertain their
explosion mechanism; to predict their element synthesis in both explosive and r-process channels; to
predict their neutrino and gravitational wave signatures; and to study their remnants (e.g., neutron
stars), which then leads to understanding neutrino and nuclear physics not accessible in, and/or
complementing, terrestrial experiments.

Sub-Panel 4 — Hot and Dense Quantum Chromodynamics

The recent discovery of deconfined strongly interacting matter, colloquially called quark-gluon plasma, is
a significant opportunity to extend current understanding of nuclear matter and elementary particles at
high temperature and density. This matter shows evidence of behaving as a fluid with a remarkably small
ratio of shear viscosity to entropy, possibly lower than any other known substance. There is evidence
from spectral shapes, spectra of heavy quarks, and the elliptical asymmetry of emitted particles, that
equilibration occurs on a remarkably small timescale. This sub-panel identified four PRDs.

e The first is the precision calculation of bulk thermodynamics for strongly interacting matter.

e The second is the QCD phase structure at nonzero net baryon number density, with a goal to
calculate the behavior of QCD at finite-temperature and density to map the QCD phase-diagram, and
determine the existence and location (if it exists) of the thus far elusive critical point.

e The third is the transport coefficients of QCD and spectral functions of hadrons in medium,
which involves calculating the transport properties of QCD at high temperatures and nonzero
densities, including the screening mechanisms that lead to modifications of hadron properties and the
destruction of light and heavy quark hadronic bound states.

e The fourth is the equilibration challenge: from the color glass condensate to the quark gluon
plasma, which involves using the outputs of the first three PRDs in the complex three-dimensional
modeling of the expansion and cooling of dense matter created in relativistic heavy ion collisions.

Scientific Grand Challenges: Forefront Questions in Nuclear Science and the
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Sub-Panel 5 — Accelerator Physics

Accelerators are essential elements of the nuclear physics program, with the majority of experiments
requiring access to advanced accelerators for their execution. The recently announced Facility for Rare
Isotope Beam physics will have a state-of-the-art heavy-ion linac and separation system to obtain rarely
produced nuclei at production levels of 10™ or less of the primary beam for key experiments in nuclear
structure and astrophysics. Cold and hot QCD physics programs both require knowledge of the structure
of nuclei that can only be accessed by designing a new type of colliding-beams accelerator that can
collide electrons and heavy atomic nuclei at luminosities that are orders of magnitude beyond state-of-the-
art technology. Design tools used to realize these machines must address questions ranging from detailed
long-term stability of particle orbits and beam emittances to detailed modeling of electromagnetic
structures used to support the accelerating fields. This sub-panel identified four PRDs.

e The first is to maximize the production efficiency and beam purity for rare isotope beams for
nuclear physics experiments, which requires methods to model beam separators to remove beam
fragmentation products to the 10™' level.

e The second is to develop an optimal design for an electron-ion collider; such a machine will
operate at unprecedented luminosities and will require advanced modeling of the beam-cooling
channels and related devices to control beam halo and disruption.

e The third is design optimization of complex electromagnetic structures for nuclear physics
accelerator facilities. New accelerators tend to be large and represent significant capital investment;
therefore, a means of modeling the electromagnetic response of accelerator cavity and magnetic
structures incorporating multi-physics is needed.

e The fourth is advanced methods of accelerator simulation. New concept accelerators require much
exploration of parameter space to determine if the basic idea will produce an interesting machine.

Scientific Grand Challenges: Forefront Questions in Nuclear Science and the
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INTRODUCTION

The strong nuclear forces—or strong interactions—give rise to a wealth of phenomena that govern the
formation of atomic nuclei in the cosmos. These forces are responsible for the binding and stability of
atomic nuclei and thus the molecules forming the familiar matter of everyday experience, including life
itself. In contrast to the gravitational and electromagnetic forces that are familiar to all humans, the
strong nuclear forces are particularly complex, and their study defines the core of nuclear physics.
Developing a complete understanding of their implications for the universe and society places extreme
demands not only on experiment, but also on theory. A broad range of investigations are underway to
improve and expand current understanding of these strong nuclear forces. This includes understanding
and quantifying how they result in the observed properties and interactions of nuclei and their
constituents, and how they are involved in areas as seemingly disparate as the history of the early
universe, the generation of energy in the sun and in terrestrial nuclear reactors, and the creation of nearly
all the elements in stellar furnaces and explosions.

Nuclear physics pursues several major areas of research to examine these many aspects, including
research into the structure of nuclei; into nuclear forces and quantum chromodynamics (QCD) (the
guantum field theory of the strong interaction); into the fundamental interactions and the symmetries that
govern these interactions and the observed quantum states; into nuclear astrophysics and the synthesis of
nuclei in stars and elsewhere in the cosmos; into hot QCD and phases of strongly interacting matter; and
in the science and design of the accelerators, detectors, and other tools essential for pursuing these
scientific questions. The active areas of forefront research are described in the The Frontiers of Nuclear
Science, A Long Range Plan (DOE 2007), including progress towards various goals set for that research.

Significant and focused investments are needed to support much of the planned research that is outlined
above. Much of the experimental investigation requires use of state-of-the-art accelerators and detection
devices, as outlined in the 2007 Nuclear Science Long Range Plan (DOE 2007). The analysis and
interpretation of results, and the development of an encompassing theoretical and intellectual framework,
also depend in a major way on such focused investments, particularly on large-scale computing facilities
and their ancillary capabilities for data visualization, storage, retrieval and transmittal. An examination of
most active lines of current research shows that many of the forefront problems now driving active
research inquiries depend on access to large-scale computing facilities for tasks ranging from designing
the facilities, making predictions based on current theories, and working out the implications for overall
understanding of the experimental results.

The scale of computing facilities needed for forefront research in many cases far outstrips what is possible
with current desktop-scale (one to four computing cores) and current university departmental-scale
(dozens to hundreds of computing cores) or even most institutional-scale (thousands of computing cores)
resources. Instead, this research requires access to the few large national centers where tens of thousands
of computing cores—capable of delivering sustained performance of multiple teraflops and recently
petaflops—are available. However, it remains the situation that the resources currently available at
computational centers are insufficient to solve key problems in all areas of nuclear physics without either
controlled or uncontrolled approximations. Extrapolating to the computing power needed to remove
uncontrolled approximations and quantify controlled approximations indicates that a major shift in the
ability to address forefront questions in nuclear physics will occur with computing capability and capacity
that are a few orders of magnitude larger than what is available today. It can be projected that, in a
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number of areas of active research, descriptions become possible that include all presently known
phenomena and address the science involved at the multitude of physics scales known to be important. A
focused consideration of nuclear physics that requires—or could be addressed with—such facilities is
thus timely.

The evolution of large computer capability has led to large machines capable of sustaining petaflops, with
further growth definitely possible with known architectures. This represents a remarkable increase in top
speed in just over two decades. The Cray-2 attained one gigaflop in 1986, the Intel® ASC Red attained
one teraflop in 1997, the IBM® Roadrunner attained one petaflop in 2008, and was soon followed by the
Cray XT5™ 234 The evolution of processor speeds has also been dramatic, although less so than the
overall performance of very large machines, moving from the 8-bit processors used in early personal
computers such as the Apple® I1, which ran at 1 megahertz, to modern 64-bit microprocessors operating
at 3.5 gigahertz.> Note that processor speeds have increased little in the past 6 years, as technical limits
and issues of heat removal from the silicon chips employed have come to dominate technical
development; indeed, much engineering development is presently focused on increasing the number of
computing cores located on one substrate. The greater scale up in aggregate performance achieved by the
largest machines has been achieved by parallel processing where hundreds, thousands, and now hundreds
of thousands of computing cores are focused on one problem: the five largest multiprocessor machines
on the TOP500 list have over 100,000 computing cores. In addition, future machines will include
accelerator technology, effectively bringing parallelism into the millions of computing cores.

This shift in architecture away from single processors over the past two decades means that efforts to
harness and make best use of the available computing power not only involves scientists and applied
mathematicians to develop the best numerical approaches to solving computational problems, but
necessarily involves collaboration with computer scientists to develop programming approaches and
languages that make best use of the massively parallel architectures. Thus, any exploration of the
possibilities for computation in nuclear physics at scales larger than today must involve joint efforts
among scientists, applied mathematicians, and computer scientists.

This workshop report is one of a series resulting from the Scientific Grand Challenges Workshops hosted
by the U.S. Department of Energy (DOE) Office of Advanced Scientific Computing Research (ASCR) in
partnership with other DOE Office of Science programs. The workshop series focuses on the grand
challenges of specific scientific domains and the role of extreme scale computing in addressing those
challenges. Dr. Paul Messina, interim director of science at the Argonne Leadership Computing Facility,
is overseeing the workshop series.

The workshop, “Forefront Questions in Nuclear Science and the Role of High Performance Computing,”
was held January 26-28, 2009, in Gaithersburg, Maryland, to discuss leading scientific problems in
nuclear physics with a further focus on those problems that require extreme scale scientific computing
capabilities. This collaborative workshop, part of the Scientific Grand Challenges Workshops series, was

! Intel is a trademark of Intel Corporation.

2 IBM is a trademark of International Business Machines Corporation.

® Cray XT5 is a trademark of Cray Inc.

* TOP500 is a trademark of TOP500. Further information is available at TOP500® Supercomputer Sites at
http://www.top500.0rg.

> Apple is a trademark of Apple Inc.
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co-sponsored by the DOE Office of Nuclear Physics and DOE ASCR. A copy of the charge letter
requesting the workshop is provided in Young (2008).

Details of the workshop program, the overall workshop charge letter from DOE (Young 2008), and the
plenary presentations are provided on the Extreme Scale Computing Workshop - Nuclear Physics website
at http://extremecomputing.labworks.org/nuclearphysics/index.stm. Workshops in this series have been
completed in climate science, high energy physics, nuclear physics, fusion energy sciences, nuclear
energy, biology, and basic energy sciences. A workshop on national security will be conducted in
October 2009.

The purpose of this workshop was to 1) identify forefront scientific challenges in nuclear physics and then
determine which—if any—of these could be aided by high performance computing at the extreme scale;
2) establish how and why new high performance computing capabilities could address issues at the
frontiers of nuclear science; 3) provide nuclear physicists the opportunity to influence the development of
high performance computing; and 4) provide the nuclear physics community with plans for development
of future high performance computing capability by DOE ASCR. The workshop provided a forum for the
exchange of ideas from multiple scientific disciplines, including nuclear physicists, computer scientists,
and applied mathematicians. These participants provided the interdisciplinary expertise required to
identify and address challenges in nuclear science and high performance computing, with an emphasis on
the use of extreme scale computing for nuclear science research, advances, and discoveries. The
discussions included science issues, resource issues, the needed discipline skills to design and/or adapt
code to use large computing centers, and the practical aspects of using very large centers and planning for
future centers.

One hundred and fourteen participants registered for this workshop, of which 109 were in attendance.
Workshop participants included physicists representing multiple areas of investigation in nuclear physics,
computer science, and applied mathematics. Participants represented 27 national and foreign universities,
7 DOE national laboratories, 6 national and foreign corporations, and 2 federal agencies. Also present as
observers were several DOE Headquarters program managers. The workshop agenda is provided in
Appendix 1, followed by a list of attendees and their respective institutions in Appendix 2.

Technical panel discussions focused on five major areas where extreme scale computing is most relevant
to nuclear science:

e nuclear forces and cold QCD

e nuclear structure and nuclear reactions
e nuclear astrophysics

e hotand dense QCD

e accelerator physics.

All groups first focused on the key scientific questions in their areas with reference to the 2007 Nuclear
Science Long Range Plan (DOE 2007), and the more immediate scientific deliverables planned for the
field (milestones). Forefront problems that would benefit from the application of large-scale computing
resources were then examined and the relevant scale of current and needed work determined. A common
goal of these five technical panel discussions was to define future scientific challenges that require the
development of extreme scale computing to be addressed.

Scientific Grand Challenges: Forefront Questions in Nuclear Science and the
Role of Computing at the Extreme Scale 3


http://extremecomputing.labworks.org/nuclearphysics/index.stm�

INTRODUCTION

The structure of this report is as follows. A description of key science issues and opportunities for
advancement are provided in separate sections for each of the five major areas listed above. The current
status is exhibited with examples from active research efforts that draw upon large computing centers for
the needed computing, visualization, and data management support. This is followed by the priority
research directions for each of the five areas. For each priority research direction, there is a discussion of
the scientific goals that can be achieved with a series of measured increases in computing power above
that presently available, with a factor of one-thousand-fold increase in capability representing the highest
level considered. Crosscutting issues are then presented, with opportunities featured for collaboration
with scientists particularly in the areas of applied mathematics and computer science. Conclusions and
recommendations from this report are provided, followed by references to published literature cited in the
report. The workshop agenda is provided in Appendix 1, followed by a list of attendees and their
respective institutions in Appendix 2. Appendix 3 provides a list of acronyms and abbreviations used
throughout this report.
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COLD QUANTUM CHROMODYNAMICS AND NUCLEAR
FORCES

Co-Leads: Thomas Luu, Lawrence Livermore National Laboratory
David Richards, Thomas Jefferson National Accelerator Facility (Jefferson Laboratory)

INTRODUCTION AND CURRENT STATUS

The strong interaction, one of the fundamental forces of nature, is responsible for a diverse range of
physical phenomena, including binding gluons and the lightest quarks into pions, protons, and neutrons.
Through its manifestation as the strong nuclear force, it then binds neutrons and protons together to form
the elements of the periodic table. The strong nuclear force plays a central role in the burning of light
nuclei, or fusion, which occurs within the sun’s core. Within certain heavy nuclei—such as the
actinides—the strong nuclear force, in a delicate balance with the electromagnetic interaction, is
responsible for the process of fission where nuclei split into smaller constituents, a process exploited in
nuclear power stations to produce carbon-free energy. In core-collapse supernovae, the strong nuclear
force is essential for producing the shockwave that ejects the star’s mantle, providing an environment for
the nucleosynthesis of elements above iron. In all the subfields of nuclear physics represented in this
report, the strong nuclear force plays a central role.

The strong nuclear force originates from an underlying quantum field theory known as quantum
chromodynamics (QCD). This theory governs the interactions of quarks and gluons that are basic
constituents of the observable matter in our surrounding environment. QCD has been thoroughly tested
by experiments at high energies, giving scientists insight into nature’s workings over distances that are
smaller than the size of nucleons (the term used for both protons and neutrons). However, at low energies
or larger distances, the theory becomes formidable and efforts to theoretically determine fundamental
nuclear physics phenomena directly from QCD have met with less success. A long-standing effort of the
U.S. Department of Energy’s (DOE) Nuclear Physics program is understanding how QCD in this low-
energy regime—dubbed cold QCD—manifests itself into observed nuclear phenomena, and further, how
scientists can use QCD to make reliable predictions for processes that cannot be experimentally accessed.

The key issue is the phenomenon of confinement: quarks, through their interaction with gluons, are never
found in isolation at these low energies; they come as quark/antiquark pairs known as mesons, or as
triplets of quarks known as baryons. The phenomenon of confinement is a well established outcome of
QCD, but the exact nature of how confinement occurs and all of its consequences are still a mystery.
Why does QCD give us the particular mesons that we observe? In baryons, such as neutrons or protons,
how exactly do the quarks and gluons behave? Answers to these and similar questions will give scientists
greater insight into the mechanism of confinement and its consequences. Similar questions remain
unanswered about the exact nature of the strong nuclear force and its lineage from QCD. For example,
what is the nature and origin of the nuclear spin-orbit interaction? How does the three-neutron force
emerge from QCD? Even partial answers to these questions will help illuminate long-standing issues in
nuclear physics and ultimately provide scientists with a deeper understanding of how protons and
neutrons combine to form nuclei, and therefore the elements germane to everyday life.

Scientific Grand Challenges: Forefront Questions in Nuclear Science and the
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What is Quantum Chromodynamics and Lattice Chromodynamics?

At distance scales much less than 10™° m, matter is found to be composed of quarks and gluons. There are six
types of quarks, or “flavors”: up, down, strange, charm, bottom, and top quarks. They carry fractional electric
charges: for example, an up quark carries negative two-thirds of the charge of the electron, whereas a down
quark carries one-third of the charge of the electron. Quarks also carry another type of charge that physicists
quizzically call “color”: any quark will have either red, blue, or green color charge. The theory that governs the
interaction of quarks is aptly called quantum chromodynamics (QCD). Within this theory, gluons are massless
particles that mediate forces between quarks, as well as between themselves. Gluons carry no electric charge but
do carry color charges. At very short-distances, the interaction strength between quarks and gluons becomes small,
a feature of QCD called “Asymptotic Freedom” (Gross and Wilczek 1973; Politzer 1973), while at larger
distances the interaction between quarks and gluons becomes very strong, confining them into “colorless”
objects called hadrons. The 2004 Nobel Prize in physics was awarded to David J. Gross, H. David Politzer, and
Frank Wilczek for their discovery of asymptotic freedom in QCD, a non-Abelian gauge theory.

From left to right: David J. Gross, H. David Politzer, and Frank Wilczek. David G. Gross (Kavli Institute,
University of California ) image courtesy of Los Alamos National Laboratory; H. David Politzer (California
Institute of Technology) image courtesy of California Institute of Technology; and Frank Wilczek
(Massachusetts Institute Technology professor) image courtesy of Donna Coveney (Massachusetts Institute of
Technology).

Because of the peculiar way that gluons interact with each other at low energies, or at distances comparable to or
greater than 10 m, QCD has so far proven impossible to solve using pencil and paper calculations. Lattice
QCD is a formulation of QCD in which space and time are discretized on a lattice in such a way that makes the
theory amenable to numerical calculations. A lattice QCD calculation is performed using a Monte Carlo method
in which samplings of the vacuum are generated with a distribution prescribed by QCD, and physical
observables are then measured on these samplings. The greater the number of measurements, the smaller the
statistical uncertainty in the calculation. With sufficient computational resources, and a careful account of the
discretization artifacts imposed by the lattice, calculations that are not currently possible with pencil and paper
are now numerically feasible.

QCD is the quantum field theory that describes the interactions of quarks (depicted as colored circles), and
gluons (wiggly lines). Gluons also interact with themselves, as shown in the left cartoon. For numerical
calculations of QCD, the theory is formulated on a space-time lattice, as depicted in the right cartoon. Bottom
images courtesy of Thomas Luu (Lawrence Livermore National Laboratory) and David Richards (Thomas
Jefferson National Accelerator Facility).
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The breadth of issues outlined in previous paragraphs does not represent a lack of progress in
understanding nature in these environments. Rather, computational resources have now reached a point
where answers to many of these questions are considered within the realm of possibility. Substantial
progress has been made in using available computational resources to investigate these questions. As
computational research in these areas matures, scientists can expect further progress in using the
increasingly available computational resources. Extreme computing will usher in a new era in
computational physics for zero-temperature QCD calculations, and will afford the opportunity of
answering many of these outstanding questions in nuclear physics. However, new challenges must be
met before such advances in computational resources can be used to their full potential.

Lattice QCD (LQCD) currently provides the only ab initio method for performing QCD calculations in
the low-energy regime, and for acquiring a quantitative description of the physics of hadrons and nuclear
forces. With LQCD calculations at the extreme scale, many hadronic observables will be calculated with
precision, and the role of the gluons will be revealed. Aspects of hadronic physics not accessible to
experiments will be readily calculated, allowing for many of today’s nuclear physics questions to be
answered. Many of these calculations will have a direct impact beyond nuclear physics, such as in high-
energy physics and in particular, our understanding of the standard model of particle physics.

Effective field theories (EFTs) will play an important role leading up to and beyond the extreme
computing era. EFTSs represent the natural bridge that connects LQCD to other subfields of nuclear
physics. In the extreme computing era, EFTs will be readily constrained by LQCD calculations and used
in nuclear structure and nuclear reaction calculations of light nuclei, helping scientists understand how
nuclei emerge from QCD. In this manner, EFTs extend the range of applicability of LQCD; processes not
directly calculable within LQCD can be investigated through the use of EFTs that are constrained by
LQCD. An example of this is using lattice-based calculations of EFTs (LEFTS) to calculate the properties
of infinite neutron matter. These calculations will help scientists understand and calculate the properties
of neutron star crusts. The impact of extreme computing in this subfield of nuclear physics will be felt by
the broader nuclear physics communities, such as those of nuclear structure and reactions, nuclear
astrophysics, and nuclear matter under extreme conditions. The impact of extreme computing on nuclear
forces and hadronic physics cannot be overstated.

The remainder of this panel report is organized as follows. The current status of the field is described,
and several salient recent calculations are noted that demonstrate the potential of LQCD for describing the
physics of hadrons and nuclei. Following this discussion, four priority research directions (PRDs) are
identified that afford the opportunity for extreme computing to transform the current understanding of
nuclear physics. For each PRD, the authors describe the computational and scientific challenges that
must be met, the expected outcome, and the impact of the outcome on the current understanding of
nuclear physics, and other areas of physics. For each PRD, the calculations facilitated through extreme
computing are transformational culminations of a long-term research program, and the authors of this
report therefore identify a series of intermediate milestone calculations leading to the extreme

computing era.

Current Status

There is growing evidence of a synergistic collaboration between various subfields of nuclear physics
made possible through the increase in computational resources available to the nuclear physics
community. This is especially true in the area of nuclear forces and cold QCD. Based on the
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accomplishments listed in this report, it is evident many of these results will have an impact and relevance
to other areas of physics. Calculations of the interaction parameters of mesonic systems, for example,
will in the future be used in femtoscopy studies of relativistic heavy ion experiments. LQCD calculations
of exotic nuclear systems not accessible to experiment will be used in nuclear astrophysics simulations of
supernovae. Calculations of moments of structure functions constrain the parton distributions needed to
interpret the results of high-energy physics experiments such as those at the Large Hadron Collider in
Europe. Recent accomplishments show the overlap of this subfield of nuclear physics with other areas of
physics is significant and growing.

Accomplishments over the last 5 years have established the methodology and the groundwork for lattice
investigations of hadron structure, spectroscopy, and hadron scattering calculations. An impressive menu
of computations has been performed at decreasingly smaller values of the light-quark masses, with
present day computational-resource limitations restricting the mass of the pion in precision calculations to
be in excess of approximately 300 MeV. In the field of hadron structure, form factors, the lowest three
moments of quark, spin, and transversity distributions, and generalized form factors corresponding to the
lowest three moments of generalized parton distributions have been calculated (Gockeler et al. 2004;
Hégler et al. 2003, 2004). Notable achievements include separating the contributions of the spin and
orbital angular momentum of quarks to the nucleon spin (Figure 1), and the observation of the strong
dependence of the transverse size of the nucleon on the longitudinal momentum-fraction of the struck
quark (Hagler et al. 2008). The transition form factors between the nucleon and A(1232) have been
calculated to explore the role of hadronic deformation (Alexandrou et al. 2004, 2005).

In spectroscopy, techniques to calculate nucleon-extended sources within the appropriate representation
of the symmetry group of the underlying space-time lattice (the hypercubic group) have been developed
(Basak et al. 2005a, 2005b) and used to calculate ground states and excited states (Bulava et al. 2009).
Similar techniques have been used to calculate the radiative decay probabilities of excited states of the
nucleon such as the A(1232) (Alexandrou et al. 2004, 2005, 2008) and Py; (Lin et al. 2008) resonances,
as well as the quark distribution amplitudes of the negative-parity partner of the nucleon (Géckeler

et al. 2008).

In the meson sector, the charmonium resonance spectrum (the spectrum of states composed of a charm
guark and a charm antiquark) has been determined (Chen 2001; Okamoto et al. 2002; Ehmann and Bali
2007; Dudek et al. 2008). Certain electromagnetic properties of charmonium, such as the rate of one- and
two-photon emission from their excited states, have also been calculated (Dudek and Edwards 2006;
Dudek et al. 2006); see Figure 2. A revolution in the ability to understand the interaction between
hadrons, such as neutrons and protons, was the realization that current and future LQCD computations
could be used to calculate nuclear interactions without relying on empirical data. LQCD calculations
have enabled precise computations of a number of meson-meson interaction parameters (Beane et al.
2008a), demonstrating that rigorous first-principles calculations of the interactions that bind nuclei can be
obtained from LQCD. Exploratory calculations are now underway on meson-baryon, baryon-baryon
(Beane et al. 2006a), and more generally, multi-hadron systems.

Scientific Grand Challenges: Forefront Questions in Nuclear Science and the
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Figure 1. The spin and orbital angular momentum carried by the u and the d quarks in a nucleon as a function of the
square of the pion mass, as calculated with lattice quantum chromodynamics. The black points and their
uncertainties represent the present experimental determination of their spin contributions. Image courtesy of LHP
Collaboration.
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Figure 2. Results of a lattice quantum chromodynamics calculation of the form factor dictating J/y to 1 + %,
together with the extrapolation to the case of a real photon (Dudek et al. 2006). Circles denote values of the

photo-coupling obtained from experimental measurements of the radiative decay process. Image courtesy of Jozef
Dudek (Thomas Jefferson National Accelerator Laboratory).

LQCD calculations are already being used to constrain certain EFTs that are relevant for describing the
interactions between mesons (Beane et al. 2008a, 2008b). The EFTs will, in turn, be used to calculate
nuclear processes not calculable with LQCD. In the near future, LQCD calculations will be used to
constrain the EFTs that are used in nuclear structure calculations of light nuclei, such as those being
performed with the no-core shell model (NCSM) (Navratil and Ormand 2002) and coupled-cluster (CC)
(Hagen et al. 2007b) algorithms. Already recent work has shown how the use of EFTs can be adapted to
standard nuclear shell model techniques (Stetcu et al. 2007). The impact of extreme scale computing on
LQCD and its implications for the nuclear forces extends well beyond these areas, and provides key
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inputs into nuclear structure and reactions, and astrophysics. Already, LEFT calculations have probed
infinite neutron matter at densities below that of nuclear matter (Borasoy et al. 2007, 2008).

The following sections outline highlights of recent calculations within this subfield of nuclear physics,
many of which required several sustained teraflop-years of computation.

Nucleon Axial Charge

The nucleon axial charge, ga, is a fundamental measure of nucleon structure determined in neutron
B-decay. Its value largely dictates the rate of proton-proton fusion, the first step in the thermonuclear
reaction chains that power low mass hydrogen burning stars like the sun. Presently, its value is
empirically constrained at the 0.2% level. Thus, a confrontation of a precise LQCD calculation of g, with
experiment provides a benchmark for the ability to calculate hadron structure, as well as directly
impacting, and more importantly, improving standard solar model input physics. Using chiral
perturbation theory, analytic expressions for the mass and volume dependence were used to extrapolate
present calculations of g, to the physical pion mass and to infinite volume, obtaining the axial charge
with approximately 10% uncertainties, and in agreement with experiment (Edwards et al. 2006a;

Khan et al. 2006).

Isovector Nucleon Form Factors

Nucleons are not point-like structures, but rather have a size of approximately 10™ m (~1 fm). How a
nucleon’s charge and currents are distributed within its volume are encapsulated within its
“electromagnetic form factors.” Their experimental measurement remains the subject of intense effort.
Recent LQCD calculations with successively lighter quarks dramatically show the emergence of a cloud
of pions at the periphery of the nucleon (Edwards et al. 2006b; Gockeler et al. 2007), which is consistent
with expectations. In particular, the F; form factor monotonically decreases toward the experimental
result as the light-quark masses used in the calculation are decreased toward their physical values, and a
chiral extrapolation of the results encompasses the experimental value. Similarly, as the light-quark
masses decrease toward their physical values, these calculations approach the experimental result for the
form factor ratio F1/F,, measured by polarization transfer experiments such as those at the Jefferson
Laboratory in Virginia.

Quark Contribution to Spin of the Nucleon

Nucleons possess angular momentum called “spin,” as do quarks and gluons. Knowing how the spin of
the nucleon is partitioned between the spin of the quarks, the spin of the gluons, and their orbital angular
momentum is central to understanding the nucleon structure. The contribution of the spin of the up and
down quarks to the spin of the nucleon has been a central focus of experimental programs, and the
methodology for computing the spin within LQCD is well established. The introduction of Generalized
Parton Distributions (GPDs) (Muller et al. 1994; Ji 1997a; Radyushkin 1997) affords a means of
calculating the contribution of the quarks orbital angular momentum to nucle