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Another example is the optimiza-
tion algorithm POUNDerS, developed
by a UNEDF team of applied mathe-
maticians, which yields dramatic
computational savings over alterna-
tive optimization methods, as seen in
Figure 7. Using the UNEDF Experi-
mental Database and the optimized
solver HFBTHO, the Skyrme SLy4
functional was re-optimized using the
derivative-free POUNDerS algorithm.
The resulting parameterization
UNEDF0 sets a solid baseline of
nuclear ground-state properties to
compare with future functionals [13].
New hybrid functionals with micro-
scopic input from chiral EFT [11] are
being optimized using this approach. 

A New Era for Reaction Theory 
One of the principal aims of the

UNEDF project is to calculate reliable
reaction cross-sections for astrophys-
ics, nuclear energy, and national secu-
rity, for which extensions of standard
phenomenology is insufficient. The
interplay of structure and reactions is
essential for a successful description
of exotic nuclei as well. Such inter-
play is characteristic of the ab initio
no-core shell model/resonating-group

method (NCSM/RGM), which treats
bound and scattering states within a
unified framework using fundamen-
tal interactions between all nucleons.
A quantitative proof-of-principle cal-
culation of this approach is shown in
Figure 8 [14]. A wide range of appli-
cations is now possible including
3H(d,n)4He fusion, the 7Be(p,γ)8B
reaction important for solar neutrino
physics, and many more to come. 

Neutron reactions on heavier
nuclei are being modeled using DFT
results to predict not just bound states,
but also scattering states for nucleons.
Microscopic calculations of reaction
cross-sections for nucleon-nucleus
scattering have been performed by
coupling the elastic channel to all par-
ticle-hole excitations in the target,
and also with one-nucleon pickup
channels. Target excitations were des-
cribed in a random-phase (QRPA)
framework using a Skyrme functional
and the resulting transition potentials
were used in large coupled-channel
calculations. As illustrated in Figure 9,
the calculated reaction cross-sections
agree very well with experimental
data, and also with predictions of glo-
bal optical potentials where data are
not available. For the first time, the
observed absorption in the reaction
cross-section can be accounted for by
explicit channel coupling [15]. 

Another important capability for
reactions is the calculation of level
densities. A new proton-neutron algo-
rithm for the parallel JMoments code
was recently designed and imple-
mented, which improved its scalabil-
ity to tens of thousands of cores, and
increased its overall performance by a
factor of more than 10,000. This
development opens the door to calcu-
lating accurate nuclear level densities
and reaction rates for a large class of
nuclei [16]. 

Cold Atoms as a Testing Ground 
UNEDF theorists have made

important contributions to the study
of strongly coupled superfluid sys-
tems such as ultracold Fermi atoms,
which show many similarities to the
cold nuclear matter found in the crust
of neutron stars. Cold atoms make
excellent laboratories for testing and
improving the computational methods
to be used for nuclei; indeed, GFMC
and AFDMC calculations from
UNEDF scientists have set the stan-
dard for numerical results of the uni-
tary gas at zero temperature. 

Cold atom systems allow predictions
of superfluid DFT that are testable
against experiment. An example is
shown in Figure 10, where a nuclear
DFT code adapted to the antisymmetric
superfluid local density approximation
(ASLDA) [17] is applied to strongly
interacting spin-imbalanced atomic
gases in extremely elongated traps. Fam-
ilies of Larkin-Ovchinnikov (LO) states
with prominent transversal oscillations
of the pairing potential are predicted, as
indicated by the radial alignment of

Figure 9. Calculated reaction cross-
sections for protons on 90Zr as a
function of incident energy compared
to data. The solid line is the full
calculation while the dashed curve is
from the global optical potential [15].

Figure 8. Calculated [14] NCSM/RGM
cross-section for 17 MeV neutrons on
4He compared to experiment.
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nodes, coexisting with a superfluid state
having a smooth pairing potential [18]. 

A recent major UNEDF achieve-
ment is the full implementation of the
time-dependent superfluid local den-
sity approximation (TDSLDA) on a
3D spatial lattice [16]. Unlike many
past approaches, matrix operations are
not needed and the size of the basis
set it can handle is 2–3 orders of mag-
nitude larger than previous methods,
with an implementation that can use
97% of the Jaguar supercomputer at
Oak Ridge National Lab. These codes
are being used to simulate the unitary
gas (e.g., vortex formation) [16] and a
heavy nucleus under the action of var-
ious external fields. While still
exploratory, these first-time simula-
tions of this kind for fermion super-
fluids serve as proof of principle for
an eventual treatment of fission. 

Quality Control in UNEDF 
Integral to the UNEDF project is

the verification of methods and codes,
the estimation of uncertainties, and

assessment. Methods to verify and
validate include the cross-checking of
different theoretical methods and
codes (e.g., GFMC vs. AFDMC vs.
NCFC), the use of multiple DFT solv-
ers with benchmarking, and the con-
frontation of ab initio functionals with
ab initio structure using the same
Hamiltonian. Uncertainty quantifica-
tion follows using tools for correla-
tion analysis to estimate errors and
significance. A new way to estimate
theory error bars is to use multiple
RG-evolved Hamiltonians and exam-
ine the cutoff dependence of calcu-
lated observables. 

The UNEDF assessment compo-
nent has required the development
and application of statistical tools.
Particularly important for potential
experiments is the analysis of exper-
imental data significance. For exam-
ple, the sensitivity of two optimized
functionals to particular data is
shown in Figure 11 [13]. Statistical
tools are used to deliver uncertainty
quantification and error analysis for
theoretical studies as well as for the
assessment of new experimental
data. Such technologies are virtu-
ally unknown in the low-energy
nuclear theory community at present,
but are essential as new theories and
computational tools are applied to
entirely new nuclear systems and to
conditions that are not accessible
to experiment.

Outlook 
These brief highlights represent

only part of the development within
the UNEDF project and new results
are appearing steadily. Please visit
unedf.org to find further summaries,
updates, and references. While
UNEDF is in the final year of its 5-
year term, its impact will be ongo-
ing. Indeed, UNEDF has created

infrastructure and interconnections
that are only just beginning to be
fully exploited. An important spin-
off for the future has been the train-
ing of young scientists in the new
developments of low-energy nuclear
theory. 

The worldwide impact of the
UNEDF collaboration, which is
unique in the field of low-energy
nuclear physics in its scope, size, and
structure, was evident at the 2010
INPC meeting in Vancouver, where
UNEDF highlights were quoted in
several plenary talks. While based and
funded in the United States, UNEDF
collaborates closely with foreign
efforts and individual scientists shar-
ing similar fundamental science goals.
Such collaborations include joint soft-
ware developments and benchmark-
ing, and representatives of internat-
ional collaborating projects attend the
UNEDF annual meetings. These
UNEDF activities have had positive
leveraging effects on our foreign part-
ners, including the joint UNEDF-
JUSTIPEN and UNEDF-FIDIPRO
efforts and a new initiative involving
low-energy nuclear theory in France,
FUSTIPEN. 

Figure 11. The sensitivity of candidate
EDF fits to particular data can be
assessed. See Ref. [13] for details.

Figure 10. Pairing potential of
polarized Fermi gas in an extremely
elongated trap with different aspect
ratios [18] calculated using nuclear
codes developed for fission.
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High performance computing pro-
vides answers to questions that neither
experiment nor analytic theory can
address; hence, it becomes a third leg
supporting the field of nuclear phys-
ics. A series of meetings on extreme
scale computing in 2009 identified
several major research thrusts that
have a strong foundation in UNEDF
achievements [20]. These include
pathways to a quantitative micro-
scopic description of fission, comput-
ing properties of nuclei that determine
the r-process nucleosynthesis path in
stars, computing properties of nuclei
used in double-beta decay experiments
and neutrino-nucleus cross-sections
for modeling supernova explosions,
and computing the triple-alpha process
that produces 12C, the nucleus at the
core of organic chemistry and thus life
forms. The future prospects are bright! 
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