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Preface

The Theory, Simulation, and Computation (TSC) Directorate is central to the huge national need for new 
generations of ideas, concepts, and methodologies to improve the fi delity, reliability, certainty and usability 
of tools to guide and interpret experiments, and provide prediction and control for complex phenomena 
and systems: the integration of information, science, and technology between data and prediction. Working 
with teams across the Laboratory, TSC undertakes major interdisciplinary challenges of integrating 
theory, modeling, simulation, high-performance computing, and visualization with experimental and 
other data to expand LANL’s predictive and uncertainty quantifi cation capability. The core nuclear 
weapons program depends critically on the viability of this approach. However, virtually every current 
and emerging mission at LANL also relies centrally on a similar capability: energy and global security, 
manufacturing science, and many discipline frontiers from biology to materials science to cosmology.

Each year, TSC staff select a collection of brief topical reports on their recent research results. This 
annual collection is not intended to be complete. Rather it aims to demonstrate, through these current 
examples, the interdisciplinary enthusiasm and progress across many scientifi c and programmatic 
frontiers. The collection chosen this year represents work for the Department of Energy, together with 
examples from our diverse “work with others” portfolio. This collection is representative of our extensive 
outreach activities to universities, industry, and other research laboratories, and is a basis for providing 
the best science and scientists to both current and future national security missions at LANL.
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Los Alamos continues its rich scientifi c 
tradition of applied and scholarly 
research contributions in the fi elds 
of mathematics, fl uid dynamics, and 
particle transport.  Our impressive 
breadth of research impact speaks 
to this history, but also ties us to the 
present and future with the signifi cant 
integration of world-class theory, 
modeling, computational science, 
and experimentation.  The articles 
in this section provide a vignette 
of this work, from applications in 
nuclear energy, plasma physics, and 
contaminant transport in ground water 
to fundamental developments in mesh 
generation, Monte Carlo methods, 
particle transport, and the bridging 
of multiple space and time scales 
-- all typically within complex multi-
phyisics simulations on the largest 
supercomputers on the planet.
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Jeffery D. Densmore, Kelly G. Thompson, 
Todd J. Urbatsch, CCS-2

DDMC is a technique for increasing the effi ciency of Implicit Monte Carlo radiative-transfer simulations. We 
have recently developed an extension of DDMC for frequency-dependent radiative transfer. This new DDMC 
method is based on a frequency-integrated diffusion equation for frequencies below a specifi ed threshold. 
Above this threshold we employ standard Monte Carlo. With an example test problem, we confi rm the 
improved effi ciency of our new DDMC technique.

Implicit Monte Carlo (IMC) is an accurate and robust method for 
modeling X-ray regime radiative transfer via Monte Carlo simulation 

in applications such as astrophysics and inertial confi nement fusion [1]. 
Unfortunately, in optically thick regions the mean-free path between 
collisions is not only small, but collisions are also primarily scattering 
events. In this situation, the Monte Carlo transport process can be 
described as diffusive, particle histories consist of an excessive number 
of steps, and the resulting IMC calculation is computationally ineffi cient.

Discrete Diffusion Monte Carlo (DDMC) is a technique for increasing the 
effi ciency of IMC in optically thick regions [2-4]. In DDMC, particles 
take discrete steps between spatial cells according to a spatially 
discretized diffusion equation. Because each discrete step replaces many 
smaller Monte Carlo steps, DDMC is more effi cient than standard Monte 
Carlo. Furthermore, because DDMC is based on the diffusion 
approximation, which, due to the diffusive nature of IMC in optically 
thick regions, is valid in this regime, DDMC should yield accurate 
solutions as well. In practice, DDMC is combined with standard Monte 
Carlo to form a hybrid transport-diffusion method, where DDMC is used 
in optically thick regions and standard Monte Carlo is employed in 
optically thin regions.

We have recently developed an extension of DDMC for frequency-
dependent radiative-transfer simulations. In these types of calculations, 
the opacity is typically a decreasing function of frequency such that a 
spatial region can appear optically thick for low frequencies but optically 
thin for high frequencies. Therefore, we base our new DDMC technique 
on a frequency-integrated diffusion equation for frequencies below a 

specifi ed threshold and use standard Monte Carlo above this threshold. 
The frequency-integrated diffusion equation that we employ eliminates 
much of the scattering present in the standard Monte Carlo procedure, 
which is what leads to the ineffi ciency of IMC in optically thick regions.

To test our new DDMC method, we consider a sphere composed of a 
relatively transparent material with an embedded region composed of a 
relatively opaque material. However, the opacity of each material is such 
that the entire sphere is optically thick for low frequencies and optically 
thin for high frequencies. The sphere is initially in equilibrium at 1 eV 
and subject to an incident intensity that is described by a black body at 
1 keV. We simulated this problem out to an elapsed time of 0.9 ns using 
three different schemes: (1) standard Monte Carlo only, (2) a hybrid 
method composed of both DDMC and standard Monte Carlo, and (3) 
Random Walk (RW), another technique for increasing the effi ciency of 
IMC in optically thick regions, where particles take macrosteps over 
spheres according to an analytic diffusion solution [5]. The comparison 
between the hybrid method and RW is of particular importance as RW is 
the scheme most commonly employed to address the effi ciency issues of 
IMC.

For this problem, the hybrid method was over 20 times faster than 
standard Monte Carlo alone, while RW was less than 10 percent faster. 
The material temperature at 0.9 ns produced by the hybrid method and 
standard Monte Carlo only calculations is plotted in Fig. 1. Here, as 
well, we see that the hybrid method based on DDMC yields an accurate 
solution.

Discrete Diffusion Monte Carlo for Frequency-dependent Radiative-transfer Simulations
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For more information contact Jeff Densmore at jdd@lanl.gov.

Fig. 1. Material temperature at 0.9 ns.

[1] Fleck, Jr., J.A., and J.D. Cummings, J Comp Phys 8, 313 (1971).
[2] Gentile, N.A., J Comp Phys 172, 543 (2001).
[3] Densmore, J.D., et al., J Comp Phys 222, 485 (2007).
[4] Densmore, J.D., et al., Nucl Sci Eng 159, 1 (2008).
[5] Fleck, Jr., J.A., and E.H. Canfi eld, J Comp Phys 54, 508 (1984).
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Gary Dilts, CCS-2 In one year, a multi-lab collaboration has produced a new 3D scalable parallel nuclear fuel performance 
simulation code within the DOE Offi ce of Nuclear Energy NEAMS program. It aims to provide high-
fi delity simulations to accelerate the development of new nuclear reactor fuel designs. Processes such as 
fi ssion heat generation and thermal transport, fi ssion product generation and chemical transport, mechanics 
with elasticity, plasticity, swelling, densifi cation, and thermal- and irradiation-induced creep, and surface 
interactions between the pellet, cladding, and coolant are modeled. Existing scalable parallel solver software 
from other DOE programs and laboratories was highly leveraged. Initial results compare favorably with 
experimental data and legacy simulations.

With an increased national emphasis in recent years on developing 
carbon-neutral energy sources, nuclear power has enjoyed 

revived interest. However, signifi cant expansion of the existing fl eet of 
commercial thermal-spectrum light-water reactors (LWR) is unattractive 
due to concerns about waste disposal and diversion, caused by 
signifi cant amounts of unburned fi ssionable fuel at the end of the useful 
life of fuel rods. Long before the fi ssionable elements are consumed, 
mechanical failure of the fuel rods occurs from radiation-induced 
swelling, creep, fracture, hydriding, etc. Advanced reactors with a fast 
neutron spectrum for high burnup can address the waste concerns, but 
there are signifi cant barriers to their development. Currently, it is not 
known how to design materials and equipment to survive the enhanced 
radiation load generated in such a reactor. The traditional experimental 
method (sometimes called “cook and look”) of constructing a test 

article, inserting it into a reactor for a period of months or 
years, and examining it afterward in a hot cell is expensive and 
time-consuming. To accelerate the development of advanced 
reactor materials and designs the Department of Energy 
(DOE), based on the success of its Advanced Simulation and 
Computing (ASC) and Scientifi c Discovery through Advanced 
Computing (SciDAC) programs, has launched the Nuclear 
Energy Advanced Modeling and Simulation (NEAMS) program 
[1], which seeks to develop Integrated Performance and 
Safety Codes (IPSC) for fuels, reactors, actinide separations, 
and waste forms and disposition. These codes are targeted to 
add computational insight to experimental insight in order to 

transform the design of critical components such as fuel pins, reactor 
vessels, liquid centrifugal contactors, and repositories. They will 
integrate knowledge at all scales, from the atomistic level to an entire 
plant, and take advantage of the latest DOE computing platforms.

The NEAMS fuels IPSC is called AMP, and has been under intensive 
development for about a year by a collaboration of personnel from 
ORNL, LANL, and INL. Nuclear fuel evolution is governed by a complex 
interplay of physical processes at multiple coupled-length scales. A LWR 
fuel rod generally consists of a steel or zirconium alloy tube a few 
meters long enclosing a stack of cylindrical fuel pellets each about a 
centimeter across and a centimeter tall. In the fuel pellet, nuclear 
fi ssions generate heat, product nuclei, and a wide variety of materials-
damage phenomena. At the engineering scale, the AMP code must 
model fi ssion heat generation and thermal transport, fi ssion product 
generation and chemical transport, mechanics with elasticity, plasticity, 
relocation, swelling, densifi cation, and thermal- and irradiation-induced 
creep, and surface interactions between the pellet, cladding, and 
coolant. The fi rst release of the AMP code, available through the 
Radiation Safety Information Computational Center at ORNL [2], models 
all of these processes in 3D. The code makes extensive use of scalable 
parallel numerical solver software packages developed by the DOE over 
the years, such as TRILINOS (SNL), PETSc (ANL), and SUNDIALS 
(LLNL), seamlessly integrated by an ORNL-developed computational 
backplane.

The AMP Nuclear Fuel Simulation Code

Fig. 1. Centerline temperatures for 
FRAPCON, AMP, and experimental 
data for Halden IFA432 rod 1 over 759 
days. 
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For fuel performance simulation, many material properties, such as 
nuclear cross sections, transport coeffi cients, and mechanical response, 
must be modeled. A few models exist for these properties, developed 
over the years through the “cook and look” approach, that are being 
incorporated into AMP, but for the NEAMS program to succeed they 
must be extended in range to regimes where experimental data is 
diffi cult to obtain in a timely manner. Accordingly, NEAMS is employing 
a variety of lower-length-scale codes to provide some of these properties 
computationally. For example, the INL phase-fi eld code MARMOT will 
provide meso-scale property evaluations using data from atomistic 
simulations performed with the LANL SPaSM code.

There are deep ties between the AMP project and other components of 
the DOE Offi ce of Nuclear Energy due to common interests and 
personnel. Experimental data for AMP material models and validation 
will be provided by the Fuel Cycle Research and Development (FCRD) 
program [2], and AMP will provide nuclear fuel modeling capability to 
the Consortium for Advanced Simulation of Light water reactors (CASL) 
energy innovation hub [3].

For the AMP code, ADTSC personnel developed the thermal and 
chemical transport component (Gary Dilts, CCS-2) and provided program 
development and management (Cetin Unal, CCS-DO). In addition, former 
ADTSC personnel now at ORNL are heavily involved (John Turner, CCS-
2, and Bobby Philip, T-5). The material properties library was jointly 
developed by Gary Dilts and Bogdan Mihaila (MST-6), and Mike Rogers 
(XCP-8) performed verifi cation testing. A team led by Chris Stanek 
(MST-8) is performing atomistic simulations.

The principal legacy fuel performance simulation code is FRAPCON from 
PNNL. The IFA432 test assembly was irradiated at the Halden reactor in 
Norway with a complex power history from 1975 to 1984, and provides 
FRAPCON validation data [4]. Figure 1 shows a comparison of 
experimental centerline temperatures, AMP 3D simulation results, and 
FRAPCON 1D results over a period of 759 days. The AMP results follow 
the FRAPCON results fairly well. Figure 2 shows a hypothetical 3D 
perturbation of the power distribution in a pellet for the validation 
problem used in Fig. 1. The radial rim effect and axial peaking were 

modeled. Figure 3 shows the resulting 3D AMP temperature distribution 
in a single fuel pellet with its surrounding cladding, which represents 
just a small section of a fuel rod (for more information see [5]).

Fig. 2. Modifi ed 3D power distribution 
in pellet with radial rim effect and axial 
peaking. 

Fig. 3. Three-dimensional temperature 
distribution calculated by AMP using 
power distribution of Figure 2 at 20th 
burnup step.

[1] NEAMS, http://www.ne.doe.gov/AdvModelingSimulation/program.html
[2] RSICC (Radiation Safety Information Computational Center) http://www-
rsicc.ornl.gov
[2] FCRD, http://www.ne.doe.gov/fuelcycle/neFuelCycle.html
[3] CASL, http://www.casl.gov
[4] Lanning D.D., et al, “FRAPCON 3 Integral Assessment,” NUREG/CR-6534, 
PNNL (1997).
[5] Dilts G., et al., “The AMP (Advanced MultiPhysics) Nuclear Fuel Integrated 
Performance and Safety Code,” LA-UR-10-07059 (2010).
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Andrew S. Richardson, John M. Finn, T-5 There are good reasons to use variable time steps in ODE integrators, for example symplectic integrators 
for Hamiltonian systems. However, variable time steps based on an error estimator can introduce parametric 
resonances and, therefore, numerical instabilities. In this note we describe this process in the simplest 
terms, and indicate how these parametric instabilities can be avoided.

There are two commonly used approaches for numerical integration of 
Hamiltonian equations of motion. The fi rst uses a symplectic 

integrator (a variational integrator1), which preserves the phase space 
structure of the system and can, for many purposes, be fairly low order 
in the time step. (Symplectic integrators are a special case of mimetic 
differencing.) The second approach is to use a high order but non-
symplectic integrator, typically with an adaptive time step to obtain the 
highest accuracy. It is then argued that the loss of phase space structure 
is small due to the high accuracy of the scheme. If the time interval over 
which the integration is done is limited, this approach may be justifi ed. 
For particle-in-cell (PIC) codes, low-order symplectic integrators are 
very commonly used, and those used are typically second-order 
accurate. When possible (when the Hamiltonian is separable, for 
example in electrostatic problems), leapfrog or Verlet integration is 
used. (In the presence of magnetic fi elds, a modifi cation leads to the 
Boris algorithm.) In more general, non-separable, cases [1,2], modifi ed 
leapfrog (ML) has been used effectively.

There has been work in recent years related to using 
adaptive-time-step-symplectic integrators, with 
disappointing results. The diffi culties have arisen in the 
form of numerical instabilities. We have recently 
identifi ed the major problem as the occurrence of an 
instability associated with parametric resonance.

1The distinction relates to the method of derivation. For the former, 
one goes from the Lagrangian to the Hamiltonian in the continuum 
and then discretizes, making sure that the phase space structure is 
preserved. For the latter, one discretizes the Lagrangian and does 
the variation on the discretized action. The resulting equations 
automatically preserve phase space structure. 

To illustrate, we begin with the harmonic oscillator, with Hamiltonian 
H = p2/2m + mω0

2q2/2. With P = p/ √mω0,  Q = √mω0q, we have 
H = ω0(P2 + Q2)/2. First order leapfrog for this separable system gives:

where for this illustration the time step hn = h(tn) depends on time 
explicitly. In the actual case discussed below, the time step h(Q, P) is 
determined by an error estimate and depends on time implicitly through 
Q(t), P(t). By the method of modifi ed equation analysis, we fi nd that this 
discrete system is approximated by:

which can be written in terms of the Hamiltonian: 

If we take h(t) to vary sinusoidally, ∼ h0(1 + εcosω1t), the term 
ω0h(t)QP/2 in the Hamiltonian shows the presence of a fi rst-order 
parametric resonance, giving instability for |ω1/ω0 −2|< αε. Numerical 
investigations indeed show instability in this range. (The factor 
1 + ω0

2h2/6) multiplying the overall factor P2 + Q2 does not lead to a 
second-order parametric instability.)

Parametric Instabilities in Symplectic Integration with a Variable Time Step

Fig. 1. First-order Leapfrog, h(t) = h0 
(1+ε sin(ω t)), h0=0.1, ε=0.5, ω=2

2011SHdraft11.indd   6 3/4/11   2:26 PM



APPLIED MATHEMATICS AND FLUID DYNAMICS

www.lanl.gov/orgs/adtsc/publications.php 7

Figure 1 shows the phase space for the quartic oscillator H = p2/2m + 
q2/2 + q4/2 obtained with fi rst-order leapfrog integration using 
h(t)= h0(1 + εcosω1t). A set of nonlinear resonances or islands is visible 
on the surface where the nonlinear oscillator frequency is equal to ω1/2, 
a localized parametric resonance. The width of these islands' scales is 
ε1/2, as expected. For comparison, the analogous plot using Crank-
Nicolson (CN) integration (known to be symplectic but also time-
centered) shown in Fig. 2 has much thinner islands, and a modifi ed 
equation analysis of CN shows only higher-order parametric resonances. 
Staggered, or symmetrized, leapfrog also has only second-order 
parametric instabilities, and has numerical results similar to those 
shown in Fig. 2 for CN. However, recent work has shown that leapfrog 
(and ML for non-separable systems) has one great advantage over CN or 
other methods in a PIC code—it allows all the particle positions to be 

updated before the code solves for the fi eld [2]. For CN 
and many other schemes, the fi elds need to be found 
after each particle is moved, a terrible disadvantage. 
Thus, it appears that the best strategy involves using 
leapfrog, or ML if necessary, to second-order accuracy.

In real problems, the time step is not given explicitly as 
a function of time, but rather computed from an error 
estimate, which depends on the position in phase 
space. (Leapfrog requires modifi cation to remain a 
symplectic integrator with h = h(Q, P), but that is easily 
done.) For example, for the Harmonic oscillator above 
the error estimate leads to a time step depending 
quadratically on Q, P, leading to a cos2φ dependence of 

the time step h. (The quantities (φ, J =(P2 + Q2)/2) are action-angle 
variables.) This therefore leads in fi rst-order leapfrog to a fi rst-order 
parametric resonance exactly like the ω1/ω0 = 2 resonance above.

For applications such as PIC in which CN cannot be used, but a 
symplectic integrator is needed, the best strategy is this—use a higher-
order symplectic integrator such as symmetrized ML and limit the time 
step size, and perhaps the variation of the time step, to minimize the 
effects of parametric resonance.

One other point that should be made is that the parametric instabilities 
described above apply also to non-symplectic integrators. However, the 
instabilities may not be recognizable as such because non-symplectic 
integrators can introduce damping, and the parametric instability would 
need to overcome this damping to be observable.

Fig. 2. Crank−Nicolson, h(t) = h0 (1+ε 
sin(ω t)), h0=0.1, ε=0.5, ω=2.

[1] Finn, J.M. and L. Chacon, "Volume Preserving Integrators for Solenoidal 
Fields on a Grid," Phys Plasma 12, 054503 (2005).
[2] Fichtl, C.A., “An Arbitrary Curvilinear Coordinate Particle In Cell Method,” 
PhD dissertation, UNM (2010).
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Marianne M. Francois, Neil N. Carlson, CCS-2; 
Kevin Liu, Texas A&M University

Understanding the complex interaction of droplet dynamics with mass transfer and chemical reactions is 
of fundamental importance in liquid-liquid extraction. High-fi delity numerical simulation of droplet dynamics 
with interfacial mass transfer is particularly challenging because the position of the interface between the 
fl uids and the interface physics must be predicted as part of the solution of the fl ow equations. In this work, 
we propose a global embedded interface formulation to model the jump in species concentration at an 
interface in thermodynamic equilibrium. The formulation is implemented and tested in a volume-tracking 
fl uid-fl ow solver. Simulations of single droplet with different distribution coeffi cients are performed in 3D to 
demonstrate the new capability.

Droplets dynamics with mass transfer is encountered in several 
industrial processes, as for example in liquid-liquid extraction, 

where the extraction process takes place at the liquid-liquid interface. 
High-fi delity simulation of droplet dynamics can play an important 
role in our understanding of the underlying physics, in particular the 
interphase mass transfer process. Furthermore, the simulation results 
can be used to derive constitutive equations for droplet size and velocity 
distributions for the multiphase fl ow formulation, helping to reduce the 
uncertainties of current models, which are empirical and/or based on 
simplistic assumptions.

Our goal is to develop accurate computational capabilities to 
simulate droplets dynamics relevant to liquid-liquid extraction. 
Achieving high-fi delity simulation of droplets dynamics with 
interfacial mass transfer is very challenging because the interface 
between the fl uids must be predicted as part of the solution of the 
Navier-Stokes fl ow equations. In addition, surface tension and the 

discontinuity in fl uid density, viscosity, and species 
concentration at the interface present additional 
numerical challenges. We have recently proposed a 
global embedded interface formulation to model the 
interfacial conditions of an interface in thermodynamic 
equilibrium [1], which we have implemented and 
tested within the balanced-force volume-tracking 
algorithm of Francois et al. [2]. In volume-tracking 
method, a single fi eld formulation for the governing 
fl ow equations is employed (single velocity, single 
pressure). The multiple fl uids are represented by their 

volume fraction (amount of fl uid in a computational cell) and the 
interface is reconstructed by piecewise linear plane from the volume 
fraction information. The interface is therefore embedded within the 
computational mesh. The formulation is presented in detail in [1].

The global embedded interface formulation consists of deriving 
an equivalent model for the species transport equation and the 
interfacial boundary conditions. The species transport equation 
is an advection-diffusion equation. Across the interface at 
thermodynamic equilibrium, the solute fl ux is continuous and 
the species concentration on both sides of the interface can be 
discontinuous (C2/C1=m, also known as distribution coeffi cient). It 
is this discontinuity in species concentration at the interface that is 
numerically challenging. To circumvent this diffi culty, we have derived 
an equivalent model that embeds the interface conditions implicitly 
within the solution by introducing a change of dependent variable.

To verify the species-transport solver and our global embedded interface 
model, we consider the diffusion of a single species in a system of two 
fl uids separated by an interface in 1D. Initially, the concentration is 
constant–equal to C0 in fl uid 1 and zero in fl uid 2. The analytical solution 
for an infi nite domain with the interface located at zero is given in Crank 
[3]. For our computations, we consider a domain size [-1.5,1.5] and a 
case with a distribution coeffi cient of m=5, a diffusion ratio of 
D2/D1=1, and 128 cells. The species concentration profi le is plotted 
in Fig. 1 at time t=0.1, along with the analytical solution. Our 
computations capture the jump in the species concentration values 
and are in very good agreement with the analytical solution. If the 

Modeling and Simulation of Droplet Dynamics with Species Discontinuity at the Interface

Fig. 1. One-dimensional species 
diffusion verifi cation test case for the 
global embedded interface formulation. 
The interface between fl uid 1 and 
fl uid 2 is located in the center of the 
domain (at y=0). The distribution 
coeffi cient is m=0.5 and diffusion 
coeffi cient ratio is D2/D1=10. The 
results are shown at time t=0.1 using 
128 computational cells.

2011SHdraft11.indd   8 3/4/11   2:26 PM



APPLIED MATHEMATICS AND FLUID DYNAMICS

www.lanl.gov/orgs/adtsc/publications.php 9

interface is located on a cell edge 
(i.e., the volume fraction in the cell 
just left of the interface is 1 and in 
the cell just right of the interface 
the volume fraction is 0), the 
discontinuity is captured accurately 
and is sharp. If the interface is 
located within a computational 
cell (i.e., the volume fraction is 
between 0 and 1), the results show 
an intermediate value, that is, the 
discontinuity is spread over one cell.

To demonstrate our droplet 
dynamics simulation capability, we 
have performed simulations of a 
single droplet rising by buoyancy 
in 3D for different m. Initially, the 
droplet concentration is unity and 
the background fl uid concentration 
is zero. The droplet shapes and 
species concentration contours are 
shown in Fig. 2 at different times, 
and the droplet velocity and droplet 
concentration are plotted versus time 
in Fig. 3. From the droplet velocity 
one can derive the drag coeffi cient, 
and from the species concentration 
one can derive the mass transfer 
coeffi cient. As expected for this low 
Reynolds number case, the droplet 
rises and deforms to an ellipsoidal 
shape. The species concentration 
distribution in the droplet and 
behind the droplet is different for 
the three distribution coeffi cients. 
Species transport faster from the 

droplet to the background fl uid and have a higher concentration at the 
trailing edge of the droplet for the case m=5. In contrast, the species 
concentration dissipates more slowly and with a shorter trace for the 
case of m=1/5 (red in Fig. 2). For the case with the larger distribution 
coeffi cient (m=5), the droplet loses its species concentration the 
fastest. The distribution coeffi cient has no effect on the droplet velocity 
since here the surface tension is a constant, (there is no soluto-
capillary effect, the effect of the concentration is not back coupled to 
the fl uid fl ow). Note that these simulations are preliminary as they 
were performed on a rather coarse mesh. Future work will include 
simulation on fi ner meshes and simulations of multiple droplets.

Fig. 2. Droplet shape and species concentration contours for 3D droplet rising by 
buoyancy. The Weber number is 0.22, the Peclet number is 1600 and the Reynolds 
number is 8. The results are shown at time t=0.4, 0.8, and 1.2 with m=1/5, 1, and 
5. The mesh size is 40×40×120. The surface tension coeffi cient is constant. The 
Reynolds number represents the ratio between inertia and viscous force, the Weber 
number represents the ratio between inertia and surface tension, and the Peclet 
number represents the ratio between advection and diffusion.

Fig. 3. Effects of the distribution coeffi cient (m) on (a) droplet velocity, and (b) 
droplet concentration. The Reynolds number is 8, the Weber number is 0.22, and 
the Peclet number is 1600. The surface tension coeffi cient is constant.

[1] Francois M.M., and N.N. Carlson, “The Balanced-force Volume Tracking 
Algorithm and Global Embedded Interface Formulation for Droplet Dynamics 
with Mass Transfer,” Proc ASME 2010 3rd Joint US-European Fluid Eng, Summer 
Meeting (2010).
[2] Francois M.M., et al., J Comput Phys 213, 141 (2006).
[3] Crank J., The Mathematics of Diffusion, Oxford Science Publications (1975).
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Duo Wong, Stony Brook University; 
Rao Garimella, T-5

MSTK is a mesh framework that allows users to represent, manipulate, and query unstructured 3D arbitrary 
topology meshes in a general manner without the need to code their own data structures. The interaction 
of users and applications with MSTK is through a functional interface that acts as though the mesh always 
contains vertices, edges, faces, and regions, and maintains connectivity between all these entities.

Parallel MeSh ToolKit (MSTK) adds support for simulations with 
unstructured meshes on high performance computers. It manages 

parallel aspects of an unstructured mesh, including mesh partitioning 
and communication among processors. Each processor owns a subset 
of the global mesh and performs calculations on it, and, after each time 
step, synchronizes boundary data through communication with other 
processors. The submesh on each processor itself is a valid MSTK mesh 
and stores an extra layer of information to minimize communication 
cost. The design of parallel MSTK makes it possible to concurrently 
conduct communication and calculation to achieve good scaling.
The interaction between users and applications of parallel MSTK 
is through a user-friendly function interface that hides most of 
the communication details so that the user can focus on the 
computational tasks on each processor. Parallel MSTK is still being 
enhanced and tested, but will soon be released for open use.

In parallel MSTK, a global mesh is partitioned into submeshes 
according to its highest dimension entity. The result of a partition 
operation is that each face or region in the global mesh gets a part 
number. Entities with the same part number are connected (see Fig 1). 
All the lower-dimensional entities may be shared among two or more 
parts, but only one part owns any given lower-dimensional entity. 
The owner partition of an entity is solely responsible for updating 
data on it. Each entity of a particular dimension has a unique global 
ID. Currently, parallel MSTK uses Metis as underlying partition 
algorithm, but it can use other partitioning algorithms as well.

Most numerical methods such as fi nite element, fi nite volume, and 
fi nite difference methods require adjacent entity information to 

perform local calculations. However, on a partition boundary, this 
information is not readily available unless through communication 
with other processors. A mesh partition in parallel MSTK 
stores this extra layer of information as ghost data to reduce 
communication cost. Ghost data gets updated after each time step 
through a collective communication among all the processors.

Communication in parallel MSTK is based on the message passing 
interface (MPI) standard. Parallel MSTK is designed such that each 
ghost entity knows its master, but not vice versa. Each partition keeps 
a record of neighboring partition IDs and sends the corresponding data 
to each of these partitions. On the receiving side, ghost entities fi nd 
updates in the receive buffer based on their global IDs. Parallel MSTK 
labels each entity in a partition as interior, boundary, or ghost, from 
interior to exterior respectively. This separation provides the benefi t 
of concurrent computation and communication. While waiting for the 
updates of ghost data, the application can continue the next time step 
calculations on interior entities which do not require ghost data, and 
fi nish the boundary calculations after the ghost data get updated.

There are two methods for I/O in parallel MSTK – an application 
can import a global mesh on the root processor, partition and 
scatter it to other processors, or each processor can read in the 
“checkpoint” MSTK fi le that was previously written by the same 
processor. The latter method can reduce the serial processing 
bottleneck on the root processor, and also has the benefi t of 
quickly restarting computation for time-consuming simulations.

A Parallel Extension for MSKT (MeSh ToolKit)
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Fig. 1. Partitioning of 2D and 3D 
unstructured meshes.

Fig. 3. Global mesh partitioned into three parts. Top right: faces that have at least 
one vertex inside a circle are marked red. Bottom left: each partition deals with faces 
belonging to itself; no ghost faces are updated. Bottom right: after communication, 
ghost faces are updated.

Fig. 2. From left to right: partition 0 of unstructured 2D mesh shown in Fig. 1, 
partition with ghost entities (color indicated master partition ID), and the color map 
of interior, boundary, and ghost faces. Funding Acknowledgments
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James E. Gubernatis, T-4; Thomas E. Booth, XCP-4 We developed a Monte Carlo method to estimate several of the largest or smallest eigenvalues and 
eigenvectors of a very large matrix. Our new method has three key components. One is a new procedure 
for estimating the eigenvalues, the second is a set of procedures for sampling a mixed sign function, and 
the third is an exact procedure for canceling signed random walkers over a region. Our new method for 
estimating the eigenvalues does not require a step explicitly orthogonalizing the eigenpairs. This is valuable 
because the matrices we can treat are sometimes so large that we cannot store the information necessary 
to do this. The sampling of mixed signed functions is accomplished by using random walkers of mixed sign 
and transferring the sampling task to the promotion of interference between them, so that on the average 
they represent the nodal structure of the eigenvector.

Finding the eigenvalues and eigenvectors of a matrix is a ubiquitous 
task in science and engineering. These eigenpairs may represent, for 

example, the acoustic modes of a vibrating system such as a violin. For 
many applications, ample well-developed software is readily available 
to solve the eigenvalue problem and works very well provided computer 
memory is suffi cient to store the matrix. Typically, this software returns 
all the eigenvalues and eigenvectors. In other applications the matrix 
becomes too large to store. Fortunately, just the largest or smallest 
eigenvalue often provides adequate valuable information. For this 
type of problem other techniques exist that are sometimes useable 
deterministically, but are most often based on the Monte Carlo method. 
The Monte Carlo method becomes essential when the eigenvector is too 
big to store. This type of problem, for example, occurs in calculations of 
what is called the ground state energy of atoms, molecules, and solids. 

The ground state energy is the smallest eigenvalue of the 
Hamiltonian matrix representing the physical systems.

Knowing more than just one extremal eigenvalue is often 
desired and sometimes required. In designing a nuclear 
reactor, for example, the extremal eigenvalue is set by 
the details of the design, but the closeness of the second 
eigenvalue to it determines not only the stability of the design 
but also the effi ciency of the Monte Carlo method simulating 
the design. Clearly, there are cases where it is better if 
one can fi nd the second eigenvalue than if one cannot.

Determining more than one extremal pair of eigenvalues by 
Monte Carlo methods has been a diffi cult task. Monte Carlo 
is a method that draws "random samples" from probability 

distributions. By defi nition, probability distributions must be non-
negative everywhere. The technique that the Monte Carlo method 
uses to compute the dominant extremal eigenvalue draws samples 
from the unknown eigenvector. Fortunately for many applications, the 
dominant eigenvectors have no negative components. The very nature of 
eigenvectors, however, requires all pairs to be mutually orthogonal. This 
means that some components of each subdominant eigenvector must 
be negative. Hence, direct extension of existing Monte Carlo methods 
to the computation of multiple extremal eigenpairs requires sampling 
from at least one eigenvector that is not a natural probability function.

We have succeeded in extending the most commonly used Monte Carlo 
method for extremal eigenvalue computations to the computations 
of multiple extremal eigenpairs [1-3]. By “multiple” we mean of the 
order of a half dozen or so. We have benchmarked our extension 
on problems drawn from classical statistical mechanics [1-3], 
nuclear engineering [4-7], and applied mathematics [8]. Besides 
providing extra desired or needed information about the problem, our 
method also accelerates the convergence to the dominant state.

Our extension has three key components. One is a new procedure for 
estimating the eigenvalues [4,5], the second is a set of procedures for 
properly sampling for a mixed-sign function for which the location of its 
zeroes is unknown [2,6-8], and the third is an exact procedure for 
canceling signed walkers over a region as opposed to at a point [7]. This 
last component is crucial for eigenvalue problems defi ned in the 
continuum, such as the nuclear criticality problem in nuclear 
engineering. Our new method for estimating the eigenvalues does not 

Monte Carlo Methods for Multiple Extremal Eigenvalues of Very Large Matrices

Fig. 1. The fi ssion density amplitude 
convergence for a nuclear fuel slab 
problem. The left and right slabs, of 
slightly different widths, are the nuclear 
fuels that fi ssion neutrons. In between 
are slabs that more strongly scatter 
and absorb the neutrons. The green 
curve is the result of running our new 
method or the standard method a very 
long time. The blue (standard) and red 
(new) show the state of the standard 
and new methods after 200 cycles of the 
simulation.
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require a step at which we 
need to enforce the 
orthogonalization between 
eigenpairs explicitly. Not 
requiring this enforcement 
is valuable because the 
matrices we can treat are 
sometimes so large that we 
cannot store the information 
necessary to do this. The 
sampling of mixed-sign 
functions was accomplished 
by using random walkers of 
mixed sign, and transfers 
the sampling task to the 
promotion of interference 
between walkers of opposite 
signs so that on the average 
they represent the nodal 
structure of the eigenvector.

In Figs. 1 and 2 we show 
one of our benchmark 

calculations [6]. The generation of fi ssion neutrons is being simulated 
in two slabs of nuclear fuel which are well, but not completely, shielded 
from each other. What makes this problem a diffi cult Monte Carlo 
simulation is the near equality of the dominant and subdominant 
eigenvalues, which causes the simulations to converge very slowly. In 
nuclear engineering parlance, the dominance ratio of the problem is 
nearly one. Our Monte Carlo method is an iterative one, meaning the 
simulation is cycled until it converges to sampling a stationary state. 
After the sampling becomes stationary, data is collected to compute 
estimates of important physical properties. In Fig. 1 we show how 
close the standard method is to convergence and our new one after 250 
cycles. The exact solution has a specifi c asymmetry that our method has 
locked onto, but the standard method has not yet expressed. Figure 2 
shows a sequence of partial convergences of the new method compared 

to the benchmark. For this problem we estimate that it takes 450 cycles 
to converge. We found that the standard method takes 5000 cycles.

Our fi rst suite of benchmarks had dominant eigenvectors guaranteed to 
be positive so it was only the negativity of the subdominant state that 
was a concern. A next set of benchmarks was for problems where we 
knew the dominant state a priori. Here we created a modifi ed algorithm 
using this information, thereby reducing the simulation to fi nding 
just the subdominant eigenpairs [8]. Curiously an application of this 
specialization is the Monte Carlo method itself. A measure of effi ciency 
is the dominance ratio of the transition matrix defi ning the Monte 
Carlo steps [8]. By computing it we can compare the likely effi ciency 
of different algorithms and, in some cases, by adjusting the parameters 
of a given algorithm we can improve its effi ciency. Currently, we are 
studying problems where not even the dominant eigenvector is non-
negative. This is a common occurrence in many quantum mechanical 
problems where it is called the sign problem. In our other work we have 
already demonstrated that in some cases we can solve this problem.

Fig. 2.  The fi ssion density amplitude 
convergence for a nuclear fuel slab 
problem. The slabs are the same as in 
Fig. 1, as is the green curve. The red 
curves show the state of the new method 
after 10, 100, 200, and 400 cycles of 
the simulation. Convergence occurred at 
approximately 450 cycles.
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Multi-time-scale and multi-space-scale phenomena are ubiquitous, and defi ne a large fraction of the 
problems of interest at LANL. In today’s landscape, we fi nd numerous studies that resort to an approximation 
(such as approximate closure) of the equations governing the small-scale, computationally demanding 
processes. Such approximations can be useful, but do not solve the equations at the fi nest of scales. We 
also fi nd brute force simulation of the fi ne-scale equation, but over a reduced spatial domain and on 
shorter-than-desired time scales.

We are developing a moment-based, two-way, scale-bridging 
algorithm that can accelerate the solution of the fi ne-scale 

equations to the point where coarse time and length scales are 
achievable. Our prototype fi ne-scale problem has time, confi guration 
space, and phase space as independent variables. This fi ne-scale model 
is often referred to as the “kinetic” problem, and the discretized version 
of this problem will be referred to as the high order (HO) problem.
We accelerate the solution to this fi ne problem using a low order (LO) 
problem as a nonlinear “coarse space” correction. The LO problem is 
derived from a small number of phase space moments of the HO 
problem, and can also be solved on a coarser confi guration space mesh. 
We self-consistently determine the higher-order moments required by 
the LO problem with the phase-space solution of the HO problem. This 
moment-based algorithm has a clear connection to multigrid ideas from 

numerical linear algebra. The LO problem is an 
effi cient way to relax the “long wave length” 
components of the desired fi ne scale solution, and 
the HO problem is only used to relax the “short 
wavelength” components of the solution.

No general scale-bridging algorithm of the type we 
propose currently exists, although one can fi nd 
publication of foundational ideas that support this 
more general algorithmic direction [1-3]. The 
potential impact for the algorithmic advancement is 
best summarized by a selected list of applications. 
These could include neutron transport, photon 
transport, plasma kinetic simulation, rarefi ed gas 

dynamics, transport in condensed matter (e.g., semiconductors), 
simulating the evolution of matter in the universe, and molecular 
dynamics simulation in material science and biology. All of these 
problems (and more) have an underlying fi ne-scale description that has 
signifi cant impact over long time scales and large space scales.

It is very important to realize that the two-level nature of the algorithm 
may allow it to map well to modern heterogeneous parallel computing 
architectures (an early example of the computational co-design 
philosophy). The communication between levels is fairly limited–it is 
just the moments of the fi ne-scale distribution function going from HO to 
LO, and a few specifi c confi guration space fi elds going from LO to HO. 
As a result of this simple fact, and the broad range of potential 
applications, we expect this fundamental algorithmic idea to have a 
signifi cant impact on the evolving philosophy of computational co-design 
and the rapidly developing Department of Energy (DOE) Exascale 
computing initiative.

In a related form, this moment-based algorithm is already being used 
and making a positive impact on neutron transport for industrial fi ssion 
reactor physics calculations [3]. A reduced moment system (diffusion-
like) LO problem is constructed from the underlying HO transport 
problem by taking the zeroth and fi rst angular moments of the HO 
problem.  The LO problem is solved for the scalar fl ux on a coarse mesh. 
This scalar fl ux is used to defi ne the scattering and fi ssion source in the 
transport equation (HO problem), which is solved on a more refi ned 
mesh for the angular fl ux. Moments of the angular fl ux are required to 
defi ne the coeffi cients required in the diffusion-like (LO) problem. We 

Development of Moment-based, Two-way, Scale-bridging Algorithms for the 
DOE Exascale Initiative

Fig. 1. Material and radiation 
temperature at a specifi c point in time.
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have extended this algorithmic concept by providing 
a tighter Newton-based coupling in the HO/LO 
iteration [4], and by bringing the k-eigenvalue 
computation inside the Newton-based nonlinear 
iteration [5]. The combination of these extensions is 
providing a new level of effi ciency in transport-based 
nuclear reactor k-eigenvalue calculations [5].

There is a strong need for an effi cient scale-bridging 
algorithm in magnetic fusion energy research, space 
weather, and inertial confi nement fusion. A simple 
model for addressing algorithm development here is 
the Vlasov-Poisson equation system. To implement 
the moment-based approach we require the fi rst two 
velocity space moments of the ion and electron 
Vlasov equations. These equations, along with the 
appropriate Maxwell equations, are the LO problem. 
The HO problem (The Vlasov equations) will get the 
electric potential from the LO problem, and the HO 
problem solution will provide consistent closure for 
the ion and electron pressure tensors, which are 
required for the advance of the LO problem [6].

We are currently extending this algorithm for the 
solution of thermal radiation transport. The moment-
based algorithm is intended to replace the 
historically successful implicit Monte Carlo (IMC) 
algorithm. In a grey model problem example of the 
moment-based approach, the LO problem is a 
nonlinear system which includes the material energy 
balance along with the zeroth and fi rst angular 
moments of the photon transport equation. This LO 
problem provides a consistent emission source to the 
HO (transport) problem. The HO problem provides 
the numerically exact closure of the Eddington 
tensor (factor in 1D) required for the solution of the 
LO problem. Figures 1-3 show an example result 
from a 1D nonequilibrium thermal wave.

As can be seen, this moment-based, scale-bridging algorithm has 
signifi cant potential for application, although signifi cant algorithmic 
research is required to bring most of this to fruition. Furthermore, this 
work is a young example of potential algorithm co-design in action, as 
the mapping of the algorithm to evolving hybrid parallel computing 
architectures appears to have a clear route. We have started to explore 
alterations of these algorithmic ideas for the application to scale-
bridging in computational materials science. We expect this exciting 
area of algorithmic research to blossom at LANL with the evolving DOE 
initiative in Exascale computing.

Fig. 2. The solution coming from the LO 
problem is consistent with moments of 
the solution from the HO problem.

Fig. 3. Plot of the Eddington tensor 
(factor in this case) required for the 
solution of the LO problem, the second 
angular moment of the HO solution. If 
diffusion theory is valid, the Eddington 
factor would be 1/3 everywhere.
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A DVTC builds discrete operators that preserve fundamental identities of continuum calculus. As a result, 
important mathematical and physical principles such as conservation laws and solution symmetries are 
easily incorporated in numerical models. In our recent paper [1], we completed development of a DVTC 
on arbitrary polyhedral meshes. The developed DVTC ensures that discrete models are consistent 
approximations of continuum models, leading to more accurate predictions.

Polyhedral meshes provide enormous fl exibility for describing 
complex engineering models that arise in simulating dispersive 

transport in porous media, scattering of elastic waves from irregular 
interfaces in seismic imaging, and representing realistic surface 
topography in climate modeling. The developed discrete vector and 
tensor calculus (DVTC) ensures that discrete models are consistent 
approximations of continuum models, leading to more accurate 
predictions.

Polyhedral meshes provide a path to a robust mesh generation and 
adaptation. These meshes eliminate the critical problems of tetrahedral 
meshes. Polyhedra are less sensitive to stretching than tetrahedra; 
therefore, they are more suitable for problems with boundary layers. 
Slivers, typical for major tetrahedral mesh generators, are easily 
eliminated by merging them with two or more tetrahedra. Adaptive 
and non-matching meshes, popular in engineering applications, result 
only in different types of polyhedra; therefore, no special treatment 
of hanging nodes is required for discretizations and solvers.

Polyhedra have many more neighbors than tetrahedra–for example, 
Kelvin's tetrakaidehedron has 14 faces and is considered the ideal 
prototype of a bubble in a dry, monodisperse foam. From one side, this 
increases the stencils of discrete operators, but from the other side, this 
makes the operators more accurate, reduces numerical diffusion, and 
allows information to propagate faster through the mesh, leading to an 
increased overall convergence rate. Finally, polyhedra cover the space 
more effi ciently than tetrahedra and hexahedra and tend to minimize the 
inter-element surface area.

The DVTC is at the core of all mimetic discretization methods [1-3]. The 
numerical solution of a heat conduction problem is frequently performed 
using degrees of freedom (DOF) at mesh nodes. With these DOF, we may 
approximate the temperature gradient along each edge via a 
conventional fi nite difference. This results in a primary mimetic gradient 
operator, gradh , that acts from the space of node-based discrete 
functions to the space of edge-based discrete functions. The DVTC 
builds a dual of this operator, the discrete divergence operator, divh , 
that acts in the opposite direction [2]. The nodal-based discretization of 
the Laplace operator is divhgradh.

To enforce local mass balance in a diffusion problem, its mixed 
formulation is often used. Discretization of the divergence operator 
becomes trivial when face-based unknowns approximate normal 
components of fl ux. This results in a primary mimetic divergence 
operator, divh, that acts from the space of face-based discrete functions 
to the space of element-based discrete functions. The DVTC builds a 
dual discrete gradient operator, gradh, that acts in the opposite direction 
[3]. The cell-centered discretization of the Laplace operator is 
divhgradh .

For the Maxwell equations, natural DOF for the electric fi eld are its 
tangential components on mesh edges. Such a defi nition of DOF results 
in a simple primary mimetic curl operator, curlh, that acts from the space 
of edge-based discrete functions to the space of face-based discrete 
functions. The DVTC builds a dual of this operator, curlh .

The DVTC preserves important mathematical identities such as 
curlhgradh = 0 and divh curlh = 0 and provides discrete Helmholtz 

Discrete Vector and Tensor Calculus on Polyhedral Meshes
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decomposition theorems. Note that dual operators are not unique, 
which explains the existence of various approaches to the development 
of a DVTC. Unique features of our approach are (1) the absence of 
constraints on the shape of polyhedra, and (2) the consistency of the 
numerical scheme is enforced explicitly in all derivations to guarantee 
accuracy of dual operators on arbitrary polyhedral meshes.

Future work will be focused on the development of an arbitrary-order 
accurate DVTC.

Fig. 1. A model of the C-shaped magnet 
consists of a copper slab wrapped 
around the core of a ferromagnetic 
material. The core is a cylinder of 
electric steel bent to form a C-shape. 
The core enhances the magnetic fi eld 
produced by the circular current running 
in the copper. The model is meshed with 
a quasi-uniform hexahedral mesh (using 
package CUBIT) with about 50,000 
elements. The top picture shows a trace 
of the computational mesh. The bottom 
picture shows the magnetic induction. 
The arrows plotted at mesh nodes 
indicate the expected alignment of the 
magnetic fi eld with the ferromagnetic 
core. Solution of this problem with 
equivalent tetrahedral mesh would 
require twice the unknowns.

Fig. 2. Location of node-based (top left), edge-based (top 
right), and face-based (bottom) degrees of freedom for a 
hexahedron.

[1] Lipnikov, K., et al., J Comput Phys 230, 305 (2011).
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Daniel Livescu, Mark R. Petersen, Tie Wei, CCS-2 We have conducted high-resolution, high-Reynolds number DNS of the RT instability on the 0.5-Petafl ops, 
150-k compute cores BG/L Dawn supercomputer at LLNL. This includes a suite of simulations with Atwood 
numbers ranging from 0.04 to 0.9 and grid size of 10242 by 4032, and a high-resolution simulation of 
grid size 40962 by 4608 and Atwood number of 0.75, currently ongoing. After the layer width developed 
substantially, additional branched simulations were run under reverse gravity and zero gravity conditions. 
The simulations provide an extensive database to study RT turbulence, including mixing layer growth rates, 
turbulence and mixing asymmetries, self-similar behavior, and spectral characteristics. Individual terms of 
the moments transport equations are recorded to develop and validate turbulence closure models. Here we 
showcase preliminary results on the long-standing open question regarding the discrepancy between the 
experimentally and numerically measured mixing layer growth rates.

Rayleigh-Taylor instability (RTI), which is generated at the 
interface between a heavy and a light fl uid subjected to a constant 

gravitational fi eld in an unstable confi guration, is of fundamental 
importance in a multitude of applications, ranging from fl uidized 
beds, oceans and atmosphere, to inertial confi nement fusion (ICF) 
and supernovae explosions [1-2]. Although this instability has been 
subjected to intense research over the last 50 years, early numerical 
studies have been restricted to coarse mesh calculations. On the other 
hand, it is experimentally notoriously diffi cult to accurately characterize 
the initial conditions and provide the detailed measurements needed 
for turbulence model development and validation. Thus, a large number 
of open questions remain unanswered about this instability, and even 
fi rst-order global quantities, such as layer growth, are not completely 
understood and still give rise to intense debate [3]. Nevertheless, 
today's petascale computers allow fully resolved simulations of 
RTI at parameter ranges comparable to those attained in laboratory 
experiments, but providing, in carefully controlled initial and boundary 
conditions studies, much more information than the actual experiments. 
These extremely high-resolution simulations are enabling a look 
at the physics of turbulence and are testing turbulence models in 
unprecedented detail, hopefully contributing to a signifi cant advance in 
our predicting capabilities.

To test various hypotheses related to the layer growth and elucidate 
the long-standing discrepancy between the experimentally and 
numerically measured growth rates, explore the turbulence and mixing 

characteristics, and provide data for model development and testing, we 
have performed fully resolved, very high resolution simulations of RTI 
with the CFDNS code [4]. These simulations, currently ongoing, are the 
largest fully resolved simulations of the RTI to date and cover the range 
of Atwood numbers, A=0.04–0.9, in order to study small departures 
from the Boussinesq approximation as well as large Atwood number 
effects, which are even less understood (Fig. 1). After the layer width 
developed substantially, additional branched simulations were run under 
reverse gravity and zero gravity conditions. This “gravity reversal” 
occurs in practical situations (e.g., ICF or pulsating stars), however 
there are no fully resolved simulations to date in this confi guration.

While the bulk of these results are still being analyzed, we here 
showcase some preliminary results regarding the instability growth. 
The temporal evolution of the Rayleigh-Taylor (RT) layer width is an 
important question in applications, and one metric to gauge the effi cacy 
of various models and numerical simulations. Although certain classes 
of initial conditions (e.g., if long wavelengths are present in the initial 
perturbation) may have a long-lasting infl uence on the growth rate, 
it is generally agreed that at long times, if the turbulence growth is 
unrestricted, the turbulent mixing layer grows quadratically in time:

The quadratic growth has been known for a long time as a dimensionally 
consistent result confi rmed by experimental data. This formula, 

Direct Numerical Simulations of Rayleigh-Taylor Instability
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including various consistent ways for 
extracting the value of α, is further discussed 
in [3]. Nevertheless, the value of the growth 
rate, α, is still hotly debated and there is 
a large discrepancy between the values 
reported by numerical (non-direct numerical 
simulation [DNS]) simulations and many 
experiments, which constitutes a long-
standing open question. To compound this 
open question, most numerical studies to 
date are under-resolved simulations relying 
on numerical errors to stabilize the Gibbs 
phenomenon. In addition, it is notoriously 
diffi cult, experimentally, to accurately 
characterize the initial conditions and provide 

the detailed measurements needed for turbulence model development 
and validation. The leading hypotheses for the discrepancy in the 
reported α values stem from these drawbacks—too large diffusion in 
the numerical simulations, and undesired perturbations corrupting the 
initial conditions in the experiments. In our fully resolved simulations 
we found little change in the value of α when varying the values of 
the molecular transport properties. Moreover, we have also performed 
simulations with various initial perturbation spectra. The preliminary 
analysis of these results points to two possible explanations for the 
higher growth rates measured in various experiments, and either one 
or both explanations can apply: (1) experimental set-up is too small 
and thus the measurements represent only the early time behavior, 
and/or (2) layer growth is affected by the lateral walls due to large 
wavelengths present in the initial perturbation spectrum. To exemplify, 
Fig. 2 presents results from several simulations with a top-hat initial 
perturbation spectrum and different spectrum widths and/or amplitudes. 
Even though the early time behavior may suggest different growth rates, 
the long time results show the same asymptotic value for α. While our 
results are preliminary, there are at least two experimental studies with 

Fig. 1. Three-dimensional visualization 
of the density fi eld showing the 
asymmetry of the Rayleigh-Taylor 
mixing layer, with the development of 
“bubbles” on the heavy fl uid side and 
“spikes” on the light fl uid side.

Fig. 2. Rayleigh-Taylor growth rate � 
from several simulations with A=0.04 
and different initial perturbation spectra, 
shown in the legend. (a) Early time 
behavior may suggest different growth 
rates. (b) Long time results show the 
same asymptotic value.
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carefully controlled initial conditions supporting the hypotheses above 
[5,6]. Nevertheless, both of these hypotheses represent serious obstacles 
in characterizing the practical behavior, due to the lack of generality 
of the early time evolution and of the interaction with the walls.
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Sue Mniszewski, Stephan Eidenbenz, CCS-3 An agent-based optimization approach for dynamic activity schedule generation has been developed as 
part of the DHS NISAC infrastructure modeling effort. The supporting functionality for choosing activity 
locations and activity execution operate concurrently. As a simulation, daily activity schedules for individual 
agents are generated based on their demographics and the utilities, priorities, and time constraints of a 
chosen set of activities. Traditional agent-based technology and numerical methods are combined. This is 
part of a larger effort to understand the interdependencies among national infrastructure networks and their 
demand profi les, which emerge in baseline and emergency scenarios. It operates as a standalone model for 
population analysis, and can be coupled with other infrastructure models.

Detailed large-scale infrastructure simulations of demand and 
disaster response require synthetic populations with realistic daily 

activities. Census-based agents replaying static activity schedules drawn 
from transportation surveys in a “ground-hog day” fashion have been 
shown to work well in practice. Here we present an enhanced hybrid 
agent approach of dynamically scheduling activities using rules, utilities, 
constraints, priorities, and optimization.

Everyday life without major disruptions due to emergencies or natural 
disasters has a regularity or rhythm associated with it. We engage 
in different activities on different temporal scales, such as daily, 
weekly, monthly, or yearly. Home activities are a daily occurrence. 
Work is performed some number of times per week. Children 
and youth attend school on weekdays, but not weekends. Our 
shopping and social activities may be concentrated on weekends 
or fi t around other activities, while the regularity of medical 
and service appointments may only be a few times per year.

Static one-day activity schedules have been the standard for 
infrastructure simulations and are still in use today. TranSims 
activity generation creates static "ground-hog day" household 
schedules based on the National Household Transportation Survey 
and 2000 US Census data [1]. The single-day schedules have 
been extensively used in the simulation of telecommunication 
networks [2] and transportation networks [3]. Cycled daily 
schedules have been used for simulations of epidemic mitigation 
scenarios [4] where individuals abandon their usual schedules 
when ill and stay home. In a study of social contact patterns and 
their effect on the spread of disease, weekday schedules were 
further distinguished from weekends and holidays by replacement 

of work or school with home for a portion of the population [5]. The 
need for multiple-day schedules and schedules that can readjust when 
changes occur (minor or major) requires a more dynamic approach.

The ActivitySim model provides activity scheduling for synthetic 
populations as a large-scale hybrid agent-based discrete event 
simulation (DES). The term “hybrid” is used due to the combination 
of agents, DES, and mathematical methods. The supporting 
functionality for choosing activity locations and activity execution 
operates concurrently. This improves upon an early version with basic 
functionality [6]. As a simulation, daily activity schedules for individual 
agents are generated based on their demographics and the utilities, 
priorities, and time constraints of a chosen set of activities. Utility 
is dependent on the duration of an activity, while priority is based on 
the longest time allowed between instances of an activity (see Fig. 1). 
Utility increases with a longer duration, up to a limiting or maximum 
useful duration. As an activity’s priority increases, it becomes more 
likely to be scheduled. Scheduling is driven by an optimization loop 
composed of a meta-heuristic, objective function and end condition. 
The meta-heuristic uses operators (e.g., Delete-IncreaseDuration, 
AdjustDuration, Substitute, DecreaseDuration-Insert, Append) to add 
or change activities within a time-window considering constraints 
and priorities. The objective function takes into account utilities, 
priorities, and travel time when evaluating a schedule. Schedules are 
produced activity-by-activity, drawn from a set based on an agent’s 
demographics. The agent-based approach allows us to generate demand 
shocks as an emergent property of the simulation for baseline and 
emergency scenarios. It operates as a standalone model for population 
analysis, and can be coupled with other infrastructure models.

Agent-based Dynamic Scheduling of Daily Activities

Fig.1. Example utility and priority 
functions.

2011SHdraft11.indd   20 3/4/11   2:27 PM



APPLIED MATHEMATICS AND FLUID DYNAMICS

www.lanl.gov/orgs/adtsc/publications.php 21

The main concepts are person, 
household, location, and 
zone. A person can be part of 
a synthetic population based 
on US census data, another 
country, a demographic, 
or completely fi ctitious. A 
household is assigned for each 
person and serves as a home 
base for families or groups of 

individuals. A location can represent a geo-located business or home as 
a building or room. A location could alternatively represent a group of 
businesses in a geographic area such as a county, city, or state. A zone 
represents an aggregate of locations over a larger geographic area. 
For example, when locations are individual businesses, zones can be 
groups of locations in the same block group.  Networks of zones with 
user-defi ned connectivity are used in selecting activity location choices.

An overall enumeration of activities must be defi ned for the person 
population dependent on the scenarios being considered. Activities 
can be very general (e.g., home, work, elementary school, junior high 
school, high school, shop, dine out, social recreation), more specifi c 
(e.g., sleep, personal care, breakfast, lunch, dinner, food shopping, 
morning work, afternoon work), or mixed. Subsets of activities, as 
activity-sets, are defi ned for demographic groups or other partitionings 
of the person population. For example, demographic groups based 
on age, school situation, and worker-status can be defi ned for young 
children (0-5), elementary school youth (6-10), junior high school youth 
(11-13), high school youth (14-17), college, non-workers, workers, 
and seniors. There can be common activities across activity-sets 

(e.g., home, shop, social recreation).  A name, duration, 
start, and end time constraints, utility function (e.g., 
sigmoid) and parameters, priority function (e.g., sigmoid) 
and parameters, travel time, and a weekend factor are 
provided for each activity in each activity set. Tuning is 
required to set the utility and priority function parameters. 
Different demographic groups may have the same 
activities, but different time constraints and priorities

Agent processing is driven by meta-rules. There are 
three types of actions that can occur in an overlapping 

Fig. 2. Population activity 
participation.

Fig. 3. Performance.

[1] Barret, C.L. et al., “TRANSIMS 3.1, Chapter 3: Activity Generator,” LANL 
Unclassifi ed Report 00-1725 (2004).
[2] Waupotitsch, T., et al., “Multi-scale Integrated Information and 
Telecommunications System (MITS): First Results from a Large-scale End-to-End 
Network Simulator,” Proc 38th Conf Winter Simulation, 2132 (2006).
[3] Thulasidasan, S., et al., “Accelerating Traffi c Microsimulations: A Parallel 
Discrete-Event Queue-Based Approach for Speed and Scale,” Proc 2009 Winter 
Simulation Conf (2009).
[4] Mniszewski, S., et al., Comput Math Organ Theor 14, 209 (2008).
[5] Del Valle, S., et al., “Dynamic Contact Patterns” in Realistic Social Networks, 
Social networks: Development, Evaluation and Infl uence, Nova Science Publishers 
(2008).
[6] Galli, E., et al., “Large-scale Agent-based Activity Generation for 
Infrastructure Simulation,” Proc 2009 Spring Simulation Multiconf (2009).
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fashion. They are: (1) distributed activity location choice–where 
each person collects their set of favorite locations for each of their 
activities, (2) dynamic scheduling and rescheduling–where activities 
are scheduled and optimized, and (3) activity execution–where 
persons perform their scheduled activities. In coupled models, 
the execution of activities can be used to drive different model 
layers, such as transportation or other infrastructure demands.

ActivitySim was used to simulate the daily activities (the general 
set described above) of a Twin Cities, MN, synthetic population 
composed of 2.6 million individuals, with about 1 million households 
and more than 480 thousand different locations. The simulation was 
executed on the LANL Institutional Computing Coyote cluster and 
was run for two simulated weeks. Figure 2 shows the population 
participation for a number of daily activities (starting on a Monday) 
for weekdays and weekends. Regularity is seen in home, work, 
and school activities and less for the others. Activity participation 
and duration is seen to change as the week progresses.

This utility-based scheduling is compute-intensive, but still exhibits 
strong scaling. Figure 3 shows runtime performance in comparison to 
pre-calculated schedules for Twin Cities.
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Humberto C. Godinez, J. David Moulton, T-5 In this work we describe an effi cient matrix-free implementation of the EnKF for the assimilation of large 
data sets. To reduce complexity and the cost of assimilation of large data sets, we propose a matrix-free 
implementation of the EnKF where a Sherman-Morrison solver, which exploits the outer-product form of the 
matrix, is used. The cost of the resulting algorithm scales linearly in the number of observations (data) being 
assimilated. Numerical experiments with a Two-dimensional Shallow Water model on the sphere confi rm this 
scaling. In addition, these results show that this approach is signifi cantly faster than the popular algorithm 
developed by Evensen [1], which is based on the SVD.

The Ensemble Kalman Filter (EnKF) is a sequential data assimilation 
method. It uses an ensemble of model integrations or forecasts to 

calculate the background mean and error covariance matrix needed to 
compute an improved model state. Hence it is a computationally feasible 
method for nonlinear models whose dependent variables, or state, are 
high-dimensional. Due to its ease of implementation and effectiveness it 
has gained wide acceptance. 

The assimilation step in EnKF computes a correction term, which is a 
weighted difference between the model state and observations. The 
formulation of the weight matrix, referred to as the Kalman gain matrix, 
involves an inverse matrix whose dimension is equal to the number of 
observations being assimilated. Fortunately, the inverse is not needed 
explicitly, so common approaches, such as Cholesky decomposition and 
Singular Value Decomposition (SVD), are used to factor the matrix, and 
then solve the corresponding linear system. However, these approaches 
scale superlinearly with the number of observations, making them too 
costly for large data sets.

A popular algorithm that partially addresses this issue of large data sets 
was proposed by Evensen [1]. In this algorithm an additional 
assumption is introduced that signifi cantly reduces the cost of the SVD. 
In particular, this approach consists of two parts: an SVD that scales 
linearly in the number of observations, followed by four dense matrix 
multiplications. Although these dense matrix operations do scale 
linearly with the number of data points, their scaling with respect to the 
number of ensemble members and the number of member of the 

An Efficient Matrix-free Ensemble Kalman Filter

degrees of freedom in the model (state) vector makes the overall cost 
unacceptably high.

A promising alternative to these traditional approaches is to solve the 
underlying system using a matrix-free approach that exploits the 
particular form of the matrix. Specifi cally, this matrix is expressed as 
the sum of a diagonal matrix plus a series of rank-one matrices. 
Recently, Egidi and Maponi [2] developed a powerful direct solver for 
matrices of this form. This algorithm recursively applies the well-known 
Sherman-Morrison and, hence, is completely matrix-free. We propose to 
use this solver to develop an effi cient matrix-free EnKF assimilation 
algorithm. This approach will minimize the memory requirements 
because neither the overall matrix nor the matrices in the Sherman-
Morrison formula need to be formed. Only the action of these matrices 
times a vector is required, and this action is readily expressed as a 
combination of inner products.

Furthermore, much like the factorization and decomposition approaches, 
the Sherman-Morrison solver can be thought of as having two distinct 
parts. In particular, the fi rst solve is the most expensive part, and is 
analogous to the factorization or decomposition step. In the second step, 
subsequent solves with the same linear system and different right-hand-
sides have a cost proportional to a vector dot product. This is analogous 
to solving a linear system once the matrix has been factored. The ability 
of the Sherman-Morrison solver to perform subsequent solves very 
effi ciently is critical because the assimilation step in the EnKF solves 
the same linear system for each ensemble of model states. In
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combination, these properties lead to an effi cient matrix-free EnKF 
algorithm that scales linearly in the number of observations being 
assimilated.

To compare scaling and performance, the SVD-based EnKF algorithm 
developed by Evensen [1] and the proposed matrix-free EnKF algorithm 
were implemented within a single data assimilation framework. A global 
Two-dimensional Shallow Water model on a sphere was used to provide 
the model predictions. The assimilation was performed under a twin 
experiment framework, where the initial condition for the control state 
was taken by shifting the reference initial condition one gridpoint to the 
east. An ensemble of 100 members was formed, where each ensemble 
member was initialized with a perturbed initial condition. Then EnKF 
assimilation for each method was performed with the number of data 
points varying from 100 to 30,000. Further details and references can be 
found in [3].

Although both methods produced similar assmilated states, the results 
confi rm that the proposed matrix-free EnKF algorithm is signifi cantly 
faster than the SVD-based approach. In Fig. 1 we plot the CPU times for 
the two stages of each algorithm as a function of the number of data 
points being assimilated. The times in the fi rst plot (Fig. 1, top) show 
that the cost and scaling of the fi rst step in both algorithms is 
comparable. In contrast, the times in the second plot (Fig. 1, bottom) 
show that the second stage of the proposed matrix-free EnKF approach 
is signifi cantly more effi cient than the SVD-based approach. This 
increased cost is directly attributed to the dense matrix multiplications 
used here, and gives a very steep slope to the linear dependence on the 
number of observations. In fact, the matrix-free EnKF is over 100 times 
faster when assimilating 30,000 observations.

The results show that the matrix-free implementation, using a Sherman-
Morrison linear solver, is an effi cient alternative to matrix decomposition 
methods by a wide margin. Future work will focus on the parallelization 
of this matrix-free approach, as well as the development of a proper 
localization scheme to prevent fi lter divergence. 

Fig. 1. Timing comparison between the matrix-free (blue line) and SVD (red line) 
implementations of EnKF as a function of the number of observations. The top fi gure 
shows the CPU time of the matrix-free fi rst solve (blue line) and the SVD computation 
(red line). The bottom fi gure shows the CPU time for the subsequent matrix-free solves 
(blue line) and the matrix multiplications (red line) in Evensen’s SVD method. The 
plots clearly show the effi ciency and linear scaling of the matrix-free EnKF algortihm.

[1] Evensen, G., Ocean Dynam 53, 343 (2003).
[2] Egidi,  N. and P. Maponi, J Comput Appl Math 189, 703 (2006).
[3] Godinez, H. and J. Moulton, “An Efficient Matrix-free Implementation of the 
Ensemble Kalman Filter,” in preparation.
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Transport in porous media has applications in many physical and biological phenomena such as 
contaminant transport in groundwater. A popular and effective model for this transport is the ADE. The 
ADE is a partial differential equation that is derived by modeling the transport processes of advection and 
dispersion, in combination with the conservation of solute mass. Particle tracking methods offer several 
advantages over Eulerian discretization approaches for solving the ADE. The CBPT method is an effi cient 
particle-tracking approach that was recently developed for steady-state fl ows in porous media. This method 
needs signifi cantly fewer particles than existing methods, and offers additional effi ciencies for sensitivity 
studies. In this work we extend this to the transient case, and highlight the initial verifi cation tests.

Transport in porous media involves a combination of three passive 
transport mechanisms: (1) advection due to the groundwater 

fl ow driven by pressure gradients, (2) molecular diffusion due to 
concentration gradients, and (3) hydrodynamic dispersion due to mixing 
of fl ow paths of varying velocities as a result of heterogeneities in the 
medium. Under certain assumptions the continuum approximation is 
valid, and these processes are accurately modeled by the advection-
dispersion equation (ADE). Particle-tracking methods are often 
used to solve the ADE due to their ability to maintain sharp fronts in 
systems that are advection dominated or that have strongly anisotropic 
dispersivity. A drawback of most particle-tracking methods is that 
producing a suffi ciently accurate solution requires a large number 
of particles, especially with non-point sources and for source terms 
that vary over time. The Convolution-Based Particle Tracking (CBPT) 
method [1] is a new, computationally effi cient method that calculates 
plume concentrations by combining particle tracking and convolution, 
assuming a steady-state fl ow. In particular, as the duration of the 
simulated source term increases, the convolution approach is more 
effi cient than traditional Random Walk Particle Tracking (RWPT) 
techniques. Another advantage of the CBPT method is that a single 
particle-tracking simulation may be used, through the convolution 
approach, to effi ciently conduct a parametric sensitivity study. 
However, the CPBT method assumes a steady-state fl ow, and this is too 
restrictive. In this work we extend the CBPT method to transient fl ows.

Standard RWPT methods solve the ADE by recognizing its equivalence 
to the Fokker-Planck equation, and hence, to Ito’s interpretation of the 

Convolution-based Particle Tracking for Transient Flows in Porous Media

corresponding Langevin equation. Transport under steady-state fl ow 
conditions can be described by a collection of particle trajectories. Due 
to the time-invariant nature of the problem, any solute source can be 
convolved with the obtained trajectories by releasing particles at the 
initial time. A suffi cient number of particles are released at different 
locations to describe the spatial distribution of solute sources. The 
details of resident concentration calculations can be found in [1].

In the case of transport in a transient fl ow fi eld, solute particles 
entering the domain at different times experience different fl ow fi elds. 
Hence, to accurately describe the temporal nature of the transport, 
particles must be released at each source location throughout the time 
domain of transport, such that one may approximate the steady-state 
fl ow conditions over each interval of particle release. We compute a 
separate trajectory for each particle released in each time interval. 
The interval of particle release depends upon the transients present 
in the fl ow; the number of particles released at each time depends on 
transport parameters such as dispersivity. Each time-varying source is 
broken into sub-sources, to coincide with the time of particle release. 
Each of the sub-sources now follows the set of particle trajectories 
corresponding to those particles released at the start time of the 
source. The concentration due to each sub-source can be written as a 
convolution of the mass fl ux with the trajectories of particles released 
at the appropriate time. The total concentration is simply the sum of the 
individual concentrations, obtained by the principle of superposition.
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Fig. 1. The 1D plume for a linearly increasing fl ow with constant continuous source 
for advective transport at different times. CBPT (symbols) results are in excellent 
agreement with the RWPT (lines) results.

[1] Robinson, B.A., et al., Comput Geosci 14, 779 (2010).
[2] Srinivasan, G., et al., Water Resour Res, submitted (2010).
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The test case documented here uses a simple homogeneous 3D model 
with fl ow along the x direction. The domain (10 km × 600 m × 600 m) 
is discretized uniformly with 100-m grid spacing in all directions. 
The fl ux at the inlet is prescribed and a constant head boundary is 
applied on the downstream plane. No fl ow conditions are assumed 
on the other sides. The solute mass is input at the upstream end of 
the domain as a point source, centered in the middle of the y-z plane. 
The model described here is advection-only transport for linearly 
increasing fl ow with time. In order to capture the temporal variations 
in the fl ow, 1200 particles are released uniformly over 300 days.

The results for the concentrations obtained from the CBPT method are 
verifi ed by both semi-analytical and numerical (RWPT) techniques in 
[2]. The RWPT calculation used 10,000 particles released uniformly 
over 300 days in the process model run. The plume is shown in 
Fig. 1 at several times for both the CBPT and RWPT methods. Since 
the fl ow is linearly increasing, and the mass fl ux at the inlet is 
fi xed, the concentration at the inlet decreases with time, while the 
concentration profi le is monotonically increasing. Figure 1 also shows 
that sharp fronts, which are characteristic of advection-dominated 
transport, are maintained at all times. Using the concentration 
computed with the semi-analytical method as a reference, the error 
in the CBPT concentration has a maximum of 9.6×10−8 mol/l.

These calculations of plume concentration are composed of two 
parts, the computation of the fl ow fi eld, and the particle tracking. 
Since the computational cost of particle tracking is directly 
proportional to the number of particles, the CBPT method is 
approximately 10 times faster than the RWPT method. The overall 
speedup depends on the cost of the fl ow calculation. Additionally 
the convolution step in CBPT is approximately 100 times faster 
than the RWPT method. This step in the calculation can reuse 
the particle trajectories obtained previously to conduct parameter 
studies, including time-varying sources and radioactive decay 
constants, very effi ciently. This feature is a signifi cant computational 
advantage for Monte Carlo-based analysis of transport uncertainty.

We have developed the transient CBPT method and shown that it 
requires fewer particles in the underlying particle tracking process 
model run to obtain similar or greater accuracy than traditional 
RWPT techniques. In addition, particle trajectories are independent, 
so the total number of particles can be distributed across many 
processor cores, and the particle tracking executed in parallel.
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A promising scheme for producing thermonuclear energy in the laboratory uses charged particle beams to 
heat hydrogen fuel to very high temperatures. This scheme, known as fast ignition, may employ fast ions, 
rather than electrons, to heat the fuel—so having a very accurate knowledge of the interaction of fast ions 
with dense hydrogen fuel is essential. Here we simulate charged-particle stopping in a strongly coupled 
electron gas using non-equilibrium molecular dynamics. To avoid the challenge of simulating non-equilibrium 
quantum systems, we initially consider a fi ctitious system containing classical particles in which the charge 
of the projectile and the target are the same. Our results can therefore be compared directly to kinetic theory 
predictions without ambiguity. In the future we will extend our simulations to electron-nucleus mixtures, 
which will allow us to predict the proportion of energy that goes directly (i.e., instantly) to the ionic fuel 
without fi rst heating the electrons.

The energy loss per unit length into the fuel, or “stopping power” 
dE/dx, quantifi es the energy deposition from a fast charged particle.  

This parameter and the related energy split between ions and electrons 
are important in fast ignition fusion physics [1]. Although there are 
standard kinetic theory predictions for these quantities, they are mostly 
limited to describing hot and dilute plasmas. The behavior in cooler, 
denser plasmas, including the effects of collective excitations, highly-
charged impurities, or projectiles, is less certain. Classical molecular 
dynamics is ideal to study these more relevant scenarios. Modern 
computational algorithms and architectures permit charged particle 
simulations with 106 to 109 particles, usually treating the long-range 
forces in a particle-particle particle-mesh (PPPM) scheme. Periodic 
boundary conditions are imposed to mimic the bulk fuel.

We have applied the scalable parallel molecular dynamics (MD) code 
ddcMD [2] to examine in detail the manner in which fast ions transfer 
energy to a dense fuel. Here, we consider only the electron component of 
the fuel, at some temperature T, since that is expected to be the 
dominant mode of energy loss at relevant projectile energies. We 
examine energy loss behavior for three different projectile velocities, 
near the maximum in dE/dx, at velocities (v~3 vth) below the peak, and 
at high velocities (v~28 vth) above the peak. (We measure the projectile 
velocity in terms of the mean [thermal] velocity of the electrons in the 
fuel target, denoted vth.) The simulations described here correspond to a 
Z=-2 (anti)helium projectile traveling in a low temperature, strongly 
coupled electron gas with dimensionless Coulomb coupling parameter of 

Large-scale Molecular Dynamics Simulation of Charged Particle Energy Deposition 
in Strongly Coupled Plasmas

order Γ=e2/(a kBT) =10. (This parameter measures the ratio of a typical 
potential energy e2/a to a typical kinetic energy kBT; large values 
correspond to a liquid-like structure.) Like charges are used to prevent 
bound states, which are unphysically deep, from forming on the 
projectile. As our comparisons with kinetic theories can easily 
accommodate this scenario, we lose nothing with this trick.

Our simulations are performed in cubic cells with N=128,000 particles. 
An important issue is that the projectile excites a wake potential, much 
like the wake behind a boat. Because our system is periodic, our 
projectile would ride (incorrectly) in the wake of its periodic neighbor. 
To account for such fi nite-size effects, we direct the projectile at an 
oblique angle, to maximize the distance traveled before the projectile’s 
path overlaps the wake from a neighboring replica image. The fastest 
projectile we consider has v ~28 Å/fs, so it traverses the cell multiple 
times during the simulation. This will be further mitigated in the future 
by using larger simulation cells, and we have recently begun simulations 
more than an order of magnitude larger than those shown here. For 
example, these size effects have been explicitly compared (for different 
conditions than this), and dE/dx is consistent for systems from 6×104 to 
2×106 particles. Our MD simulations provide complete information on 
the charge-density and current-density perturbations around the moving 
charged projectile. These perturbations are related to the dielectric 
response of the target, which may be nonlinear for highly charged 
projectiles. This dynamical, non-linear response is very diffi cult to 
include in standard kinetic theories of charged-particle energy loss.
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Figure 1 (a–c) shows the electron density, ρ, around the moving 
projectile, and a color image of the energy deposition fi eld, φ, is 
superposed as well.  Both fi elds are time averages of the instantaneous 
particle distributions. The energy transfer fi eld is φ(r)ƒ(r).(–∇Vcoul(r)) in 
terms of the Coulomb potential of the projectile taken at the origin. This 
is the differential work performed on the target electrons by the 
projectile; the total rate of projectile energy loss is dE/dt=∫φ(r)d3r . In 
the future, we will generalize this to a two-component plasma in which 
separate current-density fi elds of electrons and fuel ions will be used to 
compute the electron-fuel energy split.

In the fi gure, we note familiar qualitative features of the wake response. 
At low velocities, the projectile is surrounded by an approximately 
isotropic screening cloud and approaches Brownian motion from nearly 
random collisions with the electrons. Since the projectile’s energy is 
E > 3kT/2, there is still a net energy loss dE/dx>0 composed of a small 
positive transfer of energy in front of the projectile and a small negative 
transfer behind. In the intermediate velocity case v ~ 9 vth, the major 
part of the energy transfer occurs in front of the projectile via strong 
particle-particle collisions with the electrons in the target. The dynamic 
collective response leads to damped plasma oscillations in the tail 
behind the moving projectile. These are visible in the grayscale density ρ 
and in the faint alternations in the energy fl ow from projectile to target. 

The wavelength in 
the wake scales 
with projectile 
velocity and plasma 
oscillation period is 
λ ∼ ντρ . At high 
velocities, the 
energy deposition is 
very strongly 
concentrated in 
front of the moving 
projectile as the 
projectile plows into 
the electrons, which 
have little time to 

respond. The screening cloud becomes increasingly elongated and the 
wavelength of the wake oscillations increases, as expected.

In summary, we have developed a state-of-the-art MD capability for 
studying the energy-loss charged particles in dense plasmas. The tools 
that we have developed will be extended to more realistic models of the 
fuel, which include the ionic fuel itself. Simulations of such plasmas will 
allow us to address the important issue of energy fl ow in fast ignition 
targets, including direct coupling from the projectile to the ionic fuel, 
and the indirect path that relies on electron-ion collisions. Moreover, we 
are adding thermonuclear burn processes as well, and we will eventually 
also track fast alpha particles generated by fusion events.

→

Fig. 1. The wake fi eld is shown for a 
Z=-2 projectile near the center of the 
image, moving in the positive y 
direction. The fi eld of view is 720 Å, 
compared to the cell length of 1075 Å; 
the screening length is 2.4 Å. The 
electron charge density, ρ, is shown in 
gray; the strongly-repulsive screening 
cloud is the dark lozenge. The logarithm 
of the energy transfer fi eld, φ, is shown 
in color. (Specifi cally, Sign(φ) 
ln(Abs(φ)) is shown with a cutoff at 
small values.) All results are time-
averaged over the 400 fs duration of the 
simulations and are cylindrically-
averaged around the axis of the particle 
trajectory.
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Bertrand Rollin, CCS-2; Malcolm J. Andrews, XCP-4 Recent research has shown that initial conditions have a signifi cant infl uence on the evolution of a fl ow 
towards turbulence. This important fi nding offers a unique opportunity for turbulence control, but also raises 
the question of how to properly specify initial conditions in turbulence models. We study this problem in 
the context of the RT instability. The RT instability is an interfacial fl uid instability that leads to turbulence 
and turbulent mixing. It occurs when a light fl uid is accelerated into a heavy fl uid because of misalignment 
between density and pressure gradients. The RT instability plays a key role in a wide variety of natural 
and man-made fl ows ranging from supernovae to the implosion phase of ICF. Our approach is to provide a 
turbulence model with a predicted profi le of its coeffi cients at the appropriate times in accordance with the 
initial conditions of the problem.

The Rayleigh-Taylor (RT) instability [1,2] occurs when a light fl uid 
is accelerated into a heavy fl uid. At early time, the perturbations' 

amplitude grows exponentially. Then, signifi cant non-linearities appear 
as vorticity is being generated by a baroclinic mechanism. Finally, 
the two fl uids mix in a turbulent fashion. Recent research [3,4] has 
shown that initial conditions (IC) have a signifi cant infl uence on the 
evolution of the turbulent RT instability. This IC characteristic offers 
an opportunity for “turbulence control,” which may result in signifi cant 
optimization for engineering applications such as inertial confi nement 
fusion (ICF) [5]. Because traditional turbulence models (TM) used for 
simulating these complex problems do not capture initial condition 
effects, our objective is to defi ne a rational basis for “feeding” TMs with 
initial coeffi cient values that refl ect an initial condition infl uence. We 
propose to evolve the initial perturbation until the turbulence model 
hypotheses become valid, and then provide the coeffi cients’ profi les at 
that time.

Our current model for predicting the evolution of the RT mixing zone is 
based on Goncharov’s model [6] for single-mode perturbations. We 
compute the evolution of every existing mode of the initial perturbation 
spectrum. The evolution of the bubble (spike) front is given by the 
envelope of the single mode heights at all times:  

h(t) = max(hk(t))    (1)

where h(t) is the height of the bubble (spike) front at time t and hk(t)  is 
the height of the bubble (spike) generated by a single-mode initial 

About Turbulence Model Coeffi cient Profi les for the Rayleigh-Taylor Instability

perturbation at time t. The bubble (spike) front velocity is v = dh/dt and 
the bubble (spike) front growth rate is α = h2/4Agh [7].

Figure 1 illustrates how our multimode model behaves on an idealized 
case. Figure 1a displays an initial amplitude spectrum that could result 
from azimuthally averaging the 2D spectrum of an initial perturbation 
interface. Figure 1b shows the height of the bubble front (bold red line) 
as a function of time, as well as the height of a number of single modes 
(light black lines). Using the same color code as in Fig. 1b, Fig. 1c 
shows the velocity, and Fig. 1d shows the growth rate. Since we 
consider an ideal case, without viscosity or surface tension, the initially 
fastest growing mode is the mode corresponding to the largest wave 
number of the initial amplitude spectrum (k = 40 on Fig. 1a). As Figs. 1c 
and 1d show, the fastest growing mode leads the bubble front until 
t ≈ 0.8s, so that the front grows as a single mode bubble. Between 
t ≈ 0.8s and t ≈ 1.75s, modes corresponding successively smaller 
wavenumbers (longer wavelengths) lead the bubble front. The natural 
pace at which the modes overtake each other at the front produces a 
quadratic evolution in time (implied in Fig. 1c, shown in Fig. 1d)). As a 
result of the growth rate, Fig. 1d reaches an asymptotic value of about 
0.03 between t ≈ 0.8s  and t ≈ 1.75s. Finally, the growth rate decays 
slowly after t ≈ 1.75s. This decay is due to “missing” modes since our 
model does not handle mode coupling, and there is no mode generation. 
As the bubble front is lead by modes corresponding successively smaller 
wavenumbers, our model eventually “runs out” of modes, and the bubble 
front is eventually lead by the mode corresponding to the smallest 

k
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existing wave number in our initial spectrum (k = 14 on Fig. 1a). Since 
the terminal velocity of a single mode is constant, its height then grows 
linearly, and the quadratic growth rate parameter α decays as an 
inverse function of time. Figure 1 shows that our model can reproduce 
the evolution of a multimode bubble (spike) front, but is limited by its 
inability to generate modes. Figure 2 reproduces the spectral index 
study made by Banerjee and Andrews [4] with our multimode model. 
Their 3D MILES simulations predict a late time growth rate of 
α ≈ 0.02–0.03 (Fig. 7b in [4]), as does our multimode without mode 
coupling. This fi gure illustrates how, for simply structured spectra, our 
model provides a reasonable prediction of the late time growth rate, as 
long as the initial amplitude spectrum is suffi ciently wide.

We extract turbulence coeffi cients’ profi les using a two-fl uid model [8]. 
The model is based on an idealization of the mixing interface between 
two interpenetrating fl uids. Assuming a linear distribution of the 
mixture fraction within the turbulent mixing zone [9], the averaged 
density and velocity at a given altitude z are given by:

  ρ(z) = fh(z)ρh + fl(z)ρl   (2)

   uz(z) = fh(z)uh + fl(z)ul   (3)

where fh/l is the heavy/light fl uid volume fraction (fh + fl = 1). 
Fluctuating quantities at a given altitude are then computed using 
averages given by equations (2) or (3), and bulk values for the heavy 
fl uid or the light fl uid [8]. Substitution of the appropriate terms in the 
defi nition of a turbulence coeffi cient gives a two-fl uid expression for its 
profi le. For example, a two-fl uid formulation for the mass fl ux, 
az = ρ′u′z /ρ, is:

 
       (4)

Since vs, vh, fh and fl  are determined using the multimode model’s 
prediction, the initial profi le for parameters such as az  can be assigned.

In conclusion, despite the lack of mode coupling, our modal model 
reasonably captures the growth of the turbulent mixing zone for simply 

structured and wide enough initial perturbation spectrum. Thus, 
temporal profi les of turbulence model coeffi cients can be performed on 
the turbulent mixing zone to characterize of the turbulence mixing zone 
predicted by our model and a two-fl uid model. In the future, our 
predictions will be refi ned by using a multimode model that includes 
mode coupling, and complimentary studies will be made on the 

Fig. 1. Model prediction for an idealized 
initial amplitude spectrum.  (a) Initial 
amplitude spectrum, (b) height, (c) 
velocity, and (d) growth rate as a 
function of time. Bold red line: bubbles’ 
front. Light black lines: single mode 
bubbles.

Fig. 2. Application of our model to a 
case found in literature. (a) Initial 
amplitude spectra used by Banerjee and 
Andrews, (b) growth rate predicted by 
our model, to be compared with Fig. 10 
of Banerjee and Andrews [4].
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Konstantin Lipnikov, Daniil Svyatskiy, T-5; 
Marco Manzini, Istituto di Matematica Applicata e 
Tecnologie Informatiche, Italy

The maximum principle is one of the most important properties of solutions of partial differential equations. 
To preserve this property on a discrete level is a challenging problem in many applications. The analog of 
the maximum principle for a discrete system is referred to as the DMP. In our research we investigate the 
conditions suffi cient to ensure that the family of the MFD method contains a subfamily that satisfi es DMP.

Standard discretization methods, such as Finite Element (FE) or 
Finite Volume (FV) methods, guarantee the discrete maximum 

principle (DMP) only under severe limitations on either the 
computational mesh or the material properties. For isotropic materials, 
FE methods limit the angles of admissible simplices. FV methods 
require centroidal Voronoi meshes, where the line connecting the 
centers of two neighboring control volumes is orthogonal to its common 
face. For anisotropic materials (shale deposits in subsurface and 
magnetized plasma), the above requirements must be reformulated 
using the material-dependent anisotropic metric. A mesh that satisfi es 
such requirements may exist only for academic problems with simple 
geometry.

In more general settings when the computational mesh is distorted, or 
the problem coeffi cients are anisotropic, these methods may produce 
unphysical numerical solutions. A violation of the DMP leads to 
numerical instabilities, such as “overshoots” and “undershoots,” and to 
unphysical fl uxes such as heat fl ow from a cold material to a hot one.

Recently developed nonlinear FV methods [1] can handle general types 
of meshes and material properties, but the “price” for this exceptional 
capability is the nonlinear nature of the methods, even in the case of 
linear problems. The nonlinearity of these methods results in an 
increase of computational cost of 5–20 times compared to its linear 
analogs. Therefore linear methods that satisfy the DMP principle are 
very valuable.

Discrete Maximum Principle in the Family of Mimetic Finite Difference Methods

The family of mimetic fi nite difference (MFD) methods consists of linear 
discretization methods that were designed to discretize diffusion-type 
problems with a full-diffusion tensor on general polygonal/polyhedral 
meshes [2]. In particular, MFD methods can be applied to the diffusion-
type problems written in the mixed form as follows:

  u = –Kgradρ   and    divu = Q.

where ρ is an unknown scalar variable referred to as pressure, u is an 
unknown fl ux vector fi eld, K is a diffusion tensor, and Q is a source 
function.

The approximation of the divergence operator is similar in many 
approaches and is based on the divergence theorem. The key element of 
the MFD method is the approximation of the gradient operator, which is 
not unique. This fact allows one to locally tune the discretization method 
to adapt it to media properties and cell geometry. In the family of MFD 
methods, the defi nition of the discrete gradient operator depends on the 
set parameters, and a particular choice of these parameters defi nes a 
member in the family. The discrete gradient operator can be defi ned 
locally and the number of local parameters depends on a cell type. Here 
we present the dimension of local parameter spaces for several cell 
types, shown in Table 1.
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Table 1. Number of discretization parameters for different cell types.

Cell
Number of 
Parameters

1

3

6

6

Different formulations of a DMP are possible since they can be derived 
from different formulations of the continuous maximum principle. One of 
the possible formulations of a DMP is based on the non-negativity of the 
inverse of the stiffness matrix. The discretization method that satisfi es 
this property is referred to as a monotone method. An effective way to 
ensure monotonicity is to construct a discretization method that resolves 
into the algebraic system with an M-matrix. We choose several types of 
cells of practical importance, including simplices, parallelograms, 
parallelepipeds, and cells in adaptive mesh refi nement (AMR) meshes, 
in order to formulate the limits for when a monotone subfamily exists 
(see [3]). We propose the choice of discretization parameters that lead to 
a monotone discretization method for a particular mesh type. In Fig. 1 
we present the comparison between the standard MFD method described 
in [2] and the monotone MFD method for the problem defi ned on AMR 
mesh. The numerical results show that the monotone MFD method 
satisfi es the DMP and does not compromise the accuracy of the method, 
while the standard approach fails.

Fig. 1. (Top) The profi le of the solution 
on the AMR grid for the problem with 
an anisotropic diffusion tensor and a 
heterogeneous source function. (Center) 
The standard MFD method produces the 
solution with large subdomains of 
“overshoots” (red) and “undershoots” 
(blue), while the monotone MFD method 
produces an oscillation-free solution. 
(Bottom) The monotone MFD method 
provides the solution that not only 
satisfi es the DMP, but also is more 
accurate on coarser grids.

Standard MFD
method

Monotone MFD
method
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Tie Wei, Daniel Livescu, CCS-2 The dependence on initial conditions of single- and two-mode RTI is investigated using DNS. The single-
mode RTI results compare well to the linear stability analysis, analytical prediction of Goncharov [1], and 
experimental results of Waddell et al. [2]. A new stage, chaotic development, was found at very late time of 
single-mode RTI, after the re-acceleration stage. Details of the shape of the initial perturbation, such as the 
diffusion thickness and perturbation amplitude, have a strong effect on the growth rate during early and late 
time development, but a minimal effect during the potential fl ow regime, such that the Goncharov “terminal 
velocity” result remains robust. At very late time, single-mode RTI transitions into a chaotic development 
stage, with strong sensitivity to initial conditions. We also studied the effect of initial conditions on two-mode 
RTI, and found that growth is strongly affected by the combination of mode numbers and amplitudes, as 
well as the phase shift between modes. At late times, motions become quite complicated, however some 
new phenomena, such as “leaning,” “ejection,” and “mode resonance” can be identifi ed as signifi cantly 
infl uencing the growth rate.

Rayleigh-Taylor instability (RTI) is an interfacial instability that 
occurs when a high-density fl uid is accelerated or supported 

against gravity by a low-density fl uid. This instability is of fundamental 
importance in a multitude of applications, ranging from fl uidized beds, 
oceans and atmosphere, to inertial confi nement fusion (ICF) and 
supernovae. In this work we use direct numerical simulation (DNS) to 
study the effects of initial conditions on single- and two-mode RTI.

All simulations presented here are 2D and were performed with the 
CFDNS code. For numerical details refer to [3]. We have carried out 
extensive resolution studies to ensure that the solution was converged. 
The 2D perturbations were initialized as sine waves. The simulation 
results show excellent agreement with linear stability theory (LST), the 
analytical predictions of Goncharov [1], and the experimental results of 
Waddell et al.[2].

The development of single-mode RTI can 
be divided into a number of stages. First, 
for fi nite Schmidt (Sc) and Reynolds (Re) 
numbers, if the perturbation amplitude is 
very small and the interface sharp 
enough, the initial development can be 
described by the pure diffusion equation. 
As the amplitude of the perturbation 

The Effects of Initial Conditions on Single- and Two-mode Rayleigh-Taylor Instability

increases, buoyancy starts to dominate the pure diffusion effects and the 
mixing layer width grows exponentially following LST. Next, the 
nonlinear effects become important; however, the fl ow at the tip at the 
bubble remains potential. Goncharov [1] showed that, in this case, the 
bubble tip moves with constant velocity and, since the vorticity remains 
zero at the tip of the bubble due to symmetry, hypothesized that this is a 
fi nal or “terminal velocity.” Nevertheless, even though the vorticity is 
zero, vortical motions can have nonlocal contributions. Thus, 
Ramabprabhu et al. [4] found that the bubble tip velocity does not 
remain terminal, instead the velocity increases again, due to the induced 
velocity driven by the fi rst vortex pair generated at the interface. They 
called this new stage the re-acceleration stage. Our simulations 
confi rmed all these previous fi ndings. Furthermore, we found a new 
stage after the re-acceleration stage. This development stage is 
characterized by complex interactions of vortex motions and has strong 
dependence on the initial conditions. We call this new stage the “chaotic 
development” stage.

The effects of initial conditions on the different stages of single-mode 
RTI have been studied by simulations with different wavelengths, and 
different initial diffusion layer and perturbation thicknesses. For 
example, Fig. 1 shows the density contours of three initial conditions 
with the same wavelength: R02, R1, and R5. The three cases have the 
same diffusion layer thickness, but increasing perturbation thickness. 

Fig. 1. Initial density contours of single-
mode RTI with different initial 
conditions. From left to right: Case 
R02–initial diffusion layer thickness 
larger than initial perturbation 
thickness. Case R1–initial diffusion 
layer thickness about the same as initial 
perturbation thickness. Case R5–initial 
diffusion layer thickness much smaller 
than initial perturbation thickness.
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The corresponding 
mixing layer width 
is shown in Fig. 2. 
The left panel of 
Fig. 2 shows that 
the difference in 
initial perturbation 
thickness causes a 
time shift in the 
mixing layer 
development. The 

right panel of Fig. 2 shows that a proper time shift can collapse the 
mixing layer width for the three cases, except at very early time and at 
very late time. At early times, the diffusion growth is sensible to the 
shape of the interface. The initial conditions have minimal effect during 
the potential fl ow regime, such that the Goncharov terminal velocity 
result remains robust. Interestingly, at very late time, in the chaotic 
development stage, the development of the mixing layer depends again 
on the initial conditions. This is because small details of the initial 
perturbation shape lead to differences in the vortex formation at the 
interface and can signifi cantly alter the complex vortex interactions.

The mixing layer growth of two-mode RTI is strongly affected by the 
combination of mode numbers as well as the phase shift between modes. 
For example, Fig. 3 shows the initial density contours of three different 
combinations of wave numbers: k2+k10, k3+k9, and k4+k8. The sum of 
the two modes is the same, and the peaks of the initial perturbation are 
also the same. The later evolutions of the three cases become very 
different as shown in Fig. 4. At late times, the motions are quite 
complicated; however, some new phenomena, such as leaning, ejection 
and mode resonance, can be identifi ed as signifi cantly infl uencing the 
mixing-layer growth. These phenomena are also expected to play a role 
in the local development of the layer front of multi-mode RTI.

Fig. 2.  Left: Evolution of the mixing 
layer width for the three initial 
conditions shown in Fig. 1. Right: Time 
shifted.

Fig. 3. Initial density contours of two-mode RTI with different mode 
combinations. From left to right: k2+k10 (wave number 2 and wave 
number 10); k3+k9; k4+k8.

Fig. 4. Evolution of density contour corresponding to the cases 
shown in Fig. 3.
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The work described in this section 
involves collaborations throughout the 
Directorate and across the Laboratory. 
The articles represent only a small 
example of the great breadth and broad 
interest in Astrophysics and 
Cosmology at LANL.

Articles in this section cover subjects 
ranging from magnetohydrodynamics 
turbulence to dark energy and the 
structure of the universe.
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Andrey Beresnyak, T-2 MHD is a simple one-fl uid description of a conductive media. Most of the ordinary matter in the universe is 
ionized–that is, in a state of plasma, due to the presence of ionizing radiation such as ultraviolet, X-rays, 
and cosmic rays. Turbulent plasma is known to generate its own magnetic fi elds and most of the observed 
astrophysical plasma, in such objects as ISM, ICM, accretion disks, and molecular clouds, is magnetized 
to a degree such that the magnetic fi eld is dynamically important. MHD can also be helpful in some plasma 
experiments that are either large-scale or feature large density, so that the mean-free path of the particle is 
much smaller than the scale of the problem.

Studying magnetohydrodynamics (MHD) turbulence is interesting for 
two reasons. First, in MHD, just as in hydrodynamics, turbulence 

changes the overall properties of the fl ow by changing transport 
properties, such as effective viscosity or thermal conduction. Second, the 
magnetic perturbations that are the essential part of the MHD turbulence 
cascade affect the dynamics of charged particles, most notably cosmic 
rays. Indeed, in many of the astrophysical environments that we know, 
cosmic rays are dynamically important. Effi cient acceleration of cosmic 
rays in shock require the back-reaction of cosmic rays to turbulence. Also, 
MHD turbulence is a well-observed phenomenon. Magnetic, velocity, and 
density perturbations covering a huge range of scales have been observed 
in the interstellar medium (ISM), intracluster medium (ICM), and solar 
wind.

A big difference between hydrodynamics and MHD is that ideal MHD 
equations have three ideal invariants: energy, cross-helicity, and magnetic 

helicity. While magnetic helicity is 
often important on larger scales, its 
infl uence on the inertial range of 
turbulence can be largely ignored. 
Cross-helicity is different. The 
conservation of energy and cross-
helicity could be reformulated as the 
conservation of two Elsasser 
energies (ω±)2, where Elsasser 
variables are defined as:
w+ = v + B / √4πp   and   
w– = v – B / √4πp.

Balanced and Imbalanced Magnetohydrodynamics Turbulence

Perturbations of w+ propagate against local mean magnetic fi eld, 
whereas perturbations of w– propagate along the fi eld. We often say that 
turbulence is balanced when the fl ow of w+ statistically balances the 
fl ow of w–, which corresponds to the limit of zero cross-helicity. In 
nature, however, MHD turbulence is very often imbalanced, resulting 
from the presence of a strong localized source of perturbations, for 
example, the central engine of active galactic nuclei. In our own solar 
system, solar wind turbulence is measured to be imbalanced, because 
most perturbations are emitted from the Sun.

Imbalanced MHD turbulence has been largely unexplored until recently. 
Similar to the standard phenomenology of hydrodynamic turbulence, 
MHD has the Goldreich-Sridhar model [1]. This model, however, only 
treats the balanced case and is conceptually incomplete; because 
turbulence is a stochastic phenomenon, an average zero cross-helicity 
does not preclude fl uctuations of this quantity in the turbulent volume. 
In this situation, studying imbalanced turbulence with direct numerical 
simulations provides valuable hints on imbalanced dynamics.

We used the highly-parallelizable, very precise MHD pseudospectral 
code that was described in great detail in our earlier publications [4-5]. 
We performed the highest resolution MHD simulations to date—in the 
imbalanced case, resolution was up to 15363, and in the balanced case, 
as large as 30722 ×1024. The balanced runs were evolved, typically for 
10 Alfvenic times, and the imbalanced runs were evolved for 10–40. The 
energy injection rates were kept constant. Figure 1 features the slice 
from a 3D simulation of imbalanced MHD turbulence, which

Fig. 1. A slice through a 3D imbalanced 
MHD simulation showing the structure 
of Elsasser fields. Right: dominant 
field, left: sub-dominant field. Magnetic 
field is directed horizontally.
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demonstrated that the structure of Elsasser 
fields is different due to imbalance.

One of the most robust quantities in 
numerical simulations of MHD turbulence is 
the energy cascading rate or dissipation 
rate. In hydrodynamic turbulence, the 
dissipation rate and the spectrum of velocity 
are connected by the well-known 
Kolmogorov constant: E(k) = CKε2/3k-5/3. 
The important fact that strong hydrodynamic 
turbulence dissipates in one dynamic time 
scale l/v is refl ected by CK being close to 
unity (~1.6). In MHD turbulence, however, 
there are two energy cascades (or “Elsasser 
cascades”) and there are two dissipation 
rates, ε+ and ε–. The question of how these 
rates are related to the velocity-like Elsasser 
amplitudes w+  and w– is one of the central 
questions of imbalanced MHD turbulence.

The Goldreich-Sridhar model predicts that in 
the balanced case the cascading is strong 
and each wave is cascaded by the shear rate 
of the opposite wave, that is, ε+ = (w+

l)2w–
l / 

l,ε– = (w–
l)2w+

l /l . It is similar to the 
Kolmogorov cascade with w’s replacing v. If 
this model still works for the imbalanced 
case, we can obtain (w+)2 / (w–)2 = (ε+ /ε–)2, 
which was proposed in [2]. Figure 2 shows 
the relation between the ratio of energies 
and ratio of fl uxes from direct numerical 
simulations. As we see, most points lie above 
the prediction of [2], which is consistent with 
our model’s [3] prediction. In [3] we argued 
that the classical critical balance of [1] 
becomes inconsistent in the imbalanced case 
and a different relation should be used–this 

was further confi rmed by direct measurements of anisotropy [4], which 
showed different anisotropies for w+ and w–, while [2] was predicting the 
same anisotropy. Another model, based on “dynamic alignment” was 
predicting a viscous-type dissipation law (w+)2 / (w–)2 = ε+ /ε–  and is 
completely inconsistent with numerics.

Another challenging problem is to measure the Kolmogorov constant of 
MHD turbulence. Earlier simulations showed a spectral slope, which was 
shallower that Kolmogorov’s -5/3. Some models, based on “dynamic 
alignment” claimed that the asymptotic slope is not -5/3, but rather -3/2. 
As we discovered, shallower slopes in previous simulations were 
artifacts of a low resolution. We also discovered that MHD turbulence is 
less local that hydrodynamic turbulence [5]–a higher resolution is 
therefore necessary. Figure 3 shows a measurement of the Kolmogorov 
constant in a purely Alfvenic turbulence (also called reduced MHD). 
From this measurement we can derive a Kolmogorov constant for full 
MHD, taking the amount of slow mode between 1 and 1.3 of Alfvenic 
mode. The fi nal value for the Kolmogorov constant for MHD is, therefore, 
CK = 4.1±0.3. Remarkably, it is much higher than the hydrodynamic 
value of 1.6.

Fig. 2. The energy imbalance versus 
dissipation rate imbalance. Error bars 
are mostly due to fluctuations in time.

Fig. 3. The dimensionless compensated 
spectra in balanced simulations plotted 
versus dimensionless kη where η is 
a Kolmogorov scale. We reproduce 
the asymptotic -5/3 slope of MHD 
turbulence. The Kolmogorov constant 
for this purely Alfvenic turbulence is 
CKA ≈3.2, which is much higher than for 
hydroturbulence. This fact was missed 
in earlier lower resolution simulations. 
Also, higher CK means less effi cient 
energy transfer, which is consistent with 
our picture of diffuse locality [5]. This is 
a fi rst measurement of the Kolmogorov 
constant in MHD turbulence.
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One of the greatest mysteries of modern science is the fact that the universe is expanding faster than ever, 
whereas standard gravitational theory predicts an eventual slowing down of the expansion. One possible 
explanation of this phenomenon is a repulsive force exerted by a component called dark energy. Although 
little is known about the physical nature of dark energy, the current effort is focused on a phenomenological 
model for it, and measuring the dark energy parameters using various cosmological probes. Current 
observations suggest that the “standard model” of the universe is consistent with Einstein’s cosmological 
constant. However, the data cannot rule out an evolving dark energy (as for, example, the so-called 
“quintessence” models).

A natural question to ask is, if the dark energy equation of state is 
evolving, what was its initial value? When did it make a transition 

to the value we see today–that is, close to the cosmological constant? 
And how fast did this transition happen? All quintessence models of 
dark energy evolve from an initial seed perturbation of dark matter and 
dark energy. The evolution of the two dark components are coupled 
via the Friedmann equation. The main probes of the standard model of 
cosmology are the cosmic microwave background (CMB) and large-scale 
structure (LSS). Although CMB by itself cannot provide information 
about the entire dynamical history of dark energy, the low redshift 
observations of large-scale structure when combined with CMB can 

be useful for studying the evolution of dark 
energy starting from the CMB era to the 
current epoch.

If a non-negligible amount of early dark 
energy is present, the main effect is seen in 
low-multipole CMB temperature anisotropy 
observations. The fi rst peak shifts its position 
in the presence of early dark energy and the 
overall normalization of the CMB power 
spectrum changes [1]. However, CMB data 
from the Wilkinson Microwave Anisotropy 
Probe (WMAP) satellite have already 
measured the position of the fi rst peak and 
the normalization of the CMB very accurately. 
Once the normalization and the fi rst peak 

Measuring the Dynamics of Dark Energy

position are fi xed, the normalization at smaller scales is decreased. This 
particular effect can be seen in LSS observations. The net result of early 
dark energy is to arrest the formation of galaxies and clusters seen at 
low redshift. Thus cluster counts, in combination with CMB 
observations, can be used to measure and constrain the early 
component, late component, redshift of transition from early to late 
component, and the width of transition of dark energy over the entire 
history of universe.

We demonstrate in [2] that galaxy cluster observables, namely galaxy 
cluster counts, and the CMB secondary anisotropies can prove to be 
excellent probes for constraining dark energy dynamics. The CMB 
photons, while passing through galaxy clusters, get Compton scattered, 
resulting in a distortion of the CMB power spectrum. This distortion is 
called the Sunyaev-Zeld’ovich (SZ) effect and can be observed at arc-
minute scales—it is sensitive to the number of clusters formed in the 
universe. We forecast how different dark energy parameters can be 
constrained from current and future cluster and high resolution CMB 
surveys. We consider two models where a non-negligible amount of 
early dark energy is present, namely EDE1 and EDE2 as shown in 
Fig. 1. While both the models are valid under current observations, they 
have different evolution histories. We show that future experiments 
should be able to distinguish between the two models. We specifi cally 
consider a full-sky X-ray survey for cluster counts (eROSITA), a full-sky 
medium resolution CMB experiment (Planck) for the SZ power 
spectrum, and a one-tenth-sky, high-resolution CMB experiment (ACT/
SPT) for measuring both cluster counts and the SZ power spectrum.

Fig. 1. The two different models of dark 
energy considered in this study and how 
each model evolves with redshift, z. The 
reference LCDM model, which does not 
evolve, is represented by the black line.
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Our forecasts for the SZ power spectrum and cluster counts are shown 
in Figs. 2, 3, and 4. Figures 2 and 3 show the predictions for cluster 
counts for Lambda-Cold Dark Matter (LCDM) (the currently favored 
cosmological model) and the two dark energy models. Figure 4 shows 
the prediction for the SZ power spectrum. The error bars for cluster 
counts shown in Figs. 2 and 3 are representative statistical error bars 
expected from the SPT and eROSITA surveys. The error bar for CMB 
experiments shown in Fig. 4 represents the instrument noise and cosmic 
variance. Both the dark energy models considered here can be 
distinguished from the LCDM model of the universe by these 
experiments. Figure 4 also shows that early dark energy fl uctuations 
have a signifi cant effect–if they are neglected, one is led to the incorrect 
conclusion that the three models cannot be distinguished by 
observations.

Galaxy cluster observables, namely cluster 
counts and the SZ power spectrum, will be 
able to constrain the amount of early dark 
energy and its dynamics. We show that, 
compared to CMB alone, cluster observables 
can improve the dark energy constraints 
signifi cantly and will be able to detect any 
dark energy evolution up to redshifts of 
Z~2−4, or equivalently, as early as when the 
universe was only 30−20% of its current size.

Fig. 2. Prediction for cluster number 
counts expected from SPT-like surveys. 
The error bars represent the expected 
statistical error bars. The lines denote 
cluster counts expected for LCDM 
and different dark energy models.

Fig. 4. Predictions for the SZ power 
spectrum. The error bar represents 
instrumental error and cosmic variance. 
The light shaded area is the error bar for 
a Planck-like full-sky survey. The dark 
shaded area represents SPT-like surveys. 
Note the signifi cance of including self-
consistent dark energy fl uctuations.

Fig. 3. Same as in Fig. 2. except 
for eROSITA-like surveys.
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Understanding the origin of the elements remains one of the greatest mysteries in the universe. LANL 
scientists have brought together a broad team to better understand the origin of the elements, focusing on 
the production of a particularly diffi cult-to-explain radioactive isotope of titanium. Using detailed theoretical 
models combining nuclear physics, computational physics, and turbulence theories, LANL scientists will 
compare the production of this isotope to observations from the upcoming NASA satellite NuSTAR. This 
comparison of theory and observations will help scientists to understand the production of titanium and a 
broad set of related elements injected into the universe by supernovae.

Mankind, the earth we live in, and the solar system are all composed 
of the debris from supernova explosions. Understanding how 

supernovae produce these elements and inject them into the universe to 
form planets like the Earth remains one of the major research areas of 
nuclear astrophysics. LANL scientists have leveraged LANL expertise in 
computational radiation-hydrodynamics, turbulence, and nuclear physics 
(both theory and experiment) to advance our understanding of the 
production of these elements in the universe.

The process in which stars and supernova fuse hydrogen into heavier 
elements and inject them into the universe is known as nucleosynthesis. 
One of the key pieces to understanding the nucleosynthetic-yield puzzle 
is the production of the radioactive isotope of titanium (44Ti). 
Titanium-44 is believed to be formed in the same place as a radioactive 
nickel isotope (56Ni)1. On the surface, it appears that 44Ti is a typical 

alpha element, produced in the supernova shock, as it 
reassembles alpha particles (4He) into heavier elements. 
Past models predicted a fairly constant ratio of 44Ti/56Ni 
production. But explaining the high value of the ratio of 
44Ti/56Ni in supernova remnants has proved to be extremely 
diffi cult for theoretical models.

Fully understanding the production of 44Ti requires 
combining a broad set of physics and astrophysics—nuclear 
physics, stellar evolution, and supernova explosion models 
(and the radiation-hydrodynamics and turbulent mixing 
required to model supernova explosions). This full 

Nucleosynthesis in the Universe, Understanding 44Ti

understanding also requires strong ties to observational diagnostics. 
This year, LANL scientists brought together a broad scientifi c effort 
study to include all aspects of 44Ti production in the universe. This effort 
includes experts in nuclear physics, turbulence, and computational 
science. In early 2012, the National Aeronautics and Space 
Administration (NASA) will launch the satellite NuSTAR (Nuclear 
Spectroscopic Telescope Array) to study 44Ti production in supernovae. 
One of the primary goals of this satellite is to map out the 44Ti yield from 
the supernova remnant Cassiopeia A. Members of our team have joined 
the NuSTAR science team, and this year we focused our theory efforts 
on providing detailed predictions for these Cassiopeia A observations.

As a fi rst step, LANL worked closely with nuclear astrophysicists at 
Arizona (F. Timmes) and Notre Dame (G. Magkotsios, M. Wiescher ) 
Universities to study the effect of nuclear uncertainties on the 44Ti yield. 
Contrary to previous beliefs, the 44Ti yield is not just sensitive to the 
triple-alpha nuclear rate[1]. This study showed that 44Ti is produced 
through a variety of processes, and a range of nuclear-rate uncertainties 
are important in predicting the ultimate production of 44Ti. Figure 1 
shows the titanium yield as a function of the peak temperature and 
density in a supernova shock. We identifi ed six regions of titanium 
production, all sensitive to different nuclear reaction rates. These 
different regions each have yields sensitive to different reactions, 
explaining why the observed 44Ti and 56Ni production are not as tightly 
correlated as the simplifi ed models assumed. The Facility of Rare 
Isotope Beams at Michigan State University will help reduce many of 
the uncertainties in our 44Ti production knowledge, and we are now 
working closely with these scientists to develop experimental strategies 
to drive down these uncertainties.

Fig. 1. Titanium production (color-
coded) as a function of peak temperature 
and density in the supernova shock. 
In this production, we identifi ed 
six separate regions where different 
nuclear rates played primary roles in 
determining the ultimate titanium yield.

1 56Ni ultimately decays into iron and it is this particular isotope 
that makes up the bulk of the iron we have on earth.
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Understanding the nuclear burning is only one 
piece of the nucleosynthetic yield puzzle. To 
compare with the planned observations of 
NuSTAR, we must also calculate how these 
nuclear products are dispersed into the universe in 
supernova explosions. Supernova explosions are 
incredibly turbulent, developing both Rayleigh-
Taylor and Richtmeyer-Meshkov instabilities. To 
understand this turbulence, our astrophysics team 
leveraged LANL’s expertise in turbulent mixing. 
Led by Guy Dimonte and working with Paul 

Woodward, our team used Woodward's PPM code to run the highest 
resolution Rayleigh-Taylor mixing problem on the Cell BE-based 
Roadrunner machine. Figure 2 shows the results of a calculation of 
Rayleigh-Taylor instabilities using a broadband initial spectrum. The 
initial broadband spectrum allows mode coupling that accelerates the 
growth rate of both plumes and bubbles in the convection. Accurate 
calculations of this mixing are essential in comparing to both laboratory 
experiments and, ultimately, our astrophysical supernova experiment. 
This calculation ran on over 8400 ranks of the Roadrunner machine for 
over 1 week. With these detailed calculations, we are able to verify our 
supernova explosion codes, increasing our confi dence in their 
performance in characterizing supernova mixing.

Our supernova explosion codes must cover a broad range of size scales 
to follow the shock at 109 cm out to the remnant sizes of 1018 cm. In 
addition, we must calculate the nuclear burning in this matter as the 
shock moves through the star. The SNSPH code, a parallel 3D smoothed 
particle hydrodynamics code [2], is ideally suited for such calculations. 
Working with Patrick Young at Arizona State University, LANL 
scientists have homed in on the progenitor of the Cassiopeia A remnant 
system. Working with LANL scientists to incorporate a 19-isotope 
network in the SNSPH code, Carola Ellinger of Arizona State University 

Fig. 2. Three-dimensional material 
boundary surfaces (color-coded) of a 
Rayleigh-Taylor turbulence simulation 
of an initial broadband perturbation 
spectrum. The growth rate of the 
bubbles and plumes is critical in 
determining the outward mixing of 
titanium within the supernova ejecta. 
This particular simulation used the 
Woodward PPM code and began with 
a resolution of 8000x8000x1000 and 
was allowed to coarsen and expand 
(in the y axis) as the perturbations 
grew. It ran on more than 8400 ranks 
of the Roadrunner machine for nearly 
a week. We use these simulations to 
verify our supernova explosion codes.

Fig. 3. Titanium density (color-coded) 
from a symmetric supernova explosion 
(one octant of a 4π calculation). 
Rayleigh-Taylor and Richtmeyer-
Meshkov instabilities mix outward 
the titanium yield. This image is 
from a 50-million particle smooth 
particle hydrodynamics calculation 
(using the SNSPH code) and 
marks one of the largest supernova 
calculations using this technique.

has calculated the titanium ejecta in the Cassiopeia A supernova 
remnant. Figure 3 shows the results of a 50-million particles calculation, 
focusing on the 44Ti yields. This calculation is the largest smooth 
particle hydrodynamics supernova calculation ever run. This work will 
be post-processed using more detailed networks and including the 
uncertainty calculations studied by Magkotsios et al. [1]. These results, 
in turn, will be passed through NuSTAR detector fi lters, allowing us to 
make direct predictions for the NuSTAR observations of Cassiopeia A.

In this project, we have combined detailed nuclear physics studies with 
turbulence models and astrophysical calculations. In this way, we move 
from turbulent studies of laboratory experiments to studies of the 
nucleosynthetic yields from an astrophysics supernova experiment.

2Michael Wiescher, a nuclear experimentalist at Notre Dame University is also 
one of the principal investigators of the Joint Institute of Nuclear Astrophysics 
and a major player in the Facility for Rare Isotope Beams and Michigan State 
University.
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The discovery of the accelerated expansion of the universe poses perhaps the greatest puzzle in 
fundamental physics today. A solution of this problem will profoundly impact cosmology and could also 
provide key insights in reconciling gravity with quantum theory. Driven by these motivations, the fundamental 
aim of ground and space-based missions such as BOSS, the Baryon Oscillation Spectroscopic Survey, 
DES, the Dark Energy Survey, and LSST, the Large Synoptic Survey Telescope, to name just a few, is to 
unravel the secret of cosmic acceleration. In search of the underlying explanation, theoretical approaches 
fall into two main categories: (1) dark energy–invoking a new cosmic ingredient, the simplest being a 
cosmological constant; and (2) modifi ed gravity–invoking new dynamics of space-time.

Even if we choose not to modify general relativity and restrict 
attention to dark energy, a fundamental diffi culty is the absence of 

any single compelling theory to test against observations. Thus, to avoid 
dealing with a zoo of models, a phenomenological approach is typically 
followed where one studies the behavior of dark energy by 
parameterizing its equation of state parameter, w, the ratio of the 
pressure to the density. For different dark energy models, w is different, 
and dynamical origins of dark energy, such as quintessence fi elds, lead 
to a time variation in the equation of state. Analysis efforts therefore 
focus on characterizing this time dependence. Current observations are 
consistent with a cosmological constant, that is, with having w = -1, at 
the 10% level. The implied value of the cosmological constant is, 
however, in utter disagreement with theoretical estimates of the vacuum 
energy, being too small by a factor of at least sixty orders of magnitude. 
It is therefore an ad hoc addition with no hint of a possible origin, hence 
the focus on dynamical explanations, such as fi eld theory models or 
modifi ed gravity. Although detection of any time or, equivalently, redshift 
dependence in w(z) would immediately rule out a cosmological constant, 
such observational imprints must necessarily be subtle, otherwise they 
would have been discovered already. This is the central motivation 
behind our work: the construction of a robust framework with controlled 
error bounds that can reliably extract w(z) from diverse observational 
datasets [1,2].

As a fi rst example, we focused on the supernova Ia light-curve data used 
to determine the cosmological luminosity distance-redshift relation. For 
this dataset, the reconstruction task is equivalent to inverting the action 
of a nonlinear smoothing operator involving a double integral, a classic 
statistical inverse problem. The two commonly used approaches are 

Reconstructing Dark Energy

either to parameterize w(z) with simple functional forms, or to employ 
principal component analysis (PCA), to work with eigenmodes defi ned 
as linear combinations of bins. The problem with the fi rst method is a 
susceptibility to bias if the data is not well-represented by the assumed 
functional form, while the second method can force an unphysical view 
of w(z) because the actual w(z) is not piecewise constant. In contrast, 
our nonparametric approach employs a distribution over random 
functions to represent w(z), and estimates the statistical properties 
thereof, given observed data, using Markov chain Monte Carlo (MCMC).

We use Gaussian Process (GP) modeling to represent random function 
realizations. GPs extend the multivariate Gaussian distribution to 
function spaces, with inference taking place in the space of functions. 
The defi ning property of a GP is that the vector that corresponds to the 
process at any fi nite collection of points follows a multivariate Gaussian 
distribution. Gaussian processes are elements of an infi nite dimensional 
space, and can be used as the basis for a nonparametric reconstruction 
method. GPs are characterized by mean and covariance functions, 
defi ned by a small number of hyperparameters. The covariance function 
controls aspects such as roughness of the candidate functions and the 
length scales on which they can change; aside from this, their shapes 
are arbitrary. Bayesian estimation simultaneously evaluates the GP 
hyperparameters (so-called to prevent confusion with the parameters 
that defi ne a parametric method) together with quantities of physical 
interest. Importantly, in our specifi c application, the use of GPs allows 
us to take advantage of the particular integral structure of the 
smoothing operator [1].
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To show how diffi cult the reconstruction problem is, three simulated 
datasets–with high quality data–are shown in Fig. 1. Even though w(z) 
in all three cases is quite different, the associated datasets for the 
supernova distance modulus are complex and not easy to distinguish, as 
their differences are quite marginal, and masked by the intrinsic 
variance of the data. Nevertheless, our technique succeeds in capturing 
the true behavior of w(z) [1], as shown in Fig. 2.

After testing our procedure on trial datasets, we applied it to current 
supernova data from a recent compilation [3]. The results are shown in 
Fig. 3 [2]. Although the errors increase with redshift, the results are in 
good agreement with a cosmological constant, w = -1, and do not show 
any evidence for a systematic trend with redshift. Nonetheless, the 
current error limits are not very narrow and do still allow for substantial 
variation.

We are extending our methodology to systematically include other 
observations such as the cosmic microwave background temperature 
anisotropy and baryon acoustic oscillations. As the quality, quantity, and 
variety of cosmological datasets improves, our methodology will provide 
ever-tighter constraints on the nature of dark energy.

Fig. 1. Three simulated datasets: 
the upper panel shows the simulated 
supernova data with the corresponding 
value for a model with cosmological 
constant subtracted, the blue line 
shows the underlying exact (no error) 
curve. The lower panel shows the 
behavior of the corresponding w(z) 
with redshift. The model in the leftmost 
panels is a cosmological constant, 
while the next two panels represent 
two nontrivial quintessence models.

Fig. 2. The w(z) behavior as 
reconstructed by our nonparametric 
GP model-based approach [1] from the 
simulated datasets shown in Fig. 1. 
Error bars increase at higher z due 
to sparser supernova sampling.

Fig. 3. Reconstruction of w(z) [2] from 
a recent compilation of supernova data 
[3]. Note that there is no evidence for 
any systematic trending away from 
a cosmological constant, although 
the allowed variability is not small.
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We predict the most massive object in the universe, fi nding it to be a cluster of galaxies with total mass 
M200=3.8×1015 M at z=0.22. We restrict ourselves to self-gravitating bound objects and base our results 
on halo mass functions derived from N-body simulations. If an object is found with excessively large mass, 
or no objects are found near the maximum expected mass, this would be a strong indication of the failure 
of our standard model for cosmology. Identifying the largest object in the universe is thus a powerful probe, 
testing non-Gaussianity and the behavior of gravity on large scales.

Our universe has a fi nite observable volume, and therefore within 
our universe there is a unique most massive object. This object 

will be a supercluster of galaxies. Theoretical studies of the growth of 
structure have now matured, and the mass of the most massive objects 
can be robustly predicted to the level of a few percent. Furthermore, 
we are in the midst of a revolution in our ability to conduct volume-
limited samples of high-mass clusters, with Sunyaev-Zel’dovich (SZ) and 
X-ray surveys able to provide complete samples at mass >5×1014 M 
out to z >1. The masses of the most massive clusters in the universe 
are therefore a robust prediction of Lamda Cold Dark Matter (ΛCDM) 
models, as well as a direct observable of our universe.

The cluster mass function is already being utilized as a probe of 
cosmology, and in particular, of the dark energy equation of state (EOS) 
[1-3]. What additional value is there in singling out the very tail end 
of the mass function, representing the most massive clusters in the 
universe, for special treatment? First, we note that these systems are 
in many ways the easiest to fi nd, as they are among the largest and 
brightest objects. They thus avoid many selection effects that might 

plague lower mass cuts. In addition, these systems constitute a 
very small sample (ideally, just one compelling candidate), and 
it is possible to devote signifi cant observational resources to 
studying them. One might imagine coupled SZ, X-ray, and weak 
lensing measurements, and thus the masses of these systems 
will be among the best constrained of any systems. The mass-
observable relation for clusters is an essential component in 
using the cluster mass function to measure properties of the 
dark energy, and therefore there is a tremendous amount of 
ongoing work to characterize the masses of these objects [4,5]. 

The Most Massive Objects in the Universe

Finally, because we are probing far down the exponential tail of the 
mass function, these objects offer an unusually powerful constraint. If 
the most massive object is found to have too large a mass (or especially, 
as explained below, too small a mass), this single object will provide a 
strong indication of non-Gaussianity or modifi ed gravity. An excellent 
example of this is the high-redshift cluster XMMU J2235.3–2557 
(hereafter XMM2235), which has been argued to be a few sigma 
inconsistent with ΛCDM [6,7]. Although much work has focused on 
using halo statistics as a probe of cosmology, here we focus on using the 
high-mass tails of precision mass functions to make explicit predictions 
for current and future observations.

We are interested in determining the mass of the most massive object in 
our universe. We calculate the expected distribution of masses at the 
high mass end [8,9], assuming Poisson statistics; the results are shown 
in Fig. 1. The most massive object in the universe is expected to be 
found at z =0.22, with a mass M200 = 3.8 × 1015 M. The marginalized 
1σ range in mass is 3.3 × 1015 < M200 < 4.4 × 1015, while in redshift it is 
0.12 < z < 0.36. If the most massive object in the universe falls outside 
the range 2 × 1015 M < M200 < 1016 M, we can conclude with high 
confi dence that either the initial conditions are non-Gaussian, or the 
growth of structure deviates from the predictions of general relativity.

Figure 1 includes contours of the second and third most massive halos 
in the universe. Going from the most to the second most massive results 
is a noticeable shift, demonstrating the power of just a few halos to 
constrain cosmology. As we go further down (e.g., from the second to 
the third most massive), the contours rapidly converge due to the 
exponential steepening in expected number at lower mass. Note that the 

Fig. 1. Contour plot of the most 
massive object in the universe. Three 
sets of contours are provided, for three 
different surveys: full sky, 178deg2 
(corresponding to SPT), and 11deg2 

(corresponding to XMM2235). The 
shaded contours represent the 1σ and 
2σ (and for the 11deg2 case, 3σ) 
regions of the most massive halo in a 
ΛCDM universe. The solid line contours 
are for the second most massive halo, 
while the dashed line contours are for the 
third most massive halo. The (blue) plus 
signs are Abell 2163 (double point) and 
Abell 370, the three (green) diamonds 
are the three most massive clusters in 
the SPT178deg2 survey, and the (red) 
square is XMM2235. Note that the mass 
values for Abell 2163 span the predicted 
region, while Abell 370 is slightly 
high. The SPT masses fi t within their 
respective contours, while XMM2235 
is well outside its 2σ contour. All 
masses are M200: spherical overdensity 
halos with ∆ = 200 (measured with 
respect to ρmatter). For data measured 
using different overdensities, we have 
converted to the M200 value, which 
gives the equivalent probability.
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most massive halo occurs at low redshift. Furthermore, 
the contours are not centered on the most likely point; 
there is much larger scatter to high mass, with a sharp 
lower mass limit, due to the exponential steepening. 
Note that these likelihoods are not independent, since if 
the most massive object has an unusually low mass, it is 
assured that the subsequent few most massive objects 
will also be unusually low. We have performed Monte-
Carlo studies that show that the correlations are weak, 
however, and the distribution of separations is well 
approximated by assuming the likelihoods are drawn 
independently. Figure 1 also shows the contours for the 
fi rst and second most massive objects from the recent 

South Pole Telescope (SPT) 178deg2 survey, as well as the contours for 
the archival XMM-Newton survey that discovered XMM2235.

Figure 2 shows contours of the expected number of halos greater than a 
given mass, and found beyond a minimum redshift: 〈N〉 (> M200, > z).

Perhaps the most compelling candidate for the most massive object in 
the universe is Abell 2163 at z = 0.203, which has an X-ray mass 
measurement of M500c = 3.4±0.8 × 1015 M [10] (where “500c” indicates 
∆ with respect to ρcrit rather than ρmatter). We expect 0.02 (0.002/0.2) 
clusters with at least this mass and redshift in the entire universe, 
where the numbers in parentheses are the 1σ lower and upper bounds 
on 〈N〉. An alternative, weak lensing measurement of the mass yields a 
lower value of M500c = 2.0±0.3 × 1015 M, which has expectation 
1.4 (0.5/4) (precisely agreeing with predictions). Furthermore, Vikhlinin 
et al. [11] find an X-ray mass of M500c = 2.3±0.07 × 1015 M, which 
agrees well with the lensing value. Abell 370 is another compelling 
candidate, with a weak lensing mass of Mvir =   × 1015 h-1 M, 
at z =0.375 [25,26], and an expectation of 0.02 (0.005/0.05). These data 
points are shown in Figs. 1 and 2, where we have converted the masses 
to the M200 values that give the equivalent probabilities.

Current data argues for further exploration of the highest-mass end of 
the mass function, both at low and high redshift. It would be particularly 
diffi cult, theoretically, to account for excessively massive clusters at 

Fig. 2. Expected number of halos at 
redshift ≥zmin with mass ≥M200,min, for 
a full sky survey. Each contour line 
represents a value of log10〈N〉. For a 
survey with fraction, f, of the full sky, 
the expected numbers of halos are 
diminished by the factor f. The dashed 
(red) line shows the result for 
〈N〉 =0.01 using the fi t from, based 
on an FOF halo fi nder with b =0.2. It 
is virtually indistinguishable from the 
corresponding SO (∆ = 200) contour. 
The dotted (red) line represents the 
〈N〉= 1 contour for a ∆ =200c mass 
function, with overdensity compared 
to ρcrit, instead of the average matter 
density, ρmatter. Note that this agrees 
with the fi ducial “0” line (∆ =200) 
at high redshift, as the universe 
becomes matter-dominated. The data 
points are the same as in Fig.1.

z > 1, while having agreement at lower redshift (e.g., non-Gaussianity 
would not suffi ce). We expect to have dramatically improved complete 
high-redshift cluster surveys with which to test ΛCDM in the near 
future, including the full SPT survey (2000deg2), the Dark Energy 
Survey (5000deg2), Planck (all-sky), and eventually the Large Synoptic 
Suvey Telescope (LSST, 20,000deg2). In particular, Planck is expected 
to provide a relatively complete, all-sky survey of all massive clusters 
out to high redshift in the near future. If the results from these cluster 
surveys disagree with the predictions outlined above, the ΛCDM 
paradigm for the growth of structure will need to be revisited.
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Relativistic electron-positron pair plasmas are ubiquitous in astrophysics. These plasmas are often 
strongly magnetized. Understanding the energy conversion in such plasmas is important when interpreting 
observations of neutron stars, gamma-ray bursts, and relativistic jets from supermassive black holes. 
We present large-scale 3D particle-in-cell simulations to examine particle energization in the magnetic 
reconnection of relativistic electron-positron pair plasmas. These simulations are large enough to 
accommodate a suffi cient number of different types of instabilities. We fi nd that particles are mostly 
energized inside the magnetic islands during the tearing instability stage due to the spatially varying electric 
fi elds produced by the outfl ows from reconnection.

Relativistic plasmas are ubiquitous in nature. The Crab Nebula is 
radiating radio waves to TeV gamma rays, energized by a central 

rapidly spinning neutron star that spills out relativistic electron-positron 
(pair) plasma winds. Similarly, highly relativistic jets are observed to 
emanate from spinning supermassive black holes—many believe such 
jets could be composed of relativistic pair plasmas. How to utilize 
the magnetic energy in the powerful jets and outfl ows to effi ciently 
accelerate electron-positron pairs to extremely high energies (with 
Lorentz γ beyond 107) in such highly relativistic systems is a unique 
challenge in plasma astrophysics. The vast scale separation between 
the putative scale that characterizes the dynamic motion of relativistic 
particles and the observed scale that jets and outfl ows exhibit has 
challenged the most powerful computing resources to date.

Magnetic reconnection, a basic plasma process that allows the 
magnetic fi elds to “reconnect” and dissipate their energy to plasmas, 
has been proposed as a possible route for accelerating pairs to 
relativistically high energies. The past decade has seen a steady 
growth in understanding the reconnection processes via laboratory 

experiments, spacecraft observations in the Earth’s 
magnetosphere and the solar wind, and some of the 
heroic computer simulations on Roadrunner [1].

The study of magnetic reconnection in relativistic 
pair plasmas is still relatively new and has its unique 
advantages. The equal mass between a positron and 
an electron eases the computing demand of following 
two very different species in the ordinary proton-
electron plasmas. In this study, in order to get direct 
information on the dynamic behavior of relativistic 
particles, we have used the powerful particle-in-cell 
code VPIC [2] to investigate, from fi rst principles, 

Particle Energization in Relativistic Electron-Positron Pair Plasmas in Astrophysics 

the dynamic interaction between magnetic fi elds and relativistic pairs. 
Previous reconnection studies of relativistic pair plasmas have focused 
on the fast reconnection and particle acceleration mostly in 2D, or 
reconnection onset in 3D with a relatively small system size. It has 
been shown that instabilities in a cross-fi eld plane, such as the Kelvin-
Helmholtz instability (KHI) and the drift kink instability (DKI), are 
of critical importance to understanding magnetic energy dissipation. 
The relatively small sizes in previous simulations raised the intriguing 
question of how the evolution will change in a truly 3D confi guration.

In this study, we present a numerical study of 3D magnetic reconnection 
of relativistic pair plasma with an emphasis on particle energization 
[3]. Figure 1 illustrates the simulation geometry, showing the initial 
magnetic fi eld and current confi gurations and the expected evolution 
driven by both the relativistic tearing and kink instabilities. The 
initial pair plasma temperature is mec

2, where me is the mass of 
electron and c is the speed of light. Both species have relativistic 
Maxwellian distributions. In such anti-parallel geometry, the linear 
Vlasov theory predicts two types of instabilities: tearing, with wave 
vectors along y, and kink, along z. Careful analysis of the early 
stages of our nonlinear simulations yields near-perfect agreement 
between the simulation and the linear Vlasov theory. To examine 
how the reconnection dynamics may be infl uenced by both the linear 
and nonlinear competition between the tearing instability (in the 
x-y plane) and the kink instability (in the x-z plane), we use four 
simulations with the same size in the tearing plane Lx = Ly = 200 di 
but with different sizes in Lz, ranging from 1 to 200 di (where d_i is 
the positron inertial length), so that different spectra of kink modes 
can be excited. These simulations are some of the largest to date.

Figure 2 shows the global evolution of magnetic fi elds and their 
associated current structures from three runs with Lz =20, 50, and 

Fig. 1. Overall geometry of the 
simulation. Initially there is an anti-
parallel magnetic fi eld (cyan arrows) in 
the x-y plane and a current sheet (pink) 
in the z direction at the interface. After 
an initial perturbation from thermal 
noise, magnetic reconnection in the x-y 
plane would take place. Infl ow (blue 
vertical arrows), outfl ow (blue horizontal 
arrows), and magnetic islands would 
form. In the z direction, the strong 
current could induce current-driven 
instabilities such as kink instability. 
Edges of magnetic islands are indicated 
by the black arrows. Two main types 
of instabilities are excited in this 
confi guration: the tearing instability 
along the y direction and the kink 
instability along the z direction.
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200 di. Because the tearing instability 
emerges fi rst due to its higher growth rate, 
it prompts the formation of magnetic islands 
and reconnection “X-lines.” Magnetic fi eld 
topology undergoes signifi cant changes at 
these X-lines and islands, which typically 
go through three stages: (1) the linear 
instability produces a series of magnetic 
islands and reconnection sites, (2) these 

small islands coalesce to produce a dominant reconnection site 
(along with a main island) through which most of the magnetic fl ux 
is processed, and (3) the current sheet along the z-direction is bent 
by the secondary kink instability and forms plasmoids. When the 
z-dimension is not large enough (Fig. 2a), however, the evolution 
and saturation is predominantly governed by the tearing instability 
alone. But when the z-dimension is large enough, the kink instability 
causes the current sheet along the z-direction to warp, resulting 
in a truly 3D picture (Fig. 2b and 2c). This difference emphasizes 
the importance of having a suffi ciently large simulation box in the 
z-dimension so that the full sets of instabilities can be captured.

While these instabilities are fully developing, tearing up, and warping 
the current sheets, what happens to the particles? Figure 3 shows the 
particle energy distributions at different evolution stages based on two 
runs, one run with Lz = di (panels a, b, and d) and the other with Lz = 50 
di (panel c). Panels a and c represent the particle energy distribution 
from the whole computational domain of these two runs. Panels b and d 
represent the particle distribution taken from a sampling box with 
δx=δy= 2di at the magnetic island (b) and the reconnection site (d) of the 
fi rst run. The four curves in each panel represent four characteristic 
stages of the evolution: (1) initial state, (2) end of the linear phase, 
(3) end of the nonlinear interaction stage, and (4) during the secondary 
kink.

The surprising result is that the particle acceleration is small at the 
reconnection site, as indicated in panel d, fi rst by the blue curve 
(showing acceleration), followed by the green and red curves (showing 
decrease in energy). The main energization is actually happening at the 
magnetic island, as indicated in panel b by the blue, green, and red 
curves progressively. More detailed analysis reveals that both the 
volume and number of particles that experience the reconnection 

Fig. 2. Global evolution of reconnection 
from three different simulations. The 
blue-red regions are isosurfaces of pair 
plasma density with color indicating 
peak of By; embedded are the pink-
white regions for the isosurfaces of |B| 
with color indicating peak of |J|.  As 
the tearing instability develops into the 
nonlinear stage, it produces a large-
scale magnetic island and reconnection 
site. As the simulation box gets larger 
in the z-direction (panels a, b, c 
correspond to Lz=20, 50, and 200 di), 
the development of the kink instability 
in the z-direction becomes important, 
causing the current sheet to warp.

Fig. 3. Particle number distribution 
versus energy. (a) Whole computation 
domain; (b) sampling box at magnetic 
island; (c) total particles; 
(d) reconnection site. Black: initial 
particle energy distribution; Blue: end 
of linear instability stage; Green: 
tearing nonlinear stage; Red: fi nal 
stage. Panels a, b, and d are from a run 
with L_z - d_i; panel c is from a run 
with L_z - 50 d_i.

electric fi elds in islands are much larger than those in reconnection 
sites. To understand the details of particle energization, we have 
analyzed the spatial distribution of E2–B2, where E and B are the 
electric and magnetic fi elds, respectively. The reconnection regions 
indeed have E2–B2 > 0, indicating the existence of a net electric fi eld 
that can accelerate particles. Most other regions have E2–B2 < 0, which 
has usually been interpreted as not useful for particle acceleration 
because a Lorentz transformation exists that makes electric fi eld vanish. 
Such consideration, however, does not apply when there are large 
spatial variations of E or B or both. Indeed, our simulations show that 
both E and B vary on length scales that are comparable to the 
gyromotion of relativistic particles. We then proved that such fi eld 
confi gurations can give rise to net acceleration of these particles, 
producing the energized population seen in Fig. 3.
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Galaxy clusters are the biggest objects in the universe, with sizes up to 10 million light years in diameter, 
and weighing ~1014−1015 solar masses. They can be observed in the optical (as a local clustering of visible 
galaxies), the X–ray (thermal emission from hot ionized gas in the potential well of the cluster), and in the 
microwave band via the SZ effect. Cosmological studies of galaxy clusters have played an important role in 
establishing the “standard” cosmological model. For example, from the early 1990s these studies have been 
consistently pointing to a low-matter content in the universe–a fi nding confi rmed by breakthrough studies 
of the Hubble diagram from distant type Ia supernovae, made about a decade ago. Even a small sample 
of ~100 clusters in the redshift range z =0−0.8 from the old ROSAT X–ray survey is enough to convincingly 
demonstrate the presence of dark energy that accelerates the expansion of the universe, and slows its 
growth of structure [1].

The reason galaxy clusters are such an important cosmological probe 
is that they are the most recently formed objects, as well as the 

most massive virialized structures, in the universe. Since clusters form 
over a time scale comparable to the age of the universe, their number 
density is strongly affected by the rate of the growth of structure of the 
universe. Also, due to their recent origin, clusters form in the epoch 
when dark energy starts to dominate the content of the universe, 
making them exponentially sensitive to the amount and properties of 
dark energy. An additional importance of cluster cosmology is that 
measurements of how structure grows (driven by gravity), together 
with independent measurements of how the universe expands (Hubble 
parameter), are a direct test of the theory of general relativity on the 
largest accessible scales.

The scientifi c community and sponsoring agencies have recognized the 
importance of conducting precise surveys of galaxy clusters—two 
Sunyaev-Zel’dovich effect (SZ, inverse Compton scattering of microwave 
radiation on free electrons in intracluster gas) surveys (South Pole 
Telescope and Atacama Cosmology Telescope) are already collecting 
data. Their optical/near infrared follow–ups consist of the ongoing 
VISTA survey, the Dark Energy Survey (start scheduled for 2011), and 
the Large Synoptic Survey Telescope (towards the end of this decade).

Finally, the X–ray satellite eROSITA is due to fl y in 2012; one of its 
components is a full-sky survey, with about a 100 times lower fl ux limit 
than the ROSAT survey. A major roadblock for all of these observational 
campaigns is measuring cluster masses–a notoriously diffi cult problem 
in astronomy–directly possible only for small sets of clusters through 

Properties of Merging and Relaxed Clusters from Hydrodynamical Simulations

gravitational lensing. For all others, we have to use different 
observables (e.g., X–ray luminosity, temperature, galaxy velocity 
dispersion, galaxy richness) and relate them to the mass.

In our previous work [2], we have found that the fraction of merging 
clusters and groups of galaxies can in itself be a probe of cosmology. 
This is an interesting angle to probing cosmological parameters, as it 
does not have the same systematic problems as the cluster mass 
function (for example, the sample completeness problem is practically 
eliminated). While the method alone does not have the discriminating 
power that the mass function has, it can serve as an improvement to the 
accuracy of cluster probes and, in particular, as a cross-check of a 
survey’s systematic errors. However, in order for the method to be 
implemented in practice, there has to be a more observationally 
motivated criterion to classify clusters as relaxed or merging.

The fi rst aim of our project is to fi nd such an observational criterion. In 
order to do so, we are using hydrodynamical simulations of a 
cosmological volume (500 Mpc on the side, for details see [3]) 
containing ~4500 galaxy groups and clusters at z = 0, with mass 
greater than 5 × 1013 solar masses. For these simulated objects we can 
reproduce their projected observable properties, but we also know their 
3D gas properties, as well as the distribution of (dominant by mass) 
dark matter. A morphological investigation can straightforwardly tell us 
if a cluster is relaxed or merging; however, it is impractical for two 
reasons: (1) the observer rarely has information on the distribution of 
dark matter, and (2) upcoming surveys will map large numbers of 
clusters–up to 105. We have developed a method based on the 
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Fig. 1. Example galaxy clusters in 
hydrodynamical simulations: relaxed 
(upper row), and merging (bottom row). 
On the left we show the observable 
quantity–projected X-ray luminosity 
of the intracluster gas, on the right is 
plotted the distribution of dark matter 
that is inaccessible to observations, 
but dynamically dominant.

Fig. 2. Spectroscopic temperature–cluster mass relation. Blue points 
are clusters identifi ed as relaxed, red points are clusters which have 
recently undergone a major merger. Notice that merging clusters bias 
the whole sample low and increase the scatter in the T-M relation. 
The same trend exists in the X-ray luminosity–mass relation.

distribution of X–ray luminosity, and have used a smaller sample of a 
few hundred clusters as a test set, to confi rm that our method agrees 
with morphological selection.

The second aim of our project is to improve cluster mass proxies. 
Scaling relations between direct observables and cluster masses can 
commonly be described as power laws with a scatter of ~15–30%, 
depending on the observable (smaller scatter is for SZ, larger for the 
X-ray observables). Having developed a prescription on how the observer 
can classify clusters into two groups, we can determine the mean and 
the scatter of scaling relations for each class separately. It turns out 
that the relaxed sample, which contains most of the clusters, has a 
different mean, but more importantly, it has a narrower scatter in the 
scaling relations.

Our current analysis is being done on clusters at redshift z = 0; we are 
now extending our work to earlier epochs, covering the completely 
relevant redshift range (z ≤ 2).

2011SHdraft11.indd   49 3/4/11   2:29 PM



Los Alamos National Laboratory Associate Directorate for Theory, Simulation, and Computation (ADTSC) LA-UR 11-0108450

Jason Steffen, FNAL; Amol Upadhye, T-2; 
Alan Baumbaugh, Aaron S. Chou, Peter O. Mazur, 
Raymond Tomlin, FNAL; Amanda Weltman, University 
of Cape Town, South Africa; William Wester, FNAL

Over the past decade, evidence has continued to mount for an astonishing astrophysical phenomenon 
known as the cosmic acceleration. The universe appears to be expanding increasingly rapidly; distant 
objects are receding faster and faster. If the universe consisted entirely of ordinary matter, and if gravity were 
well-described by Einstein’s General Relativity, then the expansion of the universe would slow down due to 
attractive gravitational forces. Thus, the cosmic acceleration demands a signifi cant change to one of our two 
most fundamental theories. Either General Relativity breaks down on cosmological scales, or a new type of 
particle must be added to the Standard Model of particle physics, the quantum theory describing all known 
particles. Since particle physicists have known for some time that General Relativity cannot be incorporated 
directly into a quantum theory such as the Standard Model, the cosmic acceleration may give some insight 
into a more fundamental theory unifying gravity and quantum mechanics.

The simplest theoretical modifi cation that could explain the 
acceleration is the “cosmological constant,” a constant vacuum 

energy density, which Einstein noted could be added to the equations of 
General Relativity. The contribution of Standard Model fi elds to the 
cosmological constant is approximately 120 orders of magnitude greater 
than its observed value. One might imagine an as-yet-unknown 
symmetry that would cancel the Standard Model contribution. However, 
a theory in which this contribution is cancelled to precisely 120 decimal 
places, leaving an energy density that just happens to be very close to 
the observed matter density today, would be quite bizarre. Furthermore, 
a cosmological constant gives no clues about quantum gravity. 

These mysteries have spurred cosmologists to search for deviations 
from a simple cosmological constant. One type of deviation allows the 
energy density responsible for the cosmic acceleration to vary with time, 
resulting in an expansion history that differs from cosmological constant 

models. Another type of deviation 
involves couplings between known 
particles and a “dark energy” fi eld 
associated with the vacuum energy. 
(Some simple modifi cations to 
General Relativistic gravity may 
also be recast as matter-coupled 
dark energy with standard gravity.) 
The simplest coupled dark energy 

How Dark Is Dark Energy? The GammeV-CHASE Search for Couplings between 
Light and Chameleon Dark Energy

theories consistent with current observations are “chameleon” theories, 
which “hide” fi fth forces and variations in fundamental constants by 
becoming massive in high-density regions of the universe. Since massive 
fi elds give rise to very short-range forces, chameleon dark energies are 
notoriously diffi cult to detect.

The GammeV and GammeV-CHASE experiments [1-4] are “afterglow” 
experiments specifi cally designed to search for photon couplings to 
chameleon dark energy. A chameleon coupling to electromagnetism 
would allow a photon to convert to a chameleon particle, and vice versa, 
in the presence of electric or magnetic fi elds, much as axions may be 
produced from photons. Consider a vacuum chamber with glass 
windows through which a beam of photons is streamed, as in Fig. 1. 
Some of the photons will convert to chameleon particles in the strong 
magnetic fi eld inside the chamber. As a chameleon particle approaches a 
high-density barrier such as a chamber wall or window, its mass 
increases sharply. Suffi ciently close to the wall, the chameleon mass 
will equal the total energy, and energy conservation will prevent the 
particle from approaching any closer to the wall. Thus, the chameleon 
particle will bounce. The chameleon is trapped inside the chamber by 
the chameleon mechanism, the very mechanism that allowed it to evade 
other laboratory constraints. Once the photon source is switched off, the 
chameleon particles which remain trapped in the chamber will gradually 
convert back into photons, emitting an “afterglow” of light.

Fig.1. The apparatus used in the 
GammeV experiment. During the 
production stage, the photomultiplier 
tube (PMT) is covered and the 
laser switched on. Photons convert 
into chameleon particles, building 
up a chameleon population. 
During the afterglow stage, the 
laser is switched off and the PMT 
uncovered in order to search for an 
afterglow of regenerated photons.
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As the successor to the GammeV experiment, 
GammeV-CHASE has searched for an afterglow 
over a large range of magnetic fi elds and time 
scales. By modulating the photon detector with a 
shutter, we are able to monitor background noise 
in real time, increasing the time resolution. 
Improvements to the vacuum system have 
decreased the gas pressure inside the chamber 
by two orders of magnitude, allowing us to probe 
a much greater range of models. Finally, glass 
partitions within the magnetic fi eld region 
facilitate the production of higher-mass 
chameleons, so that constraints now extend to 

the dark energy mass scale Mde = 2.3 meV. As shown in Fig. 2, 
GammeV-CHASE excludes many orders of magnitude in the mass-
coupling parameter space, bridging the gap between constraints from 
GammeV and colliders. These constraints can be applied to specifi c dark 
energy models such as the power law models in Fig.3, none of which 
was probed by the original GammeV. First results from GammeV-CHASE 
have been accepted for publication [4].

Further analysis, including studies of systematic effects in afterglow 
experiments and the application of GammeV-CHASE constraints to a 
greater range of dark energy models, continues at LANL and at 
Fermilab. Future afterglow experiments could potentially improve 
constraints considerably through a series of incremental improvements 
such as: a better understanding and control of background photon 
sources, a higher magnetic fi eld, a more powerful laser, increased 
detector sensitivity, and additional passes of the photon beam through 
the chamber. Laboratory experiments such as GammeV-CHASE promise 
to considerably extend our knowledge of chameleon dark energy in the 
coming years.

Fig. 2. GammeV-CHASE constraints. 
Previously excluded are shown 
in yellow. New GammeV-CHASE 
constraints are shown in solid blue 
for scalar chameleons and a green 
line for pseudoscalar chameleons. 

Fig. 3. GammeV-CHASE constraints on power-law dark energy models, 
V(ϕ) = constant+ gϕN. For N not equal to 4, g =  is defined in terms 
of the dark energy scale Mde =   = 2.3 × 10−3 eV; for N = 4 we 
define g = λ/4! in the usual way.
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The dark matter distribution in our galaxy strongly infl uences the signals from both direct and indirect dark 
matter detection experiments. Our aim is to understand the local density and velocity distribution of dark 
matter via large-scale numerical simulations. The intrinsic non-linearity of the gravitational evolution of 
matter limits analytic studies to small perturbations or restricted symmetries. The only way to obtain accurate 
3D solutions is via numerical simulation. We have a long and distinguished history in the development of 
parallel numerical techniques to solve astrophysical and cosmological N-body problems. We have achieved 
superior performance on multiple generations of the fastest supercomputers in the world with our HOT code, 
spanning almost two decades and garnering multiple Gordon Bell Prizes for signifi cant achievement in 
parallel processing.

We have performed several high-resolution dark matter simulations 
to model the velocity distribution of dark matter under conditions 

similar to our own Milky Way galaxy. The most recent was of a spherical 
region of the universe, 12.5 Mpc in diameter, with cosmological 
parameters set to match the current best-fi t results of the Wilkinson 
Microwave Anisotropy Probe (WMAP). Four snapshots of the largest 
dark matter halo forming over time are shown in Fig. 1. The dark 
matter particle mass was 5.3 × 105 M. Evolving 70 million dark matter 
particles from a redshift of 64 to the present, we extracted 35 dark 
matter halos with total masses between 3 × 1011 and 2 × 1012 M. 
Initial results (see Fig. 2) confi rm earlier work, which demonstrated that 
the velocity dispersion of the dark matter follows a Gaussian profi le, 
with a width similar to the velocity of a test particle on a circular orbit 
(220 km/sec for the Milky Way). However, while the mean velocity 
distribution is well-described by a Gaussian, the density distribution of 
dark matter is clustered down to the scales resolved in the simulations, 
which may have consequences for the signal expected from direct dark 
matter detection experiments.

The clustering of substructure in a halo is explored in Fig. 3. An 
unresolved question is: “What is the smallest scale at which dark 
matter clusters?” If the density of dark matter varies substantially 
on scales of the solar system or smaller, we could be in an unusually 
dense or sparse region of dark matter. Answering this question requires 
careful consideration of the initial conditions of the dark matter in 
the universe, as well as posing a severe computational challenge, 

Understanding the Dark Matter Distribution in our Galaxy 

Fig. 1. We show the formation 
history of the largest galaxy halo in 
our simulation, which has a mass 
similar to the halo of our own galaxy. 
Colors represent the logarithm of 
projected density, with yellow being 
the most dense, and blue being the 
lowest density. Note the abundance of 
substructure throughout the evolution.
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since a small computational volume cannot be considered in isolation 
from the rest of the universe. In order to assess the sensitivity of 
substructure to boundary conditions, we have performed simulations 
of “synthetic” initial conditions consisting of scale-free power laws, 
as well as combinations of power laws (i.e., “broken” power laws) 
and notch-fi ltered power laws. An example is show in Fig. 4.
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Fig. 2. We plot the 1D velocity 
dispersion of particles in a dark matter 
halo. At small velocities, the data is 
well-fi t by a Gaussian with width 
220 km/sec. The tails of the distribution 
deviate substantially, however, which 
will affect the constraints offered 
by the direct dark matter detection 
experiments that are most sensitive to 
high velocity dark matter particles.

Fig. 3. On the left, we color code bound structures found within the larger halo. On the 
right, we plot the same data in position/velocity phase space. The need for higher-resolution 
simulations is demonstrated by the lack of resolved substructure within 40 kpc of the center.

Fig. 4. We plot the evolving spectrum 
of density fl uctuations for two models. 
The black lines show a -2.5 power law 
at three epochs. The red lines show 
an identical power spectrum, with a 
band of power removed from the initial 
conditions. The top two lines show the 
fi nal power spectra, which are nearly 
identical at scales larger than the 
notch, but with structure signifi cantly 
suppressed at all scales smaller than 
the notch. This implies that the normal 
techniques of performing simulations 
with periodic boundary conditions at 
scales approaching a single galaxy 
halo will artifi cially suppress the 
formation of structure due to the lack 
of perturbations from scales outside 
of the computational volume.

2011SHdraft11.indd   53 3/4/11   2:30 PM



Los Alamos National Laboratory Associate Directorate for Theory, Simulation, and Computation (ADTSC) LA-UR 11-0108454

Climate, Atmospheric, and Earth Systems Modeling Section

2011SHdraft11.indd   54 3/4/11   2:30 PM



www.lanl.gov/orgs/adtsc/publications.php 55

Los Alamos is a world-renown research 
institution in the area of global climate 
and ocean modeling, stemming from 
our seminal work in nuclear winter 
several decades ago that was derived 
from our nuclear weapons activities. 
We are responsible for the ocean and 
sea ice models in the Community 
Climate System Model (CCSM), and as 
such are also key contributors to 
Intergovernmental Panel on Climate 
Change (IPCC) analyses. The articles in 
this section highlight our recent work in 
modeling the critically important 
Greenland ice sheet, implementing 
enhanced numerical models into our 
codes, and studying the effect of 
marine life cycles on global warming. In 
addition, the rapid response of LANL to 

the Deepwater Horizon crisis, using our 
advanced simulation tools to model the 
movement of released oil in the Gulf of 
Mexico, is described.
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The Arctic Ocean contains vast amounts of methane clathrates embedded in continental shelf sediments. 
As the ocean warms due to climate change, it is possible that they could become unstable and release 
large amounts of methane gas into the water. This release could have a signifi cant effect on marine 
biogeochemistry and atmospheric chemistry. Our simulations of sea fl oor methane release in a global ocean 
circulation model show that approximately 1% of the released methane could reach the atmosphere, and 
oxidation by marine bacteria could signifi cantly change ocean pH and reduce dissolved oxygen levels to 
dangerously low levels in some regions in the Arctic.

Methane is a greenhouse gas. Due to its infrared absorption bands, 
each molecule of methane can cause almost thirty times as much 

warming as a molecule of carbon dioxide (CO2). Although the ocean of 
today makes only a small contribution to the amount of atmospheric 
methane, this could change if the climate warms. For example, if the 
sea fl oor warms over the next few decades due to increasing ocean 
temperatures, methane hydrate clathrates (a solid compound in which 
methane is physically trapped in the crystal lattice of water ice), located 
on the upper continental shelf, could destabilize. This would result 
in methane percolation into the overlying ocean water. Some of the 
gas would reach the surface of the ocean and get transferred into the 
atmosphere. The Arctic Ocean harbors a signifi cant fraction of the global 
methane hydrate reservoir because it is cold and relatively shallow. 
Regional expanses of sediment containing clathrate are likely to warm 
quickly under climate change, due to their close communication with 
ocean water masses that are showing temperature increases. Clathrates 
are already emitting from perturbed bottom deposits in some parts of the 
high latitude north. Current global climate change models do not include 
these effects on methane release from the ocean fl oor and continental 
margins.

We made the fi rst generation simulations of pathways by which methane 
will infl uence, and in turn be controlled by, marine geochemistry and 
biology as it makes its way from sediments through overlying seawater. 

Simulations of Marine Methane Cycle During Early Global Warming

Our goal was to capture geochemical behaviors during the onset of an 
upcoming warming destabilization era. As their framework, the 
calculations take a one-degree resolution, global Parallel Ocean 
Program (POP) confi guration used for simulating ocean circulation, 
enhanced with marine ecodynamics, biogeochemistry, and dissolved 
trace gas chemistry (i.e., methane) transport. A key step in the present, 
large-scale hydrate destabilization calculations is adoption of emissions 
from a LBNL model of multi-phase porous fl ow from the sediment. This 
fl ow model has recently been driven by global warming-type temperature 
increases and produces rapid methane fl ow from the sea bed, beginning 
relatively quickly in geological terms (within a decade or so).

As the methane is injected into the ocean, it is transported into the 
interior and toward the surface by a number of physical processes. In 
addition, several types of methanotroph proteobacteria are capable of 
breaking down methane in solution, which can reduce the amount of 
methane released into the atmosphere. These bacteria require nutrients 
and trace metals for this function. Therefore we examined the bacteria's 
specialized resource requirements with marine trace element availability 
in regions of early clathrate decomposition. Oxygen, nitrogen, and trace 
metals are potential limiting reagents for the methanotrophs during 
consumption of methane. Interplay between these bacteria and other 
members of the ecosystem has the potential for even more pervasive 
changes to high latitude marine biogeochemistry. For example, changes 
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in the oceanic dissolved inorganic carbon concentrations could alter the 
local pH. It may also be possible for dissolved oxygen levels to drop to 
low enough levels that thresholds for detrimental biotic effects can 
readily be crossed.

We conclude that during global warming several deleterious effects 
could occur as a result of methane release. It is possible that either 
(1) hydrate-derived methane would be rapidly removed from seawater, 
causing signifi cant changes to pH and oxygen levels; or (2) the 
availability of certain resources would fall short for the methanotrophic 
bacteria, allowing the methane to reach the atmosphere, which would 
serve as a positive feedback to global warming. Simulations of this sort 
will provide robust results as data improves for the global distribution of 
geochemical sources and biotic consumers. We believe that this will 
require extensive laboratory work and fi eld studies of the interaction of 
methane with bacterial ecosystems. Obtaining data is essential in order 
to determine the impact of global warming on methane release from 
clathrates. Even the greatest known present-day methane releases, such 
as mud volcanoes, do not generate plumes of the size predicted by these 
climate change simulations (see Fig. 1).

Fig. 1. Vertical integral of methane concentration (millimole/m2) 
after 40 years of model simulation (viewed looking down at the 
North Pole). Eight locations on the ocean fl oor at a depth of 300 
meters were selected as sites of methane injection from the 
underlying sediment.
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An ensemble of idealized tracer-release simulations has been performed with an eddying global ocean 
circulation model in order to understand the possible fate of oil discharged in the Deepwater Horizon 
incident. Based on statistics of the resulting dispersion, it is found that tracer in the top 800 meters of 
the ocean is likely to exit the Gulf of Mexico within approximately six months. However, this should be 
interpreted as an extreme scenario because this idealized tracer does not include many important physical 
and chemical processes that affect real oil in the ocean.

An oil-well blowout occurred at the Deepwater Horizon Mississippi 
Canyon 252 wellhead on 20 April 2010, at a depth of 1522 meters 

in the Gulf of Mexico. One issue of concern is whether the oil will enter 
the swift Gulf of Mexico loop current and ultimately be transported 
into the Atlantic Ocean. The loop current, which is a part of the large-
scale western boundary current system of the Atlantic, enters the Gulf 
through the Yucatan Channel and exits in the Florida current via the 
Florida Straits. The clockwise confi guration of the current is highly 
variable in both space and time. Due to dynamical fl ow instabilities, the 
current sheds loop current eddies at irregular intervals. These eddies 
typically travel west, dissipating weeks to months later in the western 
Gulf, but sometimes reattaching to the loop current a number of times 
before remaining fully detached.

It is not possible to deterministically forecast the fate of the oil on a 
time scale of weeks to months. However, it is possible to run a large 
number of ocean model simulations, each of which is characterized by a 
very different loop current evolution, and obtain a statistical (ensemble 
averaged) understanding of where a passive dye released at the site of 
the spill is likely to go, and on what time scales. Dye tracers are 
routinely used in ocean circulation models to help quantify dispersion.

We investigated a suite of scenarios for the possible fate of the oil on a 
time scale of several months to a year from the time of the spill. We 
employed an eddy-resolving (1/10th degree) global ocean model for an 
ensemble of dye-tracer-release simulations, each experiencing a different 

Simulating the Possible Long-term Fate of Oil Released in the 
Deepwater Horizon Incident

realization of ocean currents. The simulations used a fully global 
confi guration of the LANL Parallel Ocean Program (POP), now the 
ocean component of the National Center for Atmospheric Research 
(NCAR) Climate Community System Model (CCSM). The goal of this 
study was to provide a range of scenarios tracking where a dye released 
at the Deepwater Horizon spill site is likely to go and to provide 
estimates of the possible range of time scales over which dye would be 
likely to exit the Gulf and join the basin scale surface circulation in the 
western North Atlantic Ocean. The model is not a forecast model (such 
as a weather prediction model)—rather, the result is a statistical 
ensemble of simulations used to bracket the range of likely outcomes 
under climatological atmospheric forcing. The simulations also do not 
account for losses of oil due to skimming and burning of surface slicks, 
or to chemical, biological, or physical degradation of oil or oil-dispersant 
mixtures. As such, the model provides an upper bound of dispersal 
relative to actual oil.

We conclude that dissolved oil, or an oil-water-dispersant mixture, in the 
top 800 meters of the ocean is likely to enter the Atlantic Ocean within 
roughly six months from the initial spill date (Fig. 1). The amount of oil 
may be signifi cantly reduced, however, if physical, chemical, and 
biological processes act strongly on time scales of weeks. If the oil 
leaving the Gulf is in the form of tiny droplets in the water column, it 
will not be detectable as a surface slick. Since the model dye remains 
offshore in the Gulf Stream, it appears to be unlikely that large amounts 
of oil will reach the shores of eastern North America unless it is driven 
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Fig. 1. Mean dilution factors (ratio of 
total amount of dye in the water column 
to the amount injected at the source) 
based on a fi ve-member ensemble one 
year after the initial spill: (upper left) 
dye release at 0-20 m depth; (upper 
right) dye release at 20-210 m depth; 
(lower left) dye release at 210-800 m 
depth; (lower right) dye release at 800-
1500 m depth. Color represents dilution 
factor on a logarithmic scale.

there by strong winds or small-scale currents. We 
conclude that it is even more unlikely that any of 
the oil or oil-water-dispersant mixture released in 
the Deepwater Horizon incident will reach 
Europe in detectable amounts—rather it will 
most likely become highly diluted in a region 
centered around the Gulf Stream within the North 
Atlantic Ocean. The researchers expect that oil 
at the greatest depths will undergo relatively 
little mixing and advection by the sluggish 
currents at 800–1500 meters. Therefore the 
deepest oil is likely to remain largely confi ned to 
an area within a few hundred miles of the spill 
site one year later.
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Once an ice sheet starts to have continuously negative surface mass balance, the ice surface gradually 
decreases in altitude and becomes warmer, leading to further melting in a positive feedback loop. The 
IPCC A1B climate scenario applied to SnowModel, a surface snow, ice, runoff, and energy-balance model, 
predicts that the Greenland Ice Sheet will have a negative surface mass balance in the early 2040s 
following warming of approximately 1.2°C compared to present-day temperatures. Since the Arctic, including 
Greenland, has been warming at twice the global average global rate, the global temperature increase 
required for irreversible melting of the Greenland Ice Sheet could be as low as 0.6°C.

The Earth’s climate is warming. Observations show that the largest 
temperature increases are occurring at high northern latitudes, 

where the loss of snow and sea ice creates positive feedbacks due to 
the reduced refl ection of sunlight. Arctic temperatures have increased 
at almost twice the global average rate in the past 100 years [1]. 
Since 1957, air temperatures in the Arctic, including Greenland, have 
increased more than 2°C [2]. The warming has been accompanied by an 
increase in precipitation of ~1% per decade [3].

The Greenland ice sheet (GrIS, shown in Fig. 1) 
is an indicator of ongoing climate changes. 
Impacts already observed for the GrIS include 
retreating outlet glaciers, decreasing 
permanent snow cover, and increasing surface 
melt extent (Fig. 2) and freshwater runoff to the 
ocean [4-7]. These changes suggest that the ice 
sheet responds more quickly to climate 
perturbations than previously thought. In 
particular, the rate of GrIS mass loss from 
surface meltwater runoff and iceberg calving 
has increased as temperatures have risen. The 
mass budget for the ice sheet was close to 
equilibrium during the relatively cold 1970s and 
1980s, but the GrIS lost mass rapidly as the 
climate warmed in the 1990s and 2000s, with 
no indication of deceleration [8].

There are signifi cant uncertainties in modeling 
Greenland ice sheet dynamics [9], partly related 
to insuffi cient knowledge of conditions at the 

When Can We Expect Irreversible Processes for the Greenland Ice Sheet?

ice bed and ice-ocean interface. In contrast, Greenland’s surface mass 
balance (SMB, the difference between annual accumulation and 
ablation) and runoff are better understood and documented from 
numerical model simulations [6,10-11], even though few high-resolution 
freshwater runoff observations at the GrIS periphery are available for 
model verifi cation [7].

The GrIS is the largest mass of land-based ice in the northern 
hemisphere, containing about 7 m global sea-level equivalent. The net 
mass balance of the GrIS has an important infl uence on global sea level 
[1,12] and on ocean density and circulation [13]. The GrIS plays an 
essential role in the Arctic hydrological cycle, not only because of its 
extent, elevation, and refl ectivity, but also because of the reservoir of 
fresh water stored as ice. Recent studies have shown that the present 
annual GrIS mass loss is around 300 km3 per year [14], where nearly 
half of the net loss originates from surface melting and subsequent 
freshwater runoff, and the other half from iceberg calving [15]. This 
mass loss is equivalent to a mean global sea-level rise of approximately 
0.7–0.8 mm per year [6], or around 25% of the global sea-level rise of 
3.1 mm per year.

A highly sophisticated surface snow, ice, runoff, and energy-balance 
model (SnowModel) [16] was used to simulate the GrIS SMB and 
surface runoff to the ocean from 1950 through 2080. The simulations 
were based on input data from the Intergovernmental Panel on Climate 
Change (IPCC) scenario A1B applied to a high-resolution regional 
climate model, HIRHAM4 [17-18]. Greenland’s average surface air 
temperature was projected to rise during this period by 4.8ºC, with mean 
annual precipitation on the ice sheet increasing by 80 mm (Fig. 3) [19]. 
These projected changes will lead to greatly enhanced mass loss and 

Fig. 1. GrIS seen from above, recorded 
2000-11-15 by SeaWiFS. The photo is 
provided by the SeaWiFS Project, 
NSAS/Goddard Space Flight Center and 
ORBIMAGE (http://visibleearth.nasa.
gov/view_rec.php?id=1493).
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runoff in the years approaching 2080. The model 
predicts that the annual SMB will change from 
positive to negative values soon after 2040 
(Fig. 4) [19]. Meanwhile, the ice sheet will 
continue to lose mass through iceberg calving 
and subglacial melting. As long as the SMB 
remains negative, the ice will have no way to 
recover its volume. The surface will gradually 
decrease in altitude and warm up, leading to 
further melting in a positive feedback loop. If 
this process is maintained for several centuries 
or longer, the GrIS will lose mass year after 
year, resulting in its eventual removal [20].

The IPCC climate scenario applied in SnowModel 
results in a negative surface mass balance 
following Greenland warming of 1.2°C above 
present temperatures. If temperatures in the 
Arctic, including Greenland, continue to increase 

at twice the global average rate, the threshold for inexorable melting 
would be reached at a global average temperature increase of 
approximately 0.6°C. This is a low value compared to temperature 
predictions based on simple degree-day methods [20], which predict 
irreversible GrIS retreat for a sustained global temperature increase of 
around 3°C. Since the HIRHAM4-SnowModel system is more physically 
realistic and sophisticated than the degree-day approach, there is 
reason to believe that the threshold for irreversible GrIS melting is 
closer to 0.6°C than to 3°C [20] and could be reached within the next 
three to four decades.

Fig. 2. An example of the maximum simulated GrIS surface melt 
extent for 2010 (which also turns out to be a record since 1960); 
2010 melt frequency in percentage of total melt days, indicating 
that margin regions had surface melt 76–100% of the time during 
the summer season (May through September), most pronounced in 
SW Greenland; and the difference between 2010 melt duration and 
the 1960–2010 mean.

Fig. 3. Greenland HIRHAM4 
Regional Clinate Model (RCM) 
simulated average annual difference 
from 1950 through 2080 for the 
parameters of air temperature and 
precipitation.

Fig. 4. Time series for the 
HIRHAM4-SnowModel simulated 
GrIS precipitation, evaporation and 
sublimation, surface runoff, and 
surface mass-balance for the period 
1950–2080.
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With the release of the 2007 Intergovernmental Panel on Climate Change report on climate change [1], most 
policy makers have shifted their discussions from the general threat of climate change to regional impacts 
in the coming decades. This has led to an accompanying change in scientifi c inquiry with a high priority 
placed on regional and decadal climate prediction. Numerical simulations of the earth system are a useful 
tool for investigating climate change impacts, such as changes in oceanic circulation, melting of glaciers, 
and increases in droughts, fl oods, and hurricanes. There is currently a strong need for numerical models 
that can resolve physical processes in particular regions, for example melting in Greenland or droughts in 
the southwestern US. These simulations need to include realistic global patterns of atmospheric and oceanic 
circulation, but not pay the computational cost of a global uniformly high-resolution grid.

Investigation of regional climate impacts is the motivation for the new 
Model for Prediction Across Scales (MPAS), a collaborative effort 

between scientists at LANL and the National Center for Atmospheric 
Research (NCAR). MPAS is a model framework that supports 
unstructured grids, so that high-resolution grids may be placed in 
regional areas of interest, while lower-resolution grids are used for the 
remainder of the earth (Fig. 1). Current methods of regional modeling 
typically use one-way nesting of grids, where there is a sharp transition 

between grids, and data is only communicated into 
the nested high-resolution region. MPAS grids have 
smooth transitions, and all gridcells are integrated in 
the same way, so that fl uid properties are advected 
smoothly over changing gridscales.

Development of the MPAS-Ocean model began in 
early 2010 by the LANL scientists in the Climate, 
Ocean, and Sea Ice Modeling team (COSIM) in 
CCS-2 and T-3. The MPAS effort includes dynamical 
cores of the atmosphere, ocean, shallow water 
equations, and sea ice. Each of these models share 
common tools available in the MPAS framework, 
including grid initialization, time management 
utilities, input/output and restart modules, and 
automated variable declaration. An intense 
collaboration between LANL and NCAR to create 
shared resources among dynamical cores has led 

MPAS-Ocean: A New Ocean Dynamical Core for Climate Simulations

to rapid development and testing of these new models. Each dynamical 
core differs in its governing equations and physical parameterizations, 
but they share a common fi nite volume numerical scheme. This scheme 
discretizes the vector-invariant form of the momentum equation, and 
uses the relationship between the nonlinear Coriolis force and the 
potential vorticity fl ux to guarantee that mass, velocity, and potential 
vorticity evolve in a consistent and compatible manner [2,3].

A primary issue in ocean modeling is treatment of the vertical 
coordinate: isopycnal coordinates model the ocean as stacked layers 
of constant density, while z-level models utilize layers at fi xed depths. 
There are advantages to each. Z-level models possess favorable 
stability properties and vertical resolution can be easily specifi ed. 
Isopycnal models are less diffusive, but vertical resolution and defl ated 
layers are diffi cult to control. MPAS-Ocean is able to run with either 
isopycnal or z-level coordinates using the same executable by only 
changing a setting in the input fi le. Simulations in isopycnal mode 
have already been used to investigate eddy closure parameterizations 
(Fig. 2) [4]. The z-level mode supports topography, so that global 
simulations may be run with land boundaries and ocean basins. 
Other additions completed in 2010 to make MPAS-Ocean a working 
ocean dynamical core include high-order horizontal advection, 
horizontal diffusion terms, and a nonlinear equation of state.

In addition to the explicit fourth order Runge-Kutta scheme for time 
integration, methods based on barotropic-baroclinic splitting are under 
development for MPAS-Ocean. These methods decompose the fast and 

Fig. 1. The MPAS framework supports 
the use of unstructured, variable-density 
grids for ocean, atmosphere, and land 
ice component models, making MPAS a 
powerful tool for studying the regional 
effects of climate change.
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slow motions into 
subsystems that are 
treated with different 
time-integration 
techniques. Current 
development includes 
a predictor-corrector 
strategy with an 
explicit subcycling 
of the fast barotropic 
mode. This strategy 
has been shown to 
allow much larger time 
steps than traditional 
explicit methods 
with a fraction of the 
computational cost.

The power of the MPAS 
framework lies in its 
support of horizontally 
unstructured grids 

to conduct regional simulations. However, MPAS also supports 
uniform grids that can be useful for backwards compatibility and 
comparisons with other models. A series of validation simulations 
of MPAS-Ocean and the Parallel Ocean Program (POP) ocean model 
have shown that MPAS-Ocean produces realistic circulation features 
(Fig. 3). The COSIM POP model is well known and trusted by the 
ocean modeling community, so these verifi cations are essential 
for MPAS-Ocean to be accepted as a functional dynamical core.

The creation of a new ocean model requires the committed effort 
of a focused team of developers. The LANL COSIM team has made 
great strides this year, but much work remains, including additional 
mixing parameterizations, advanced time-stepping schemes, 
documentation, and performance improvements. Additionally, 
new challenges of variable density grids, such as scale-aware 
parameterizations, will be addressed in the coming year.

Fig. 2. Potential vorticity from an 
MPAS-Ocean simulation, run in 
isopycnal mode, used to study 
turbulence closure models [4]. The 
confi guration is a zonally periodic wind-
driven channel that captures the relevant 
features of the Southern Ocean: a 
meandering zonal jet, vorticity fi laments, 
and westward-propagating eddies.

Fig. 3. Comparison of the sea surface height from an MPAS-Ocean simulation (top) 
and a POP ocean model simulation (bottom). Validation of a new ocean dynamical core 
such as MPAS-Ocean is a critical step towards being accepted by the ocean modeling 
community.
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The Antarctic and Greenland ice sheets are losing mass at rates contributing a total of ~1 mm per year to 
global sea level rise [1]. This contribution is expected to increase in the future but, as noted in the recent 
Intergovernmental Panel on Climate Change climate assessment report [2], current ice sheet models 
are too crude to provide a best estimate, or even an upper bound, for 21st century sea level rise due to 
changes occurring on ice sheets. This failing is due in large part to poor representation of ice dynamical 
processes, from which most of the future increase in sea-level rise is expected to come. For example, recent 
observations indicate that over the past decade, one half of the sea-level contribution from Greenland was 
the result of dynamical thinning [3].

The Climate, Ocean and Sea Ice Modeling (COSIM) project has 
recently begun building an ice sheet model with improved dynamics 

and physics. The initial model is based on the model of Payne and Price 
[4,5], which includes an improved treatment of ice dynamics. Continuing 
advances to this model made under the Department of Energy ISICLES 
(Ice Sheet Initiative for Climate Extremes) project will soon allow for 
effi cient large-scale, high-resolution simulations on massively parallel 
architectures. The model has been coupled to the Community Earth 
System Model and will soon be coupled to COSIM’s existing world-
class sea ice and ocean circulation models. This will allow for the 
investigation of a wide range of possible feedbacks among these climate 
components. 

The model is now being used to estimate how recent, short-lived 
perturbations to the fronts of Greenland’s outlet glaciers, as a result of 
warm ocean water incursions [6], translate to long-term mass loss 
within the larger ice sheet (Fig. 1). These past dynamic perturbations 
are currently propagating into the ice sheet interior and will result in 
some amount of “committed” sea-level rise that can be quantifi ed using 
the current model constrained by observations. Based on a moderate 
(5 km) resolution model of Greenland, experiments indicate a minimum 
sea-level rise from Greenland ice sheet dynamics of ~6 mm by 2100 [7] 
(Fig. 2, black curve). By making reasonable assumptions about the 
recurrence of similar dynamic perturbations in the future [8], the 
modeling can also be used to obtain middle- and upper-bound estimates 
for the future dynamic sea-level rise from Greenland (Fig. 2, blue and 

Committed Sea-level Rise for the Next Century from Greenland Ice Sheet Dynamics

red curves, respectively). The upper-bound estimate of ~45 mm of sea-
level rise by 2100 from this work [7] is about one-half of a recent upper-
bound estimate based purely on kinematic constraints [9]. The smaller 
magnitude is largely due to the fact that our dynamic modeling accounts 
for the decaying and periodic nature of the perturbations driving long-
term ice sheet mass loss, whereas the kinematic modeling does not.

Ongoing and future work will include revision of the current estimates 
for Greenland using a higher-resolution (1–2 km), fully parallel model, 
and extension of the method to areas of Antarctica that are currently 
undergoing similar changes.
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Fig. 1. Steady-state velocity fi eld (log10 
scale) for the Greenland ice sheet based 
on modern-day observations of geometry 
and surface mass balance (left panel) 
and modeled velocity fi eld with basal 
sliding tuned to match the velocity fi eld 
inferred from observations (right panel). 
The model results are being used as 
initial and boundary conditions for high-
resolution experiments to examine the 
susceptibility of particular outlet glaciers 
to dynamic mass loss induced by 
perturbations at their marine calving 
fronts.

Fig. 2. Estimated future sea-level rise as 
a result of Greenland ice sheet dynamics. 
The lower-, middle-, and upper-bound 
estimates are given by the black, blue, 
and red solid lines, respectively. The 
cumulative sea-level rise inferred by 
assuming a constant dynamic 
contribution at 2000-2008 levels (from 
[3]) is shown by the black dashed line.
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The Earth’s climate system displays variability on many time scales. Of particular interest are the decadal 
(~20 yrs) and multidecadal (~60 yrs) climate cycles that are present in the North Atlantic and North Pacifi c 
Oceans; understanding the origin of this variability is crucial for detecting and attributing climate change, and 
may increase our skills in predicting climate many years in advance.

Here we investigate whether internal ocean oscillations may be responsible for low-frequency variability in 
the North Pacifi c. Such oscillations, called basin modes, are predicted by theory, but their existence has not 
been confi rmed from observations, nor in comprehensive climate models. We use advanced statistical and 
numerical techniques to identify free oscillations in the North Pacifi c Ocean in a coupled climate model, and 
study their excitation and their infl uence on the North Pacifi c climate system.

The climate system is a highly complex system, as it consists of 
several components (ocean, atmosphere, cryosphere, etc.) that 

strongly infl uence each other. Apart from external forcing factors, 
like changes in solar insolation, volcanic eruptions, or increasing 
levels of carbon dioxide due to human activity, the climate system 
generates variability on its own. The best-known example is the El Niño 
phenomenon that dominates climate variability on interannual time 
scales (~4 to 5 years).

In recent decades it has become increasingly clear that the climate 
system also exhibits variability on decadal (~20 years) and multidecadal 
(~60 years) time scales. The Pacifi c Decadal Oscillation (PDO) [1] and 

Atlantic Multidecadal Oscillation 
(AMO) [2], for example, are cycles in 
the sea surface temperatures (SST) of 
the North Pacifi c and North Atlantic 
Oceans, respectively, and have a 
signifi cant impact on drought cycles 
in the US Southwest [3].

The origin of these low-frequency 
climate cycles is still under intense 
scrutiny; understanding these modes 
of variability is an important charge to 
climate scientists. First of all, the 
presence of this low-frequency 
variability makes it harder to assess 

Low-frequency Variability of the Climate System: A Modal Approach

how much of the recent global warming can be attributed to 
anthropogenic forcing. Second, understanding the dynamics may enable 
us to improve climate predictions.

Most theories of low-frequency climate variability ascribe a key role to 
the ocean. The ocean's inertia (both thermal and mechanical) is about 
three orders of magnitude larger than that of the atmosphere, so the 
ocean responds very sluggishly to the synoptic activity of the 
atmosphere (storm systems, etc.). In fact, the simplest theory (the so-
called null hypothesis) explains the PDO simply as a slow response of 
the ocean to relentless nudging by the atmosphere (a so-called red noise 
response). However, this theory appears to be insuffi cient to explain the 
specifi c 20-year time scale that is found in the Pacifi c climate system. A 
competing (or complementary) hypothesis therefore ascribes a more 
active role to the ocean, by posing that the atmospheric nudging excites 
free, internal oscillations in the ocean. Such oscillations, called basin 
modes, are predicted by models that represent the basic dynamics of 
ocean circulation [4] (Fig. 1), but are hard to observe in the real ocean, 
or even in more comprehensive ocean models.

A project funded by the National Science Foundation, and executed 
jointly at the New Mexico Consortium and LANL, aims to detect such 
basin modes in climate models, and determine their involvement in low-
frequency climate variability. The project uses advanced statistical 
methods to detect oscillatory variability in the ocean. The subject of 
analysis is the climate as represented by the third iteration of the 
Community Climate System Model (CCSM3). CCSM3 is a top-tier climate 

Fig. 1. Basin mode of the North Pacifi c 
Ocean. Shown is a linear eigenmode of 
the North Pacifi c basin. The model 
represents the North Pacifi c Ocean as a 
superposition of two motionless layers of 
different density. Deviations in the depth 
of the upper layer (shading) are 
superimposed on ocean depth contours. 
The patterns pR and pI represent two 
subsequent phases of an oscillation, and 
defi ne an oscillatory cycle according to 
the sequence pR → pI → - pR → - pI

 → pR, etc. The oscillation therefore 
shows northwestward propagation of 
deviations in upper layer depth.
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model that has made substantial 
contributions to the fourth 
assessment report (AR4) of the 
Intergovernmental Panel on Climate 
Change (IPCC).

North Pacifi c SSTs in this model 
display variability that closely 
resembles the PDO from 
observations (Fig. 2). In addition, 
there appears to be a preferred 
periodicity of about 22 years, also in 
agreement with the observations. 

We can therefore assume that the processes responsible for generating 
the variability in this model are also active in the real ocean.

To fi nd the dynamical origin of this variability, variations in SST and the 
ocean's interior density fi eld (represented by a novel metric referred to 
as ADZC) are subjected to a so-called multivariate Principal Oscillation 
Pattern (POP) analysis [5]. A POP analysis extracts oscillatory signals 
from noisy data. Figure 3 shows the spatial structure of the dominant 
oscillatory mode. The two panels represent two distinct phases of the 
oscillation (referred to as pR and pI) that defi ne an entire oscillatory 
cycle. The signature of the PDO is clearly visible in the SST fi eld, 
suggesting that this oscillatory mode is indeed responsible for the model 
representation of the PDO. Indeed, the oscillation period associated with 
the POP is 23 years.

The mode has a clear expression in the subsurface density fi eld. Current 
investigations aim to determine 1) whether this is indeed the signature 
of a real basin mode, and 2) how this variability in the interior ocean is 
communicated to the atmosphere in order to generate the observed 
climate signal. if the PDO is indeed associated with an ocean basin mode 
(and not just the fi ltered response to atmospheric stochastic forcing), 
then we may be able to improve our skills in predicting Pacifi c climate 
conditions several years in advance.

Fig. 2. Dominant mode of variability 
(Empirical Orthogonal Function, or 
EOF) of the SST in the North Pacifi c, in 
a simulation of the CCSM3. Left: 
Spatial pattern, showing cold 
temperatures in the central North 
Pacifi c, and warm waters in the eastern 
and southern North Pacifi c. This pattern 
closely matches the PDO, as defi ned 
from observations. Right: Power 
spectrum of the associated time series, 
showing a signifi cant spectral peak at 
22 years.

Fig. 3. Dominant oscillatory mode for the periods between 15 and 25 years. Upper plot 
shows the expression in sea-surface temperature (SST), while lower plots show ADZC, 
a metric representing the ocean’s interior density fi eld. As in Fig. 1, the two patterns 
represent two phases of the oscillatory cycle. The oscillation period is 23 years.
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The Information Science and 
Technology fi eld draws upon computer 
science, computational science and 
mathematics to provide innovation 
in the areas of data processing and 
management and derive actionable 
information from data. Information 
Science and Technology capabilities 
underlie most science endeavors at 
LANL.

This section includes contributions 
to the fi eld of Information Science 
and Technology in areas ranging 
from applied computer science 
to applications that support the 
decision-making process in the arena 
of complex systems. Three articles 
in this section address different 

aspects of the important area of Cyber 
Security. Another four describe IS&T 
infrastructure enablers in the areas 
of networks, numerical intensive 
computing, data intensive computing, 
and computing resource management. 
Finally, three articles show the 
breadth in IS&T applications including 
the areas of Superconductivity, 
Particle Simulation Statistics, and 
Transportation Systems. 
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Non-Hermitian Description of a Superconducting Phase Qubit
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An approach based on a non-Hermitian Hamiltonian to describe the process of measurement by tunneling 
of superconducting phase qubit states is presented. We obtain simple analytical expressions that describe 
the dynamics of measurement, and compare our results with those experimentally available. In particular, 
we show that even for a single qubit, the analytical expressions simplify the analysis of the dynamics in 
comparison with the density matrix approach.

A superconducting phase qubit has signifi cant potential applications 
in quantum information processing due to its convenient 

functional operations, its capability to reduce the effects of noise 
and decoherence, and its future utilization in scalable quantum 
computers. One of the crucial problems in quantum computation is 
a measurement of qubit states. The tunneling effect is used in many 
experiments with superconducting qubits for measuring the qubit states. 
Usually, to describe the dynamics of the qubit state measurement by 
using a tunneling from the upper level, one utilizes a density matrix 
approach. In spite of many advantages, this approach has some 
evident disadvantages: (1) the number of density matrix elements 
grows exponentially with the number of qubits, (2) some relaxation 
and decoherence coeffi cients are not included self-consistently, (3) the 

coherent (collective) effects of 
interaction with the continuous 
part of the spectrum is not 
always properly described, 
and (4) interference between 
different tunneling channels 
is not always simple to take 
into account. In many respects, 
our approach, based on the 
non-Hermitian Hamiltonians, 
addresses all these issues.

Non-Hermitian Hamiltonians 
naturally appear when the 
energy spectrum of a quantum 
system can be formally 

represented by both quasi-discrete (intrinsic) and continuous parts, 
and one performs a projection of the total wave function onto the quasi-
discrete part of the spectrum. In this case, the corresponding intrinsic 
energy levels acquire fi nite widths, which are associated with transitions 
from the intrinsic states to the continuum. Then, the dynamics of the 
intrinsic states, including tunneling effects (coherent or incoherent) from 
these metastable intrinsic states to the continuum, can be described by 
the Schrödinger equation with an effective non-Hermitian Hamiltonian.

We propose an approach [1] based on non-Hermitian Hamiltonians 
to describe the dynamics of measurement of the superconducting 
phase qubit states by tunneling into their continuum (Fig.1). 

We obtained simple analytical expressions for the probability of 
tunneling into the continuum. We showed that even for a single-
phase qubit the analytical expressions simplify the analysis of the 
dynamics in comparison with the density matrix approach. We 
also demonstrated that the effect of the interference of tunneling 
channels can be easily described by using our approach based 
on the non-Hermitian Hamiltonian. We compared our theoretical 
results (Figs. 2 and 3) with experiments on superconducting phase 
qubits [2,3] and demonstrated that our theoretical predictions 
are in good agreement with the available experimental data.

In conclusion, we have presented a non-Hermitian description of the 
dynamics of measurement by tunneling of a superconducting phase 

Fig. 1. A superconducting phase 
qubit radiated by a microwave fi eld.  
Γ1(Γ0 ) denotes the tunneling rate 
from level |1〉(|0〉), and γ10 denotes 
the rate of energy relaxation from 
|1〉 to |0〉. The model is applicable 
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qubit. We have shown that our theoretical predictions are in a good 
agreement with the experimental data obtained in various experiments 
on superconducting phase qubits. We believe that our approach based 
on the non-Hermitian Hamiltonians can, in many cases, and especially 
for a multi-qubit register, simplify a theoretical description of the 
dynamics of a phase qubit measurement by tunneling to the continuum.

[1] Nesterov, A.I., et al., IJQI 6, 895 (2010).
[2] Steffen, M., et al., Phys Rev Lett 97, 050502 (2006).
[3] Yu, Y., et al., Science 296, 889 (2002).
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Fig. 2. Theoretical predictions of the evolution of the Bloch vector obtained from 
the Schrödinger equation with the non-Hermitian Hamiltonian [1] are in a good 
agreement with the experimental results [2].

Fig. 3. The probability, P(t), of 
tunneling from the upper level to the 
continuum as a function of time. The 
diamonds (red) are the experimental 
data [3] and the black solid line is our 
theoretical prediction [1].
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The Enterprise Secure Network Project
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ESN is a project sponsored by the NNSA to facilitate the secure exchange of classifi ed information and 
capabilities across the Nuclear Security Enterprise and with collaborating agencies. ESN consists of 
independent site installations of standardized equipment and COTS software that are integrated through 
a common infrastructure and share policies and procedures. ESN features an Enterprise identity model, 
strong authentication, and centralized monitoring and analysis capability. ESN is currently deployed at all 
NNSA and multiple DOE sites. There are additional sites being integrated, including limited access gateways 
and international sites.

To provide an Information Technology (IT) solution to enable the 
Nation’s nuclear weapons stockpile and supporting infrastructure 

to be more responsive to the threats of the 21st century, the National 
Nuclear Security Administration (NNSA) established the Enterprise 
Secure Network (ESN) and designed a business and risk-based approach 
to accomplish the mission.

In the past several years, ESN leaders and project teams have designed 
and built substantial improvements in secure communications and 
collaboration, cross-site workfl ow, two-factor authentication, network 
management, application integration, and single sign-on among the 
various laboratories and plants within the national security enterprise 
(NSE). When it became operational two years ago, ESN solved a long-
standing problem: the NNSA’s diffi culty in sharing classifi ed data. ESN 
has built on the success of its initial rollout by adding innovative 
capabilities, transactions, services, and processes that greatly increased 
effi ciency and enhanced its ability to fulfi ll this critical mission 
(see Fig. 1).

Project leaders and engineering teams employed a risk-based 
management approach and worked closely with NNSA management to 
perform the following tasks: 

•Extended the ESN collaborative domain by establishing agreements 
for interagency and international collaborations.

•Based on stakeholder requirements, developed a new centralized 
architecture component that implements a “small site hub” capability, 
enabling ESN enterprise support of sites with small user populations 
and limited resources.

•Implemented additional connectivity options at sites, including 
limited-access gateways to collaborating agencies, “light” (non-
redundant) sites, and “connection-only” sites.

•Integrated a signifi cant number of ESN-enabled applications that 
allow secure cross-complex data sharing and collaboration using 
Web-based and legacy applications.

•Implemented and deployed a “basic fi leshare” core service, which 
allows ESN users to securely share classifi ed information across the 
complex.

•Added classifi ed and unclassifi ed Web conferencing capabilities to 
enable interactive, real-time information sharing and discussions.

•Developed an effective new workfl ow-based and management-focused 
trouble ticket tracking system to support customer needs.

•Grew the user population to nearly 1000 users.

Another key factor in the successful development of ESN is ongoing 
efforts by the NNSA leadership to foster a culture of cooperation and 
collaboration among a large number of historically independent – and 
even competitive – commercial sites and laboratories. ESN now 
routinely convenes multisite teams, meetings, and projects with 
representation from the Department of Energy (DOE), NNSA, 
Department of Defense (DoD), and international organizations and 
agencies.

Due to the sensitive nature of nuclear-related information and 
operations, ESN operates in a high-risk environment. Historically, 
federal management approaches have been risk averse. However, the 
NNSA believes that such risk aversion may impede the daily functions of 
an organization, and lead to nonstandard confi gurations of hardware, 
software, and services within the NSE. In 2010, ESN designed a 
standardized set of core confi gurations to be deployed at all new sites, 
substantially improving technology refresh, maintenance, operator 
training, and system operations. These confi gurations make ESN 
operations more secure, effective, and cost effi cient. ESN now consists 

Fig. 1. ESN was honored as one of 
the 10 Government Computer News 
(GCN) Honorable Mention Awards for 
Information Technology Achievement 
in Government for 2010. NNSA 
Administrator Thomas D’Agostino 
says: “The Enterprise Secure Network 
is not only critical to the security of 
our nuclear weapons program, but to 
our efforts to transform the Cold War 
nuclear weapons complex to a 21st-
century national security enterprise.” 
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of 15 independent sites spanning 9 states—and, later this 
year, 2 continents—using standardized equipment, 
procedures, and core services with a variety of applications 
(see Fig. 2). By utilizing industry standards, NNSA best 
practices, and tailored commercial off-the-shelf (COTS) 
products, ESN has developed a stable, scalable 
infrastructure that will meet the stringent security 
requirements of NNSA sites and collaborating agencies. 
Primary sites (those with signifi cant user populations and 
application hosting), such as SNL and LANL, feature 

redundancy in critical components with automatic failover. ESN has 
been designed for high availability and reliability so that the scientists 
and engineers at plants across the US can accomplish their mission 
confi dent that the ESN will provide secure communications and 
collaboration. 

ESN employs a standard security assertion markup language (SAML) to 
implement the authentication and authorization infrastructure. It also 
features strong two-factor authentication using RSA SecurID tokens. 
The majority of this work is performed with indigenous talent: 
architecture, engineering, operations, and project team members hail 
from representative sites. There are also teams of trained subject matter 
experts (SME) who spearhead technology development, deployment, and 
troubleshooting efforts at local or remote sites. The training and 
utilization of ESN SMEs also allows them to become local resources who 
enhance technical expertise at their respective sites.

The expanded cyber security and functionality of ESN have substantially 
improved the ability of DOE and NNSA to work effectively and share 
data and resources across the NSE as they manage the nuclear weapons 
stockpile. As new sites, cooperating agencies, and international 
facilities are integrated, ESN greatly enhances their ability to share 
critical information and respond effectively to situations and emerging 
threats.

New web collaboration tools have increased cooperation and 
collaboration among developers and customers, and the multisite nature 
of ESN also improves the level of cooperation and coordination between 
participating sites and agencies. A shared ESN development 
environment, hosted at LLNL, allows multisite teams to work together 
on the design, development, and testing of new services and 

applications. Hundreds of ESN users added over the past year can now 
cooperate and collaborate to a degree never before possible on any 
classifi ed network. As these shared resources become available to a 
wider set of authorized users, ESN has greatly enhanced security and 
reliability, using a standardized approach and around-the-clock 
monitoring and helpdesk availability. The application of earned value 
metrics helps ensure that work is tracked and managed appropriately.

In cooperation with the Product Realization Integrated Digital 
Enterprise (PRIDE) organization, the growing availability of shared 
legacy applications on the ESN has transformed the ability of the NNSA 
and cooperating agencies to leverage existing external applications and 
share resources and expertise. Additionally, the network operations 
center has prevented any cyber intrusions into the network or 
infrastructure.

Due to the past year’s signifi cant ESN team accomplishments, DOE and 
NNSA have made tremendous operational advances. Cost savings have 
increased due to cross-site data sharing and cooperative services such 
as the enterprise-level Oracle purchase. Organizational agility has 
increased due to the integration of 10 PRIDE applications and recent 
connectivity of ORNL and PNNL. Cost effectiveness will increase by the 
end of the year as the DoD Secret Internet Protocol Router Network 
(SIPRNet) and United Kingdom gateways are completed. HPC Division 
supports and helps guide these efforts by providing resources not only 
for the operations of ESN but also by providing one-of-a-kind technology 
developed at LANL, such as the advanced context sensitive fi lter efforts 
needed for the gateways. Due to ESN's efforts a new approach to 
writing nuclear policy is available now that the connection is fi nalized 
with the White House Offi ce of Science and Technology Policy (OSTP) 
at the New Executive Offi ce Building. 

These new tools, services, and appreciation for data sharing have 
ushered in a new culture of cooperation and coordination. Additionally, 
these factors support the Administration’s goal of transforming the 
Nation’s nuclear weapons stockpile and supporting infrastructure to 
increase responsiveness to the threats of the 21st century.
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Fig. 2. ESN sites across the globe.
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We discuss here a new big memory footprint machine, built as the computing facility for the IS&T Data 
Exploratory. The IS&T Data Exploratory is a unique DISC facility designed to explore the challenges of 
working with large datasets, and provides an open computing facility where researchers can experiment 
with data intensive methods and research. This facility will give us an opportunity to solve some large-scale 
graph problems and meet graph computational challenges.

We have utilized unclassifi ed and decommissioned supercomputers 
and built a new big memory footprint machine (IBMQPI-

GraphMach) as the computing facility for the Information Science 
and Technology (IS&T) Data Exploratory (Fig. 1). The IS&T Data 
Exploratory is a unique Data Intensive Supercomputing (DISC) facility 
designed to explore the challenges of working with large datasets. 
Sensors, internet packet fi lters, telescopes, and satellites all generate 
massive amounts of data. To solve problems in areas like energy 
security, biosecurity, and cosmology we need effective ways to analyze 
the data from these sources. The Data Exploratory provides an open 
computing facility where researchers can experiment with data intensive 
computing methods.

The current DISC machine has 720 nodes, each with 8–16 GB of 
memory and 256 GB to 4 TB of SATA/SSD (serial advanced technology 
attachment/solid state device) disk space. The 720 nodes will be divided 
into four segments, each having different usage plans. The fi rst segment 
(YDS) has 16 GB of memory and 4 TB of disk space on each node and is 
connected to the Yellow network. The second segment (TDS) is 
dedicated to the Turquoise network and has 8 GB of memory and 4 TB 
of disk space on each node. YDS and TDS machines have about two 
petabytes (2000 TB) of disk space available for data crunching and 
analysis. The third segment (SDS), which will be used for non-volatile 
memory and storage system research, has 120 nodes. Each SDS node 
has one 128-GB SSD and one 120-GB IDE disk drive. The remaining 120 
nodes are used for system testing and experimentation, such as the 
software development and testing of the LLNL Scalable Checkpoint and 

Restart (SCR) and the LANL Parallel Log File System (PLFS), and the 
CEPH (an open source distributed fi le system) fi le and BTRFS (B-tree 
fi le system) fi le systems testing.

The IBMQPI-GraphMach machine consists of four IBM 3850X5 servers. 
Each IBM server has 32 CPU cores and 256 GB of main memory. We are 
using all four IBM 3850X5 servers and setting up a non-blocking 
network confi guration through external Intel QPI (QuickPath 
Interconnect) links. With the external QPI interconnect we are able to 
make four IBM servers work as a single big memory footprint machine 
that comes with 128 CPU cores and 1024 GB (1 TB) of shared memory, 
and runs a single Linux OS image. This will give us a new opportunity to 
solve some large-scale graph problems and meet graph computational 
challenges.

One of the challenges of large datasets is representing the data in a 
manageable format that scientists can use and learn from. The IS&T 
Data Exploratory will include a visualization (Viz) environment and, 
since these DISC machines are in the Yellow and Turquoise networks, 
we can use existing Viz facilities, which are available in those 
environments; in addition, we are working towards a new Viz 
environment in the Los Alamos Research Park building that could also 
be used. The goal is to fi nd new ways of using visualization for 
information applications in order to provide an abstraction of the data, 
rather than a simulation of it.

Currently we are focusing on, but are not limited to, the following 
research areas for the use of the DISC machines: (1) DISC systems 
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research, such as bridging the gap of high performance computing and 
data intensive computing, streaming data, and big data computing, 
analysis, and processing; (2) graph theory and algorithm research, such 
as generating triple-store data from the LANL research library collected 
papers using the Allegrograph semantic database, and studying the 
federated association of authors and expertise of subject areas; (3) 
cosmology research, such as conducting data analysis and processing 
petascale data generated from cosmology simulations; (4) DISC for 
cyber security, such as security fi ltering and analysis of network traffi c; 
(5) radioastronomy research, such as processing radio signals for the 
discovery of radio galaxies, quasars, pulsars, and masers; and (6) optical 
astronomy research, such as processing optical images for threat 
reduction and national security. However, we would like to expand into 
more data-intensive computing areas, such as new algorithms that can 
scale to search and process massive data sets, distributed fi le systems, 
streaming data, a distributed metadata management system to handle 
complex and heterogeneous data sources, and so forth.

Funding Acknowledgments
LANL Information Science and Technology Institute; International Science and 
Technology Center

Fig. 1. Open computing 
environment with Turquoise 
and Yellow DISC machines.
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Detecting Distributional Differences in Simulated Particle Data Sets

Jeannette Figg, Joanne Wendelberger, 
Todd Graves, CCS-6; Jonathan Woodring, 
James Ahrens, CCS-7; Katrin Heitmann, ISR-1; 
Salman Habib, T-2

We explore methods to evaluate distributional differences in spatial point data sets. We used spatial point 
samples formed with two different sampling algorithms, as well as random samples from the same data set, 
as the basis for our comparison. Both visualization and quantitative techniques are described as a basis 
for comparing the spatial distributions of samples generated from the different sampling methods. Although 
the described quantitative methods show promise for future analysis, we were able to detect differences in 
our sampling algorithms using visualization methods alone. Visualizing the spatial density distribution along 
each of our axes allowed us to detect a distributional difference between the fi rst sampling algorithm and the 
samples generated from the second sampling algorithm and the random samples. We hope to use spatial 
distributional functions and the properties of Voronoi and Delaunay tessellations to detect fi ner quantitative 
differences between the different samples in the future.

Visualization and analysis methods are required to investigate 
massive datasets being collected or generated by simulations. For 

example, because cosmology particle data sets generated from both 
sky surveys and simulations have increased exponentially in size in 
the last decade, scalable methods to visualize and store these massive 
particle data sets are increasingly important [1]. Sampling the data 
to scale down the size of a data set presents a potentially scalable 
method to handle ever-increasing amounts of information. In addition 
to reducing the computational burden of a data set, sampling has the 
added advantage of retaining the original data points, whereas other 
methods often rely on compression or averaging. Here we describe 
some techniques we have investigated to evaluate different sampling 
algorithms for spatial point data.

We investigate two algorithms, referred to as algorithms A and B, which 
were written to be more computationally effi cient than random sampling. 
Although based on the idea of random sampling, algorithms A and B 
introduce structure into the sampling process. Before samples are 
taken, algorithms A and B break the sample space into equal-density 
bins with each bin containing the same number of data points. The bins 
are then randomly sampled, with the same number of samples taken 
from each bin. As the desired sample resolution increases, increasing 
numbers of bins are used. Sampling algorithm A uses a bottom-up 
approach to decrease the sample resolution as it approaches the desired 
resolution, while sampling algorithm B uses a top-down approach to 
increase the resolution as it samples. Because the properties of random 

samples are relatively well known, we use a random sample of the data 
as a basis for evaluating the two algorithms on their statistical and 
visual properties. These comparisons formed our basis of evaluation for 
the sampling algorithms, as the algorithms were written to produce 
results similar to a pure random sample. We used thirty samples 
produced by each of the two algorithms, as well as thirty random 
samples for our primary analysis. Each sample contains 3D coordinate 
information for each data particle’s location, as well as each particle’s 
velocity in 3D. We assume that each particle has an identical mass. 
Using the techniques below, we detected substantial differences between 
samples formed with sampling algorithm A and the samples formed 
through a random sampling process.

Our two primary tools for investigating the samples formed from each 
algorithm were different visualizations of the samples and quantitative 
measurements of the samples’ nonparametric properties. Because each 
sample contains in excess of 32 thousand points, basic 3D maps of the 
particle locations show no discernable difference between the random 
samples and samples formed with algorithms A and B. The maps do, 
however, display a clear indication of heavy clustering in some areas, 
prompting us to investigate the different density maps and 
representations of the data (Fig. 1). Although kernel density maps were 
not very helpful in distinguishing the samples, density curves along each 
visual and velocity axis were informative.  For all samples produced with 
algorithms A and B, the density curves of the spatial locations of the 
points along the y- and z-axis, as well as the velocity density curves in 

Fig. 1. A 3D map of the data point 
locations in one of our random samples.

Fig. 2. The density along the x-axis for 
algorithm A (solid black line) compared 
to the density along the x-axis for 
algorithm B and the random samples 
(red dotted and blue solid lines). Notice 
the densities of algorithm B and the 
random samples appear almost identical.
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all three dimensions appeared to lie right on top of the density 
curves from the random samples. The density curve along the 
spatial locations of points along the x-axis from sampling 
algorithm A, however, was visually distinct from the density 
curves generated from sampling algorithm B and the random 
samples (Fig. 2). Such a substantial deviation of sampling 
algorithm A from sampling algorithm B and the random 
samples seemed to indicate that algorithm A was dividing the 
x-axis in a way that distorted the density along that 
dimension.

In addition to the visualization techniques, we investigated 
several quantitative measures to aid our analysis of the 
different algorithms. Many of the quantitative measures used 
were compared to the Poisson point process, which displays 
random, independent scattering of points. Deviations from the 

Poisson characteristics can indicate either clustering or repulsion of 
points [2]. Because of our heavy clustering it is clear our samples differ 
from the Poisson process; however, we would like to investigate whether 
that difference changes between the algorithms and the random 
samples. In our future analysis, we would like to compare the 
distributions of several functions, the cumulative distribution of the 
empty space around a point (the F function), the cumulative distribution 
of the distance r of the nearest neighbor to a point (the G function), the 
ratio of the F and G functions [3], and the probability of fi nding two 
points within a distance r of each other (g) [4], from each of our 
sampling algorithms. The distributions of the four functions generated 
from one of our random samples are shown in Fig. 3 for the random 
sample. As expected, the functional characteristics from all three 
sample algorithms differed signifi cantly from the Poisson process. We 
hope the comparison of the functions generated from the three 
algorithms will provide further insight into the quantitative similarities 
or differences between the sampling methods. 

In addition to the techniques used above, several techniques utilizing 
the properties of the Delaunay and Voronoi tessellations seem promising 
for future analysis. Although often considered a visualization tool, the 
Voronoi and Delaunay tessellations can also provide quantitative 

[1] Borne, K., “Astroinformatics: A 21st Century Approach to Astronomy,” 
Astro2010 Position Papers, 6 (2010).
[2] Illian, J., et al., Statistical Analysis and Modelling of Spatial Point Patterns, John 
Wiley & Sons, England (2008).
[3] van Lieshout, M.N.M. and A.J. Baddeley, Statistica Neerlandica 50, 344 (1996).
[4] Ripley, B.D., J Roy Stat Soc B Stat Meth 39, 172 (1977).
[5] van de Weygaert, R., Astron Astrophys 283, 361 (1994).
[6] Schaap, W. and R. van de Weygaert, “The Delaunay Tessellation Field 
Estimator,” http://dissertations.ub.rug.nl/FILES/faculties/science/2007/
w.e.schaap/c2.pdf (2007).
[7] van de Weygaert, R. and W. Schaap, Physics 665, 291 (2009). 
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Fig. 3. The F, G, J, and K functions for 
one of our random samples. The blue 
dashed line represents the theoretical 
value for a Poisson process. All four 
functions show clear deviations from the 
Poisson process, correctly indicating 
that our sample contains clustering.

Fig. 4. Voronoi (bottom left) and 
Delaunay (bottom right) tessellations 
formed from a 2D section of one 
of the random samples (top).

information to our sample analysis. The two tessellation techniques are 
each others’ analogue, where the Voronoi tessellation divides the sample 
space into cells each containing one data point as its nucleus and the 
Delaunay tessellation connects the nuclei of these cells (Fig. 4). The 
geometrical properties of the Voronoi tessellation, such as the 
distribution of the number of vertices per cell, the volume of the cell and 
the surface area of the cell can be measured quantitatively. These 
quantitative measures have the potential to provide information on the 
clustering and voids of the point pattern from which the Voronoi 
tessellation was formed [5]. With the Delaunay tessellation, a Delaunay 
Tessellation Field Estimator (DTFE) can be constructed as a means to 
transform the discrete points contained in the sample into a continuous 
fi eld [6]. Because the Delaunay tessellation is so sensitive to local point 
densities, the DTFE can be used as a local density estimate [7].  The 
density estimate could then be used to further characterize the clusters 
and voids present in each sample.

Through early analysis and visualization, we were able to detect a 
difference in the way algorithm A distributes sampling along the x-axis. 
We hope that with continued analysis using our proposed quantitative 
techniques we will be able to detect fi ner differences in the distributions 
of samples from simulations.
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High Performance Computing Systems Monitoring Implementation

Cindy Martin, Jeff Johnson, HPC-3 Making effi cient use of data is increasingly critical to the maintainability of HPC systems as they continue to 
grow in scale. Previous methods used by HPC Division manipulated the same data separately for different 
functions or entirely separate data streams, so that there was no cohesive view of an HPC environment. The 
HPC monitoring project charter was to create a tool that could enable a holistic view and in turn increase 
effi ciency. By leveraging data management for each data-centric function necessary in an HPC environment, 
all of them can become more effi cient and scalable.

As a starting point, the High Performance Computing (HPC) 
monitoring project selected Zenoss, which provided a well-

documented and cohesive code base with a rich user interface 
framework. However, the provided core was not able to handle the scale 
of data being generated in a high-performance computing environment, 
and there were several defi ciencies that needed to be addressed. Areas 
that required local enhancement were data import speed, model history 
storage, issue tracking, asset tracking, event-driven commands, and job 
data correlation (Fig. 1).

The ability to scale is critical to the success of any HPC monitoring 
system. The project conducted several load test scenarios using the 
Zenoss core product. The core application could handle approximately 
500 messages per second—our need was much greater, approximately 
1,500 messages per second. The HPC implementation addressed this 
requirement by creating a hierarchy of Zenoss monitoring instances.

A new interface was integrated into the Zenoss core product, providing a 
seamless transition between multiple, tiered monitoring instances. 
Figure 2 depicts the hierarchical implementation. The interface handles 
the redirection to the appropriate Zenoss instance based on the model 
hierarchy defi ned in the master monitoring Zenoss instance. In this 
confi guration, the lowest tier collects events from the connected units 
within the cluster and the cluster tier fi lters and aggregates from the 
node tier. The master instance, in turn, fi lters and aggregates from the 
lower tiers.

Another requirement was the ability to mitigate user impact by 
automatically removing nodes from service, based on system events. 
This functionality was added to the core Zenoss product by 

implementing event driven commands, which place nodes offl ine based 
on hardware events or predefi ned thresholds. Notifi cation of the action is 
then relayed to operations staff.

Problems may be reintroduced to a cluster when previously repaired 
components are placed back into service. Asset and issue tracking are 
essential to the identifi cation of these problems. The Zenoss core was 
enhanced to track the repairs done to hardware and the location history 
within the cluster. Issue tracking also facilitates the automated 
calculation of downtime necessary for availability reporting.

The local enhancements to the Zenoss core facilitate a more 
comprehensive view of job and system health. Toward this end the 
project created an interface to correlate job events with system events 
(Fig. 3). This interface brings together the Moab resource scheduler 
event log data with the system event data collected in Zenoss. Currently, 
we are working with a subset of HPC system users to expand and 
improve this functionality.

Additional data sets will be added, including a more comprehensive set 
of environmental data associated with components within the cluster. In 
addition, the temperature and voltage data associated with the room 
should be included within the next year.

The HPC Zenoss monitoring tool has been deployed within all LANL 
high-performance-computing enclaves. HPC-3 has diligently shared 
LANL enhancements with the Zenoss open source community. The HPC 
organization anticipates that the use of this monitoring tool will enhance 
the stability and robustness of our high performance systems.
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Fig. 2. HPC monitoring 
hierarchical implementation.

Fig. 3. Job and system event 
correlation interface.

Fig. 1. HPC monitoring enhancements.
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KATS: Kernel-smoothed Adaptive Thresholds for Network Anomaly Detection

Joshua Neil, Alexander Brugh, ACS-PO; 
Curtis Storlie, CCS-6; Michael Fisk, ACS-PO

We are interested in detecting anomalous activity in computer networks. Our approach is to monitor counts 
of network activity per unit time. To monitor these counts, we have designed KATS, which uses a baseline 
model of activity and examines deviations from this baseline. The model captures daily and weekly trends 
and is allowed to change over time, as the data suggests. Anomalies are accumulated over time so that both 
a single highly anomalous count and/or a sequence of moderately anomalous counts will trigger alarms in 
the system.

Network anomaly detection at LANL has evolved over the past few 
years. It began with a system known as Exponentially Weighted 

Moving Average Anomaly Detection (EMAAD), which used exponentially 
weighted moving estimates of the mean and variance, and a threshold 
based upon these estimates, to alarm when network counts became too 
large. One major problem with this approach is that it has no awareness 
of daily/weekly trends in the data. Therefore, thresholds had to be set 
very high to avoid false alarms, and detection of true anomalies was 
nearly impossible. To replace EMAAD, we have developed Kernel-
smoothed Adaptive Thresholds (KATS), which we describe here.
KATS uses the same data stream that EMAAD uses. To keep the 
description brief, we will not go into the details of EMAAD, but simply 
point out a few advantages our system holds over it:

• better model – empirical results show that while EMAAD 
assumes a Gaussian distribution for the data, the data is more 
accurately represented by a negative binomial distribution.

• better way of handling daily and weekly periods in the data 
– this will be described in more detail under the description of the 
algorithm that follows.

• method for accumulating anomalies – this approach uses 
control chart theory, and is described under the description of the 
algorithm that follows.

• more sophisticated thresholding mechanism – this increases 
the detection power of the approach.

KATS is loosely based upon the technique described in [1]. In this paper 
we describe this algorithm, followed by the implementation details and 
initial results. Finally, we describe future work. We note that while the 
basic ideas in this paper have proven effective, the modifi cations 
required to implement this technique were extensive, and much remains 
to be gained from improvements to this system.

The system described by Lambert and Liu [1] works by using a model to 
estimate the probability of observing a given count, followed by 
thresholding a severity score based on this probability. If we observe a 
count that is too rare according to the model, we sound an alarm.

The basic model for any given time t is a negative binomial model, with 
mean and variance. One immediate conclusion one can make from 
examining network data is that it tends to be periodic in the time of day, 
and also the day of the week. Monday at 4:00 am looks quite different 
than Monday at 8:00 am. Also, Thursday looks different than Friday, 
which looks different than Saturday or Sunday. To model the differences 
within a day, we have a probability function parameterized for each 
minute in the day. The parameters for the probability function are 
estimated on a course grid across the day. Between the grid points, the 
parameters are estimated using kernel smoothing of the grid points. 
Currently, we have grid points for each 10 minutes of the day. When we 
receive a count at some minute t, we will form a locally weighted 
average using the 10-minute grid points to estimate µt, and we form 
another smoothed curve to estimate σ2

t. The grid points are updated 
using an exponentially weighted moving average (EWMA) from previous 
grid points at that time, so that we get a smooth, accurate picture of the 
normal activity for that grid point. Finally, to account for differences 
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across the week, we maintain three sets 
of grid points, one set for Monday through 
Thursday, another for Friday, and the third 
for Saturday and Sunday.

When a count Ct is observed at time t, we 
measure its p-value, the probability of 
seeing something as large or larger than 
that Ct, according to the model at time t. 
These p-values should be approximately 
uniformly distributed on the interval 
(0, 1). Thus, evaluating the inverse 
cumulative distribution function of a 
standard normal distribution at that 
p-value should result in an approximately 
standard normal distribution. These so-
called Z scores are accumulated using a 
cumulative-sum approach to form a 
severity metric, St. This provides for 
anomaly detection that can react to either 
an extremely rare count or a succession of 
moderately rare counts.

Figure 1 shows an example of the algorithm run on 2 days of data 
collected from LANL’s yellow network. The top graph shows per-minute 
counts of session activity along with mean and variance estimates. An 
observation that triggered an alarm is circled in red. The lower graph 
shows the corresponding severity metric and also features a point 
circled in red. Several high counts can be observed prior to the alert, 
which contributed to a building severity value that eventually exceeded 
the threshold at which we alarm.

Following, we list several aspects of this work that can be easily 
improved upon: 

• Tuning the threshold and EWMA weights – Currently, we are 
tuning the threshold parameters by hand. A more accurate 
approach will involve using the normality of the severity metric to 

[1] Lambert, D. and C. Liu, J Am Stat Assoc 101, 78 (2006).
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set appropriate threshold values, yielding desired false-alarm 
rates. We anticipate some adjustment as needed to achieve 
acceptable system performance. In addition, the weights on the 
EWMAs may need adjustment.

• The negative binomial model – There is evidence that the 
negative binomial model is not flexible enough to handle the 
variety of user behavior we see in the network. There are two 
major drawbacks to this model: (1) the mean must be smaller than 
the variance, so larger counts must therefore correspond to higher 
variability, a fact not reflected in all data sets; and (2) the negative 
binomial can only represent data with positive (right) skew, and 
we have observed counts with negative skew. We are considering 
a discretized Weibull distribution, which fixes both of these 
problems.

• Maximum likelihood estimates – Currently, the grid means and 
variances are based on method of moments estimators. More 
accurate results may be achieved by using maximum likelihood 
estimates. 

Fig. 1. Counts for one host.

Fig. 2.  Severity metric.
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Graph-based Traffi c Analysis for Network Intrusion Detection

Hristo Djidjev, CCS-3; Gary Sandine, T-5 There are two main approaches to detecting malware and intrusion attacks in computer networks: signature-
based and anomaly-based. The anomaly detection approach has the advantage that new types of attacks 
can be identifi ed even before their signatures are discovered and catalogued. Our anomaly-based approach 
analyzes regular users’ activity data from historical NetFlow records and builds a model of normal activity, 
which we then compare with real-time-activity data. We consider signifi cant deviations from normal historical 
patterns as anomalies for further investigation as potential cyber attacks.

In this work we focus on modeling the Secure Shell (SSH) traffi c in 
a computer network as a graph, and statistically analyzing various 

properties of subgraphs corresponding to individual sessions for 
patterns of normal and anomalous activities.

Our detector operates in two modes. In the off-line (training) mode, it 
analyzes a database of recorded traffi c data and produces a properly 
organized set of “normal” traffi c patterns. In the on-line (detection) 
mode, it analyzes the between-host traffi c in real time, extracting traffi c 
patterns for comparison against historical, normal traffi c patterns.

We use NetFlow records from multiple collectors in a large computer 
network and construct SSH protocol graphs representing SSH traffi c 
observed at LANL in November of 2009. There is a node in the graph 
for each host (IP address) and a directed edge for each SSH session 
between the corresponding hosts. Moreover, each edge is labeled with 
attributes of the session, including session start and end times and 
data volume. The resulting graph G is a directed multigraph, with 
multiple edges between the same pair of nodes resulting from different 

time labels.

Our objective is to partition G into subgraphs that we call 
telescoping graphs (TSG), which correspond with high 
probability to a set of interrelated SSH sessions initiated 
by a single user or attacker (see the example in Fig. 1). 
Our goal is to represent G as a union of TSGs and to 
design a very effi cient algorithm for computing such a 
decomposition. We have formally defi ned the notions of 
TSG and multigraph decomposition and have shown that 

such decomposition can be constructed in O(m log n) time, where m is 
the number of edges of G and n is the number of nodes. We have 
implemented our decomposition algorithm and illustrated its effi ciency 
on analyzing traffi c logs collected at LANL’s internal network. For 
instance, processing a multigraph of 3.3 million edges takes about 
6 seconds on a desktop PC.

Our fi rst approach focuses on the TSG size, depth, and path length 
distributions. We fi t distributions to normal historical data and compare 
distributions from new sample SSH protocol graphs using the Kullback-
Leibler (KL) distance from information theory. KL distance is one way to 
assign a distance to a pair (p, p) of probability mass functions (pmf), an 
observed pmf p corresponding to a sample protocol graph and a 
historical pmf p. We consider a sample whose pmf has a large KL 
distance from the historical pmf as a possible anomaly.

We inserted two types of attacks into data collected from the network, 
fi rst a successful SSH traversal attack resulting in a “caterpillar” 
subgraph, and second an unsuccessful scan attack resulting in a “spiral 
out” star-type subgraph. The attack graphs appear in Fig. 2. The attacks 
were added separately to data for November 5, 2009. The path length 
distribution analysis (Fig. 3) caused a large KL distance measurement 
for the sample graph containing the traversal attack, and the size 
distribution analysis (Fig. 4) resulted in a large KL distance for the 
sample graph containing the scan attack.

Several authors, (e.g., [1,2]) have used graphs representing network 
traffi c to discover anomalies. In all previous works there have been 
single graphs (that is, the graph describing all the traffi c) to be 

Fig. 1. TSG decomposition. Pairs of 
numbers on each edge denote the start 
and end times of the session. (a) Two 
consecutive edges with time labels a, b 
and c, d will belong to the same TSG if 
a ≤ c and b ≥ d. (b) Decomposition of 
a multigraph into TSGs. Edges of the 
same color belong to the same TSG. 
Gray thin lines denote single-edge TSGs.

ˆ
ˆ
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analyzed–either locally (e.g., studying the link predicates of a node [2]) 
or globally (e.g., analyzing the connected component information [1]). In 
[3] they do consider patterns associated with the nodes that they call 
graphlets, but they describe the application level activity, rather than 
intra-host communications. In contrast, we decompose the original 
protocol graph into subgraphs using time information and analyze the 
frequency and traffi c attributes of these sub-graphs.

[1] Collins, M., “A Protocol Graph Based Anomaly Detection System,” Ph.D. 
Thesis, Carnegie Mellon University (2008).
[2] Ellis, D., et al., “Graph-based Worm Detection on Operational Enterprise 
Networks,” Technical Report MTR-06W0000035, MITRE (2006). 
[3] Karagiannis, T., et al., SIGCOMM Comput Commun Rev 35, 229 (2005).

Funding Acknowledgments
LANL Laboratory Directed Research and Development 

Fig. 2. Traversal and scan attacks.

Fig. 3. Traversal attack on 5 November 2009. Fig. 4. Scan attack on 5 November 2009.

2011SHdraft11.indd   83 3/4/11   2:31 PM



Los Alamos National Laboratory Associate Directorate for Theory, Simulation, and Computation (ADTSC) LA-UR 11-0108484

CyberSim: Geographic, Temporal, and Organizational Dynamics of Malware Propagation

Nandakishore Santhi, Guanhua Yan, 
Stephan Eidenbenz, CCS-3

Cyber-infractions into a nation’s strategic security envelope pose a constant and daunting challenge. We 
present the modular CyberSim tool, developed in response to the need for realistic simulations of software 
vulnerabilities and the resulting malware propagation in online social networks at a national level. CyberSim 
suite can (1) generate realistic scale-free networks from a database of geo-coordinated computers to closely 
model social networks arising from personal and business email contacts and online communities; (2) 
maintain, for each host, a list of installed software, along with the latest published vulnerabilities; (3) allow 
designation of initial nodes where malware gets introduced; (4) simulate the spread of malware exploiting 
a specifi c vulnerability, with packet delay and user online behavior models using distributed discrete event-
driven technology; and (5) provide a graphical visualization of spread of infection, its severity, businesses 
affected, etc., to the analyst. We present sample simulations on a national-level network with millions of 
computers.

The combined real cost incurred by individuals, governments, and 
industries as a result of malware infecting otherwise productive 

computer networks is hard to estimate. The loss in productivity, 
perceived consumer lack of confi dence due to explicit loss of privacy, 
irreplaceable loss of data, loss in hardware effi ciency because of the 
malware running in the background, and costs associated with installing 
and maintaining anti-malware systems are all prominent factors. The 
direct cost of cyber crime to the US economy is in the tens of billions of 
dollars annually, and the federal government spends billions of dollars 
on cyber security each year [1]. Given the increasing intensity of cyber 
threats, the Obama administration has recently made cyber security a 
national security priority. 

The extent and nature of malware infections on a 
large-scale computer network is decided by the 
specifi c software vulnerabilities that are exploited 
by malicious software. The malware spreads over a 
network by making effective use of the small 
diameter properties of social networks induced by 
email-contacts and various online communities: it 
is therefore crucial to include the specifi c nature of 
the social network in any serious study. A virtual 
controllable test bed is an indispensable tool to 
evaluate the effect of potential cyber threats and 
the effectiveness of proposed countermeasures. 

When estimating the economic impact of an exploit, 
it is necessary to consider relatively large and 

complex computer networks with hundreds of millions of hardware 
hosts. As shown in Fig. 1, each host or device is in turn associated with 
myriad software applications which are installed on them and are 
routinely accessed by individual users. Further, an accurate model for 
the fl ow of packets in internet settings is called for. The rate at which a 
malware propagates over a network is further determined by the 
frequency and duration of online presence of a network user, as well as 
the usage rate of a particular vulnerable piece of software application. 

The CyberSim suite was designed at LANL to address all these modeling 
and simulation challenges, while at the same time being fl exible and 
scalable. CyberSim is designed to use the Common Vulnerabilities and 
Exposures (CVE) database maintained by the National Institute of 
Standards and Technology (NIST) National Vulnerabilities Database 
(NVD) [2], which is a reliable source of vulnerabilities and exploits of 
common software applications. The CyberSim tool is intended to be easy 
to use, providing an intuitive visualization interface. The toolkit includes 
a network generation module that takes various parameters as input; 
these are widely accepted to be representative of a social network 
model—scale-free nature induced through a fi xed power-law degree 
distribution, and clustering based on geographic proximity of social 
contacts. The network generation module generates a social network 
according to the model parameters from a database of internet hosts 
with location information gathered from internet service provider 
surveys. Traditional tools for malware analysis typically lack the ability 
to model social networks in a realistic manner. The social network 
parameters taken as input by the network generation module are 
learned from real-world networks such as email contact lists and online 

Fig. 1. A typical social network 
populated with software registries.
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community graphs as a result of surveys. CyberSim 
has the ability to model various types of social 
networks such as personal email contact lists, 
business contact lists, and online communities. The 
toolkit has the ability to capture the inter-connections 
between several types of social networks at the same 
time. 

CyberSim includes a highly distributed, scalable, 
discrete-event network simulation module built upon 
the LANL-developed SimCore framework [3]. This 
module allows the simulation of social networks with 
millions of networked devices on heterogeneous 

distributed platforms consisting of a grid of multi-core computers, each 
with limited physical memory. SimCore in turn relies on a simulation 
engine such as PrimeSSF/MPICH [4]. SimCore has been previously used 
in building complex simulation tools such as Multiscale Integrated 
Information and Telecommunications System (MIITS) [5] and 
ActivitySim [6].

The main design objective of CyberSim is to 
estimate the impact of software vulnerabilities on 
various business sectors, looking at its severity 
as well as rapidity. Realistic estimates of 
malware dynamics can be used to develop 
remedial actions. Figure 2 shows the layered 
architecture of CyberSim. The Foundation 
Framework is the core layer providing the 
support libraries for the other layers and 
modules. The Host Device Generation module 
populates a database of internet-enabled 
hardware hosts from data gathered through 
surveys. The Software Registry Generation 
module populates each hardware device with a 
software registry of installed operating systems, 

and internet applications such as media players, browsers, email-clients 
and offi ce documentation software.

The Vulnerabilities Database Manager module is responsible for 
periodically updating the database of known vulnerabilities for the 
installed software on the hardware nodes. The Social Network Modeling 

[1] Pulliam, D. Government Executive, http://www.govexec.com/
dailyfed/0305/031705p1.htm (2005).
[2] NIST 2010. National Vulnerabilities Database maintained by NIST, htttp://
web.nvd.nist.gov (2010).
[3] Kroc, L., et al., “Simcore: Los Alamos National Laboratory Unclassifi ed 
Technical Report,” LA-UR: 07-0590 (2007).
[4] PRIME 2010. “PRIME: Parallel Real-time Immersive network Modeling 
Environment,” https://www.primessf.net/bin/view/Public (2010).
[5] Waupotitsch, R., et al., “Multi-scale Integrated Information and 
Telecommunications System (MIITS): First Results from a Large-scale End-to-
End Network Simulator,” in Proc 38th Winter Simulation Conf (2006).
[6] Galli, E., et al., “ActivitySim: Large-scale Agent-based Activity Generation for 
Infrastructure Simulation,” in Proc 2009 Spring Simulation Multiconf (2009).
[7] CVE 2009. Entry in Common Vulnerabilities and Exposures Candidate List, 
http://cve.mitre.org/cgi-bin/cvename.cgi?name=cve-2009-1136 (2009).
[8] Santhi, N., et al., “CyberSim: Geographic, Temporal, and Organizational 
Dynamics of Malware Propagation,” in Proc 2010 Winter Simulations Conf (2010).
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Fig. 2. The CyberSim 
modular architecture.

Fig. 3. Visualization of the spread of 
malware on a large-scale network.

module takes as input the databases maintained by the Host Device 
Generation, Software Registry Generation, and Vulnerabilities Manager 
modules in order to generate a realistic social network. The Network 
Simulation module uses a distributed message-passing simulator to 
simulate the spread of a malware over the social network model. The 
Processing and Visualization module generates detailed true-scale time-
lapse location information on the malware spread and its impact on 
various businesses in a commonly supported markup language such as 
KML. The Social Network Modeling module of CyberSim is capable of 
modeling a wide variety of social networks by capturing the salient 
features of realistic social networks such as their scale-free nature and 
geographical proximity-based clustering.

Figure 3 shows the time-lapse distribution of infected devices during a 
CyberSim simulation case study involving millions of computer nodes 
with the real-world vulnerability in a popular offi ce suite, which was 
exploited in the wild during August 2009 [7]. The CyberSim tool 
provides [8] the network security analyst a wide array of fl exible options 
in the selection of social network types, distribution of social contacts 
and software, network parameters, and, fi nally, visualization.
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FastTrans: A Scalable and Parallel Discrete Event Microsimulator for 
Transportation Networks
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FastTrans is a scalable, parallel microsimulator for transportation networks that can simulate and route tens 
of millions of vehicles on real-world road networks in a fraction of real time. FastTrans uses parallel discrete-
event simulation techniques and distributed-memory algorithms to scale simulations to over one thousand 
compute nodes.

Traditionally, traffi c microsimulations of transportation networks 
have employed a time-stepped cellular-automata approach. A 

prominent example of this is TRANSIMS, developed at LANL, where 
vehicular dynamics are modeled at a high level of spatial granularity. 
This allows one to capture phenomena such as lane changing and 
vehicular emissions, but comes at a high computational cost. A discrete-
event queue-based model for transportation networks was fi rst proposed 
in [1], but this was limited to a sequential, single-processor 
environment.

The FastTrans approach is to combine the 
discrete-event queue model with scalable 
parallelization. This allows us to simulate 
large-scale, real-world networks and realistic 
traffi c scenarios involving tens of millions of 
vehicles in a fraction of real time. Also, since 
FastTrans simulates the behavior of each 
vehicle or traveler at the individual entity 
level, it retains some of the advantages of 
microsimulations. In addition, the congestion 
feature implemented in FastTrans, which 
updates the state of the routing graph on all 
simulation processes, allows one to observe 
the macroscopic behavior of the network.

Vehicular trips are generated using agent-
based simulations that provide realistic, daily 

activity schedules for a synthetic population of millions of intelligent 
agents. FastTrans can execute simulations of large cities up to 20 times 
faster than real time as a result of utilizing a queue-based approach to 
road network modeling, which has been shown to be signifi cantly faster 
than traditional approaches based on cellular automata models—at the 
same time it captures road link and intersection dynamics with high 
fi delity.

The routing algorithm, which is the most computationally intensive part 
of FastTrans, is a heuristic search variant of the classic Dijkstra 
shortest-path algorithm (A*). FastTrans uses a highly optimized version 
of A* that uses the structural properties o f the road network and 
performs a goal-directed search to fi nd the best path toward the 
destination. Experimental results have shown up to 30-fold 
improvements [2,3] in routing performance compared to naive 
implementations of shortest-path algorithms. FastTrans is also able to 
achieve near-perfect load-balancing on distributed clusters, through an 
optimal assignment of simulation entities to processors using a 
technique called explicit spatial scattering [4] (see Figs. 1-3).

With optimized routing and partitioning, FastTrans is able to simulate a 
full 24-hour work day in New York–involving over one million road links 
and approximately 25 million vehicular trips–in less than one hour of 
wall-clock time on a 512-node cluster (see Fig. 4). The quick turn-
around capability of FastTrans has been employed in numerous 
exercises for the Department of Homeland Security, in which 
infrastructure disruptions in areas like New York City, Southern 

Fig.1. A* routing algorithm 
explores only a fraction of nodes 
(blue) compared to Dijkstra, 
classical shortest path algorithms 
(green) to reach the destination.
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California, and the Twin Cities were simulated and analyzed. Recent 
capability additions to FastTrans include the ability to simulate multi-
modal transportation networks; future capability augmentations include 
hierarchical routing for whole-nation studies, and multi-scale 
simulations on hybrid architectures.

[1] Charypar, initials, et al., Transport Res Record J Transport Res Board 
2003/2007, 35; DOI 10.3141/2003-5 (2006). 
[2] Thulasidasan, S., and S. Eidenbenz, “Accelerating Traffi c Microsimulations: 
A Parallel Discrete-Event Queue-based Approach for Speed and Scale,” in Proc 
ACM/SIGSIM Winter Sim Conf (2009).
[3] Thulasidasan, S., et al., “Designing Systems for Large-Scale, Discrete-Event 
Simulations: Experiences with the FastTrans Parallel Microsimulator,” in Proc 
Intl Conf High Perform Comput (HiPC) (2009).
[4] Thulasidasan, S., et al., “Explicit Spatial Scattering for Load Balancing in 
Distributed Discrete Event Simulations with Conservative Time Synchronization,” 
in Proc ACM/IEEE/SCS Workshop Principles Adv Distrib Sim (2010).
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Fig. 2. Height of the bar indicates computational load on a node; 
traditional load balancing schemes result in uneven load distribution.

Fig. 3. Scatter partitioning results in evenly distributed load.

Fig. 4. Performance scaling with increasing cluster sizes.
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The Cielo Petascale Production Capability System

Manuel Vigil, HPC-DO The two New Mexico federal research laboratories, SNL and LANL, have partnered to operate Cielo, a pro-
duction capability computer that will support the US Stockpile Stewardship Program.

Following the contract award to Cray for Cielo, a new capability 
computer, in March 2010, the New Mexico Alliance for Computing 

at Extreme Scales (ACES)/Cray partnership has achieved signifi cant 
progress under a very aggressive schedule (see Fig. 1) in preparation 
for tri-lab simulations work in 2011. This is the fi rst time a multi-lab 
partnership has been involved in deploying an Advanced Simulation 
and Computing (ASC) program capability machine. This partnership 
has worked well in helping meet all contractual, project, and program 
milestones.

Effective management and stewardship of the nuclear weapons stockpile 
into the future requires the ability to accurately assess the behavior of 
weapons to ensure robust and reliable performance while maintaining 
the testing moratorium. These accurate assessments drive the 

requirements for predictive 
capability in weapons science, 
including a fi ne-scale 
numerical resolution and 
advanced models for physics 
and material behavior. The 
National Nuclear Security 
Administration’s (NNSA) 
ability to assess the systems in 
the stockpile must rely on 
science-based prediction. 
These capabilities are required 
for supporting the Stockpile 
Stewardship Program (SSP) 
certifi cation and assessments, 
ensuring that the nation’s 
nuclear stockpile is safe, 
reliable, and secure.

The Cielo platform is targeted to be the signature production classifi ed 
capability platform resource for running integrated weapons simulations 
for the tri-labs (LLNL, LANL, and SNL) in the 2011–2015 time frame. 
The Cielo platform provides a replacement computing resource for 
existing simulation codes, as well as providing a larger resource for 
ever-increasing capability computing requirements. Cielo is sited at 
LANL, but will operate under a national user facility paradigm by the 
ASC program and will be available to the tri-lab community.

The major objectives for this system are: (1) to provide a petascale 
production capability system capable of running a single application 
across the entire machine; (2) to serve as the ASC fl agship capability 
machine for running the ASC Capability Computing Campaign (CCC) 
simulations; (3) to provide an application performance emphasis for 
running the current suite of ASC integrated codes, running capability 
class jobs, and provide a greater than 6-fold performance improvement 
over the previous capability machine (Purple at LLNL); and (4) to 
proceed with an emphasis on easy migration of existing integrated 
weapons codes. In developing the requirements for this system, ACES 
personnel solicited input from system and application users at LLNL, 
LANL, and SNL. System and applications technical experts also 
participated in the technical evaluation of proposals for the selection of 
the system.

In March 2010, Cray, Inc., was selected to deliver the Cielo platform for 
ACES. The deliveries for Cielo were set up to provide a ~1.03 Petafl op/s 
system in FY10 and additional deliveries in FY11 for a total system peak 
capability of ~1.37 Petafl op/s. The initial system consists of 6704 nodes 
and uses a 3D Torus topology and Cray’s Gemini interconnect. A node is 
composed of two 8-core AMD Magny Cours processors with 16 GB of 
memory, resulting in a total of 107,262 cores and 160 TB of memory. 
Cielo will also be the fi rst large Cray system to use the Panasas fi le 
system for storage. Several types of nodes are supported, including 

Fig. 1. Cielo 2009-2011 Schedule.
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compute, service, and visualization nodes. Visualization 
nodes were acquired with twice the memory of other 
compute nodes. The initial FY10 system of 72 racks is 
already installed at the Nicholas C. Metropolis Center 
for Modeling and Simulation at LANL.

The successful deployment and stabilization of a large 
computing system requires a strong partnership 
between the vendor providing the system and the ACES 
integration team. Since the contract award in March 

2010, there has been a lot of effort to build, deliver, test, and accept the 
Cielo system in anticipation of early application runs that began in 
January 2011 (see Fig. 1). ACES is responsible for the overall 

integration and operations of the platform 
after fi nal system acceptance.

The activities associated with the acquisition 
consist of contract award, vendor design and 
system build, vendor project risk plans, pre-
ship and post-ship testing, system delivery, 
installation at the LANL site, and acceptance 
testing.

Other efforts include project management, 
system integration, facilities upgrades, site 
preparation, fi le system infrastructure 
deployment, on-site analyst support, 
stabilization testing, applications porting and 
testing, performance tuning and testing, and 
preparations for production operations of the 
system, including providing maintenance after 
the initial warranty period.

Under a very aggressive schedule the ACES/Cray system integration 
team has made signifi cant progress in 2010 in getting the system ready 
for applications use. All the original project schedules have been met 
thus far. A few high-level accomplishments include:

• 72 Cray cabinets built, delivered, and installed at LANL
Funding Acknowledgments
DOE, NNSA, Advanced Simulation and Computing program

Fig. 2. The fi rst row of the Cielo 
system now installed at LANL.

Fig. 3. Six selected ASC applications 
were tested on Cielo. The fi nal average 
performance improvement factor was 
9.6x; performance was almost ten 
times faster on Cielo than on Purple.

• system integration in the classifi ed network, including scaling 
testing

• Panasas system delivered, installed, and tested in the unclassifi ed 
network

• completion of offi cial acceptance test

• transitioning the system to the LANL classifi ed network for 
integration

In particular, the application performance improvements exhibited by 
the selected tri-lab application codes have exceeded the contractual 
requirements (Fig. 3). The early applications work has also 
demonstrated that most codes tested thus far have been able to port to 
Cielo with minimal diffi culty.

As of January 2011, the system is being further tested in the classifi ed 
network in preparation for some early application simulations scheduled 
for mid-January through mid-February of 2011.

Each Laboratory (LLNL, LANL, SNL) has selected an early application 
for demonstrating the use of Cielo and to help with system stabilization. 
Following its security accreditation, the Cielo Capability Computing 
Campaign 1 (CCC-1) will begin. This period will be used to run more 
tri-lab simulations, to help tri-lab application code teams develop or port 
applications to Cielo, and to allow for application scaling work on those 
applications in preparation for submitting CCC-2 proposals. 

Much work remains to be done before Cielo is in production mode, but 
the work thus far indicates that Cielo will be an excellent addition to the 
ASC computing capabilities for supporting the stockpile stewardship 
work for the tri-lab user community.

A system upgrade to add an additional 24 Cray cabinets to the Cielo 
system is scheduled for the second quarter of 2011.

2011SHdraft11.indd   89 3/4/11   2:32 PM



Los Alamos National Laboratory Associate Directorate for Theory, Simulation, and Computation (ADTSC) LA-UR 11-0108490

Atomic, Nuclear, and High-Energy Physics Section

2011SHdraft11.indd   90 3/4/11   2:32 PM



www.lanl.gov/orgs/adtsc/publications.php 91

In this section we highlight examples of 
recent research that is representative of 
work done in the Directorate in support 
of the Laboratory and DOE mission.  
The Laboratory has developed a major 
capability in this area and the articles 
in this section exemplify the breadth of 
our work.
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A Collisional-Radiative Study of Low-temperature Tungsten Plasma

The use of tungsten in large-scale tokamak devices has recently 
motivated a number of theoretical and experimental investigations 

of its radiative properties over a rather large temperature range. As a 
wall material, tungsten can enter the main core plasma as an impurity 
and cause an unwanted energy loss mechanism. Plasma electrons 
collide with tungsten ions that produce excited states and radiate high-
energy photons. Tungsten can also promote signifi cant cooling in the 
divertor region.

The results of collisional radiative modeling of tungsten for the low 
temperature range of 1–2 eV have been reported. These temperatures 
are typical lower limits for the divertor region of a tokamak device. The 
modeling of tungsten in this region represents a computational 
challenge because the fi rst few near-neutral ion stages of tungsten have 
partially fi lled 5d shell ground states, which produce many atomic 
levels. The authors are unaware of any previous detailed modeling of 
this kind in this temperature range.

The calculations are made at an electron density of 1014 cm-3, which is a 
typical tokamak plasma density. The plasma is considered to be optically 
thin throughout. The LANL collisional-radiative code ATOMIC is 
employed to solve the rate equations and produce populations and 
fractional abundances of tungsten ions, radiative losses, and emission 
spectra for selected temperatures. The atomic structure and collisional 
data are generated using the LANL suite of atomic physics codes. The 
atomic data used in the calculations presented here were generated from 
the LANL suite of computer codes developed over many years to 
calculate atomic structure and atomic scattering quantities. The CATS 

code, which is an adaptation of Cowan's atomic structure codes, was 
used to calculate wave functions, energy levels, oscillator strengths, and 
plane-wave Born (PWB) collision strengths for tungsten. CATS was used 
to generate data in both the confi guration-average and fi ne-structure 
(level-to-level) approximations, the latter of which includes 
intermediate-coupling and confi guration-interaction effects.

Electron-impact ionization, photoionization, and autoionization cross 
sections were calculated using the multipurpose ionization GIPPER 
code. These processes were calculated explicitly with distorted-wave 
continuum functions while most of the electron-impact ionization 
calculations used scaled hydrogenic cross sections that were designed 
to reproduce distorted-wave calculations. Three-body, radiative, and 
dielectronic recombination rate coeffi cients were obtained from detailed 
balance. For selected transitions (usually from the ground state), the 
ACE code was used to calculate electron-impact excitation cross 
sections in a fi rst-order many-body perturbation-theory (FOMBT) 
approximation. These more accurate data replaced the corresponding 
plane-wave Born results mentioned above.

Two atomic models were chosen for this study. A confi guration-average 
model including many confi gurations was used as a guide for choosing 
the important features for another model consisting of a smaller set of 
confi gurations for more detailed fi ne-structure calculations. Both models 
included contributions from ion stages WI–WV. Note that the effects of 
electric and magnetic fi elds, charge exchange, and molecular effects are 
neglected.

A detailed fi ne structure collisional radiative model with thousands of levels is developed to calculate the 
radiative properties of tungsten plasma in the low temperature range of 1–2 eV and a nominal ITER electron 
density of 1014 cm-3. A large confi guration average model is used to choose the important confi gurations 
for the fi ne structure model. Calculations including the effect of confi guration interaction and cross sections 
with various levels of approximation are compared. The calculations presented here should be of interest to 
the continuing efforts to model the radiative losses in large magnetic fusion devices, where relatively cold 
tungsten is found in the divertor region.
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As an example of the results obtained from this study, calculated 
spectra produced by the various models at 2 eV are shown in Fig. 1. 
Spectra are shown for the CFG-AVE (confi guration average), FS-NOCI 
(fi ne structure without confi guration interaction and including PWB 
cross sections) and FS-FOM (fi ne structure including confi guration 
interaction and FOMBT cross sections) models. The CFG-AVE spectrum 
was constructed using unresolved transition arrays (UTA) to 
statistically represent the envelopes of spectral lines. Lorentzian line 
shapes with a half width at half maximum (HWHM) of 0.002 eV were 
used for all lines in the FS models. The HWHM was chosen to be large 
enough to obtain suffi cient resolution.

Figure 1 shows that the CFG-AVE UTA model provides a adequate 
description, without detail, of the envelope of spectra lines. In general, 
the effect of confi guration interaction (FS-FOM) raises the background 
of the spectral distribution compared to the FS-NOCI result. This occurs 
because there are more participating transitions with slightly different 
energies due to level mixing that creates more overlapping lines in the 
FS-FOM case. Also, in the region of maximum power near 5-10 eV, the 
line intensities are signifi cantly reduced due to the introduction of 
improved collisional excitation cross sections.

Funding Acknowledgments
DOE, Offi ce of Science, Advanced Scientifi c Computing Research program in 
Physics and Engineering of Materials

Fig. 1. The calculated emission 
spectrum for an electron temperature 
of 2 eV and an electron density of 
1014 cm-3 using various models. The 
black curve corresponds to the CFG-
AVE model using a UTA spectral 
distribution, the red curve corresponds to 
the FS-NOCI model, and the green curve 
corresponds to the FS-FOM model.
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Stefano Gandolfi , Joseph Carlson, T-2

Neutron-rich Nuclei and Matter

Neutron-rich nuclei and matter in the neutron star crust are the 
subject of intense interest, and are an important component of the 

new Facility for Rare-Isotope Beams (FRIB) being constructed by the 
Department of Energy (DOE) Offi ce of Science [1]. The properties of 
very neutron-rich matter are typically studied using density-functional 
theories that are extrapolated from already-measured nuclei to the 
regime of very large neutron excess [2].

Typical large nuclei have only a 10–20% excess of neutrons, so the 
extrapolation to neutron star matter, with approximately 90% neutrons, 
is quite large. As part of the UNEDF–SciDac project (Universal Nuclear 
Energy Density Functional–Scientifi c Discovery through Advanced 
Computing) through the DOE Offi ce of Science, LANL scientists in 
collaboration with ANL and other members of the UNEDF project, have 
used ab initio methods with realistic interactions to examine the 
properties of inhomogeneous matter consisting of neutron matter only.

The equation of state of uniform neutron matter has been studied 
extensively, and largely determines the masses and radii of neutron 
stars [3]. The recent observation of a nearly two-solar-mass neutron star 
[4] has put severe constraints on the equation of state of this 
homogeneous matter. The properties of inhomogeneous matter have 
received comparatively little attention, though.

 LANL scientists have examined this matter by performing microscopic 
calculations of from 8–50 neutrons trapped in external potentials. By 
varying the shape and depth of the potential, several different properties 
of the neutrons can be examined. Figure 1 shows the ground-state 

energies of neutrons confi ned to external wells of frequency 5 and 
10 MeV, respectively.

The solid red points in Fig. 1 are the results of Green’s function Monte 
Carlo (GFMC) calculations, pioneered at LANL. The blue points are the 
results of a new algorithm, auxiliary fi eld diffusion Monte Carlo 
(AFDMC), which treats the spin degrees of freedom, as well as the 
spatial coordinates, with Monte Carlo techniques. The energies are 
scaled by the harmonic oscillator frequency and the number of particles, 
so that free particles would be essentially fl at at one.

Previous density functional models are indicated by open symbols and 
by the black line–the latter is the often-used SLY4 model. These models 
signifi cantly overbind these neutron drops compared to the microscopic 
calculations. We fi nd that these density functionals can be improved by 
including a repulsive gradient correction to the energy, proportional to 
| ∇ρ |2. This term is not well constrained by fi ts to known nuclear 
masses. This repulsive contribution brings the results much closer to 
the ab initio results. We also found that a smaller superfl uid pairing and 
spin-orbit splitting improve the agreement. The functional adjusted to 
neutron matter is indicated by the magenta line in Fig. 1.

The same functional also greatly increases agreements of energies of 
neutrons bound in a Woods-Saxon well, and the root mean square (rms) 
radii and density distributions in that well. A plot of the rms radii for the 
different wells is shown in Fig. 2. The blue points are the GFMC 
calculations and the black line the original density functional. The 

We used advanced large-scale computational techniques to determine the properties of inhomogeneous 
matter. Recent advances allow us to calculate the properties of up to 50 neutrons bound in external wells. 
These results place signifi cant new constraints on the density functionals relevant for large neutron-rich 
nuclei and inhomogeneous neutron matter.
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magenta line indicates results with the same improved functional used 
for the energies.

The UNEDF project will use these results to help produce improved 
density functionals that are more accurate when extrapolated to 
neutron-rich systems, such as large neutron-rich nuclei and the neutron 
star crust.

[1] Geesaman, D.F., et al., Annu Rev Nucl Part Sci 56, 53 (2006).
[2] Dobaczewski, J., et al., Progr Part Nucl Phys 75, 031301 (2007).
[3] Akmal, A., et al., Phys Rev C 58, 1804 (1998).
[4] Demorest, P.B., et al., Nature 467, 1081 (2010).
[5] Gandolfi , S., et al., http://arxiv.org/abs/1010.4583, Phys Rev Lett, in press 
(2010).
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Fig. 2. Rms radii of neutrons 
bound in external wells.

Fig. 1. Ground state energy of 
neutrons in harmonic wells.
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Spectral Features of the Inner Shell X-ray Emission Produced by 
High Contrast Laser Irradiation of Argon Clusters

A recent joint theoretical and experimental study has been made of 
the X-ray emission from ultrashort laser pulse irradiation of argon 

cluster targets. The experiments were performed using the Japanese 
J-KAREN laser with a high laser irradiance and very high contrast (10-10) 
of prepulse to the main pulse. The theoretical modeling was performed 
by James Colgan and Joseph Abdallah using the ATOMIC plasma 
kinetics code. This work has been submitted for publication [1].

The experimental investigations focused on two X-ray wavelength 
regions near the Heα and Heβ 
emission lines of argon. The very 
high resolution of the experiment 
allowed clear identifi cation of the 
Heα, intercombination, and a 
number of Li-like satellites (see 
Fig. 1). However, a number of other 
prominent features were observed 
at slightly longer wavelengths, 
which were thought to arise from 
deep inner-shell (Kα) emission of 
near-neutral argon, so-called 
“hollow atom” emission lines.

To test this hypothesis, a very 
detailed atomic physics model was 
constructed of all ions of argon. A 
set of detailed-level structure and 

collision calculations were made for C-like argon through the bare ion 
using the LANL atomic physics codes, including full confi guration-
interaction among all levels [2]. This model included over 23,000 levels 
and was then used to solve the collisional-radiative equations using the 
ATOMIC code [3], resulting in various plasma properties, including the 
ionization balance, energy losses, and the emission spectrum of argon. A 
second set of calculations was also made for all ion stages of argon, in 
which a large number of confi gurations were retained, including 
confi gurations where one or two electrons are removed from the 
K and/or L shell of all ion stages, as appropriate. The collisional 
radiative equations were solved at the confi guration-average 
approximation, and a mixed unresolved transition array (MUTA) [4] 
approach was used to obtain a more detailed level-to-level spectral 
description of the strongest lines in the plasma, even though the ionic 
populations were obtained through a confi guration-average description. 
All kinetics calculations were made in steady state and assuming an 
optically thin plasma. A small fraction (around 1%) of hot electrons was 
also included in the modeling.

A comparison of the measured emission spectrum and the ATOMIC 
modeling calculations is shown in Fig. 2. In each panel, the 
measurements are compared to ATOMIC calculations made at various 
plasma temperatures and densities, as indicated. We fi nd that hot, 
moderately dense plasma (upper-left panel) describes quite well the 
resonance features arising from He-like argon. Calculations at lower 
temperatures and larger densities then provide emission from lower-

We report on a joint theoretical and experimental study of the X-ray emission from ultrashort laser pulse 
irradiation of argon cluster targets. Experiments have been performed using the Japanese J-KAREN laser, 
with large argon cluster sizes and very high laser contrasts, which have allowed clear and unambiguous 
observation of exotic inner-shell transitions in near-neutral argon ions—so-called “hollow-atom” transitions. 
The interaction of the main laser pulse with the unperturbed target is a necessary requirement for observing 
these lines. Our measurements are supported by kinetics calculations using the LANL ATOMIC code, 
in which a very detailed atomic model is used. The calculations predict all of the spectral features found 
experimentally, and support the notion that the X-ray emission arises from many ion stages of the argon 
plasma, from near-neutral through He-like ions, and from a range of plasma temperatures and densities.

Fig. 1. Measured emission spectra 
from IV and V order mica crystal 
obtained from an argon cluster target, 
obtained using a laser contrast of 
10-10. The V order transitions are 
labeled in blue font and correspond 
to the lower (blue) wavelength axis. 
The IV order transitions are labeled 
in black font and correspond to the 
upper (black) wavelength axis.
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charged-ion stages of argon (upper-
right and lower-left panels). Finally, 
calculations at quite cold (around 
10 eV) and dense conditions fi nd 
emission near 4.18 Å, which 
matches the experimental features 
in this region very well. These 
emission features are found to be 
the result of 2p→1s transitions in 
neutral and near-neutral argon, in 
which several electrons have been 
excited to the 3d or n=4,5 shells. 
These features have previously been 
labeled hollow atom transitions.

Our calculations and measurements 
lead us to the following picture of 
the laser-cluster interaction. The 

large size of the clusters (around 1.5 µm) and the very high laser 
contrast (10-10) means that a majority of cluster targets remain 
unperturbed by the laser prepulse by the time the main pulse arrives. 
The main laser pulse then interacts with a cold and near-solid density 
argon target. The very high laser intensity (3.5 x 1018 W/cm2) 
immediately allows electrons to be ionized, which are quickly 
accelerated to high energies by the laser fi eld (so-called “hot electrons”). 
These electrons then interact with the neutral/near-neutral argon target, 
resulting in the hollow-atom emission from the cold, dense plasma. As 
the laser pulse further ionizes the argon target, the cluster quickly heats 
up and expands. The hot electrons and other thermal electrons then 
interact with this expanding plasma, resulting in the observed X-ray 
emission from more ionized argon ions. Such a scenario clearly implies a 
highly transient and complicated plasma emission, with observed lines 
arising from quite different plasma conditions and at quite different 
times. Preliminary time-dependent calculations also demonstrate that 
the hollow-atom emission occurs at early times in the plasma expansion, 
while the He resonance lines are formed at much later (picosecond) 
times.

[1] Colgan, J., et al., High Energy Density Phys, submitted (2010).
[2] Cowan, R.D., The Theory of Atomic Structure and Spectra, http://aphysics2.lanl.
gov/tempweb/, University of California Press, Berkeley (1981).
[3] Magee, N.H., et al., in 14th Topical Conference on Atomic Processes in Plasmas, 
New York, Eds J.S. Cohen, S. Mazevet, and D.P. Kilcrease, AIP Conference 
Proceedings, 168 (2004).
[4] Mazevet, S. and J. Abdallah, Jr., J Phys B 39, 3419 (2006).

Funding Acknowledgments
DOE, NNSA, Advanced Simulation and Computing program

Fig. 2. The upper-left panel shows 
ATOMIC FS calculations at a 
temperature of 2000 eV and electron 
density of 1020 cm-3 and the upper-
right panel shows ATOMIC FS 
calculations at a temperature of 600 eV 
and electron density of 1021 cm-3. The 
lower-left panel shows ATOMIC MUTA 
calculations at a temperature of 100 eV 
and electron density of 5x1021 cm-3, and 
the lower-right panel shows ATOMIC 
MUTA calculations at temperatures of 
10 and 50 eV and at electron densities 
of 5x1022 cm-3. All calculations include 
a 1% hot electron component, and 
are compared to the experimental 
observations as described in the text.

We emphasize that the modeling of this complicated laser-plasma 
interaction requires two crucial components: (1) the inclusion of a hot 
electron fraction in the collisional-radiative modeling, and (2) a 
suffi ciently detailed atomic physics model, in which confi gurations with 
one or two electrons removed from the K and/or L shells are included. 
Without either of these two components, the modeling would not 
predict the observed hollow-atom features near 4.18 Å.

In conclusion, we have reported on detailed atomic kinetics calculations 
made to model the complex interaction of an ultrashort intense laser 
pulse with an argon cluster target. We fi nd that the observed emission 
results from several different plasma regions, at different times, and at 
quite distinct plasma conditions. Our calculations demonstrate the 
ability of the ATOMIC plasma kinetics code to accurately predict 
plasma properties for laser-produced plasma.
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The Deuteron Electric Dipole Moment

With the discovery of nuclear parity (P) violation by Wu et al. [1], 
which had been suggested by Lee and Yang [2], it became clear 

that nucleons and nuclei could exhibit a nonzero electric dipole moment 
(EDM). Similarly, time reversal (T) violation could lead to a nonzero 
EDM. If the charge conjugation, parity, time (CPT) theorem is valid, 
then charge conjugation and parity (CP) violation would also imply an 
EDM. That a permanent electric dipole moment violates P and T can 
be seen from Fig. 1. If a system has a magnetic dipole moment (µ) and 
an electric dipole moment (d), then under a parity transformation the 
electric dipole reverses its direction, whereas the magnetic dipole does 
not; under a time reversal transformation the electric dipole does not 
reverse its direction, whereas the magnetic dipole does. Whereas µ is 
preserved under a P or T transformation, d is not; thus, the existence 
of an EDM violates P or T. Predating the discovery of parity violation 
in the weak interaction [1,2], Purcell and Ramsey worked with their 
student Smith to set limits on the neutron EDM [3]. The Standard Model 
of fundamental interactions predicts nonzero values for EDMs that 
are signifi cantly smaller than contemporary experiments can detect. 
Therefore, an unambiguous observation of a nonzero EDM at current 
capabilities would imply a yet-to-be-discovered source of CP violation 
[4,5].

Current limits on the nucleon EDM are of the order of 10-26e cm. 
Even if one were to establish a nonzero neutron and proton EDM, 
the two results would at best determine only two of the three isospin 
(isoscalar, isovector, and isotensor) components. One would need a third 

measurement, such as the deuteron EDM, or the triton or 3He EDM, to 
fully elucidate the isospin nature of the EDM operator. The deuteron 
is attractive as the focus of an EDM investigation, experimental and 
theoretical, because a method to directly measure the EDM of charged 
ions in a storage ring has been proposed [6-9]. A permanent 2H EDM can 
arise, because a parity-time reversal (PT) violating one-pion-exchange 
interaction can induce a small P-state admixture in the deuteron 
wave function, which produces a non-vanishing matrix element of the 
charge dipole operator �z-er. Although this two-body EDM contribution 
must be combined with the one-body contributions of the neutron and 
proton, the neutron and proton EDMs tend to cancel in the case of 
the isospin zero 2H. Therefore, the PT violating nucleon-nucleon (NN) 
interaction can contribute signifi cantly to the deuteron EDM. Because 
the deuteron is reasonably understood and has been accurately modeled, 
reliable calculations are possible. We have addressed the sensitivity 
of the deuteron EDM to the nuclear physics in the modeling of the NN 
interaction. We have examined the uncertainties in the deuteron EDM 
calculation arising from the short-range repulsion in the ground state 
wave function, from the dependence on the size of the deuteron D-state, 
and from the properties of the 3P1 continuum in the intermediate states.

The total one-body contribution d(1)
D to the deuteron EDM due to the 

neutron and proton is the sum d(1)
D = dn + dp, whereas the total deuteron 

EDM is the sum of the one-body term and the two-body contribution 
d(2)

D, dD = d(1)
D + d(2)

D. Our focus is on d(2)
D. Liu and Timmermans [10] 

calculated this term using three contemporary realistic potential models 

Direct measurement of the electric dipole moment of the neutron lies in the future—measurement of a 
nuclear electric dipole moment may well come fi rst. The deuteron is one nucleus for which exact model 
calculations are feasible. We have investigated the model dependence of deuteron electric dipole moment 
calculations. One pion exchange dominates the electric dipole moment calculation, and separable potential 
model calculations will provide an adequate description of the deuteron electric dipole moment until such 
time as a measurement with a better than 10% accuracy is achieved.

→
→

→
→

→
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within the range of uncertainty (< 2%), d(2)
D  ≈ 

-0.73  ± 0.01 Ae fm, where  A = gπNN gπNN /(16π) 
and e is the electric charge. Our analysis is based 
upon a separable potential formulation of the 
Hamiltonian and a writing of the EDM as a sum 
of two terms: the fi rst depends on the target 
wave function with plane-wave intermediate 
states (dPW), and the second depends on 
intermediate multiple scattering in the 3P1 
channel (dMS). We concluded the following fi ve 
points: (1) In the absence of multiple scattering, 
the variation in d(2)

D = dPW due to differences in 
the deuteron wave function is less than 5%. 
(2) The contribution from multiple scattering, 
dMS, is sensitive to the short range behavior of 
the 2H wave function, and the dMS contribution is 
about 20% for realistic parameterizations of the 
deuteron. This suggests that we may extend the 
analysis to heavier nuclei in the plane wave 

approximation with an estimated error of some 20%. (3) The 
contribution from the 3P1 interaction via dMS depends on the phase shifts 
in this channel as well as the off-shell properties of the amplitude; 
however, contemporary phase shifts suggest that the dMS term is much 
smaller than dPW. (4) As suggested by Liu and Timmermans, one-pion 
exchange dominates the deuteron EDM calculation. (5) A comparison of 
our results with those of Liu and Timmermans indicates that one may 
use a separable potential approximation in, for example, 3H and 3He 
calculations with minimal loss of accuracy. Moreover, until an accuracy 
of better than 10% is achieved in 2H EDM measurements, separable 
potential model calculations should provide an adequate description.

[1] Wu, C.S., et al., Phys. Rev. 105, 1413 (1957).
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[5] Khriplovich, I.B. and S.K. Lamoreaux, CP Violation without Strangeness: 
Electric Dipole Moments of Particles, Atoms, and Molecules, Springer-Verlag, Berlin 
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Fig. 1. Electric dipole moment 
leading to parity (P) and time 
reversal (T) violation.

(1)
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LANL has a long history of outstanding 
work in chemistry and biology. This 
work is dependent upon the cross 
collaborations of experimentalists here 
at LANL as well as academia and other 
national laboratories.

Articles in this section cover research 
in bacterial drug resistance, ultra-deep 
DNA sequencing, and DNA dynamics, 
as well as exploring chemical process 
that bridge the gap from petroleum to 
new energy sources.
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Thermally induced local transient openings (breathing) of the DNA 
are well-documented phenomena [1] that can result in DNA non-

canonical structures that are signifi cantly different from the equilibrium 
Watson and Crick helix. It is important to note that this breathing is 
present in all DNA molecules as a result of the thermal energy and 
thermal fl uctuations of the water in the cell. In other words, specifi c 
“soft” segments along the DNA are unceasingly a subject of transient 
destabilizations, or local melting, by the available thermal energy in the 
system. Although, this DNA breathing has been recognized for decades, 
it was commonly believed that the functional properties of DNA were 
determined exclusively by the composition of the nucleotides–that is, 
the gene sequence of the molecule. However, it is now widely accepted 
that the dynamical conformational changes of DNA play a key role 
in biological function. The tendency for DNA promoters to possess 
enhanced transient local openings (bubbles) is independent of any 
DNA-protein interactions or regulation, and is therefore a property 
of the DNA sequence itself, although infl uenced by environmental 
factors. Hence, the sequence dependence of DNA bubbles is not simply 
a matter of sequence identity, but also of the interplay of interactions, 
in determining the physical properties of DNA. It is also interesting to 
note that a signifi cant tendency to open is found at many of the known 
transcription factor binding sites, suggesting a mechanism of protein-
DNA recognition based not only on sequence, but on the formation of the 
transient localized DNA openings.

Our work establishes that transcriptional start sites (TSS) and 
transcription-factor-binding sites (TFBS) possess enhanced local DNA 
breathing dynamics associated with nonlinear vibrational “hotspots” 

[2-4]. Importantly, their dynamical patterns are strongly interconnected 
with the function of the TSS or TFBS. We have demonstrated this 
interconnection using  computer simulations to identify the hotspots 
of several mammalian TSSs and TFBSs, and experimentally by (1) 
designing DNA single-point mutations to silence TSS dynamics, 
which led to a concomitant suppressed transcription without affected 
transcription-factor binding [2] (Fig. 1); and (2) introducing an artifi cial 
mismatch opening at a TSS site, which led to bidirectional transcription 
initiation in the absence of basal transcription factors [4]. Based on 
this work, it is becoming clear that a methodology to infl uence these 
breathing dynamics may help enable external control of biological 
function. Because these dynamics are controlled mainly by the hydrogen 
bonding within the DNA molecule and thus occur at the picosecond 
time scale, a primary candidate for exercising external control is 
electromagnetic fi elds in the far-infrared range of the spectrum.

We have used our modeling framework to investigate the infl uence 
of terahertz (THz) radiation on DNA breathing and demonstrated 
[5] that, at suffi cient exposure, DNA bubbles can appear through 
a nonlinear resonance mechanism, even at low-power THz fi elds 
(Fig. 2). Such bubble formations required prolonged THz exposure 
but may have a direct effect on transcription, replication, and 
DNA-protein binding, thus providing a connection between THz 
radiation and biological function. Recent experiments performed by 
us and others demonstrated that specifi c THz radiation conditions 
can indeed lead to modifi ed gene expression profi les (Fig. 3), and 
gene-specifi c activation and repression in mouse stem cells [6].

The DNA molecule is the main source of information in living organisms on our planet. DNA contains and 
transmits vital information from the nucleus to the cell body, in a process known as transcription, which 
is initiated at specifi c DNA promoter sequences. Similarly, the DNA molecule is able to self-replicate, and 
thus to reproduce itself in a process called replication. DNA can also change its structure by incorporating 
parts of helical molecules in a process known as recombination. These three processes are at the heart of 
biological functions. All these processes require access to the genetic code, which is protectively embedded 
in the hydrophobic center of the DNA double helix. In order for this information to be accessed, the DNA 
nucleotides must be physically exposed by locally opening the double helix of the molecule.

DNA Dynamics and Biological Function

2011SHdraft11.indd   102 3/4/11   2:32 PM



APPLIED MATHEMATICS AND FLUID DYNAMICS

www.lanl.gov/orgs/adtsc/publications.php 103

CHEMISTRY AND BIOLOGY

For more information contact Boian Alexandrov at boian@lanl.gov.

[1] Gueron, M., et al., Nature 328, 89 (1987). 
[2] Alexandrov, B.S., et al., Nucleic Acids Res 38, 1790 (2010).
[3] Alexandro, B.S., et al., J Biol Phys 35, 31 (2009).
[4] Alexandrov, B.S., et al., PLoS Comput Biol 5, e1000313 (2009).
[5] Alexandrov, B.S., et al., Phys Lett A 374, 1214 (2010).
[6] Bock, J., et al., PLoS ONE 5, e15806 (2010).

Funding Acknowledgments
LANL Laboratory Directed Research and Development; National Institutes of 
Health; DOE, Offi ce of Science, Center for Integrated Nanotechnology

Fig. 1. Theoretically designed mutations that change the bubble probability 
profi le and transcriptional activity while preserving TFIID complex formation 
at the SCP1 promoter. (A) Bubble probability profi les of the wild-type SCP1 
promoter (wtSCP1), m1SCP1, and m2SCP1 mutant variants designed to silence 
transcription activity without affecting protein-binding sites. The probability 
(z-axis) for the formation of bubbles of amplitude >3.5 Å with length L (y-axis) 
beginning at a given nucleotide position (x-axis) relative to the TSS (“+1”). The 
wtSCP1, m1SCP1, and m2SCP1 sequences are shown at the top. Mutated residues 
are indicated with gray boxes. Protein-binding sites are indicated with black 
frames. (B) Transient cell transfection experiments were carried out to measure 
wtSCP1, m1SCP1, and m2SCP1 promoter activity. Data are expressed as fold 
induction relative to wtSCP1 mRNA level. Figure is adapted from [2].

Fig. 2. Breather formation in a model of 
homogenous DNA under the exposure of a THz fi eld 
(Ω = 2.00 THz). The upper panel shows the 
evolution of the breather. The lower panel shows 
the power spectrum of the breather motion, and 
demonstrates that the frequency of the vibrations of 
the resonance breather is mainly Ω/2 (i.e., a period-
doubling transition has occurred) as expected from 
our analysis. Adapted from [5].

Fig. 3. Differential gene expression in response to broadband THz 
radiation normalized to ribosomal 18S genes. (A) 2 hours radiation 
and 9 hours radiation of mouse stem cells. The experimental 
results are consistent between three independent real-time RT-PCR 
measurements in duplicates. (B) The temperature was monitored 
using an IR detector, and separately using thermo-sensors glued 
to the outside of the petri dish lids. The temperature (in degrees 
Fahrenheit) at the end of irradiation is shown for the control and the 
irradiated cells. Adapted from [6].
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Drug resistant tuberculosis (DR TB) is an increasing threat to the 
public health. In general, there are two types of DR TB, multi-

drug resistant tuberculosis (MDR TB) and extensively drug resistant 
tuberculosis (XDR TB). MDR TB isolates display resistance to isoniazid 
and rifampicin and are associated with ~30% mortality.  XDR TB 
isolates display the MDR profi le with additional resistance to quinolones 
and one of the injectables, and are associated with 85% mortality. In 
2008, there were an estimated 510,000 incident cases of DR TB with 
270,000 deaths worldwide. DR TBs were identifi ed in 114 different 
countries, of which 27 countries had a high burden of infection (World 
Health Organization).

There are several mechanisms through which TB can acquire 
drug resistance. These include mutations of DR TB through 
acquiring or losing genes and single nucleotide polymorphism 
(SNP) mutations. The identifi cation of the mechanisms for drug 
resistance of TB is important to solving the global health problems 
that are related to diseases such as tuberculosis. Its implications 
for both national and global security are the reasons why health 
and bioscience research is an integral part of the LANL mission.

Here we present a phylogenetic and computational analysis of fi ve 
new, nearly complete TB genomes from KwaZulu-Natal (KZN), South 
Africa, together with 13 previously reported TB complete (or nearly 
complete) genomes (one XDR TB, fi ve MDR TBs, and six drug-
sensitive TBs) from Genbank and Broad Institute. We focused on 
SNP mutation mechanisms. The basic steps we followed include: 
(1)assembling the contigs of the fi ve new, nearly complete TB 
genomes from KZN into full genomes; (2) grouping the homologous 

gene sequences from all strains and aligning them; (3) extracting 
SNPs, in which at least one of 18 sequences is different from others, 
from all 18 strains of which each has about four million nucleotide 
bases; and (4) making molecular parsimony trees by comparing 
artifi cial sequences that contain only the SNPs in each stain.

As shown in Fig. 1, there is a strong correlation of the year of TB 
diagnosis with the distance from the most recent common ancestor of 
KZN lineage and a possible co-infection of XDR patients from Tugela 
Ferry and Durban with drug sensitive (DS) and MDR strains clustering 
with F11 and Bejing—all XDR TB strains in KZN form a sub-lineage. 
Further studies (Fig. 2) based on comparing non-synonymous (a 
mutation in a nucleotide in the DNA sequence that results in an amino 
acid change in the protein) and synonymous mutations (a mutation in 
a nucleotide in the DNA sequence that does not result in an amino acid 
change in the protein) reveal that the XDR strains in KZN lineage are 
a shared lineage that is independent of drug resistance. Comparing the 
strains DS_KZN_4207 to MDR_KZN_1435, MDR_KZN_V3475, and four 
XDR KZN strains, we found a set of 55 non-synonymous SNPs. None of 
55 non-synonymous SNPs were found in the set of SNPs observed in the 
comparison of DS_KZN_17030 to MDR_KZN_813 strains. Furthermore, 
we found that the rpoB and katG genes have distinct mutations in both 
sets. It is not only the correlated SNPs, but also the mutations in key 
genes/proteins that have the most importance for drug resistance.

Finding the mechanisms of TB drug resistance is extremely important. In this study, we present a 
phylogenetic and computational analysis of fi ve new, nearly complete TB genomes from KwaZulu-Natal, 
South Africa, together with 13 previously reported TB complete (or nearly complete) genomes from Genbank 
and Broad Institute. We found that strong phylogenetic relationships between TB samples from South Africa 
are critical for consideration and that the SNPs are not consistent across different XDR isolates.

Analysis of Mutational Drug Resistance of Tuberculosis by Comparing 
Multiple Tuberculosis Strains
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Fig. 1. The parsimony tree based on 
4,586 variable positions from protein-
coding regions.

Fig. 2. The parsimony trees based on synonymous SNPs and non-
synonymous SNPs from protein-coding regions are virtually identical, 
indicating that branching order is mostly defi ned by founder effect 
rather than by drug resistance.
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HIV-1 evolves with extraordinary rapidity—the combination of 
high replicative error, large effective population sizes, high levels 

of recombination, and enormous replication rates generates a large 
and highly variable population, and both anti-retroviral drugs and the 
immune system impose strong selection for escape. HIV infection 
follows a stereotypical course [1]—for about 10 days after exposure, 
viral populations replicate slowly in the genital or rectal mucosa and 
associated lymphoid tissue; subsequently, the virus begins to spread 
via the blood and to expand exponentially, precipitating the symptoms 
of acute retroviral syndrome (fever, etc.) and enabling experimental 
detection and isolation of viral DNA and/or RNA from blood samples. 
The viral load in peripheral blood peaks an average of 24 days from 

transmission [2], 
and viral load 
declines thereafter 
to a fairly stable 
“set-point” level, 
which may 
remain steady for 
years before (in 
the absence of 
treatment) there is 
eventual immune 
system failure, 

progression to AIDS, and death. During the asymptomatic phase of 
chronic infection, the virus continues to replicate, but is contained at 
moderate levels by a combination of cytotoxic T-cells [3] and (possibly) 
antibody responses [4]. The inability of the naive immune system to 
contain and clear the virus is the central problem for vaccine design—
understanding the initial immune response to HIV infection, and the 
viral escape from that response, is critical for the development of 
reasoned vaccine strategies.

The fi rst HIV-specifi c cytotoxic-T-lymphocyte (CTL or “killer T-cell”) 
responses can be detected before peak viremia [5]; they are among 
the earliest selective forces acting on viral evolution [6-8], and may 
contribute to the initial containment of the virus [3]. We reasoned 
that detection of viral evolution at recognized epitopes during acute 
infection would indirectly reveal the onset of effective immune 
responses. Accordingly, we investigated the mutational dynamics of CTL 
immune escape using second-generation sequencing technology (454 
pyrosequencing) to obtain tens of thousands of HIV-1 sequences from 
three subjects (WEAU, CH40, and SUMA) sampled at closely spaced 
time points during very early HIV infection. Previous characterization 
of these subjects’ immunological responses [3], and low-coverage 
conventional sequencing [8], allowed us to select viral genomic regions 
targeted by each patient’s immune system for intensive investigation. 
We targeted regions spanning four epitopes with very early recognition 
and escape [3,5,9,10]. For contrast, and as a control, we sequenced 
the envelope V3 region (which is not under immune pressure in early 
infection) in each subject. Deep sequencing (ultra-high-coverage) 
of these regions allowed us to model viral evolution in response to 
immune pressure during the critical fi rst weeks of infection [11].

Many questions vital to HIV-1 vaccine development involve viral-host interactions during the brief period 
immediately following infection: How many viral particles establish infection? How soon do antiviral 
T-lymphocyte responses appear, and do they help contain early viremia? How quickly can HIV evolve to 
escape immune responses, and what escape paths does the virus population follow? To begin to address 
these questions, we used ultra-deep sequencing to investigate the evolution of HIV-1 in acute infection in 
great detail.

Transmission of Single HIV-1 Genomes and Dynamics of Early Immune Escape 
Revealed by Ultra-deep Sequencing

Fig. 1. Sequence diversity at the protein 
level, presented as site-by-site Shannon 
entropy values. Defi ned epitopes 
(immune system target regions) are in 
red and underlined. In early infection, 
entropy values were distinctly elevated 
in epitope regions, but low elsewhere. 
SUMA Rev sequences include one high-
entropy position (arrow) outside the 
epitope, probably a processing mutation; 
the effects of antibody pressure in 
chronic/late infection are seen in the 
high entropy values of the Env V3 
region from WEAU's sexual partner and 
source of infection (“donor,” light gray, 
lower left panel).
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By obtaining very large numbers of sequences spanning 
the earliest-escaping epitopes, we were able to greatly 
strengthen the evidence for single virus initiation of 
acute infection following mucosal exposure, to detect 
low-frequency escape mutants that subsequently 
became predominant, and to calculate selective 
pressures and rates of escape in acute infection.

We confi rmed, based on thousands of sequences, that these 
acute mucosal-transmission cases resulted from single-virus 
transmission [11]. Furthermore, we discovered an order 
of magnitude more escape variants within this time period 
than previously known. In each of these patients, in 
early/acute infection, sequence diversity was only observed 
in the portions of the genome that had been experimentally 
determined to be under immune pressure (Fig. 1). At these 
locations, the viral population explored an extraordinary 
array of potential escape routes in the process of evading 
the earliest immune responses: we identifi ed over 50 
variant forms of each targeted epitope during early immune 
escape (Fig. 2), whereas conventional sequencing of the 

same samples detected a relatively paltry two to seven variants [8].

We have recently extended our sequencing of subject CH40 viruses, 
using overlapping fragments to cover the entire HIV-1 genome 
[12]. Examination of later time points for the SL10 epitope from 
Fig. 2 (second row) reveals a further, much slower selective sweep 
over the fi rst three years of infection (Fig. 3), underscoring the 
dramatic differences between acute and chronic HIV infection.

Thus, deep sequencing of early immune escape regions revealed a 
far more complex story of within-epitope variation than conventional 
sequencing methods revealed, suggesting that the virus explores 
many potential solutions to balance escape and fi tness as it evolves to 
evade the immune response. Traces of immune escape were observed 
in the earliest samples, suggesting that immune pressure is present 
and effective earlier than previously reported, and quantifying the loss 
rate of the founder virus suggests a direct role for CD8 T-lymphocyte 

responses in viral containment after peak viremia [11]. Dramatic shifts 
in the frequencies of epitope variants during the fi rst weeks of infection 
revealed a complex interplay between viral fi tness and immune escape.

Fig. 3. Longer-term sequential escape from immune pressure at a T-cell epitope [12]. 
Changing proportions of amino-acid sequences for the most common forms of a 
particular immune target (the “killer T-cell” epitope, nef-SL10, boxed in key at right) 
in HIV-1 genomes from patient CH40. Times are given post-onset of symptoms of acute 
HIV infection (approximately 2 weeks after viral exposure). The initial sample was 
nearly homogeneous (4,048 “infective form” versus 35 “other”); by the second sample, 
the infective form dropped to 49%, and by week 6 to 0.4%; it never rose above 0.6% in 
the remaining samples. Note that the acute-infection replacement of the infective form 
SSLAFRHVAR (blue) by the initial escape form SSLAFRHVAQ (red) was much faster 
than its later replacement by SNLAFRHVAR (yellow).

Fig. 2. Epitope variant frequencies. 
Epitopes are organized as follows: 
inferred infective sequence (deep blue), 
the most common variant at the final 
time-point (red), and all of the 12 most 
common variants sorted and colored by 
their frequency at the last time-point. 
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We developed and implemented computational strategies for 
identifying correlations between mutational patterns in the 

HIV-1 envelope glycoproteins (Env), gp120 and gp41, and neutralization 
phenotypes. Computational tools for robust clustering of like patterns 
of neutralization potency were designed based on K-means clustering, 
factoring in the uncertainty that results from limited sampling 
(bootstrap) and assay variability (noise). Phylogenetically corrected 
methods were used to identify associations between genetic mutations 
and distinct neutralization clusters. Viruses used in assays with HIV-1-
positive serum samples were derived from sexually acquired infections 
and closely resembled transmitted/founder viruses. All utilized the 
chemokine receptor CCR5 and were considered to possess a tier-2 
neutralization phenotype. Serum samples were obtained from HIV-1 
chronically infected subjects who were enrolled in clinical protocols 
of the Center for HIV/AIDS Vaccine Immunology (CHAVI). The 
neutralization assay was measured as reductions in luciferase reporter 
gene expression after a single round of infection with Env-pseudotyped 
viruses.

We fi rst applied these methods to the defi nition of mutations that 
correlated with susceptibility to the potent neutralizing antibody 
b12, as a means to explore the appropriateness of applying our 
computational strategies to neutralizing antibody phenotypes 
within the well-understood context of b12-gp120 interactions. Env 
sequences from 251 clonal viruses that were differentially sensitive 

to MAb b12 were analyzed. We identifi ed ten b12-neutralization 
signatures, including seven either in the b12-binding surface of 
gp120 or in the V2 region of gp120 that have been previously shown 
to impact b12 sensitivity. Also, we provided possible mechanisms 
on how another three distal sites could impact b12 potency.

We then defi ned signatures in a panel of envelope glycoproteins 
sampled from HIV-1-infected individuals who made either potent 
or weak neutralizing antibody responses, with the hypothesis that 
common features of the envelope glycoproteins that elicit good 
antibodies in natural infection might be useful to incorporate as 
vaccine immunogens. A checkerboard-style neutralization dataset was 
developed, comprising a multi-subtype panel of clonal Env-pseudotyped 
viruses (n=25) and sera from 68 infected individuals from whom a 
serum gp160 sequence was derived by single genome amplifi cation 
(SGA). Three distinct clusters of sera with high, medium, and low 
neutralization potencies were identifi ed.  By analysis of the SGA-
derived Env sequences from these individuals, fi ve out of six signature 
mutations were identifi ed in the CD4-inducible (CD4i) region of gp120 
that strongly associated with neutralization potency. This region forms 
the coreceptor binding site and facilitates HIV-1 entry into cells.

Neutralizing antibodies block the infection of cells–it is thus considered important to elicit them with 
vaccines. Many new concepts for broadly neutralizing-antibody-inducing vaccines for HIV are based on 
the molecular structure of the gp120 and gp41 Env proteins as antigens. These concepts are complicated 
by inconsistencies between the antigenic and immunogenic properties of key epitopes (e.g., b12 epitope). 
A key problem has been that HIV is extremely variable and employs a number of strategies to avoid being 
recognized by antibodies. This requires one to go beyond the molecular and antigenic structure of the Env 
proteins and consider the molecular determinants in infected individuals who mount potent, cross-reactive 
neutralizing antibody responses. However, considerably less is known about the molecular determinants 
of such immunogenicity and, consequently, it has been diffi cult to translate this information to an 
immunogen that elicits broadly neutralizing antibody. We sought to close this gap between antigenicity and 
immungenicity by identifying amino acid signatures in serum-derived Env genes that associate with broadly 
neutralizing antibody responses.

Closing the Gap between Antigenicity and Immunogenicity in HIV-1 Vaccine Design
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Our fi ndings suggest that the CD4i region of gp120 is a key determinant 
(although not necessarily a target) of broadly neutralizing antibody 
responses in HIV-1-infected individuals. In addition to providing new 
insights for immunogen design, these computational tools may be useful 
in delineating the neutralization epitopes of novel monoclonal antibodies.

Fig.1. (A) b12 signature sites in a 
3D structure of gp120. (B) Locations 
of three signature sites that occur at 
the b12 binding face of gp120. (C) 
Isosurface of the gp120 molecule 
showing the difference in electrostatic 
potential (+0.3 kT/e) due to mutation 
E268R in gp120, which results in a net 
positive electrostatic potential (blue) 
at the b12-gp120 interface region. 
(D) An illustration of position 651 
could impact binding to b12 through 
an allosteric pathway involving the 
gp120-gp41 interface. (E) K-means 
clustering of serum samples and virus 
isolates in the test panel, k=3. Within 
the heat map, darker red indicates 
potent neutralization, progressively 
lighter colors through yellow indicate 
increasing resistance, and cream color 
is completely resistant. (F) The four 
signature sites in the CD4i region shown 
in a crystallographic 3D structure of 
gp120 complexed with CD4 and the 
CD4i-specifi c monoclonal antibody 17b.

E

F
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An understanding of the timing of immune selection and how viruses 
evade the host immune response is needed to inform vaccine-

design strategies. The ability to detect rare viral variants as they 
accumulate under cytotoxic-T-lymphocyte (CTL) selection illuminates 
the evolution of viral escape from the immune system. While Sanger 
sequencing can yield highly accurate sequences, detecting rare variants 
requires intensive sampling. In contrast, next-generation sequencing 

technologies yield orders of 
magnitude more sequences and 
provide sensitivity to detect rare 
variants. Previous sequencing 
results informed design of an 
ultra-deep pyrosequencing 
strategy to study evolution in 
the SIV p199RY nef epitope 
in experimentally infected 
macaques.

Five rhesus macaques (AJ82, 
BE86, BH25, BR32, CA53) were 
intravenously infected with 
60,000 copies per mL of 
SIVmac251, and their plasma 
was sampled at 21, 35, and 84 

days post-infection (dpi) [1]. (Note that multiple founders are expected 
from intravenous infections.) We deployed cDNA generation from viral 
RNA and subsequent PCR steps that used high template volume and low 
cycle numbers, then pooled replicates and performed 454 amplicon 
pyrosequencing. Because insertions/deletions in homopolymer regions 
are common sequencing errors, we corrected them to match the 
consensus sequence and reduce data loss [2]. We also excluded 
sequences containing stop codons or short inversions near 
homopolymers.

Sequence variation was limited early after infection, and each animal 
was infected by multiple founders, represented by a predominant 
sequence polymorphism that differed by a silent substitution (Fig. 1). A 
simple model of sequence diversity in acute infection [3] rejected the 
null hypothesis of Poisson-distributed pairwise distances in all fi ve 
animals (P<0.001), consistent with the presence of selection and 
multiple founder variants. Comparing synonymous and non-synonymous 
substitution rates detected positive selection at 21 dpi in four of fi ve 
animals (P<0.05) [4].

Epitope frequencies change over time, from the transmitted form to 
rapidly escaping variants (Fig. 2). In all fi ve animals, emerging variants 
S3L and I7T are present, though rare, in multiple copies at 21 dpi, and 
S3L predominates at 84 dpi. Linkage of these rapidly escaping variants 
to only the more abundant inoculum polymorphism suggests de novo 

Despite epitope-specifi c immune control of viral replication, some viral mutations confer immune escape. 
Vaccines that stimulate broad immune response limit the potential for escape. Previous work reported a 
CTL response to escape mutations 35 dpi, earlier than detected with conventional sequencing. We used 
ultra-deep sequencing to quantify viral variants and characterize escape dynamics in an immunodominant 
epitope. Sequence diversity analysis indicates multiple founders. In intravenously infected rhesus 
macaques, the two predominant sequences (>98% of sample) at 21 dpi differ by a silent substitution. 
However, the earliest escape mutations occur within the host, rather than being transmitted from inoculum. 
Non-synonymous-to-synonymous substitution ratios show positive selection in the epitope by 21 dpi. Escape 
variants occur in each infection at 21 dpi, which subsequently outcompete founders. Ultra-deep sequencing 
provides sensitivity to detect rare variants and shows immunity infl uencing viral evolution before peak CTL 
response, earlier than previously detected with conventional sequencing.

Early Detection and Dynamics of Rare Viral Variants via Ultra-deep Sequencing

Fig. 1. Sequence diversity is limited 
in nef. (a) Highlighter plot shows 
locations of sequence polymorphisms 
(vertical lines indicate the amplicon 
sequenced and the p199RY epitope; 
grey bars indicate sequence gaps). 
(b) Corresponding phylogenetic tree 
depicts sequence relations. (c) At 21 
dpi, over 98% of samples from each 
of 5 macaques (AJ82, BE86, BH25, 
BR32, CA53) consist of founder 
sequences identical except for a clade-
defi ning silent G or A polymorphism in 
one position outside the epitope (arrow). 
Though the founders diminish later 
(35 and 84 dpi), they do not disappear 
completely.
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mutations, rather than transmission 
from the inoculum. Double mutants 
for both S3L and I7T and new 
variants (T2S and Y9F) emerge in a 
later wave of escape mutations by 
35 dpi. Though the transmitted 
epitope diminishes over time, it 
persists at low levels, probably in 
reservoirs of latently infected cells.

Maximum-likelihood phylogenies 
[5] from each sample relate amplicon nucleotide sequences to epitopes 
(Fig. 3). That diversity increases with time and replacement of the 
transmitted epitope after selective sweeps is clearly evident. In ongoing 
work, kinetic models of escape will quantify relative fi tness of variants 
and the CTL killing rate [6].

Clearly, ultra-deep sequencing provides sensitivity to detect rare 
variants earlier than with conventional sequencing. We found an early 
wave of escape mutants at 21 dpi that had not been detected previously, 
revealing that immune selection is active within 3 weeks of infection [7].
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Perelson, Ruy Ribeiro, George Shaw, James Whitney, and Wendy Yeh.

Fig. 2. SIV epitope frequency dynamics 
in two representative macaques, BE86 
and BH25. While both Sanger and 
454 sequencing platforms fi nd common 
epitopes, ultradeep 454 sequencing 
detects rare variants earlier than limited 
Sanger sequencing. Error bars show 
95% confi dence intervals from binomial 
distributions. Colors indicate epitopes 
as listed in Fig. 2, from the transmitted 
form (blue) to escape variants (red to 
light blue). Fig. 3. SIV phylogenies from two representative macaques show quasispecies diversity 

increasing with time, and population turnover as dominant epitope variants (colored 
circles) undergo CTL-induced selective sweeps. Each tree is rooted hubward on the 
transmitted form, with branch widths cumulative and proportional to the log of variant 
frequency in the sample. The scale bar depicts distances of one nucleotide. 
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As of 2009, fossil fuels comprised over 80% of US energy 
consumption [1], despite the global dwindling of fossil fuel 

reserves. In order to prevent an economic catastrophe, a transition 
period has been proposed, where abundant, low quality (“dirty”) 
petroleum feedstocks would bridge the gap between fossil fuels and 
alternative energy sources. These dirty feedstocks, typically tar sands 
and oil shales, are contaminated with nitrogen (N)-, sulfur (S)-, and 
oxygen (O)-containing organic impurities that pose environmental 
hazards after combustion. Once the impurities are removed, the 
upgraded feedstock may be safely used for fuel.

N-heterocycles such as pyridine are some of the most persistent 
contaminants in dirty petroleum and are conventionally removed via 
hydrodenitrogenation (HDN, see Fig. 1), in which the N-heterocycle is 
reacted with hydrogen over a suitable (typically transition metal) 
heterogeneous catalyst to remove the nitrogen as ammonia. However, 

due to the drawbacks 
of current HDN 
processes (the high 
pressures and 
temperatures 
required, poorly-
understood reaction 
mechanisms, etc.), 
there has been 

renewed interest in homogeneous catalysts, albeit with mixed results; 
even though potent transition metal catalysts have been discovered, 
they are only active towards a narrow range of substrates and tend to be 
stoichiometric as opposed to catalytic.

Fortunately, early actinide catalysts have been more potent towards the 
strong C-N and C-H bonds of N-heterocycles. For instance, Cp*2Th(Ph)2 
(Cp* = pentamethylcyclopentadienyl; Th = thorium; Ph = phenyl) 
cleaves the C-N bond of pyridine-N-oxide at room temperature [2]. 
Additionally, one may tune the product selectivity simply by changing 
the actinide, as observed in the reaction of Cp*2An(Me)2 (actinide An = 
Th, uranium [U]) with 2-picoline (2-methylpyridine) [3]—for Th and U, 
the methyl C-H bond and a pyridine C-H bond, respectively, are cleaved.

In the current project, density functional theory (DFT) calculations are 
performed to predict the mechanism of pyridine C-N cleavage with the 
putative intermediate Cp2An(benzyne) (Cp = cyclopentadienyl, see 
Fig. 2). The choice of the latter adduct as catalyst is motivated by the 
rich chemistry of benzyne. The B3LYP functional is used for all 
calculations. Geometries are optimized with a double-ζ basis set and 
confi rmed as either mimina or transition states by calculated vibrational 
frequencies. At each minima, entropies/zero point energies and total 
electronic energies are calculated with the same double-ζ and a larger 
triple-ζ basis set, respectively, for triple-ζ0-quality free energies. All Th 

As our nation’s supply of fossil fuels dwindles over the next century, low-quality “dirty” petroleum feedstocks 
(from tar sands, oil shales, etc.) will serve as a bridge to alternative energy sources. However, these 
feedstocks typically contain N/S/O-containing hydrocarbons as impurities, and must be “cleaned” prior 
to burning via HDN, hydrodesulfurization, and/or hydrodeoxygenation. Despite the importance of these 
industrial processes, they have several drawbacks (e.g., poor selectivity, harsh conditions required, etc.) that 
have encouraged inorganic chemists to develop better catalysts for each process.

In this paper, we describe DFT calculations performed for the actinide systems Cp2Th and Cp2U. 
Experimentally, these systems exhibit a rich chemistry towards N-heterocyclic substrates (C-H/C-N 
activation, ring-opening, dearomatization). Computations are therefore performed to predict how well this 
chemistry extends to pyridine HDN, as N-heterocycles such as pyridine have been some of the most diffi cult 
contaminants to process via conventional HDN routes.

DFT Study of Cp2Th and Cp2U Catalysts for Pyridine Hydrodenitrogenation

Fig. 1. Idealized HDN process for 
pyridine.
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systems are formally ƒ0 and are therefore singlets whereas 
triplet ground states were confi rmed for all U (formally ƒ2) 
systems.

Initial pyridine coordination to Cp2An(benzyne) is slightly 
favorable for both actinides (Fig. 3). From the pyridine adduct, 
two reaction mechanisms were considered for each actinide 
system: (1) initial C-N activation, and (2) initial C-H activation 
(Fig. 2). In the C-N activation transition state (TS-1), a 
pyridine C-N bond is broken, while a new C-C bond is formed 
between pyridine and benzyne, leading to a ring-opened 

ketimide (A). Although similar chemistry has been reported for 
Cp*2U(benzyne) and PhCCPh [4], the calculated pyridine C-H activation 
transition state (TS-2), in which a pyridine H is transferred to benzyne, 

is ~2-5 kcal/mol more favorable, a 
difference attributable to the relative 
C-H/C-N bond energies. Our experimental 
collaborators confi rmed this prediction by 
isolating the next species along the C-H 
activation pathway, the η2 N-C 
intermediate [5], calculated to be 
~12–16 kcal/mol more stable than 
ketimide A (Fig. 3). Next, a phenyl 
migration transition state (TS-3) is found 
in which the phenyl is transferred from 
An to pyridine to give intermediate B. 
Unlike most intermediates in Fig. 3 
(An[IV]), the formal oxidation state in B 
is closer to An(III), owing to a weak An-N 

single bond and An-C(Ph) interaction. Finally, a C-N cleavage/ring 
opening transition state (TS-4) is found, leading to a second ring-opened 
ketimide (C). Overall, formation of either ketimide (A or C) from 
Cp2An(benzyne) is thermodynamically favorable. It is noteworthy that 
although the barrier for initial pyridine ring opening (~23 kcal/mol, 
TS-1) is larger than that for C-H activation (~18-20 kcal/mol, TS-2), the 
latter pathway includes two additional barriers (TS-3 and TS-4), one of 

Fig. 2. Initial C-N (black) and C-H 
activation (red) pathways for pyridine 
ring opening with Cp2An(benzyne).

Fig. 3. Free energy diagram (kcal/mol; 
all energies relative to Cp2An(benzyne)) 
of pyridine C-N (black) and C-H (red) 
activation pathways for Th (orange) and 
U (black) systems.

Fig. 4. Possible routes toward a 
catalytic cycle and N removal from 
ring-opened products.

which is larger than that in the former pathway–for Th, phenyl transfer 
is least favorable (∆G‡  = 35.6 kcal/mol) whereas C-N cleavage is least 
favorable for U (∆G‡  = 30.8 kcal/mol).

In summary, DFT calculations predict two mechanisms for pyridine  ring 
opening catalyzed by Cp2An(benzyne). Although the C-H activation 
pathway is favored at the branching point, higher barriers 
(~31-36 kcal/mol) are encountered further along this pathway. 
Regardless of the operative pathway, a full catalytic cycle requires 
further processing of the ring-opened ketimide. One possible route 
involves cleaving the ketimide with H2 to give Cp2AnH2, which is a 
potential precursor to Cp2An(benzyne), and an 11-carbon (C11) imine 
(Fig. 4). As an additional benefi t, treating the imine with additional 
hydrogen to release ammonia would give a C11 hydrocarbon, which is 
within the C10-C15 range found in petroleum-derived diesel [6].
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Paul Charles Whitford, Karissa Y. Sanbonmatsu, T-6
 

Ribosomes are present in all cells; they serve as molecular computers 
that decode genetic messages and synthesize proteins. With the 

varied functional roles of proteins, proper functioning of the ribosome 
is vital for cellular life. In US hospitals, approximately 50% of the 
antibiotics target the ribosome. Antibiotics are small molecules that 
often diffuse into the ribosome and halt its function in bacteria, while 
remaining passive in humans. Prominent diseases that are treatable 
by ribosome antibiotics include Methicillin-resistant Staph infection, 
or MRSA (the so-called “superbugs” found in American hospitals), 
anthrax, and plague. The World Health Organization has also identifi ed 
extensively drug-resistant (XDR) and multidrug-resistant (MDR) 
tuberculosis as principle challenges of national tuberculosis programs in 
Africa.

The exceedingly small, yet specifi c, set of interactions between 
antibiotics and the ribosome poses signifi cant challenges to molecular 
biologists. Some antibiotics only need to interact with about 50 atoms, 
out of the hundreds of thousands in the ribosome. This small set of 
interactions makes it extremely diffi cult to directly visualize antibiotic 
function experimentally. While single-molecule fl uorescence, X-ray 
crystallography, and microscopy methods have revolutionized our 
understanding of ribosome structure and dynamics, simulations are the 
only means to obtain atomic resolution dynamics of ribosomal function. 
Simulations can also provide a structural framework for understanding 
experimentally measured quantities. They can be used to predict novel 
motions that would not be envisioned by looking at static images.

Due to the large number of atoms in the ribosome and the long-range 
nature of the interactions, achieving biologically relevant time scales is 

a formidable challenge. When simulated in full detail, with every solvent 
molecule around the ribosome explicitly represented, there are over 
3 million atoms. We recently reported the most extensive sampling of 
the ribosome in explicit-solvent [1] (2.1 microsecond, or ~109 time 
steps). This is approximately 40 times more sampling than previous full 
ribosome simulations. With these simulations, we were able to provide a 
quantitative bridge between the thermodynamics of ribosome function 
and experimentally measured kinetic data. Knowing the thermodynamic 
properties of ribosome function will assist in the design of new 
generations of antibiotics, each of which can have predictable 
quantitative effects on the ribosome’s functional dynamics.

In another recent study, we were able to demonstrate that the 
ribosome’s resilience to antibiotics may be due to its highly-degenerate 
functional dynamics [2]. That is, “back channels” are built into the 
ribosome and may allow it to avoid the deadly effects of incoming 
antibiotics. For that study, a simpler all-atom model was employed that 
allowed for the simulation of much longer effective time scales (~200 
milliseconds; ~1010 time steps). With such long time scales, we 
calculated the statistical properties (from over 300 barrier-crossing 
events) of large-scale conformational rearrangements in the ribosome. 
These simulations predicted a specifi c sequence of events and identifi ed 
new targets for antibiotic design.

With the dynamic nature of the ribosome, obtaining atomic models of 
transiently populated, yet functionally well-defi ned, confi gurations is a 
grand challenge for the fi eld. In collaboration with the Onuchic Group at 
the University of California in San Diego and the Spahn Laboratory at 

The objective of this work is to “map” the functional dynamics of the ribosome. This information will allow 
for the design of novel antibiotics that target critical stages of ribosome function. Such antibiotics may 
combat many pathogens, including the drug-resistant bacteria that are common in hospitals. The need 
for atomistic resolution and long time scales (with over 109 time steps), combined with the large scale of 
the ribosome, puts simulations of its dynamics at the forefront of biological computing efforts. In explicit-
solvent simulations, the charged composition of the ribosome necessitates the frequent evaluation of 
long-range interactions. This highly interconnected system results in large computing loads and inter-node 
communication demands.

Combating Dangerous Bacteria with High Performance Computing 
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Charite Medical School (Berlin, Germany), we developed a novel method 
for obtaining atomic models from cryogenic-electron microscopy data 
[3,4]. Due to the streamlined nature of this approach, we have already 
obtained atomic models for several previously unresolved functional 
conformations in the ribosome. Through this integrated simulation-
experimental approach, we will continue to reveal the details of 
ribosome dynamics that occur over a vast range of length and time 
scales.

Fig. 1. Atomic structure of a 70S 
bacterial ribosome. The ribosome is 
composed of three ribonucleic acid 
(RNA) chains and over 50 protein 
chains. When simulating the ribosome 
with explicit-solvent and ions, 
simulations can exceed 3 million atoms. 
Evaluating long-range interactions 
leads to large computing loads and 
interconnect demands. Simulating long 
time scales (>109 time steps) allows us 
to visualize the global dynamics of the 
ribosome and elucidate the various roles 
of antibiotics during ribosome function.

Fig. 2. Probing the dynamic properties 
of ribosome function. (left) Movement 
inside the ribosome is measured by 
calculating the time traces for reaction 
coordinate (in this case RElbow: the 
distance between tRNA molecules). The 
shown trace was calculated from what 
is currently the longest explicit-solvent 
simulation of a multi-million-atom 
complex (301 nanoseconds). Measuring 
the scale of the fl uctuations, and the 
associated decay times (right), allows 
one to quantify the relationship between 
kinetics and energetics inside this 
molecular machine.
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Owing to our national security mission 
and over 60 years of scientifi c research, 
LANL is a world-class material science 
research and development institution. 
We conduct fundamental research 
into the state and nature of materials, 
provide new theories for materials 
behavior, and create and provide 
new constitutive properties models 
and parameters for a wide variety 
of simulation tools in use or under 
development around the world. Not 
surprisingly, much of our work deals 
with materials in extreme conditions 
-- highly stressed, shocked, and in 
high radiation fi eld environments. The 
included articles in this section describe 
work at multiple scales -- from atomistic 

to meso -- involving the use of quantum 
mechanical and molecular dynamics 
methods, as well as the study of specifi c 
material properties and the derivation 
of new and more accurate material 
models under various conditions. In 
addition, an example of the power of the 
extrapolation of materials properties to 
model the behavior of a large, complex, 
non-linear system (nuclear power plant) 
using statistical methodologies is also 
described. This broad range of physical 
modeling approaches, mathematical 
and numerical algorithms, and multiple 
length and time scales are illustrative 
of both the breadth and depth of our 
capabilities in this arena.

2011SHdraft11.indd   117 3/4/11   2:33 PM



Los Alamos National Laboratory Associate Directorate for Theory, Simulation, and Computation (ADTSC) LA-UR 11-01084118

Computational Support of Beryllium Investigation

Francis L. Addessio, Curt A. Bronkhorst, T-3 An investigation was conducted to explore the ability of the equation-of-state, rate-dependent plasticity, 
and dynamic-failure models to address the deformation characteristics of beryllium. It was concluded that 
excellent agreement of the equation-of-state and plasticity models was provided with the experiments that 
were considered. Comparisons with the damage models, however, were inconclusive. Information regarding 
the growth of damage as well as the potential for shear failure under compressive loads was not available. 
Consequently, additional experiments were considered and designed in an effort to pursue these issues.

Beryllium (Be), which is a material of interest to the Department of 
Energy (DOE), Department of Defense (DoD), and aerospace 

communities, exhibits a number of complex phenomena when it is 
deformed under the conditions of high strain rate. Past experimental 
data is diffi cult to utilize for the purpose of quantifying the dynamic 
response of Be because the pedigree of these materials is not well 
known. Issues related to the initial texture, residual-processing strains, 
grain size, chemistry, and defect density must be known to develop 
constitutive models. Beryllium is a low-symmetry (hexagonal close-
packed) material. Pressure, temperature, and strain rate play an 
important role in the inelastic deformation characteristics of the 
material. Beryllium exhibits different characteristics under the 
conditions of tension and compression. While large ductility results from 
deformations under the conditions of compression, the material can 
exhibit a brittle behavior under tension. There is a brittle to ductile 
transition at approximately 200°C under tensile conditions. Texture may 
develop even for an initially isotropic material. The fracture 
characteristics of Be are also pressure-, temperature-, and rate-
dependent.

In this investigation, the analyses of plate impact and high explosively 
driven experiments were considered to pursue the ability of existing 
equation of state (EOS), strength, and damage models. Excellent 
agreement was obtained between simulations [1] and data obtained for 
plate impact experiments from the SNL Z-machine. The comparisons 
provided confi dence in the strength and EOS models. The simulations 
also determined that the experiments exhibited a greater infl uence on 
the strength of the lithium-fl ouride (LiF) window as opposed to the 
strength of the Be. Two gas gun Be-Be plate impact experiments also 

were considered [2]. Nominal thicknesses for the fl yer and target plates 
were 2 mm and 4 mm, respectively. Impact velocities for the two 
experiments were 0.721 mm/ms and 1.246 mm/ms. Both an Arbitrary 
Lagrangian Eulerian (ALE) code [3] and a Lagrangian analysis [4] 
where used to assess the EOS and strength models. The ALE code used 
the Sesame EOS tables, Mechanical Threshold Stress (MTS), and 
Preston-Tonks-Wallace (PTW) plasticity models. The Lagrangian 
analyses used an analytic EOS with the Johnson-Cook (JC), MTS, and 
PTW plasticity models. The Lagrangian analyses also considered a 
ductile (TEPLA) and a brittle (DCA) damage model. The models relied 
on parameters that were determined from high- and low-rate 
experiments [5].

A comparison of the simulations, using the ALE code without damage 
[3] and experiments, indicated that the Sesame EOS #2024 with the 
PTW strength model provided excellent agreement.  Including a tabular 
shear modulus (Sesame EOS # 92024) made a negligible difference in 
the comparisons. The MTS strength model resulted in early arrival times 
and low particle velocities and in general provided poorer agreement 
with the data. Based on these simulations, it was concluded that 
improved strength models, which included twinning and texture, should 
be considered. 

Similarly, comparisons of simulations and data, using the Lagrangian 
code without damage and an analytic EOS, indicated that peak values of 
the particle velocity could be captured. The PTW plasticity model 
provided excellent agreement in matching the Hugoniot Elastic Limit 
(HEL). Again, the MTS strength model was not successful in accurately 

Fig. 1. Final design of the HE-driven Be 
experiment {10}.
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modeling the HEL. Consequently, improved MTS parameters 
were pursued. The improved model [5] provided better 
agreement with data. However, the comparisons using MTS still 
were poorer that the agreement obtained using the PTW model.

Simulations using two damage models were made for the Be-Be 
plate impact experiments. It was observed from the particle 
velocity history that the “pull-back” response was captured 
using the coupled TEPLA-PTW model. The evolution of damage 
(porosity) also was considered. For the TEPLA model, damage 
growth is experienced only in tensile regions. In the 
simulations, the “pull-back” signal is a result of failing a 

computational cell once the modifi ed Hancock-Makenzie 
(HM) criterion is met. It was concluded that the plate 
impact experiments were more useful in providing 
information for the failure (HM) criterion than in providing 
information for the growth of damage. It was suggested 
that obtaining the post-mortem porosity distributions from 
either plate impact or Taylor cylinder experiments, which 
experience incipient spall, could provide more information 
regarding the evolution of damage.

Simulations using a brittle damage model (DCA-PTW) with 
an analytic EOS also were pursued. For this model, damage 
now can be accumulated in compression (shear cracks) as 

well as tension (open cracks), and the growth of damage is represented 
by an average crack size. The energy release rate, which was obtained 
from values for the mode I stress intensity factor (KI), did not provide 
good agreement with the data. The effect of including a critical crack 
size, at which complete failure of a computational cell is achieved, was 
investigated. It was observed that the inclusion of a critical crack size 
was effective in producing an acceptable “pull-back” signal. It is hoped 
that a third damage model, FRAZ [6], which includes both mode I and 
mode II failure, may be considered in the future.

Based on the above investigation, it was decided to consider additional 
experiments to pursue the inelastic response of Be under the conditions 
of high-strain rates and compression. Computational simulations using 

the ALE code [7] and Lagrangian analyses [4] were used to guide the 
design of two experiments. The fi rst experiment was a shock-release-
reshock plate impact experiment [2]. In this experiment a layered plate 
composed of Al-Cu-Al-Ta (aluminum-copper-aluminum-tantalum) is 
launched into a Be sample plate that is backed with an LiF window. 
Approximate thicknesses chosen for the layers were 20 mm (Al), 1.0 
mm (Cu), 1.0 mm (Al), 0.8 mm (Ta), 4 mm (Be) and 20 mm (LiF). 
Preliminary simulations using the Lagrangian analysis for fl yer plate 
velocities of 0.140 cm/ms and 0.014 cm/ms were provided. The second 
proposed experiment considered a Be sample that was embedded in an 
Al container and subjected to a high explosively driven wave [8]. Again 
simulations using the ALE code [9] and Lagrangian analyses [4] were 
used to guide the design. The fi nal design of the HE driven experiment 
is provided in Fig. 1 [10]. The ALE code [9] pursued the potential for 
the rapid opening and closing of the containment surrounding the Be 
sample and the potential for cracking. Simulations of the fi nal design 
(Fig. 2) using the Lagrangian analysis [4] pursued the sample offset 
(Fig. 2a), the effectiveness of the momentum traps, and pressure levels 
within the sample (Fig. 2b).
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Fig. 2. Simulations of the HE-driven 
experiment (a) contours of pressure 
profi les at t= 50 us and (b) pressure 
distributions along the axis [4}.
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Modeling Damage and Failure in Composite Flyer Impact Experiments

Curt A. Bronkhorst, T-3; Neil Bourne, 
Atomic Weapons Establishment, UK; 
George T. Gray III, MST-8; Francis L. Addessio, T-3

This work presents the predicted results of three composite fl yer experiments using a model based upon 
the Gurson-Tvergaard-Needleman approach to representing the void growth process. Overall the results 
compare reasonably well with experiment, although work is necessary in bringing a material length scale 
into the constitutive model to deal with mesh sensitivity issues and a physically based void nucleation model. 
These issues are currently being addressed.

The dynamic damage and failure response of metallic materials is a 
complex process of physical events that begins at very small length 

scales and grows in severity to complete material separation. This 
process is heavily infl uenced by the loading profi le experienced by the 
material. In this brief study, we model three different loading profi les 
through the use of three different composite fl yer geometries.
Bourne and Gray [1] performed these experiments on annealed 
Department of Defense (DoD) tantalum (Ta) using composite fl yer 
confi gurations to change the velocity-time profi le experienced by 
the sample while maintaining a constant pull-back magnitude. 
Figure 1 is a schematic representation of the experimental 
confi guration used for all three shots. The thickness of the sample 
layer was 4.571 mm while the overall thickness of the composite 
fl yers were 2.286 mm. The diameter of the assemblies was 57.15 
mm while the nominal diameter of the sample was 19.672 mm. 
The velocities and fl yer confi gurations are given in Table 1.

The strain rate and temperature sensitivity of the plastic deformation 
response is represented through the fl ow stress. The deformation 
of tantalum at the rates observed here has been shown to be well 
represented by several models, which are based upon thermal activation 

kinetics developed by Kocks et al. 
[2]. Here we employ the isotropic 
mechanical threshold strength 
(MTS) model, which has been 
well established for tantalum. 
The MTS model is based on 
the concept of a superposition 
of resistances to the glide of 

dislocations. Generally they are grouped as athermal barriers (e.g., 
grain boundaries) and thermally infl uenced barriers (e.g., Peierls 
stress – intrinsic lattice resistance, forest dislocations, dislocation 
structure, solute atoms). The mechanical threshold strength is the 
deformation resistance at 0 K. The fl ow stress used here is that 
stress adjusted to current temperature and strain rate. The three 
experiments described above were modeled using EPIC06 in 2D.

Results for the Ta-Ta confi guration are given in Fig. 2, with a fl yer 
velocity of 249 m/s. These results demonstrate a rather substantial 
mesh sensitivity, which does not converge until reaching a cell size 
of 23 microns. At a 23-micron mesh resolution the simulation results 
compare reasonably well with the experimental free-surface velocity 
curve. The deformed mesh at a mesh resolution of 23 microns at a time 
of 15 microseconds is given in Fig. 3, which suggests a substantial 
damage and failure region. Although there exists a length scale in 
the constitutive model associated with the overstress model, it is still 
inadequate in resolving the mesh sensitivity issue. Results for the Cu-W 
(copper-tungsten) fl yer confi guration are given in Fig. 3 – fl yer velocity 
of 616 m/s. The results compare favorably with the experiments at a 
resolution of 76-micron cell size. The deformed mesh in Fig. 3 predicts 
that complete failure has occurred. Results for the Ta-Al (tantalum-
aluminum) fl yer confi guration are given in Fig. 4 at a fl yer velocity of 
350 m/s. The results compare reasonably well with those from the 
experiment, although the model does not predict the complex wave 
profi le immediately after the initial pull-back. The deformed mesh 
predicts that we do not achieve complete failure of the material and so 
this experiment is likely well within the nucleation phase of damage 
progression – something that is not yet explicitly modeled in this work.

Fig. 1. Schematic representation of the 
experimental confi guration using the 
velocities and fl yer confi gurations given 
in Table 1.
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Table 1. Details of experimental confi guration for Fig. 1. 

V0, m/s 249 616 350 

Material 1 Ta Cu Ta 

Material 2 Ta W Al 

Material 3 Ta Ta Ta 

[1] Bourne and Gray, unpublished results
[2] Kocks, U.F., et al., Thermodynamics and Kinetics of Slip, Progress in Materials 
Science, Pergamon Press, NY (1975).
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Fig. 2. Results for the Ta-Ta 
confi guration.

Fig. 3. The deformed mesh at a mesh 
resolution of 23 microns at a time of 15 
microseconds.

Fig. 4. Results for the Ta-Al fl yer 
confi guration.
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A Polymer DOE and DoD Collaboration through the Joint Munitions Program

Bradford E. Clements, T-1 The Nuclear Weapons JMP fosters collaborations between DOE and DoD researchers working on problems 
of common interest between the two departments. In FY10 several collaborations involving ADTSC 
theoretical researchers, experimental groups in the MST and WX Divisions, and researchers in several DoD 
laboratories produced results that are noteworthy. For brevity only one illustrative effort will be highlighted: a 
collaboration with LANL and ARL researchers in Aberdeen, MD.

The goal of the collaboration between Department of Energy (DOE) 
and Department of Defense (DoD) researchers is to use LANL’s 

expertise in polymer constitutive model development and Army 
Research Laboratory’s (ARL) ballistic impact experimental capabilities 
to address issues of polymer impact, survivability to blast, and 
transparent armor performance. To generate the needed data, LANL’s 
renowned experimental facilities in the MST and WX Divisions carried 
out an exhaustive suite of polymer characterization experiments, from 
which a model of glassy polymers was developed in T Division. The 
polymer model accurately captures the volumetric equation of state 
(including the non-equilibrium viscoelastic behavior), the uniaxial 
compression stress-strain response from quasi-static rate through 
rates of thousands per second (for example those obtained using the 
Split Hopkinson Pressure Bar experiment), plate impact measured 
Hugoniot, as well as a detailed match to the experimental shock velocity 

profi les, and the observed deformation of a polymer 
cylinder shot in Taylor impact experiments. Having 
implemented the glassy polymer model into fi nite 
element method (FEM) codes, simulations were then 
done to compare with the ARL experiments.

The experimental setup used by ARL researchers 
is shown in Fig. 1. The goal of the experiment 
is to measure the deformation fi eld of a polymer 
plate (for example, polycarbonate [PC], also 
called ballistic glass) when impacted by a blunt 
steel projectile. The transient deformation 
fi eld is measured by high-speed digital 

cameras, and is post-processed using a digital image correlation 
(DIC) technique to obtain the out-of-plane displacements.

The entire deformation fi eld is recorded in the ARL experiments, but 
to make quantitative comparisons with the LANL glassy polymer 
model, it is advantageous to focus on the displacement at the point of 
impact. Figure 2 shows the side and top profi les of a simulation for 
the purpose of displaying the geometry. The polymer plate is ballistic 
glass and the projectile is hardened steel. Impact speeds of 30.5, 41.5, 
and 50.5 m/s were used in both the experiments and the simulations. 

Figure 3 shows side-by-side comparisons of the experimental and 
theoretical displacement fi elds for the point of impact. Aside from the 
magnitude of the initial displacement for the 50.5 m/s shot at about 
1 ms, the agreement with the experiment is very good. This includes 
the late-time dissipation of the peaks and phase lag of the ringing 
for the lower impact speeds. This work reveals that LANL’s glassy 
polymer is a very good candidate for transparent armor design.

Fig. 1. ARL back-surface displacement 
impact experiment.
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Fig. 3. Experimental displacement at the impact point as a function of time from the 
ARL experiment (left) and the LANL glassy polymer model (right).

Fig. 2. Side and top profi les of the ballistic impact simulations. The 
displacement at the point of impact is clear from the left-hand fi gure. The color 
scheme is the velocity fi eld in the z direction.
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LANL Glassy Polymer Model

Bradford E. Clements, T-1 This highlight summarizes the development of the GAP model, which is currently being implemented in the 
LLNL ALE3D code and the SNL CTH code, and has been transitioned to several DoD laboratories for use in 
their design codes. It is being used at LANL to address polymer-related issues.

Presently, material parameters have been determined for the 
polymers KelF-800, PTFE, PEEK, PC, Epoxy, and PMMA. While the 

present model bears very little resemblance to the model of the early 
years, it originated because of LANL’s need to have a continuum model 
for many National Nuclear Security Administration (NNSA) polymers 
that operate in their glassy state. Facilitated by the Department of 
Energy/Department of Defense (DOE/DoD) Joint Munitions Program 
(JMP), the concept of having a quantitative model for glassy polymers 
was attractive to several DoD organizations, especially the Army 
research labs.

The additional incentive of DoD interest accelerated the development of 
the model in areas related to high-rate impact. While the deformation 
was not necessarily large, the loading rates and temperatures of interest 
varied widely from application to application. To have the necessary 
fl exibility to capture the correct thermodynamic behavior in many 
possible load scenarios, a complete temperature- and pressure-
dependent free energy for the volumetric response was deemed to be a 

necessary component to the model. From a combination of literature- 
and LANL-measured ambient pressure specifi c heats and dilatometry 
data on the specifi c volume, a semi-empirical equilibrium-specifi c Gibbs 
free energy was calibrated for the polymers of interest. For applications 
within the calibration regime, this allowed for full usage of thermo-
mechanical quantities including isothermal bulk modulus, specifi c heat 
at constant pressure, and thermal expansion. Figure 1 shows the 
equilibrium-specifi c volume and heat capacity for an epoxy resin.

Many glassy polymers are known to “fl ow plastically” by demonstrating 
a stress plateau, followed by stress softening, fi nally followed by stress 
hardening. What is in stark contrast to many other materials (for 
example, ceramics) is that the stress softening appears to be unrelated 
to damage. In transparent polymers, for example polycarbonate, stress 
softening in the stress-strain behavior does not produce visible signs in 
the polymer, such as whitening–which is often seen as polymer craze 
and is a clear onset to damage. The mechanisms of polymeric fl ow and 
damage at the molecular level are probably related, but this is 
immaterial for our continuum model, and in the glassy amorphous 
polymer (GAP) they will be treated as distinct phenomena. Thus a fl ow 
stress model has been devised for glassy polymers to handle this 
behavior. In the GAP model, the fl ow stress model acts only on 
deviatoric stress components–an assumption, but one that no available 
data seems to contradict. Together with a concurrently developed 
polymer fl ow stress model, a standard implementation of a generalized 
Maxwell deviatoric viscoelasticity model, and the equilibrium treatment 
of the equation of state (EOS) via the Gibbs free energy, stress-strain 
curves for a variety of glassy polymers were determined for a wide range 
of rates and temperatures. An example of the GAP stress-strain curves 
is shown in Fig. 2.

Fig. 1. Equilibrium-specifi c volume 
(left) and specifi c heat (right) from 
GAP. Experimental points are measured 
by Dana M. Dattelbaum (WX-9) and 
Edward B. Orler (MST-7).
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Fig. 2. GAP model stress-strain curves for PEEK at low rates (left) and high rates 
(right). Measurements are by Phillip Rae (WX-6) and Eric Brown (P-23).

Fig. 3. GAP model shock velocity profi le for Kel-F 800. The data are from Dana M. 
Dattelbaum (WX-9).

For more information contact Bradford E. Clements at bclements@lanl.gov.

Following this work, an important observation was made that altered 
the direction of GAP development. Because the equilibrium Gibbs free 
energy was a complete equation of state, all equilibrium quantities, 
including the Hugoniot, could be calculated. The Hugoniot is the locus of 
points in thermodynamic space that satisfy the Hugoniot-Rankine jump 
conditions. The fi rst major upset in releasing GAP for general use 
occurred when it was realized that the Hugoniot calculated from the 
equilibrium Gibbs free energy, which was based on equilibrium-measured 
experimental quantities, did not agree with the high-rate-shock-
measured Hugoniot. In fact, the Hugoniot intercepts from the two 
different methods for some polymers differed by nearly a factor of two 
when plotted in the Us-Up plane. To a certain degree this discrepancy 
had been anticipated, however. Considerable literature exists discussing 
the possibility of volumetric viscoelasticity in polymers. The 
incorporation of volumetric viscoelasticity was needed in the model to 
span rates ranging from equilibrium (essentially zero rate) to shock 
loading rates of 106 to 108 s-1. It happened that since many applications 
do not span volumetric strain rates that vary from very low to very high, 
volumetric viscoelasticity may be safely disregarded in those cases. 
Because the intention of GAP is to be robust enough the handle a variety 
of loading scenarios (for example those found in an impacted polymer), 
volumetric viscoelasticity could not be omitted in the model. The fi nal 
development in GAP was thus the inclusion of volumetric viscoelasticity. 
Figure 3 illustrates that GAP now captures the correct shock response. 
Because of the ambiguity in linking the equilibrium EOS with the non-
equilibrium behavior, a non-equilibrium free energy approach was 
developed to provide an unambiguous path forward. The resulting 
equations derived from the non-equilibrium free-energy-based analysis 
comprise the current GAP model.
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HE Fragment Impact Modeling

Bradford E. Clements, T-1; Philip Rae, WX-6 The impact and penetration of HE materials is a problem of considerable importance to the DOE and the 
DoD. LANL is studying ways to better quantify fragment impact by elucidating the underlying physics, and 
using fragment impact as a stringent test-bed to study the applicability of our HE models to correctly predict 
experimental outcomes, and develop solutions when defi ciencies are found.

The response of a munition or a rocket propellant to a hostile 
fragment impact is known to be complex. A variety of results can 

occur: abrupt initiation, initiation after a slow buildup of chemical 
energy, or a weak chemical reaction that eventually extinguishes. 
Clearly the safety of nearby personnel, as well as system survivability, 
will depend on which scenario actually occurs. Studies at both the 
Department of Energy (DOE) and the Department of Defense (DoD) 
laboratories are underway to better quantify fragment impact. One 
approach at LANL is to design, build, and execute impact experiments 
that use simple geometries for the purpose of elucidating the underlying 
physics. Figure 1 shows one such design using a Taylor gun to propel 
a steel ball into a plated energetic material. On the other hand, DoD 
researchers at various laboratories around the country (Eglin Air Force 
Base, Picatinny Arsenal, Army Research Laboratory) are well suited to 
carry out fragment impact studies on full-up systems. They also use a 
variety of energetic material constitutive models to perform system-level 
simulations. Figure 2 shows an illustration of a DoD simulation using a 
LANL-developed high explosives (HE) model.

T-Division’s interest in this problem lies in the fact that fragment 
impact provides a stringent test-bed to study the applicability of our HE 
models to the correct prediction of experimental outcomes. Moreover, 
upon uncovering defi ciencies in our models, our motivation is to seek 
solutions to correct the defi ciencies. The important point is that LANL 
has produced constitutive models that have been characterized against 
simple loading states (uniaxial compression, tension, uniaxial strain, 
etc.), while this problem exercises them on complex loading states.

Figure 3 shows the result of one of the impact experiments. After 
the steel ball was fi red at 708 m/s, the cover copper plates were 
stripped off and a section removed from the mock HE sample to 

reveal the penetration depth of the ball, as well as the damage that 
occurred during impact. A dye was used to highlight the regions of 
damage. It was observed that massive localized damage occurs in the 
form of a crater at the entrance point of the ball. A conical-shaped 
secondary damage surface associated with micro- and macro-crack 
formation was also observed, with the base of the cone lying on 
the mock HE surface having a radius several centimeters from the 
impact hole. The cone tip coincides with the fi nal rest position of 
the ball. Beneath the ball the material was discolored, indicating 
compaction damage of the mock HE. Interestingly, the penetration 
hole was always plugged with solid mock HE material, indicating 
the material fl owed back into the penetration hole. Closer to the 
bottom of the mock HE sample, conical damage was also observed. 
Finally, insignifi cant bulging of the bottom surface was observed.

Figure 3 also shows the results of one of our simulations done on 
the same geometry. The viscoelastic behavior of the mock HE is well 
captured in that our model successfully accounts for the material 
fl owing over the trapped ball. Damage was also conical in shape but 
far more diffuse than what was observed in the experiment. Perhaps 
the biggest discrepancy was that our simulation showed signifi cant 
bulging of the bottom of the mock HE. In the fi eld of penetration the 
bulge is referred to as “plug formation,” which is common in materials 
that have a weak shear strength but a strong compressive strength. 
It is clear that our HE model overestimates this effect and must be 
accordingly modifi ed. Because the temperature rise in the simulation 
indicated substantial heating, the next step in the experiment will 
be to include thermal couples to verify the temperature rise.

2011SHdraft11.indd   126 3/4/11   2:34 PM



APPLIED MATHEMATICS AND FLUID DYNAMICS

www.lanl.gov/orgs/adtsc/publications.php 127

MATERIALS SCIENCE

Funding Acknowledgments
DOE, NNSA, Advanced Simulation and Computing program in Physics and 
Engineering Models-High Explosives; DOE/DoD Joint Munitions Program

For more information contact Bradford E. Clements at bclements@lanl.gov.

Fig. 1. Schematic of the experimental setup (left) and MST Taylor gun where the impact experiments are preformed (right).

Fig. 2. Simulation of a munition impacted from the side by a hostile fragment. The 
simulation used a LANL-developed HE constitutive model.

Fig. 3. Post-mortem study of the Taylor-fi red ball into a mock 
HE (top), and the corresponding simulation using a LANL 
developed HE model (bottom).

2011SHdraft11.indd   127 3/4/11   2:35 PM



Los Alamos National Laboratory Associate Directorate for Theory, Simulation, and Computation (ADTSC) LA-UR 11-01084128

Shock-Shear Modeling for Energetic Materials

Bradford E. Clements, T-1; Dana M. Dattelbaum, WX-9 Two widely used theories of HE shock initiation use only pressure as the primary variable regulating the 
rate of reactive burn. However, due to limited successes, it is clear that relevant physics is missing, which 
is hypothesized to be shear. There is a need to replace pressure with the full stress tensor in the reaction 
progress variable. The required experiments have been undertaken by the WX Division, and T Division 
addresses the theoretical analysis.

The Ignition and Growth (IG) model developed by Lee and Tarver 
[1] and the Forest Fire (FF) model of Forest [2], are two widely 

used theories of high explosive (HE) shock initiation. Both theories 
require knowledge of the equation of state (EOS) of the reactant HE, 
the fi nal gaseous product HE, and a reaction progress variable, which is 
a measure of the fraction of the HE converted from the reactant to the 
product phase. Other more subtle ingredients in the analysis include 
the assumption of pressure-temperature equilibrium of the reactant-
gas mixture. In both models, only the pressure is the primary variable 
that regulates the rate of the reactive burn. The simplicity of this 
assumption results in a relatively easy parameterization procedure, thus 
contributing to the model’s wide usage. These reactive burn models can 
reproduce important ignition properties like, for example, run distance 
to detonation as a function of the pressure. Because IG and FF have only 
pressure-dependent progress variables (i.e., shear is absent) they are 
known for working well in planar geometries. Less conspicuous, these 
models also tend to work well for bare or lightly covered explosives that 
have suffered an impact from an external insult [3,4]. As successful as 
these models have been, they do suffer from well-known shortcomings 
and have documented limited domains of applicability.

The IG and FF reactive burn models almost always require a new 
parameterization as the loading scenario changes, or as properties 
like HE porosity or density are altered–a clear indication that relevant 
physics is missing. They also show limited success at predicting the 
behavior of impacted HEs having thick cover plates [5]. Frey et al. 
[3] observed that for thick-cased explosives the threshold velocity 
for ignition was always lower than that predicted by the pressure-
dependent-only reactive burn models. They hypothesized that shear was 
the missing physics required to bring the theory into agreement with 

thick plate experiments. Moreover, Howe [6] provided further evidence 
that the initiation mechanism in the penetration of thick-plated HEs is 
macroscopic shear occurring in the vicinity of the penetration. Another 
important point is that the limitations of these models seem to be most 
pronounced in weak-ignition problems. This is an important issue for 
the Department of Defense (DoD) because explosive safety and accident 
scenarios are almost always in this regime. Accident scenarios are 
typically accompanied by the occurrence of shear-driven damage in the 
HE, which in turn increases the sensitivity to explosive initiation (and 
the ensuing violence of the reaction) by introducing additional sites for 
“hot spot” activity. These include, for example, shear cracks, which by 
frictional heating can provide substantial temperature rises conducive 
to initiation. As a fi nal point, when hot spot mechanisms are listed, 
many more potential hot spot mechanisms are commensurate with 
shear loading (frictional sliding between impacting surfaces, localized 
adiabatic shear bands, viscous heating of materials rapidly extruded 
between impacting surfaces, heating at shear crack tips, plastic 
deformation, etc.) than are with volumetric deformation (adiabatic 
compression of trapped gas in pores). All of these observations point 
to the need for replacing the pressure with the full stress tensor 
(thus including shear) in the reaction progress variable. While this 
is a goal of known importance, the theoretical research required to 
achieve this may be classifi ed as rather infantile. The requirements 
for a successful theoretical project are very clean experiments for 
which the shear states are well understood. LANL’s WX Division will 
undertake these experiments (Fig. 1 shows the two geometries) and 
ADTSC researchers in T-Division will address the theoretical analysis.

A combination of HE reactive burn and thermo-mechanical (strength, 
damage, viscoelasticity) models are envisioned for this work. The 
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Fig. 1. Oblique impact confi guration for introducing longitudinal and shear waves 
into the target HE (left). The impact direction is along the z-axis. Blunt impact 
confi guration where a conical penetrator impacts a metal plate-covered HE sample 
(right). Impact is from above. In this confi guration shear will be important in the 
neighborhood of the enclosed region.

Fig. 2. Longitudinal (left) and shear shocks (right) propagating into Mock 90021 after 
being impacted with a Kel-F 81 impactor. The time is 1.8 ms after impact.

model viscoSCRAM was implemented into a Finite Element Model 
(FEM) code and shock-shear test geometries were simulated. The 
crucial question addressed this year was, since explosives are known 
to produce considerable damage by shear crack growth: Can a shear 
wave propagate any substantial distance into the HE? That answer 
was shown to be affi rmative because under large confi ning pressures 
(thus away from lateral surfaces in these experiments) shear crack 
growth is impeded. The model viscoSCRAM has pressure-dependent 
shear crack growth, and thus was used to shed some light on this 
issue. Because chemical reaction was omitted in this study, the 
simulations were done on a well-characterized HE simulant called 
Mock 90021. Figure 2 shows waves propagating into the sample. 
A weak (in contrast to the longitudinal wave) shear wave is clearly 
observed. For early times, near the center of the target, damage was 
minimal. For later times, cracking from outer surfaces creep into the 
central regions and diminish the shear wave. In future work shear 
and pressure-driven initiation needs to replace the IG/FF physics 
implemented in our simulation codes. This work offers the possibility 
of true advancements in our understanding of the initiation process.
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Reliability Modeling of Nuclear Power Plant Subsystems Using Statistical Flowgraphs

David H. Collins, Aparna V. Huzurbazar, 
Brian J. Williams, CCS-6

NPPs play an important role in energy security and the reduction of airborne pollutants. As part of the 
DOE Light Water Reactor Sustainability Program, we are developing models to characterize the reliability 
and safety of NPP piping subsystems. Subsystems are represented as statistical fl owgraphs, with nodes 
representing states of partial or complete failure, and edges representing probability distributions for 
transitions between states. Transitions are driven by processes based on the material properties of the 
pipes, and the physical and chemical dynamics of the fl uid being carried. We describe a model for predicting 
cracking, leakage, and rupture of pipes, based on empirical failure data and stochastic differential equations 
for crack growth.

Nuclear power plants (NPP) produce about 20% of the total electric 
power used in the US, and nearly three-quarters of the power 

produced by non-carbon-emitting sources. Because of forecasted power 
demands and concern over carbon dioxide emissions, the Department 
of Energy (DOE) is funding research both on next-generation reactor 
designs [1] and on extending existing NPP operating life [2]. A key 
part of the DOE reactor sustainability program is Risk-Informed Safety 
Margin Characterization (RISMC), which requires statistical models for 
characterizing the reliability and safety of NPP subsystems.

We are working with collaborators at the INL, PNNL, and Electric 
Power Research Institute (EPRI) on modeling reliability in passive 
components of NPPs, specifi cally certain types of piping subsystems [3]. 
NPPs may have up to 40 miles of piping in various subsystems; many 
of these are safety-critical, such as reactor coolant piping and pipes 
supplying fuel to backup diesel generators. Pipes are subject to many 
failure mechanisms related to pressure, fl ow rate, and corrosion, which 
lead to cracking in the pipe walls, leakage, and ultimately rupture.

Figure 1 shows a Markov process model for piping failure [4]. From 
a state in which there is no detectable fl aw (N) the system may 

evolve to a state D in which a non-visible fl aw has been detected 
(e.g., by radiography), which may, in turn, lead to a visible leak. The 
fl aw or leak states may lead to rupture of the pipe (state R), which is 
considered the failure state. In the fl aw or leak states a repair can be 
done, restoring the system to its initial state. The process is represented 
as a statistical fl owgraph [5], in which the graph edges are labeled with 
information specifying the probability distribution of time spent in the 
origin state before making a transition to the destination state. In this 
case, consistent with the assumptions of a Markov process, edge labels 
are constant transition rates, where, for example, the probability density 
of the waiting time T in state N prior to fl aw detection is φexp(–φt).

Statistical fl owgraphs are solved for quantities of interest by algebraic 
operations on integral transforms of the waiting-time distributions 
(e.g., Laplace or Fourier transforms) and analytical or numerical 
inversion of the resultant transforms. This yields results such as 
the probability distribution of the time for the fi rst passage N→R.

Where there is epistemic uncertainty regarding parameters such as 
φ, a Bayesian analysis may be performed by iterating the fl owgraph 
solution over the joint posterior distribution of the parameters. 
The posterior is developed by assigning prior distributions to the 
parameters, which are then updated using observed data on transitions. 
This process allows quantifi cation of the uncertainty in predictions, 
taking into account all parameter uncertainties; Fig. 2 shows an 
example, a plot of the posterior hazard rate for ruptures in a certain 
piping subsystem, with bounds indicating the 95% credible interval 
(the hazard rate h(t) is the instantaneous failure rate at time t).

Fig. 1. Flowgraph model for pipe 
rupture.

2011SHdraft11.indd   130 3/4/11   2:35 PM



APPLIED MATHEMATICS AND FLUID DYNAMICS

www.lanl.gov/orgs/adtsc/publications.php 131

MATERIALS SCIENCE

For more information contact David H. Collins at dcollins@lanl.gov.

Fig. 2. Log plot of the posterior hazard 
rate for pipe rupture; 95% credible 
interval is dashed.

Fig. 3. Sample paths for crack growth 
given by numerical solutions of the 
SDE.

We have validated the Bayesian 
fl owgraph methodology in the RISMC 
context, using the process in Fig. 1 
as a benchmark [6]. The statistical 
fl owgraph methodology also allows 
us to dispense with the restrictive 
assumption of constant failure 
rates, and model piping failures as 
semi-Markov processes (SMP) [7]. 
In an SMP, the waiting time in a 
given state may have an arbitrary 
distribution–for example, Weibull 
or lognormal, resulting in a much 
more fl exible class of models.

RISMC modeling work to date has 
relied on fi eld and experimental data, 
combined with expert judgment, 
to empirically derive probability 
distributions for waiting times in 
models such as Fig. 1. Thinking 
of this as a macro-model, micro-
models for individual transitions, 
based on an understanding of the 
physical mechanisms involved, 
would also be valuable. For example, 
the D→L transition is a process 
of crack growth in the wall of the 
pipe, for which physical models and 
experimental data exist. The process 
of crack growth is stochastic, based 
on natural variation in material 
properties, applied stress, chemical 
environment, etc. Various methods 
exist for introducing randomness 
into deterministic physical models 
[8]; we are exploring stochastic 
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differential equations (SDE) for this purpose. As a simple example, 
we might model the time-dependent crack length a(t), using a 
log-linear model for the differential of crack length, with the 
SDE log da = log γ + ½ log a(t) + dW(t), where γ is a material 
constant and W(t) is a Wiener process (Brownian motion) [9].

Figure 3 shows sample paths for crack growth generated by numerically 
solving this SDE [10]. The horizontal dashed line represents a critical 
crack length that will cause a leak. The histogram inset on the abscissa 
summarizes the time to reach the critical length based on a sample of 
1,000 paths; the dotted line over the histogram is an inverse Gaussian 
probability density fi tted to the sample data. The inverse Gaussian is 
plausible here since it is the fi rst passage distribution for Brownian 
motion. This density can be used in the fl owgraph macro-model as the 
waiting time density for the D→L transition. This is a simple notional 
example—much work remains to be done to develop models for various 
types of crack growth, and calibrate them using experimental data.
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Quantum Molecular Dynamics Simulations of Transport Properties in Liquid and 
Dense-Plasma Plutonium

Joel D. Kress, James S. Cohen, David P. Kilcrease, 
Daniel A. Horner, Lee A. Collins, T-1

We have calculated the self-diffusion coeffi cients and shear viscosity of plutonium in the liquid phase using 
QMD, and in the dense-plasma phase using OFMD, as well as in the intermediate warm dense matter 
regime with both methods. Our liquid metal results for viscosity are about 40% lower than measured 
experimentally. The QMD and OFMD results agree well at the intermediate temperatures. The calculations 
in the dense-plasma regime for temperatures from 50 to 5000 eV and densities about 1−5 times ambient are 
well fi t by a simple power law in density and temperature. A Stokes-Einstein relationship of the viscosities 
and diffusion coeffi cients is found to hold well in both the liquid and dense-plasma regimes.

Plutonium (Pu) ranks as the heaviest naturally occurring element 
given its presence in trace amounts within uranium ores. This 

distinction gives rise to several atypical properties when compared 
with standard metals. Plutonium has a very low melt temperature 
(913K) and contracts while melting (a property shared by water and 
some semimetals) and has poor electrical and thermal conduction 
characteristics, but has good elastic compressibility. While most noted 
in its role in nuclear explosions, plutonium has many applications 
such as supplying the heating element in radioisotope thermoelectric 
generators used in remote sensing stations and deep-space craft such 
as Cassini, and forming a principal component in closed fuel cycles for 
fast nuclear reactors as part of advanced energy initiatives. In contrast 
to the extensive experimental, theoretical, and computational efforts 
to elucidate the material properties of the solid allotropes, the liquid 
phase has remained relatively unexplored except around the melt 
temperature due to its highly reactive, corrosive, and radioactive nature. 
Measurements exist of the shear viscosity up to 1500K, as well as of 

various optical properties.

Given the paucity of information above melt, we have employed 
molecular dynamics simulations techniques [1] to determine the 
transport properties, both diffusion and viscosity, of Pu from the 
liquid, through the Warm Dense Matter (WDM), to the plasma 
regime over a broad range of temperatures [0.05–5 keV] and 
compressions [1–5x solid]. The WDM regime, although 
somewhat ill-defi ned, spans a range of densities between 1/100 
and 100 solid and temperatures from about 1 eV to several 
hundred eV and marks a region that resembles a soup of various 
particles including atoms, ions, free electrons, and even 
molecules in a highly transient state for which a quantum 
mechanical treatment obtains. As the temperature rises and 

ionization increases, the particle interactions become more classical, 
signaling the beginning of a plasma environment. To examine this broad 
range of conditions, we applied quantum molecular dynamics (QMD) and 
orbital-free molecular dynamics (OFMD) simulations, both of which treat 
the electrons quantum mechanically and the nuclei classically. Our 
previous investigations on such systems as hydrogen and lithium 
hydride have demonstrated that for static (equation-of-state) and 
transport properties the semi-classical OFMD generally agrees well with 
QMD in intermediate temperature and density regimes and can 
effectively reach very high temperatures (~ 5 keV).

The QMD simulations employed the Vienna ab initio Simulation Package 
(VASP), in which the electrons are treated fully quantum mechanically 
using a plane-wave fi nite-temperature density-functional-theory 
description. In OFMD simulations, the kinetic energy of the electrons is 
treated in a semi-classical approximation, up to fi rst order in the 
partition function of the electrons. The orbital-free procedure treats all 
electrons on an equal footing, albeit approximately, with no distinction 
between bound and ionized electrons.

To aid in the analysis of the simulation results, we consider three simple 
models/phenomenological forms for describing transport: kinetic theory, 
the Arrenhius equation, and the Stokes-Einstein relation. The latter 
gives a connection between the diffusion (D) and shear viscosity (η)
though an expression  

with Cse, a constant and Fse, a shorthand notation for the relationship 
between the transport coeffi cients. Many prescriptions exist for 
determining the constant Cse. From the original derivations based on the 
motion of a test particle through a solvent, Cse ranges from 1/6π (0.053) 

Fig. 1. Shear viscosity of liquid 
plutonium as a function of inverse 
temperature: experimental results 
(diamonds); present QMD calculations 
(circles, with statistical error bars); 
MEAM calculations by equilibrium 
molecular dynamics (EMD, solid 
squares) and by nonequilibrium 
molecular dynamics (NEMD, open 
squares). The straight lines are 
exponential (Arrhenius) fi ts to the data 
points.
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Fig. 2. Viscosity of plutonium as a 
function of temperature in the WDM 
regime, calculated by the QMD method 
for densities of 17.44 g/cm3 (ρL; solid 
circles) and 26.11 g/cm3 (1.5 ρL; open 
circles) and by the OFMD method (open 
squares) at ρ =26.11 g/cm3.

Fig. 3. OFMD calculations of shear 
viscosity of dense-plasma plutonium with 
fi t (dashed) with 
ρ1 = 20 g/cm3.

or 1/4π (0.080) depending on the limits of the slip coeffi cient from 
infi nity (stick) to zero (slip), respectively. On the other hand, 
Chisolm and Wallace [2] determined an empirical value of 
0.18±0.02, based on a global fi t to 21 liquid metals. We shall 
examine to what extent these phenomenological forms represent the 
behavior of Pu over the various regimes we explore.

In Fig. 1, we compare the experimentally-measured viscosity of 
liquid plutonium with results from our QMD simulations (with 54 
atoms) and the previous modifi ed embeded atom method (MEAM) 
calculations [3], which employed a classical interatomic potential. A 
liquid (L) density of ρL =17.44 g/cm3 was used in the QMD 
simulations at all four temperatures. The QMD results are about 
40% lower than the experiment while the MEAM results are 3–4 

times higher. In both cases, the differences with the experimental values 
are considerably larger than the theoretical error bars (no error bars 
were given in the report of the experiment). As can be seen from the 
points falling approximately on a straight line in the semilogrithmic plot, 
the results of both calculations, as well as the experiment, are fi t fairly 
well by an Arrhenius form η = η0e−Eη/kBT.

We now raise the temperature while remaining near liquid density 
(~20g/cm3) in order to enter the WDM regime. The QMD and OFMD 
results are shown in Fig. 2 as a function of temperature for two 

densities: 1) ρL =17.44 g/cm3 for QMD, and 2) 1.5 ρL = 26.21 g/cm3 
for both QMD and OFMD.

We fi rst examine the QMD results at liquid density, ρL. The viscosity 
displays a clear change in character as a function of temperature. 
Just above the melting temperature, the viscosity decreases with 
increasing T with an Arrhenius behavior typical of a liquid metal, 
whereas at higher temperatures, the viscosity steadily rises with 
temperature, resembling the behavior for a hard-sphere fl uid or a 
partially ionized one-component plasma. This behavior represents a 
shift from processes dominated by the potential interactions to 
those controlled by the kinetics. This competition leads to a distinct 
minimum in the viscosity at around T~ 0.4eV.

In addition, this transition regime provides an excellent test bed for 
comparing the QMD and OFMD approaches. The QMD becomes 
computationally prohibitive above about 5 eV for our choice of 
parameters. On the other hand, the need to represent detailed quantum 

[1] Kress, J.D., et. al., “Quantum Molecular Dynamics Simulations of Transport 
Properties in Liquid and Dense-Plasma Plutonium,” Phys Rev E, in press; LAUR-
10-07728 (2010).
[2] Chisolm, E., and P. Wallace, Shock Compression of Condensed Matter, AIP, NY 
(2006).
[3] Cherne, F.J., et al., Phys Rev B 67, 092104 (2003).

Funding Acknowledgments
DOE, NNSA, Advanced Simulation and Computing program; Weapons Program, 
Science Campaign 4

mechanical interactions begins to wane as the temperature rises so that 
the OFMD gains greater validity. To this end, we have compared the 
QMD and OFMD at the higher density (1.5 ρL), as displayed in Fig. 2. 
The results for the two formulations between 2 and 4 eV agree closely to 
within the statistical error bars for both D and η.

The Stokes-Einstein expression Fse[D,η] was calculated as a function of 
temperature, using the diffusion coeffi cients and viscosities from the 
OFMD at 1.5 ρL and the QMD at ρL and 1.5 ρL. The QMD and the OFMD 
results are in relatively good agreement and bounded by the classical 
values of Cse from below and the Chisolm-Wallace liquid metal value 
from above. The QMD results between T=1100 and 40,000 K for both 
densities are tightly distributed about a constant value of 
Cse = 0.11±0.01.

In Fig.3, the shear viscosity η calculated with OFMD is shown for 
plutonium at temperatures between 50 eV and 5 keV and densities 
between 20 and 100 g/cm3 or approximately solid density to fi ve times 
compressed. The shear viscosity increases with temperature in this 
range. Some simplifi ed models or limiting cases predict power-law 
dependences on temperature and density such as the hard-sphere 
approximation. Though such formulas are oversimplifi ed, we have 
attempted to fi t our numerical data on viscosity η over the whole 
temperature and density range. The resulting least-squares fi t is 
ηfi t = aTb(ρ/ρ0)c (mPa sec) with a =3.13±0.26, b =0.360±0.010, and 
c =0.780±0.034, where T is in eV and ρ is in g/cm3. The fi t of the 
viscosity, shown in Fig. 3, follows all the calculated points to within 
~30%, except for those at T=50 eV and ρ/ρ0 = 1. The fi ts improve as 
T increases.
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Isomorphic Phase Transformation in Shocked Cerium Using Molecular Dynamics

Virginie Dupont, Shao-Ping Chen, 
Timothy C. Germann, T-1

Ce undergoes a signifi cant (~16%) volume collapse associated with an isomorphic fcc-fcc phase 
transformation when subjected to compressive loading. We here present a new EAM potential for Cerium 
that models two minima for the two fcc phases. We show results from its use in the MD simulations of Ce 
samples subjected to shocks with pressures ranging from 0.5 to 25 GPa. We observed a split wave 
structure, with an elastic precursor followed by a plastic wave. The plastic wave causes the expected fcc-fcc 
phase transformation. Comparisons to experiments and MD simulations on Cesium indicate that three 
waves could be observed. The construction of the EAM potential may be the source of the difference.

Cerium (Ce) has an atypical phase diagram, presenting, among other 
things, an isomorphic phase transition between two face centered 

cubic (fcc) structures α and γ. The γ-to-α phase transition is believed to 
be caused by the transfer of valence electrons from the 4f state to the 
5d state and induces a volume collapse of ~16% [1,2]. Shock loading 
experiments show a two- or three-wave profi le, depending on the shock 
pressure [2,3]. The three-wave profi le consists of an elastic precursor, 
a plastic wave in the γ phase, and the γ-to-α phase transformation. In 
the experiments leading to a two-wave profi le, the elastic precursor is 
overdriven by the plastic waves.

We used a modifi ed Voter-Chen [4] Embedded Atom Method (MVC-
EAM) potential to fi t the properties of Ce. This potential exhibits 
two minima for each of the fcc phases of Ce. An artifi cial energy 
barrier was introduced between the two minima so that each phase is 
stable. A few properties of this potential were calculated, including 

melting temperature, surface energies, and 
stable and unstable stacking fault energies.

We use the LANL SPaSM (Scalable Parallel 
Short-range Molecular Dynamics) code, with 40 
processors per simulation run. Single crystals of 
the γ phase with two different crystallographic 
orientations are studied: <001> or <111> along 
the shock direction. The samples are about 
13 nm × 13 nm × 130 nm and are composed of 
around 0.5 million atoms. Periodic boundary 
conditions are used in the lateral directions. 
The samples are studied at 10K and 300K. The 

shock wave is produced by launching the sample into a “momentum 
mirror” refl ecting boundary with a specifi ed velocity up.

A typical velocity profi le is shown in Fig. 1. Two shock waves can be 
observed in this example. The fi rst wave is an elastic precursor. In 
order to determine the nature of the second wave, a shocked sample 
is represented with its angle distribution analysis, as well as the 
radial distribution function (RDF) of the sample before and after the 
shocks (Fig. 2). The angle distribution analysis shows that stacking 
faults have been left behind partial dislocations after the second 
shock wave. Plasticity is thus sustained after the second shock, and 
at the same time, the lattice parameter after the second shock has 
decreased below the value of the lattice parameter of the α phase 
(4.85 Å). The phase transformation thus occurs before any plasticity 
has been sustained in the original γ phase. This can be explained by 
looking at the energies required to initiate the phase transformation 
and the energy required to nucleate a stacking fault in the γ phase 
(unstable stacking fault energy). The energy barrier between the two 
phases was chosen to be 0.142 eV/atom. In comparison, the unstable 
stacking fault energy in the γ phase is 773 mJ/m2, which corresponds 
to 0.245 eV/atom for the two layers of atoms on each side of the 
stacking fault. It is thus understandable that the phase transformation 
will occur before any plasticity can be sustained in the γ phase.

We show in Fig. 3 the Us-up Hugoniots for the two loading directions 
and the two temperatures, along with a fi t to experiments [5]. We fi rst 
observe that our simulations reasonably agree with the experimental 
data, especially at low up. The orientation of the sample and the initial 
temperature have very little effect on the simulations, and especially on 

Fig. 1. Velocity profi les, spaced 4 ps 
apart, of Ce shocked in the [001] 
direction with a particle velocity of 
0.4 km/s. These velocity profi les 
show a two-wave structure: an elastic 
precursor and a phase transformation 
accompanied by plasticity.
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Fig. 2. (Top) Angle distribution 
analysis representation on a sample 
shocked in the [001] direction at 
300K with up = 0.4 km/s. Grey: fcc, 
Blue: hexagonal close-packed (HCP), 
Red: unknown. (Bottom) RDF on slices 
after each shock. These fi gures show 
that plasticity occurs after the phase 
transformation.

Fig. 3. Us-up Hugoniots of Ce for 
two different orientations and initial 
temperatures. The curves labeled 
“experiments” correspond to a fi t to 
experiments from [5].

the phase transformation. The time and length scale of our simulations 
vary greatly with those of the experiments and might account for the 
differences. In addition, our samples are in a perfect lattice at the 
beginning of the simulation and are single crystalline. Other potential 
formalisms, in particular Ackland’s two-band model [6], are also being 
investigated in order to study this electronically driven transition.

[1] Lawson, A.W.  and T.Y. Tang, Phys Rev 76, 301 (1949).
[2] Pavlovskii, M.N., et al., Combustion, Explosion, and Shock Waves 35, 88 
(1999).
[3] Jensen B.J., in Shock Compression of Condensed Matter, Eds. M.L. Elert, W.T. 
Buttler, M.D. Furnish, W.W. Anderson and W.G. Proud, Am Inst Phys, 1165 
(2009).
[4] Voter, A.F. and S.P. Chen, Mat Res Soc Symp Proc 82, 175 (1987).
[5] Jensen B.J., et al., Phys Rev B 81, 214109 (2010).
[6] Ackland G.J. and S.K. Reed, Phys Rev B 67, 174108 (2003).

Funding Acknowledgments
DOE, NNSA, Advanced Simulation and Computing program

2011SHdraft11.indd   135 3/4/11   2:36 PM



Los Alamos National Laboratory Associate Directorate for Theory, Simulation, and Computation (ADTSC) LA-UR 11-01084136

Calculations of the Thermal Conductivity of NIF Target Materials Using Finite-temperature 
Quantum Molecular Dynamics

David E. Hanson, Lee A. Collins, Joel D. Kress, T-1; 
Michael P. Desjarlais, SNL

Using fi nite-temperature density functional theory MD, we performed simulations of several important 
materials in the Inertial Confi nement Fusion-National Ignition Facility nominal target designs, comprising 
various mixtures of Be, CH, D, and T atoms. Simulations were done over a range of temperatures between 
5 eV and 20 eV, at densities between 7.5 and ~14 g/cc. From the MD trajectories, we calculated the 
electrical and thermal conductivity.

The centerpiece of the US Inertial Confi nement Fusion (ICF) 
program is the National Ignition Facility (NIF), located at LLNL. 

It is anticipated that the NIF will demonstrate thermonuclear ignition 
in the near future. Initial tests will begin with a hohlraum-driven, 
spherical, single-shell capsule composed of three principal layers: on 
the outside, a low-Z ablator (carbon-hydrogen [CH] or beryllium [Be]) 
that encapsulates a frozen deuterium-tritium (DT) layer containing the 
DT gas. Energy from the intense laser light, interacting with the inside 
of the hohlraum, creates a series of strong shock waves that compress 
and gradually heat the DT fuel to generate the fusion reactions. As the 
fuel/ablator interface approaches its maximum velocity, densities are 
expected to be in the vicinity of 10 g/cc with temperatures in the range 
of 10 to 20 eV [1], and the materials will be highly ionized plasmas. 
It is at these intermediate times, during the deceleration/compression 
phase, that the occurrence of hydrodynamic instabilities is most acute. 
Local ripples at the ablator/fuel interface, inherent in the fabrication 
process or fed through from the ablation front, can then grow, leading 
to interpenetration of the ablator material into the fuel (DT)–and the 
mixing of ablator material with the fuel can degrade performance. The 
control of the densities of the ablator material and fuel is then critically 
important to mitigate this instability, which can cause deleterious 
mixing. The Rayleigh-Taylor instability growth rate becomes larger 
when the ratio of the ablator density to that of the fuel increases. Since, 
at constant pressure, the density varies inversely with the temperature, 
one would expect that the thermal conductivity of the materials would 
be a key parameter in the optimization of target designs. The thermal 
conductivity model used (Lee-More [2]) for NIF target design is 
uncertain in this regime [1], and experimental data is diffi cult to obtain.

The conditions present in the capsule and ablator, during the 
compression of the fuel, fall within an area of condensed matter 
physics termed Warm Dense Matter (WDM). It encompasses various 
astrophysical phenomena (such as planetary interiors and white dwarf 

atmospheres), laser-matter interactions, and shock compression and 
exploding wire experiments. Considerable effort has gone into the 
development of computational methods to study these plasma systems. 
The problem is challenging because the material is only partially 
ionized, requiring that ions, free electrons, and molecules all be treated 
simultaneously at the quantum mechanical level. The focus of this work 
is to apply established ab initio computational methods [3] to calculate 
the thermal conductivity of pure ICF target materials and their mixtures.

Molecular Dynamics (MD) simulations and optical analysis were 
performed with the Vienna ab initio Simulation Package (VASP)[4-6]. 
VASP provides a fully quantum mechanical treatment of the electrons 
by employing a plane-wave, Finite Temperature Density Functional 
Theory (FTDFT) solution to Schroedinger's equation in the generalized 
gradient approximation (GGA) of Perdew-Wang 91 [7]. The FTDFT 
method has been found to predict optical conductivities that are in 
reasonable agreement with plasma experiments on copper (Cu) [8] 
and aluminum (Al) [3,9]. Assuming the usual Born-Oppenheimer 
approximation, the ion trajectories are evolved classically (using 
a velocity Verlet algorithm) in the isokinetic ensemble from the 
Density Functional Theory (DFT)-calculated electron densities and 
the Coulombic ion-ion repulsion. Local thermodynamic equilibrium 
(LTE) is enforced between the ions and electrons, that is, Ti = Te.

The DFT program produces the Kohn-Sham orbitals, ψi, and 
associated eigenenergies, εi, from which we determine both the 
electrical and thermal conduction properties from a Chester-
Tellung-Kubo-Greenwood formulation [10] by calculating various 
frequency-dependent kinetic coeffi cients, Lnm, using the basic 
form [9,11]:               

 where Ω is the atomic volume, e the electrical charge, m the electron 

Fig. 1. A molecular dynamics snapshot 
of a plastic/DT mixture in a 3D periodic 
cell: contains 14 carbon atoms and 18 
hydrogen atoms (plastic constituents) 
and 16 deuterium and 16 tritium atoms.
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Table 1. Number of bands used in 
DFT-MD calculation, dc electrical 
conductivity, average number of free 
electrons per atom, electron density and 
electron collision time (all for T = 10 eV 
and ρ =10 g/cc).

mass, µ is the chemical potential or Fermi energy, and i and j are 
summed over Kohn-Sham orbitals. We have omitted the summation 
over k-points for clarity. Fij represents the difference of two Fermi-Dirac 
distributions ƒFD at temperature T and Dij the velocity dipole matrix.

By taking the zero-frequency limit of these quantities, we can recover 
the real part of the dc electrical conductivity: σdc = L11(0) = σ(0),

where σ(ω) is the frequency-dependent electrical conductivity. The 
thermal conductivity κ is:

                                      

A more detailed description of the procedures for calculating the kinetic 
coeffi cients, especially in regards to the electrical conductivity, appears 
elsewhere [9].

For some physical cases, a simple relationship exists between the 
electric and thermal conductivities known as the Wiedemann-Franz Law 
(WF) [10]: κ = σLT

where T is the temperature and L is a constant (the Lorenz number 
equal to 2.44 x10-8 watt × ohm × deg-2). In some of the regimes, 
especially for metals, the frequency-dependent electrical conductivity 
obeys the simple Drude formula [9]:

                                                 
where τ is the collisional relaxation time. Fitting σ(ω) to this form 
yields σdc and τ as well as the electron density:

      

and the effective ionization fraction:  
Z = neΩ /N, where N is the number 
of atoms in a simulation cell.

NIF target materials were 
represented by ensembles of 64 
atoms, corresponding to the ablator 
material (Be or CH), the capsule 
material (DT, 1:1) and equal 
mixtures of the ablator and capsule 
materials (1:1). A constant time 
step of 0.1 fs was used for all MD 
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[8] Clerouin, J., et al., Phys Rev B 71, 15122 (2005).
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simulations. Figure 1 gives a snapshot from a DFT-MD simulation of a 
mixture of plastic and DT fuel. For MD simulations, the number of 
electronic energy bands was chosen so that the occupation fraction of 
the highest band was less than 0.0001 except for the highest energy 
cases (20 eV), where the number of bands were chosen to yield an 
occupation fraction of 0.001. This was done for reasons of 
computational expediency. A test was performed on the CH system to 
verify that this reduction in the number of bands did not have a 
signifi cant effect on the calculated conductivity. For the optical analysis, 
the number of bands used was three times the value used in the MD 
simulation. Listed in Table 1 are the number of energy bands used in the 
MD simulation, the zero-frequency electrical conductivity, the electron 
density, and the collision frequency τ. Note that the electrical 
conductivities of the mixed systems are not close to the arithmetic 
means of the constituent materials. Future work will include 
calculations of the thermal conductivity for other mixtures of ablator 
and fuel.

Material
Number 
of bands, 
MD

σdc 

(106 
S/m)

 {EMB ED 
Equation.3}

Electron
Density
(Å-3)

Tau
(10-17 s)

Be 364 0.93 2.25 1.50 2.20

CH 287 1.89 2.71 2.81 2.44

DT 175 6.19 1.13 2.71 8.13

Be/DT 
1:1

331 1.32 1.75 1.82 2.57

CH/DT 
1:1

206 2.57 1.80 2.60 3.51

2011SHdraft11.indd   137 3/4/11   2:36 PM



Los Alamos National Laboratory Associate Directorate for Theory, Simulation, and Computation (ADTSC) LA-UR 11-01084138

Describing Nanoscale Friction with Fully Atomistic Simulations and Rate Theories

Danny Perez, T-1; Yalin Dong, Ashlie Martini,
Purdue University; Arthur F. Voter, T-1

Because of its fundamental importance in the design of reliable nano-mechanical devices, nanoscale friction 
(i.e., the dissipation of energy at driven nanoscale interfaces) has been an area of extreme interest from 
both the fundamental science and engineering perspectives. However, because of the diffi culties inherent in 
simulating the process with full atomistic accuracy over suffi ciently long time and length scales, and because 
of the challenges associated with handling high-dimensional theories, a complete understanding of friction is 
still lacking. By using a combination of direct simulations using accelerated molecular dynamics and a fully 
parameterized high-dimensional rate theory, we demonstrate that the physics of friction can be captured in 
a way that allows for quantitative predictions over a wide range of conditions. In contrast, popular simplifi ed 
theories are shown to provide only a qualitative description of friction.

The characterization of the velocity and temperature dependence of 
friction forces has been of particular focus in the study of nanoscale 

friction. Experimental studies using friction-force microscopes have 
shown that the mean friction is signifi cantly affected by both velocity 
and temperature. However, the specifi c form of these dependencies is 
still a subject of debate and the understanding of the underlying physics 
remains imperfect. Theoretical approaches employed to investigate this 
problem can be broadly divided into two classes: (1) the direct 
simulation of fully atomistic models using molecular dynamics (MD), 
and (2) the development of rate theories based on a simplifi ed, low-
dimensional representation of the system. The former is typically being 
used to elucidate the atomistic detail of the process, while the latter is 
relied upon to provide analytical guidelines to assist in the interpretation 
of measurements. Indeed, an advantage of rate-theory-based models is 
that they enable one to make predictions over experimentally relevant 
time and length scales that are inaccessible to direct MD simulations. 
However, in contrast to MD simulation, rate theories require a large 
amount of non-trivial information about the system in order to be 
parameterized. Because of that, parameters are usually extracted from 
greatly simplifi ed models of the experimentally relevant physical 
systems, which makes comparison with experimental results diffi cult. 
Therefore, at the present time, our theoretical descriptions of friction 
are either very accurate, but valid in a very limited range of conditions, 
or far-reaching, but with a limited accuracy.

In order to address this serious issue, we adopt a two-pronged approach: 
(1) using state-of-the-art accelerated MD (AMD) simulations 
methodologies developed at LANL, we signifi cantly extend the time 

scales accessible to direct fully-atomistic simulations; and (2) using the 
same atomistic model we then fully parameterize a rate-theory 
description of the system that contains no adjustable parameters. This 
enables us to assess the accuracy of the full high-dimensional rate 
theory, as well as that of some of its common low-dimensional 
approximations [1].

The model system we simulate, shown in Fig. 1, corresponds to the 
interfacial region of a friction force microscope (FFM), the most 
commonly used apparatus to study friction at the nanoscale. In a real 
FFM, the tip is attached to a large elastically compliant cantilever. The 
defl ection of the cantilever is measured as the tip is dragged along the 
surface, and the corresponding friction force at the interface is inferred. 
Because of the size limitations of MD, we cannot explicitly model the 
cantilever; instead we use a rigid support that is elastically tied to the 
tip in order to account for the proper elastic response.

AMD simulations were carried out with the Parallel Replica Dynamics 
(ParRep) method [2,3]. ParRep can be seen as a specialized 
parallelization scheme that operates in the time domain, instead of in 
the space domain as is usually the case. This way, long time scales can 
be simulated on small systems, something that is not possible with 
standard approaches. Using this technique, we extend the time scales 
amenable to direct simulations by a factor of a few hundred. In parallel 
with AMD simulation, we use the same atomistic model to parameterize 
a rate theory description of the friction process. Our description is based 
on a master equation with rates computed from the high-dimensional 
Transition State Theory in the harmonic approximation (h-TST) [4]. This 
requires the calculation of energy barriers and vibrational spectra for 

Fig. 1. Atomistic confi guration used in 
the present study. Pink atoms (bottom 
three layers) are fi xed, and red atoms 
(top three layers) are tied one-to-one to 
the green support atoms (smaller atoms 
in the top three layers). Blue atoms 
(middle) are unconstrained.
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Fig. 2. Average friction force as a 
function of temperature and scanning 
velocity. Red surface: rate-theory model; 
blue symbols and dotted line: ParRep 
simulations. Error bars on the atomistic 
results are comparable to the symbol 
size.

Fig. 3. Average friction force as a 
function of temperature for different 
scanning velocities, as inferred from 
the rate theory. Red continuous line: 
104 Å/s; green dashed line: 106 Å/s; 
blue dotted line: 108 Å/s. Bottom 
inset: blowup of the high-temperature 
region. The thin black line is a high-
temperature fi t to the Thermal Drift 
Model. Top inset: scaling plot of the 
Ramped Creep Model. The thin black 
line is a guide to the eyes and shows the 
expected Ramped Creep scaling.

many positions of the tip along the surface. Once these 
parameters are numerically obtained, the average friction 
force is calculated by a numerical integration of the master 
equation for a given temperature and scanning velocity.

The comparison of the AMD simulations with the rate theory 
results is shown in Fig. 2. These results clearly demonstrate 
that a full rate theory captures the essential physics of 
friction. Indeed, the rate theory results agree with the direct 
AMD simulations to within few-percent-error bars. This 
offers a convincing demonstration that rate theory is the 

proper theoretical tool to investigate friction. This is an important 
fi nding because, once parameterized, rate theories can provide 
predictions for a very wide range of conditions, often far out of the range 
amenable to direct simulations with MD or even AMD.

In order to assess the validity of commonly used simplifi ed rate theories, 
namely the Ramped Creep (RC) model of Sang et al. [5] and the Thermal 
Drift (TD) model of Krylov et al. [6], we compare their predictions to our 
full rate theory. As can be seen in the insets of Fig. 3, these models 
provide a reasonable qualitative description of the high-velocity/low-
temperature regimes (in the case of RC) and of the low-velocity/high-
temperature regimes (in the case of TD). However, signifi cant deviations 
can still be observed. We were able to determine that these deviations 
stem from intrinsically high-dimensional effects that cannot be captured 
by simplifi ed models in a few dimensions. This indicates that, while they 
are useful for providing a fi rst-order description of friction, they cannot 
provide quantitative predictions.

In conclusion, by using a combination of fully atomistic AMD 
simulations and high-dimensional harmonic Transition State Theory, we 
have demonstrated that the physics of nanoscale friction can be 
captured essentially exactly by rate theories when such a theory is fully 
parameterized from an atomistic model. We also show that simplifi ed 
rate theories based on low-dimensional representations of the system 
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[2] Voter, A.F., Phys Rev B 57, R13985 (1998).
[3] Uberuaga, B.P., et al., Phys Rev B 75, 014301 (2007).
[4] Vineyard, G.H., J Phys Chem Solids 3, 121 (1957).
[5] Sang, Y., et al., Phys Rev Lett 87, 174301(2001).
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capture the basic features of friction, but lack the ingredients to provide 
a quantitative description of the phenomena. Our work greatly extends 
the reach of the theoretical description of friction at the nanoscale and 
opens the door to a vigorous interaction between theory and experiment.
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Term Definition

1D, 2D, 3D One, two, or three dimension

ACE Code 

ACES Alliance for Computing at Extreme Scales

ADE Advection-dispersion equation

ADZC Novel metric representing the 
ocean’s interior density field

AFDMC Auxiliary field diffusion Monte Carlo

AIDS Acquired Immunodeficiency Syndrome

ALE Arbitrary Lagrangian Eulerian code
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CFDNS A Fortran-MPI code that solves the compressible 
and incompressible Navier-Stokes equations and 
species transport equations on structured grids
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Abbreviations and Acronyms
Term Definition

CHAVI Center for HIV/AIDS Vaccine Immunology

CMB Cosmic microwave background

CN Crank-Nicolson

COSIM Climate, Ocean, and Sea Ice Modeling

COTS Commercial off-the-shelf

CP Charge conjugation and parity

CPT Charge conjugation, parity, time theorem

CPU Central processing unit

CTL Killer T-cell Cytotoxic T-lymphocyte

CUBIT A software toolkit for robust generation of 
two- and three-dimensional finite element 
meshes (grids) and geometry preparation

CVE Common Vulnerabilities and Exposures

DCA Brittle damage model

DDMC Discrete Diffusion Monte Carlo

DES Discrete event simulation Dark Energy Survey

DFT Density Functional Theory

DHS Department of Homeland Security
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DMP Discrete maximum principle
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DNS Direct Numerical Simulation

DoD Department of Defense

DOE Department of Energy

dpi days post-infection

DR TB Drug resistant tuberculosis

DS Drug sensitive

DTFE Delaunay Tessellation Field Estimator

DVTC Discrete vector and tensor calculus

EDM Electric dipole moment
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Term Definition

EMAAD Exponentially Weighted Moving 
average Anomaly Detection

EMD Equilibrium molecular dynamics

EnKF Ensemble Kalman Filter

Env Envelope

EOF Empirical Orthogonal Function

EOS Equation of state

EPRI Electric Power Research Institute

ESN Enterprise Secure Network

EWMA Exponentially weighted moving average

fcc Face centered cubic

FCRD Fuel Cycle Research and Development

FE Finite Element

FEM Finite element method

FF Forest Fire

FFM Friction force microscope

FOMBT First-order many-body perturbation theory

FRAPCON A legacy fuel performance simulation code

FRAZ Damage model that includes mode I and II failures

FRIB Facility for Rare-Isotope Beams

FS-FOM Fine structure including configuration 
interaction and FOMBT cross sections

FS-NOCI Fine structure without configuration interaction

FTDFT Finite Temperature Density Functional Theory

FV Finite Volume

Gamme-V A laboratory search for candidates for 
dark matter and dark energy

GammeV-CHASE GammeV Chameleon Afterglow Search, a 
laboratory search for chameleon dark energy

GAP Glassy amorphous polymer

GCN Government Computer News

GFMC Green’s function Monte Carlo

GGA Generalized gradient approximation

GIPPER Multipurpose ionization code

GP Gaussian Process

Term Definition

GrIS Greenland Ice Sheet

h-TST harmonic approximation, Transition State Theory

HCP Hexagonal close-packed

HDN Hydrodenitrogenation

HE High explosive

HEL Hugoniot Elastic Limit

HIRHAM4 High-resolution regional climate model

HIV Human Immunodeficiency Virus

HM Hancock-Makenzie

HO High order

HOT Parallel processing code

HPC High Performance Computing

HWHM Half width at half maximum

IC Initial conditions

ICF Inertial confinement fusion

ICM Intracluster medium

IG Ignition and Growth

IMC Implicit Monte Carlo

IP Internet Protocol

IPCC Intergovernmental Panel on Climate change

IPSC Integrated Performance and Safety Codes

IR Infrared

IS&T Information Science and Technology

ISICLES Ice Sheet Initiative for Climate Extremes

ISM Interstellar medium

IT Information Technology

ITER International Thermonuclear Experimental Reactor

JC Johnson-Cook

J-KAREN Japanese high-intensity, high-contrast laser

JMP Joint Munitions Project

KATS Kernel-smoothed Adaptive Thresholds

KHI Kelvin-Helmholtz instability

KI Stress intensity factor
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Term Definition

KL Kullback-Leibler

KZN KwaZulu-Natal, South Africa

LCDM Lambda-Cold Dark Matter

ΔCDM Lambda Cold Dark Matter

LO Low order

LSS Large-scale structure

LSST Large Synoptic Survey Telescope

LST Linear stability theory

LWR Light Water Reactor

MARMOT INL phase-field code

MCMC Markov chain Monte Carlo

MD Molecular Dynamics

MDR Multi-drug resistant

MDR TB Multi-drug resistant tuberculosis

MEAM Modified embedded atom method

MFD Mimetic finite difference

MHD Magnetohydrodynamics

MIITS Multiscale Integrated Information and 
Telecommunications System

ML Modified leapfrog

MPAS Model for Prediction Across Scales

MPI Message passing interface

MRSA Methicillin-resistant Staph infection

MSTK Parallel MeSh ToolKit

MTS Mechanical Threshold Stress 
Mechanical threshold strength

MUTA Mixed unresolved transition array

MVC-EAM Modified Voter-Chen Embedded Atom Method

NASA National Aeronautics and Space Administration

NCAR National Center for Atmospheric Research

NEAMS Nuclear Energy Advanced Modeling 
and Simulation Program

NEMD Nonequilibrium molecular dynamics

NIF National Ignition Facility

Term Definition

NISAC National Infrastructure Simulation 
and Analysis Center

NIST National Institute of Standards and Technology

NN Nucleon-nucleon

NNSA National Nuclear Security Administration

NPP Nuclear power plant

NSE National security enterprise

NuSTAR Focusing high-energy X-ray mission

NVD National Vulnerabilities Database

OCIO Office of the Chief Information Officer

ODE Ordinary Differential Equation

OFMD Orbital-free molecular dynamics

OSTP Office of Science and Technology Policy

P Nuclear parity

ParRep Parallel Replica Dynamics

PC Polycarbonate

PCA Principal component analysis

PCR Polymerase chain reaction

PDO Pacific Decadal Oscillation

PEEK Polyether ether ketone

PETSc A scalable parallel numerical 
solver software package

PIC Particle-in-cell

PLFS LANL Parallel Log File system

PMT Photomultiplier tube

POP Parallel Ocean Program

POP Principal Oscillation Pattern

PPM Piecewise-Parabolic Method code

PPPM Particle-particle particle-mesh

PRIDE Product Realization Integrated Digital Enterprise

PT Parity, time reversal

PTW Preston-Tonks-Wallace

PWB Plane-wave Born

QMD Quantum molecular dynamics
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Term Definition

QPI QuickPath Interconnect

RCM Regional Climate Model

RDF Radial distribution function

Re Reynolds number

RISMC Risk-Informed Safety Margin Characterization

RNA Ribonucleic acid

ROSAT Röntgen Satellite, an X-ray observatory

RT Rayleigh-Taylor

RTI Rayleigh-Taylor instability

RW Random Walk

RWPT Radom Walk Particle Tracking

SAML Security assertion markup language

SATA Serial advanced technology attachment

Sc Schmidt number

SciDAC Scientific Discovery through Advanced Computing

SCR Scalable Checkpoint and Restart

SDE Stochastic differential equations

SGA Single genome amplification

SIPRNet Secret Internet Protocol Router Network

SIV Simian immunodeficiency virus

SMB Surface mass balance

SME Subject matter expert

SMP Semi-Markov process

SnowModel Surface snow, ice, runoff, and 
energy-balance model

SNP Single nucleotide polymorphism

SNSHP Parallel 3D smoothed particle hydrodynamics code

SPaSM Scalable Parallel Short-range 
Molecular Dynamics code

SPT South Pole Telescope

SSD Solid state device

SSH Secure Shell

SSP Stockpile Stewardship Program

SST Sea surface temperatures

Term Definition

SUNDIALS A scalable parallel numerical 
solver software package

SVD Singular Value Decomposition

SZ Sunyaev-Zel’dovich

T Time reversal

TB Tuberculosis

TEPLA Ductile damage model

TeV Teraelectronvolt

TFBS Transcription-factor-binding sites

TFIID Transcription factor II D

THz Terahertz

TM Turbulence models

TRILINOS A scalable parallel numerical 
solver software package

TSG Telescoping graphs

TSS Transcriptional start sites

UNEDF Universal Nuclear Energy Density Functional

UTA Unresolved transition arrays

VASP Vienna ab initio Simulation Package

VISTA Visible and infrared survey telescope

Viz Visualization

VPIC Vector particle-in-cell code

WDM Warm Dense Matter

WMAP Wilkinson Microwave Anisotropy Probe

XDR Extensively drug resistant

XDR TB Extensively drug resistant tuberculosis

2011SHdraft11.indd   148 3/4/11   2:36 PM



Theory, Simulation, and Computation Directorate

Advanced Computing Solutions Program Office
ACS-PO

Computer, Computational, and Statistics Science
CCS Division

High-Performance Computing
HPC Division

Theoretical Division
T Division

2011
LA-UR 11-01084


