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(from left to right) evolving over billions of years. For Mercury, the temperature isosurface 
(top) and cross-section (bottom) show a polygonal cellular convection pattern beneath a thick 
stagnant lithosphere. The Venus simulation (top: composition and bottom: temperature) 
evolves in episodic bursts, consistent with observed surface features. For Earth, isosurfaces of 
temperature anomaly (top) show cold (blue) downwellings similar to oceanic plates that have 
been subducted into the interior, while an isosurface of composition (green) shows piles of 
dense material above the core. The Mars simulation develops convection with one ridge-like 
upwelling (top temperature isosurface) that causes a dichotomy in the crustal thickness 
(bottom) similar to that observed. For more details see Chapter 4 of this report. 
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To begin with, I wish to thank the numerous groups and researchers at ETH Zurich who
have spent time and effort on their contributions to this impressive report of CSE related
research activities. For them the significance and impact of numerical simulation in their
respective fields is not a moot point. Nevertheless, this point has to be stressed again and
again to convey the importance of computational techniques beyond the CSE community
to decision making bodies inside and outside ETH.

The good news is that in the case of ETH Executive Board the pivotal role of CSE
seems to have been communicated successfully. Maybe I am too optimistic, but I dare
to draw this conclusion from the recent commissioning of an expert panel to draft a
“Computational Science and Engineering Strategy Report 2008”. Panel members were
Profs J. Buhmann (D-INFK), P. Jenny (D-MAVT), C. Schwab (D-MATH), J. Stelling
(D-BSSE), and M. Troyer (D-PHYS). In mid November 2008 the panel finalized a dense
and insightful forty page report providing a concise scrutiny of the state of CSE related
research at ETH and plenty of ideas on its future development. Now it is up to ETH
leadership to heed the recommendations and ensure that CSE will continue to thrive at
ETH Zurich.

This is not the place to discuss the recommendations of the (still confidential) CSE
Strategy Report. One year from now, maybe I will be able assess its impact on ETH
policy in this Introduction.

This year has also seen a new professor being appointed to a position crucial for CSE:
Professor Thomas Schulthess was chosen as new professor of computational physics in
D-PHYS and head of the CSCS high performance computing center in Manno. Before
he was employed at the Oak Ridge National Laboratory (ORNL) in the US for twelve
years, since 2002 as head of the “Computational Materials Science Group”. His profound
experience in high performance computing and research management bodes well for his
tenure as head of the CSCS.

Zürich, November 27, 2008
Ralf Hiptmair, Head of Student Studies CSE and member of the CSE Committee
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In September 2007, 18 new students have started their CSE Bachelor studies. The students 
had done their first year's studies in another curriculum at ETH in the following fields: 
Mathematics 3 students, Physics 3, Computer Science 4, Mechanical Engineering 2, Electrical 
Engineering 5 and from Swiss Fachhochschulen in Electrical Engineering 1. 
 
From outside ETH 2 students entered the CSE Master curriculum, 1 from the Technical 
University of Athens with a degree in Applied Mathematics/Physics, 1 from the New York  
Institute of Technology with a degree in Engineering Management. 
 
The total number of CSE students enrolled at the end of the academic year 2007/2008 was 71 
(39 in the BSc program and 32 in the MSc program). 
 
The presentation of the CSE Bachelor/Master curricula for ETH students of the second 
semester of April 17, 2008 was attended by around 60 students. 15 of them have started with 
the CSE Bachelor studies this fall.  
 
 
 
In the past academic year 15 students have successfully finished a CSE curriculum, Bachelor 
and Master, respectively, and have received a CSE degree, some with very good scores. In the 
following list we give the name of the student, the title of the Bachelor/Master thesis and, in 
parentheses, the name and the department/institute of the advisor. 

 
Bachelor Theses 
 
R. Bauer Stock market prediction; systems identification of an impossible system 

(I. Sbalzarini, Computational Biophysics) 
 

M. Boetschi Solvation properties of weder-ethylen glycol mixtures 
(W. van Gunsteren, Computational Chemistry) 
 

F. Freitag Parametrisation of Mono-, Di- and Tri-esters 
(W. van Gunsteren, Computational Chemistry) 
 

F. Gaignat Cell cluster: First experiences and applications 
(W. Petersen, Applied Mathematics) 
 

M. Gloor Development of a simulation code for a helicopter-rotor using a vortex 
approach 
(P. Jenny, Fluiddynamics) 
 

E. Kienast-
Sjögren 

Software Development for Online Database of Finite-Source Rupture 
Models 
(D. Giardini, Geophysics) 
 

M. Müller Word Recognition with Natural Neural Networks in a Liquid-State-
Machine Setup 
(A. Hierlemann, Biosystems Engineering) 
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D. Murer Numerical study of striped phases in high-tc superconductors 
(H. Katzgraber, Theoretical Physics) 
 

S. Pauli Short-range wakefield model implementation in OPAL 
(P. Arbenz, Scientific Computing) 
 

B. Popovic Effect of variability in the fining rate of sensory neurons on the 
perception of linear accelerations 
(T. Haslwanter/ R. Douglas, Neuroinformatics) 
 

S. Sigg Simulation der Alterung von Schnee 
(H. Herrmann, Building Materials) 
 

R. Vetter Simulation der Alterung von Schnee 
(H. Herrmann, Building Materials) 
 

 
 
Master Theses 
 
R. Bauer Pattern formation on irregular grids 

(R. Douglas, Neuroinformatics) 
 

F. Fruth Chemical looping process modelling 
(R. Jeltsch, Applied Mathematics) 
 

S. Galmarini Free energy calculations of excluded volume semiflexible chains in 
bulk and confined geometrics 
(M. Kröger, Polymers) 
 

S. Gerster Learning Graphs from Data: A Comparison of different Algorithms 
with Application to Tissue Microarray Experiments 
(P. Bühlmann, Statistics) 
 

N. Kannookadan C-Implementation of a sparse grid basket option pricer 
(C. Schwab, Applied Mathematics) 
 

M. Koller Rolle von numerischen Verfahren und Parametrisierungen in 
atmosphärischen Simulationen mit expliziter Konvektion 
(C. Schär, Atmospheric and Climate Science) 
 

C. Scherrer Implementation of the stochastic variational method for quantum 
chemical calculations 
(M. Reiher, Physical Chemistry) 
 

K. Schüpbach Algorithm for scheduling trains in a large railway network 
(H.-J. Lüthi, Operations Research) 
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C. Tobler Eigenwertberechnung für Matrizen mit Tensorstruktur 
(D. Kressner, Applied Mathematics) 
 

 
 
 
Listed below are the term papers written by the CSE Master students in the past two 
semesters. 
 
Term Papers 
 
R. Andreev Schwache Kopplung in der idealen Magnetohydrodynamik 

(M. Torrilhon, Applied Mathematics) 
 

H. Avenhaus Evaluation und Auswahl von Scenegraphs zur Unterstützung 
kollaborativer Umgebungen 
(A. Kunz, Machine Tools and Manufacturing) 
 

R. Bauer Noisy population codes in graphical models 
(R. Douglas, Neuroinformatics) 
 

M. Boetschi Simplified Design and Visualization of GROMOS Building Blocks 
(W. van Gunsteren, Computational Chemistry) 
 

C. Bolliger Schnelle Algorithmen zur Berechnung des Spektralprojektors bei 
Dichtematrixberechnungen 
(D. Kressner, Applied Mathematics) 
 

F. Gaignat Self-organized criticality in the hysteresis of low-range spin glasses 
(H. Katzgraber, Theoretical Physics) 
 

S. Galmarini Monte-Carlo simulation of dopant distribution in x-alumina interfaces 
(P. Bowen, Materials Science, EPF Lausanne) 
 

K. Müller Simulation von realistischen NMR-Spektren kleiner Moleküle durch 
Lösung der stationären Schrödingergleichung 
(M. Fey, Applied Mathematics) 
 

H. Piehl Transient Dynamics of the Cochlea 
(L. Kleiser, Fluiddynamics) 
 

S. Siebenmann Validierung und Implementierung eines stochastischen Nichtkontinuum-
Modells für eine Gasströmung aus einatomigen Molekülen 
(P. Jenny, Fluiddynamics) 
 

C. Tobler Transiente elastische Wellenausbreitung 
(P. Arbenz, Scientific Computing) 
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Each semester on Thursdays, 15 - 17 hours, the CSE Case Studies Seminar takes place. 
Speakers from ETH, from other universities as well as from industry are invited to give a 
2x45 minutes talk on an applied topic. The seminar talks of the past academic year are listed 
in Chapter 3 of the report. Beside the scientific talks the CSE students are asked to give short 
presentations (10 minutes) on their Bachelor theses or on published papers out of a list 
(containing articles from, e.g., Nature, Science, Scientific American, etc.). These 
presentations help the students to practise giving talks. Students are also asked to give talks 
on their term papers and voluntarily on their Master theses (if there are free time slots). 
 
Zürich, November 14, 2008 
Kaspar Nipp,  
Advisor of Student Studies CSE and member of the CSE Committee 
(Fachberater RW und Mitglied des Ausschusses Rechnergestützte Wissenschaften) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
For detailed information on the CSE curricula at ETH Zürich see: 
www.rw.ethz.ch  or  www.cse.ethz.ch  
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The CSE Case Studies Seminar takes place each semester on Thursdays, 15 - 17 
hours. Speakers from ETH, from other universities as well as from industry are 
invited to give a 2x45 minutes talk on an applied topic. The idea is to show the 
students a case study of an application problem containing the problem setting, the 
modelling, the mathematical approach and the simulation on a computer. In addition, 
such a case study should show what is going on in the field of CSE and what are the 
job perspectives for a CSE engineer. The seminars of the past academic year are given 
in the two following lists. 
 
 
 
  Case Studies Seminar HS07 
 
04.10.07 H. Nordborg, ABB-Forschungszentrum, Baden-Dättwil 
 Towards efficient numerical simulations of electrical arcs  
 in realistic geometries  
 
11.10.07   P. Arbenz, Wissenschaftliches Rechnen 
   Using elasticity, finite elements, and parallel processing for bone  
   structure analysis 
 
01.11.07 W. Petersen, Seminar für Angewandte Mathematik 
 Green computing  
 
15.11.07    D. Sornette, Entrepreneurial Risks 
   Statistical computer models of material rupture and earthquakes 
 
22.11.07    L. Boschi, M. Mai, Geophysik 
   Computational seismology: Investigating Earth’s interior  
   and the physics of earthquake rupture 
 
29.11.07 O. Kastner, Werkstoffe, Ruhr-Universität Bochum 
   Ein atomdynamisches Modell für austenitisch-martensitische 
   Transformationen in Kristallgittern 
 
13.12.07  J. Stadel, Theoretische Physik, Uni Zürich 
   Scaling Difficulties in Very Large N-body Simulations: N > 10^9,  
   Processors > 1000 
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  Case Studies Seminar FS08 
 
28.02.08 W. van Gunsteren, Physikalische Chemie 
 Biomolecular modelling and simulation: an overview 
 
06.03.08  D. Obrist / F. Keiderling, Fluiddynamik 
 Computational aeroacoustics: numerical noise prediction for jets 
 
13.03.08 R. Pfrommer, Helbling Technik AG, Aarau 
 Numerische Simulation eines Lokkastens - Von der Konzeptfindung  
 bis zum Crash der Gesamtlokomotive 
 
03.04.08 T. Gerya, Geophysik 
 Numerical modelling of the Earth 
 
17.04.08 Christian Sigg, NVIDIA, Portland, Oregon 
 GPU Parallel Computing Architecture and CUDA  
 Programming Model 
 
15.05.08 C. Bretherton, University of Washington, Seattle 
 (currently Atmospheric and Climate Science, ETH Zürich) 
 Modeling of cumulus clouds and atmospheric moist turbulence 
 
22.05.08 A. Adelmann, PSI, Villigen 
 Computational Particle Accelerator Physics has it all: Physics, 
 Numerics and High Performance Computing 
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Simulation of Terrestrial Planets’ Interiors 
 

P. J. Tackley1, T. Keller1, M. Armann1, T. Nakagawa2, H. van Heck1, J. M. Aurnou3  
1Institut für Geophysik, D-ERDW; 2Kyushu University, Japan; 3UCLA, USA 

 
Abstract. Convection of the solid mantles of Earth, Mars, Venus and Mercury is a dominant 
mechanism that determines their surface appearance, yet each planet provides unique 
challenges to understand, particularly Earth’s plate tectonics, Mars’ crustal dichotomy, 
Venus’ surface age, and Mercury’s magnetic field. Here we describe an integrated modelling 
effort with the goal of understanding all terrestrial planets in a unified framework, using 
large-scale three-dimensional numerical simulations of planets’ thermo-chemical evolution 
over billions of years.  
 
Introduction 
Phenomena such as earthquakes, the rise of mountain ranges and continental drift indicate 
that the solid Earth is very dynamic. Convection of the rocky, outermost ~2900 km  of the 
Earth known as the mantle (with 6-70 km of crust on top) is the driving force behind plate 
tectonics and geological activity like continental drift, mountain building, earthquakes and 
volcanoes. Understanding this process is the key to understanding the dynamics and evolution 
of our planet, as well as the other known terrestrial planets Mars, Venus and Mercury 
(Schubert et al., 2000).  
 Numerically modelling this process is challenging for several reasons: firstly because 
of the complex rheology, i.e., rocks deform either viscously, by ductile or brittle failure, or 
elastically depending on the temperature, pressure and deformation rate, and this can also be 
nonlinear, composition and history dependent. This causes a huge range of length scales and 
timescales, from (centimeters, seconds) for earthquakes to (100s km, million of years) for 
slow viscous convection. Geoscientists are studying all of these scales; here we focus on the 
longest scales, related to slow viscous convection. Even with this simplification, a global 
simulation is a demanding computational problem because (i) the effective Rayleigh number 
is ~108 so a grid spacing of ~10 km is desirable, but this would require of order 1 billion grid 
points in a global domain, (ii) the viscosity varies by over 10 orders of magnitude with 
temperature, and (iii) the rock composition varies on length scales from 10s cm to 1000s km. 
 Although Mars, Venus and Mercury are of a similar composition to Earth and might 
therefore be expected to behave similarly, spacecraft observations indicate that they are quite 
different, with each providing unique challenges to understand. Earth is unique in having 
plate tectonics, in which the cold, stiff outer layer (the ‘lithosphere’) is broken into separate, 
moving plates, created at mid-ocean ridges and sinking into the interior at subduction zones. 
On other terrestrial planets the lithosphere is a single, stagnant plate, with convection 
occurring beneath it. We are following an integrated modelling effort in which we attempt to 
understand all terrestrial planets in a unified framework, which could then be generalised to 
understand terrestrial planets in other solar systems, as are expected to be discovered in 
upcoming decades. 
 
Physical Model 
As usual for thermo-mechanical modelling, the physical equations describe conservation of 
mass, momentum and energy, and are adapted for mantle modelling in the following ways: 
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• Because the viscosity is so high, the dominant force balance is between viscous stresses 
and buoyancy forces so inertial terms in the Navier-Stokes equation can be neglected: this 
is known as the infinite Prandt number approximation.  

• Compressibility is important as due to pressure, density increases by about 60% over the 
depth of the mantle and other physical properties such as viscosity and thermal 
expansivity change by even larger factors; these effects are included. 

• Rocks undergo several solid-solid phase transitions with increasing pressure which 
depend on composition; lateral variations in these cause large lateral density variations 
that can have an important dynamical effect. Therefore we include the main phase 
transitions. 

• Although the mantle is almost completely solid, in the shallow mantle rocks can partially 
melt by a few percent, and the melt can percolate upwards and eventually erupt, forming 
crust. We include a simple treatment of this in our models.  

 
Numerical method 
We use the code StagYY (Tackley, 2008), which is the latest evolution of a code that has 
been in continuous use and development since 1992 (Tackley, 1993), originally in Cartesian 
geometry. In 2006 it was upgraded to model a 3-D spherical shell by using the so-called “yin-
yang” grid proposed by (Kageyama and Sato, 2004). This consists of two (longitude, latitude) 
grids each stretching ±45° in latitude by 270° in longitude and combined like the two patches 
of a tennis ball to make a sphere. The main advantage over alternatives is that the grid lines 
remain orthogonal and therefore a simple discretization such as finite differences can be used, 
simplifying the implementation. Disadvantages are that the two subgrids do not mesh neatly, 
requiring interpolation at the edge, and that the two subgrids overlap; we use a minimum 
overlap version (Kageyama and Sato, 2004). 
 StagYY uses a multigrid solver to obtain a velocity-pressure solution at each time step 
on a staggered grid, a finite-volume scheme for advection of temperature, and tracers to track 
composition. Convergence of multigrid solvers in the presence of realistically large viscosity 
variations has always been a problem; recently we developed a new pressure interpolation 
scheme that dramatically improves the robustness of multigrid cycles to large viscosity 
variations, with up to 19 orders of magnitude variation possible. We run StagYY on up to 64 
CPUs of ETH’s Brutus cluster. On the largest grid, 1.2 billion unknowns can be solved for in 
a few minutes.  
 
Earth 
There exists far more observational data constraining Earth’s mantle convection than for any 
other planet. In particular, inversions of seismic data give us three-dimensional maps of the 
interior, which although often blurred and noisy do not exist for any other planet. 
Geochemical analyses of erupted rocks tell us that several chemically-distinct components 
exist in the mantle. Lateral variations in the gravitational field give us clues about long-
wavelength mass anomalies in the interior. Geological and magnetic observations at the 
surface allow the past motions of tectonic plates to be reconstructed. 
 Despite such data, we do not understand plate tectonics at a fundamental level due to 
the complexity of rock deformation, so we are studying this problem using models at different 
length- and time-scales. Global scale models (Fig. 1 a-c) (van Heck and Tackley, 2008) show 
that the addition of plastic yielding to strongly temperature-dependent viscosity serves to 
‘break’ the stagnant lid, causing narrow weak plate boundaries (purple) with relatively strong, 
moving plates (green-blue). This particular case has a single subduction zone circling the 
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whole planet, as shown by the cold (green) downwelling in Fig. 1c. The tectonic mode 
depends on yield stress: lower yield stresses give weak, deformable plates while higher yield 
stresses give episodic behaviour, sometimes oscillating between plate tectonics and stagnant 
lid, with a permanent stagnant lid at high yield stresses.  
 

 
Figure 1. Two simulations studying (top row) the generation of plate tectonics and (bottom row) 
thermo-chemical convection with phase transitions. (a)&(b) log(viscosity), with viscosity varying by 6 
orders of magnitude, (c) cold downwellings. (d) cold downwellings (blue) and hot upwellings (red), 
(e) dense crustal material, (f) post-perovskite phase.  
 
Seismological and geochemical observations indicate that the mantle is compositionally 
heterogeneous, with large compositionally anomalous structures in the deepest mantle 
(Deschamps et al., 2007). To understand the origin of such features we are performing 
simulations of Earth’s thermo-chemical evolution in which compositional variations arise by 
melting-induced crustal production, and heat sources are radiogenic heating and a hot, cooling 
core. Figure 1d&e show a typical case (Nakagawa et al., 2008). In the temperature field (Fig. 
1d), linear downwelling slabs are visible (blue), while in composition (Fig. 1e) ‘piles’ of 
dense, subducted crust accumulate in the deepest mantle. Our preferred explanation for the 
observed large-scale structures in the deepest mantle is thus that they are thermo-chemical 
arising from accumulated subducted crust. Figure 1f. shows the location of the “post-
perovskite” phase, a phase that was discovered only a few years ago (Oganov and Ono, 2004) 
and has been the subject of intense study (e.g., (Nakagawa and Tackley, 2004; Nakagawa and 
Tackley, 2005; Nakagawa and Tackley, 2006; Tackley et al., 2007)). That such an important 
phase was discovered only recently illustrates the difficulty in knowing the material 
properties and crystal structures of rocks at high pressures and temperatures. We are 
constantly following advances in mineral physics knowledge and evaluating their importance 
for mantle convection. 
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Mars 
The dominant feature of Mars’ surface is the crustal dichotomy: the southern hemisphere is 
relatively high and heavily-cratered (therefore old), whereas the northern hemisphere is 
relatively low-lying and much less cratered (therefore not as old). The origin of this 
dichotomy is not understood: two main hypotheses are impacts, i.e., one or more giant 
impacts hit the northern hemisphere; and internal, i.e., due to internal dynamical processes.  
 Here we investigate the possibility that very long wavelength convection developing 
early in Mars’ history can explain the crustal dichotomy. It was recently found that degree-1 
convection can be induced by a mid-mantle viscosity increase combined with highly 
temperature- and depth-dependent viscosity (Roberts and Zhong, 2006). However, its effect 
on the crustal thickness distribution was not investigated.  
 

 
Figure 2. (a) Observed topography of Mars (b) Simulated crustal thickness and (c) hot regions, 
showing the one-ridge upwelling. 
 
Fig. 2bc shows the results from one of our simulations (Keller and Tackley, 2008). Mantle 
convection quite rapidly develops into “one ridge” pattern, with a single ridge-like hot 
upwelling below a stagnant lithosphere. Small-scale convection exists away from this ridge. 
Crust is generated everywhere because of pervasive partial melting in the shallow mantle, but 
the crust is thickest in the vicinity of the upwelling ridge. When our model crustal thickness 
distribution is compared to the topography on Mars (Fig. 2a), the resemblance is quite 
striking. Quantitatively, the crustal thickness distribution is bimodal with two peaks separated 
by 26 km, both in our numerical model and in a model inverted from the gravity and 
topography of Mars (Neumann et al., 2004).  
 Although many questions still remain, the obtained results demonstrate that it is 
indeed possible to form a crustal dichotomy as a consequence of long wavelength mantle 
convection very early in Mars’ history and furthermore, that some of the observed patterns 
also show intriguing first order similarities to the general non-hemispherical shape of the 
Martian dichotomy. This study demonstrates the importance of modelling closely linked 
processes like thermal convection and melting in an integrative and self-consistent manner. 
Ongoing work focuses on the effect of a combined intrusion/extrusion magmatic model and a 
more realistic treatment of melting processes. 
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Venus  
Venus is similar in size and composition to Earth but its surface looks quite different with no 
plate tectonics, but still with volcanic activity and crustal deformation. Despite many 
modelling studies in the early 1990s when the orbiting Magellan spacecraft made detailed 
maps of Venus’ surface, several first-order aspects of Venus’ mantle dynamics remain poorly 
understood; thus we have been revisiting Venus using our much improved modelling 
capability.  
  One of Venus’ mysteries is its roughly uniform surface age of 500-700 million years 
(based on crater distributions (Hauck et al., 1998)). Hypotheses advanced to explain this 
include a global volcanic resurfacing, or a global lithospheric overturn event similar to a brief 
but rapid burst of plate tectonics (Turcotte, 1993). 
 Another mystery is how Venus loses its internal heat, which is expected to be similar 
to Earth’s, without plate tectonics. Gravity and topography data have been interpreted to mean 
that Venus has a thick lithosphere- too thick for all heat to be conducted through. Another 
idea is that the heat is transported by magma from the interior, but recent rates of volcanism 
are too low for this to be important. Another possibility is episodic plate tectonics, similar to 
one of the hypotheses advanced to explain the uniform surface age (Turcotte, 1995). 

 
Figure 3. Simulation of Venus showing composition (left) and temperature (right) after 4.5 billion 
years of evolution. 

 
To study these questions we are performing integrated thermo-chemical convection models of 
Venus’ evolution over 4.5 billion years. The models include realistic viscosity variations, 
melting-induced crustal formation and differentiation, the important phase transitions, cooling 
of the core using a parameterised core heat balance, and plastic yielding of the lithosphere. 
We are performing a suite of simulations varying uncertain properties and parameters, and 
comparing model results to as many observations as possible, including surface topography, 
surface age, crustal deformation rates, and gravitational field. 

Results in which a stagnant lid always exists show that magmatic resurfacing is the 
dominant heat transport mechanism, but that in some cases this magmatism occurs in episodic 
bursts, which might be consistent with Venus observations. The simulations that match Venus 
most closely, however, have episodic plate tectonics. Figure 3 shows a typical result. In this 
case, several global overturn events occurred through the planet’s history, with the last one 
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about 1.5 billion years ago. Since then, the interior was relatively quiet and surface 
magmatism decreased to a low level. This model matches Venus’ relatively uniform surface 
age (qualitatively) and its low present-day magmatism, as well as the spectral properties of its 
topography and gravitational field. In ongoing research, a more realistic melting model is 
being implemented and additional processes and observations are being considered. 
 
Mercury 
Mercury’s surface looks old and dead like the Moon’s, which together with its small size and 
relatively thin mantle (600 km) suggest that Mercury’s interior may also be dead—however, 
the existence of a magnetic field, which must be generated in a liquid iron core, suggests 
otherwise. Mercury has the largest lateral variations in surface temperature of any planet due 
to the absence of an atmosphere and proximity to the Sun. Its time-averaged surface 
temperature varies laterally by ~225 K from pole to equator (Zuber et al., 2007). If this 
variation influences internal convection and causes a variation in heat flux out of the core, 
then this could have an important influence on dynamo action in the core as well as 
observables such as the variation in gravitational field, surface topography and stress.  

 
Figure 4 Simulation of Mercury after 4.5 billion years, showing (a)(b) temperature, (c) heat flux 
through the core-mantle boundary, (d) gravitational potential. 
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Here we investigate the influence of this laterally varying surface temperature by simulating 
Mercury’s 4.5 billion year evolution. As with the other planetary models, strong viscosity 
variations, decaying radiogenic heat sources and core cooling are included. The temperature 
field from a typical simulation (Fig. 4ab) indicates that convection adopts a cellular structure 
with a polygonal network of downwellings and plume-like upwellings underneath a thick 
stagnant lid. The pattern of convection cells changes little over the planet’s history. The 
influence of the laterally-varying surface temperature has a strong influence on heat flux 
across the core-mantle boundary (Fig. 4c), with large patches of high heat flux (red) near the 
poles. Large variations in CMB heat flux also occur within convection cells. The combined 
effect of these long-wavelength and short-wavelength heat flux variations are expected to 
have a large influence on the geodynamo process, which we aim to investigate: the pattern of 
CMB heat flux from these mantle models will be used as a boundary condition for core 
simulations. The laterally-varying surface temperature has an even stronger influence on 
variations in gravitational potential outside the planet (Fig. 4d), which is completely 
dominated by a pole-to-pole structure. 
 These simulations make predictions that will be tested by observations by the 
Messenger spacecraft due to orbit Mercury from 2011. This is the first spacecraft to visit 
Mercury since Mariner 10 in 1974-5, and is sure to provide a flood of interesting data that 
will require further modelling to understand.  
 
Conclusions 
Our integrative modelling approach, coupling thermal and compositional evolution, is 
proving successful in testing hypotheses and making predictions regarding mantle dynamics, 
planetary evolution and the cause of various observed features. On Earth we are improving 
our understanding of how plate tectonics originates, and how large deep-mantle structures are 
formed. On Mars, we have demonstrated that internal processes can cause the crustal 
dichotomy. On Venus, we find that episodic plate tectonics may provide best explanation for 
observed surface features. Mercury’s lateral variations in surface temperature are shown to 
have a substantial influence on internal processes.  
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Title: Premixed hydrogen/air flame dynamics in micro- and meso-scale
channels

Researchers: Gianmarco Pizza1,2, Christos E. Frouzakis1, Ioannis Mantzaras2,
Ananias G.Tomboulides3, Konstantinos Boulouchos1
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3University of Western Macedonia, Kozani, Greece

Progress in the fundamental knowledge of micro- and meso-scale combustion and in the
understanding of reactor thermal management is essential for the further development of such
systems for the construction of miniaturized devices for portable power generation.

The stabilization and dynamics of lean premixed hydrogen/air flames was studied in mi-
croscale planar channels with heights (h) ranging between 0.3 and 1.0 mm and a length-to-
height aspect ratio of 10 using a spectral-element based code for the simulation of low Mach
number reactive flows. Rich dynamics were observed by varying the inflow velocity (UIN )
within the range that allowed the flame to remain inside the computational domain (repetitive
ignition/extinction, steady symmetric and asymmetric V-shaped flames, oscillating and pulsat-
ing flames), and a flame stability diagram delineating the different flame modes was constructed
in the two-parameter space defined by h and UIN .

In a second study, the dynamics of premixed hydrogen/air flames was analyzed in mesoscale
channels of the order of the quenching distance. Six different burning modes were identified
in channels wih with h =2, 4, and 7 mm: mild combustion, ignition/extinction, closed steady
symmetric flames, open steady symmetric flames, oscillating and, finally, asymmetric flames.
Chaotic behavior of cellular flame structures was observed for certain values of UIN .

Flame stability diagram for the h=2.0 mm height channel. The images show the OH radical
mass fraction.
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mixed hydrogen/air flames in mesoscale channels, Combust. Flame, 155(1-2), 2–20, 2008.

32



Title: Suppression of combustion instabilities of premixed hydrogen/air
flames in microchannels using heterogeneous reactions

Researchers: Gianmarco Pizza1,2, Christos E. Frouzakis1, Ioannis Mantzaras2,
Ananias G.Tomboulides3, Konstantinos Boulouchos1

Institute/
Group:
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The dynamics of lean (φ = 0.5) H2/air flames in a catalytic (Pt-coated) microchannel of
height h = 1mm was numerical investigated in an effort to to assess the impact of catalytic
reactions on the gas-phase combustion dynamics. A spectral-element based code is used, with
detailed hetero-/homogeneous chemistry and transport. The resulting flame dynamics were
mapped as a function of two parameters: the inflow velocity, UIN , and the catalytic reactivity,
As; the latter is controlled by varying the ratio of the active-to-geometrical surface area.

The rich flame dynamics of the non-catalytic case (As = 0), can be effectively suppressed
by appropriate selection of the catalytic reactivity. The suppression can be attributed to the
theoretically-predicted diminishing sensitivity of the homogeneous ignition distance to small
perturbations of the gaseous reactivity with increasing catalytic reactivity. The results indicate
that a feasible way to eliminate undesirable unsteady combustion modes in practical microcom-
bustors is to apply a pre-determined catalyst loading on the channel walls.

Iso-contours of OH radical mass fraction (0 ≤ YOH ≤ 4.3 × 10−3) for different values of
surface reactivity As.
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combustion instabilities of premixed hydrogen/air flames in microchannels using heterogeneous
reactions, Proc. Combust. Inst., (in press).
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Title: Entropic Lattice Boltzmann Methods for the Simulation of Turbu-
lent Flows

Researchers: Shyam S. Chikatamarla1, Ilya V. Karlin1, Christos E. Frouzakis1,
Ananias G.Tomboulides2, Konstantinos Boulouchos1

Institute/
Group:
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D-MAVT, ETH Zurich
2University of Western Macedonia, Kozani, Greece

Over the last decade, lattice Boltzmann methods have proven to be reliable and efficient
tools for the simulation of complex flows. The specifics of such methods as turbulence solvers,
however, are not yet completely understood. This project compares a spectral element solver
with a lattice Boltzmann (LB) scheme for the simulation of fully developed turbulence. Detailed
comparisons, in terms of classical one- and two-point turbulence statistics at moderate and high
Reynolds numbers, with both numerical and experimental data show remarkable agreement.
Apart from the simplicity of usage and implementation, lattice Boltzmann methods are more
than an order of magnitude faster compared to the state of the art spectral element method.
This projects aims at benchmarking and establishing the LB methods as a main stream tool for
simulating turbulent flows.

Kida flow simulation using a D3Q41 LB model (Re=9,000).
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• S.S. Chikatamarla and I.V. Karlin, Complete Galilean invariant lattice Boltzmann models,

Comput. Phys. Commun. 179, 140-143 (2008).
• S.S. Chikatamarla and I.V. Karlin, Lattices for the lattice Boltzmann method, Phys. Rev.

E , submitted (2008).
• S.S. Chikatamarla, I.V. Karlin, C.E. Frouzakis, A.G.Tomboulides, K. Boulouchos, J. Fluid

Mech., submitted (2008).

34



Title: Exact linear hydrodynamics from the Boltzmann equation

Researchers: I.V. Karlin1, M. Colangeli2 and M. Kroger2

Institute/
Group:

1Aerothermochemistry and Combustion Systems Laboratory
2Polymer Physics, ETH

Exact (to all orders in Knudsen number) equations of linear hydrodynamics are derived
from the Boltzmann kinetic equation with the Bhatnagar-Gross-Krook collision integral. The
exact hydrodynamic equations are cast in a form which allows us to immediately prove their
hyperbolicity, stability, and existence of an H theorem.
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Title: Complete Galilean invariant lattice Boltzmann models

Researchers: S.S. Chikatamarla and I.V. Karlin

Institute/
Group:

Aerothermochemistry and Combustion Systems Laboratory

Recently, a general theory of constructing lattice Boltzmann models as an approximation
to the Boltzmann equation has been introduced [S. Chikatamarla, I. Karlin, Phys. Rev. Lett.
97 (2006) 190601]. We extend this theory to two dimensions and identify a new complete
Galilean invariant lattice Boltzmann model. A general theory of constructing discrete velocity
sets in higher dimensions is presented. Further implementation and optimization techniques are
discussed.
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S.S. Chikatamarla and I.V. Karlin, Complete Galilean invariant lattice Boltzmann models, Com-
put. Phys. Commun., 179, 140-143 (2008)
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Title: Hydrodynamics beyond Navier-Stokes: Slip flow model

Researchers: W. Yudistiawan1, S. Ansumali1 and I.V. Karlin2

Institute/
Groups:

1Nanyang Technological University, Singapore
2Aerothermochemistry and Combustion Systems Laboratory

Recently, analytical solutions for the nonlinear Couette flow demonstrated the relevance of
the lattice Boltzmann LB models to hydrodynamics beyond the continuum limit [S. Ansumali
et al., Phys. Rev. Lett. 98, 124502 2007]. In this paper, we present a systematic study of the
simplest LB kinetic equationthe nine-bit model in two dimensionsin order to quantify it as a
slip flow approximation. Details of the aforementioned analytical solution are presented, and
results are extended to include a general shear- and forcedriven unidirectional flow in confined
geometry. Exact solutions for the velocity, as well as for pertinent higher-order moments of
the distribution functions, are obtained in both Couette and Poiseuille steady-state flows for
all values of rarefaction parameter Knudsen number. Results are compared with the slip flow
solution by Cercignani, and a good quantitative agreement is found for both flow situations.
Thus, the standard nine-bit LB model is characterized as a valid and self-consistent slip flow
model for simulations beyond the Navier-Stokes approximation.
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model, Phys. Rev. E 78, 016705 (2008)
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Title: Multi-speed models in off-lattice Boltzmann simulations

Researchers: A. Bardow1, I.V. Karlin2 and A. Gusev3

Institute/
Groups:

1Process & Energy Department, Delft University of Technology,
The Netherlands
2Aerothermochemistry and Combustion Systems Laboratory
3Institute of Polymers, ETHZ

The lattice Boltzmann method is a highly promising approach to the simulation of complex
flows. Here, we realize recently proposed multispeed lattice Boltzmann models [S. Chikata-
marla et al., Phys. Rev. Lett. 97 190601, 2006] by exploiting the flexibility offered by off-lattice
Boltzmann methods. The approach is based on the general characteristic-based algorithm for
off-lattice Boltzmann simulations that preserves all appealing properties of the standard lattice
Boltzmann method while extending the method to unstructured grids. We show that the use
of multispeed models indeed gives rise to major improvements in accuracy. The suggested
approach thus renders truly large-scale off-lattice Boltzmann computations practical.
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Phys. Rev. E 77, 025701(R) (2008)
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Title: Quasi-equilibrium grid algorithm: Geometric construction for
model reduction

Researchers: E. Chiavazzo and I.V. Karlin

Institute/
Group:

Aerothermochemistry and Combustion Systems Laboratory

The method of invariant grid (MIG) is an iterative procedure for model reduction in chemical
kinetics which is based on the notion of Slow Invariant Manifold (SIM) [A.N. Gorban, I.V. Kar-
lin, Method of invariant manifold for chemical kinetics, Chem. Eng. Sci. 58 (2003) 47514768;
E. Chiavazzo, A.N. Gorban, I.V. Karlin, Comparison of invariant manifolds for model reduction
in chemical kinetics, Commun. Comput. Phys. 2(5) (2007) 964992; A.N. Gorban, I.V. Kar-
lin, A.Y. Zinovyev, Invariant grids for reaction kinetics, Physica A 333 (2004) 106154; A.N.
Gorban, I.V. Karlin, Invariant Manifolds for Physical and Chemical Kinetics, Lecture Notes
Physics 660, Springer, Berlin Heidelberg, 2005, doi: 10.1007/b98103]. Important role, in that
method, is played by the initial grid which, once refined, gives a description of the invariant
manifold: the invariant grid. A convenient way to get a first approximation of the SIM is given
by the spectral quasi-equilibrium manifold (SQEM) [A.N. Gorban, I.V. Karlin, Method of in-
variant manifold for chemical kinetics, Chem. Eng. Sci. 58 (2003) 47514768; E. Chiavazzo,
A.N. Gorban, I.V. Karlin, Comparison of invariant manifolds for model reduction in chemi-
cal kinetics, Commun. Comput. Phys. 2(5) (2007) 964992]. In the present paper, a flexible
numerical method to construct the discrete analog of a quasi-equilibrium manifold, in any di-
mension, is presented. That object is named quasi-equilibrium grid (QEG), while the procedure
quasi-equilibrium grid algorithm (QEGA). Extensions of the QEM notion are also suggested.
The QEGA is a numerical tool which can be used to find a grid-based approximation for the
locus of minima of a convex function under some linear constraints. The method is validated
by construction of one and two-dimensional grids for a model of hydrogen oxidation reaction.
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Title: Lattice Boltzmann simulation of compressible flows on standard lat-
tices

Researchers: N.I. Prasianakis and I.V. Karlin

Institute/
Group:

Aerothermochemistry and Combustion Systems Laboratory

The recently introduced lattice Boltzmann model for thermal flow simulation on a standard
lattice [Prasianakis and Karlin, Phys. Rev. E 76, 016702, 2007] is studied numerically in the
case where compressibility effects are essential. It is demonstrated that the speed of sound and
shock propagation are described correctly in a wide temperature range, and that it is possible to
take into account additional physics such as heat sources and sinks. A remarkable simplicity of
the model makes it viable for engineering applications in subsonic flows with large temperature
and density variations.
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Title: Lattice Boltzmann simulation of catalytic reactions

Researchers: S. Arcidiacono1, J. Mantzaras1 and I.V. Karlin2

Institute/
Groups:

1Paul Scherrer Institute, Villigen
2Aerothermochemistry and Combustion Systems Laboratory

A lattice Boltzmann model is developed to simulate finite-rate catalytic surface chemistry.
Diffusive wall boundary conditions are established to account for catalytic reactions in multi-
component mixtures. Implementation of wall boundary conditions with chemical reactions is
based on a general second-order accurate interpolation scheme. Results of lattice Boltzmann
simulations for a four-component mixture with a global catalytic methane oxidation reaction in
a straight channel are in excellent agreement with a finite volume Navier-Stokes solver in terms
of both the flow field and species concentrations.
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Title: Method of invariant grid for model reduction of hydrogen combus-
tion

Researchers: E. Chiavazzo, I.V. Karlin, C.E. Frouzakis and K.B. Boulouchos

Institute/
Group:

Aerothermochemistry and Combustion Systems Laboratory

The Method of Invariant Grid (MIG) is a model reduction technique based on the concept of
slow invariant manifold (SIM). The MIG approximates the SIM by a set of nodes in the concen-
tration space (invariant grid). In the present work, the MIG is applied to a realistic combustion
system: an adiabatic constant volume reactor with H2air at stoichiometric proportions. By con-
sidering the thermodynamic Lyapunov function of the detailed kinetic system, the notion of the
quasi-equilibrium manifold (QEM) is adopted as an initial approximation to the SIM. One- and
two-dimensional discrete approximations of the QEM (quasi-equilibrium grids) are constructed
and refined via MIG to obtain the corresponding invariant grids. The invariant grids are tabu-
lated and used to integrate the reduced system. Excellent agreement between the reduced and
detailed kinetics is demonstrated.
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Description: 
For the development of novel nano-electronic processes and devices, the use of advanced 
numerical simulation tools has become indispensable. With the continuing advances in semi-
conductor technology, and the trend to further scaling of the active device dimensions, com-
putational solid state electronics has reached an extremely high level of physical and numeri-
cal sophistication. For nanoscale dimensions (devices in the range of 15 nm with structures 
down to 1 nm) effects at the atomistic or quantum-mechanical level are becoming dominant. 
We are performing research in a variety of fields in the computational solid state electronics 
domain. Current projects include the development and utilization of new simulation tools for 
molecular dynamics studies in material diffusion, novel devices such as nanowire transistors, 
and quantum devices. For all of our projects, the main emphasis lies in the exploration how 
accurate physical models can be combined with advanced numerical algorithms including 
OpenMP and MPI parallelization. These simulations were carried out on high-end compute-
servers of our laboratory. We also use the Cray XT3 and the IBM P575 systems at CSCS 
Manno in a Large User Project. The following pictures illustrate some of our activities: 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Ab-initio simulation of dopant diffusion: Charge distri-
bution of the valence band electrons in a silicon lattice. 

 
 
Multi-band transmission calculations in nanowire 
transistors using renormalization method applied to a 
given atomic structure (left) and resulting Hamiltonian 
matrix (right). Initial solution (a), after first renormali-
zation stage (b).  

3D modeling of silicon nanowire transistors:  
triple gate transistor with a SiO2-HfO2 gate stack. 
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Description:

The recent advances in microarchitectural bone imaging are disclosing the possibility
to assess both the apparent density and the trabecular microstructure of intact bones in
a single measurement. Coupling this with microstructural finite element (µFE) offers a
powerful tool to improve strength assessment and individual fracture risk prediction.

In order to be effectively solved quickly and reliably on state-of-the-art parallel com-
puters, the resulting µFE models require advanced solution techniques. We investigate
the solution of the resulting systems of linear equations by the conjugate gradient algo-
rithm, preconditioned using aggregation-based multigrid methods. We introduce a vari-
ant of aggregation preconditioner that can be used with the matrix-free solvers that com-
monly arise in the solution of bone structures when linear elasticity models are adopted.
The preconditioner works directly on the contributions from individual elements, and it
has modest memory requirements, while being at the same time robust and scalable.

Using the proposed methods, we have solved a model of trabecular bone composed by
247’734’272 elements, leading to a matrix with 1’178’736’360 rows, in less than 10 minutes
using 1024 CRAY XT3 processors. We expect our µFE solver to help us improve our
understanding of the influence of densitometric, morphological and loading factors in the
etiology of spontaneous fractures of the hip and the spine.

Web sites:
Project homepage: http://people.inf.ethz.ch/arbenz/projects/bone.html
Software: http://parfe.sourceforge.net/
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Description:

Computational seismology comprises seismic wave propagation simulation from local scales to global scales 
as well as dynamic earthquake rupture modeling on faults and fault systems, and is an essential tool for 
investigating Earth structure in high-resolution tomographic imaging. As such, its application ranges from 
site-specific seismic hazard assessment to understanding the structure of the Earth interior within a wide 
range of scale lengths. The challenges in any typical problem arise from the large ratio between the length-
scales involved (>>1000), where the computational cost scales roughly with this ratio to the power of four, 
posing strong limitations on high-resolution calculations in global seismology and earthquake dynamics. 
Moreover, modern approaches require a very large number of simulations: hundreds to thousands of forward 
computations are needed in parameter-space studies or work that establishes the statistics due to the effects 
of (random) initial conditions. Hence, we have to face the issue of time-consuming and costly individual 
calculations in order to achieve the desired accuracy and resolution, and to perform a large number of such 
computations, needed to address the robustness and the statistical properties of  ensembles of  computed 
seismic wavefields, earthquake-rupture realizations and tomographic images.

We apply modern high-performance computing techniques (forward modeling via spectral element software; 
finite-frequency  tomography  via  adjoint  methods;  efficient  forward  solvers;  discontinuous  Galerkin 
approach to  wave-propagation in  highly inhomogeneous media;  non-linear inversion using evolutionary 
algorithms) to imaging of seismic sources and Earth structure. These two topics are tightly coupled since (i) 
they involve the same technical and computational issues, representing different applications of the same 
key computational tools (e.g., numerical integration of the equations of motion via the spectral element 
method; application of the adjoint approach to efficiently formulate the inverse problem), and because (ii) 
the  source  and  structural  imaging  problems are  strictly  related:  seismic  observations  cannot  provide  a 
faithful image of Earth structure unless the location and mechanism of the sources are well known, while in 
turn  the  accuracy  with  which  source  parameters  are  determined  depends  on  the  quality  of  the  three-
dimensional Earth model used as reference in earthquake source inversions. The resulting nonlinear inverse 
problem has often been neglected, but is bound to become more important as higher resolution is to be 
achieved, both to interpret seismic data in terms of the geophysical properties of the Earth, and to identify 
the  location  and  nature  of  seismic  sources,  both  for  purely  scientific  (seismotectonics)  and  social 
(monitoring of nuclear tests) purposes.

We  are  also  implementing  comprehensive  near-field  ground-motion  simulations  in  which  we  directly 
incorporate  the  new  tomography  results,  with  their  uncertainties,  augmented  with  stochastic-media 
parameterization at short scale lengths. This allows us to address the issue of ground-motion variability due 
to the combined effects of variations in Earth models and the complexity of the earthquake source.
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Description:
The knowledge of dynamic source parameters (which define the friction law and the state of on-fault stress 
in earthquakes) is necessary to realistically parametrize rupture dynamics and ground motion simulations of 
future earthquakes. The common approach to estimate dynamic source parameters requires first obtaining a 
kinematic image of the rupture process through fitting of ground motion data. Dynamic parameters can then 
be estimated from the spatio-temporal evolution of on-fault stress, obtained by solving the elasto-dynamic 
equations of motion with the slip-velocity function as a boundary condition along the fault. This approach 
incorporates observational constraints into the source physics. However, multiple kinematic rupture models 
may satisfy the observations for a given earthquake and therefore uncertainties in kinematic parameters 
propagate into the estimation of dynamic parameters.

In this study we therefore present  a method to map uncertainties in the kinematic source model  to the 
corresponding  dynamic  rupture  parameters,  allowing  us  to  investigate  how  well  the  spatio-temporal 
evolution of stress over the fault can be constrained. Estimating the resolution on dynamic parameters is 
important to understand how we can reliably infer the constitutive law and related quantities (e.g. fracture 
energy).  We consider  the  2000 Western  Tottori  earthquake.  Using  a  Bayesian  approach,  we  derive  an 
ensemble of kinematic models (samples of the posterior probability density function) which are consistent 
with the observed strong motion and GPS data. To reduce the computational demand, we select a sub-set of 
models that shows approximately the same statistical properties as the original ensemble. For each model of 
this  sub-set  we compute  the  spatio-temporal  evolution  of  stress  over  the  fault.  We therefore  obtain  an 
ensemble of dynamic rupture models, which all explain the seismological observations, and from which we 
can statistically explore the resolution of dynamic parameters.
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Description:
To create a geothermal reservoir below the city of Basel, Switzerland, fluid was injected in December 2006 
at high pressure into a 5 km deep borehole. This led to an increase in local seismicity with the largest 
seismic event (Ml = 3.4) occuring on Dec. 8, 2006. The event was widely felt by the local population, minor 
damage to buildings was reported and ultimately this event was the cause to put the geothermal project on 
hold. In this study we analyze recorded ground motion and determinations of macroseismic intensity of the 
events  and  compare  to  simulations  of  seismic  wave  propagation  and  a  model  to  predict  macroseismic 
intensities.  As  the  two  models  are  based  on  different  assumptions  and  different  underlying  physical 
processes, the predicted intensity distributions exhibit differences in their details. However, the first order 
characteristics of the observed macroseismic intensity and ground motion distributions are well matched. 
Based  on  this  result,  we  compute  ground  motion  and  intensities  also  for  hypothetical  scenarios  of 
earthquakes  with larger magnitudes.  The recorded data  are  used to  further develop a  three-dimensional 
model of the Basel area. It will be used in future to simulate possible earthquake scenarios of the size of the 
1356 Basel event.
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Description:
Site effects in the Rhone valley are analyzed from weak motion signals recorded on dense temporary arrays. 
Site-to-reference  Fourier  spectral  ratios  are  computed from local  and  regional  events.  We simulate  the 
recorded events with 3-D numerical methods for frequencies up to 4 Hz using recently developed velocity 
models. All sites exhibit amplification factors of up to 12 between 0.5 and 0.6 Hz, which can be reproduced 
by the numerical simulations. By rotating the weak motion to directions parallel and perpendicular to the 
valley axis, we can show that this low-frequency amplification is caused by the SH00 and SV0 fundamental 
modes of 2-D resonance. Additional peaks of amplification can be observed at higher frequencies, with 
amplification factors of up to 20 at some sites. Application of the high-resolution frequency-wavenumber 
and the multiple signal characterization method to the vertical component of recorded and simulated signals 
show, that edge-generated surface waves arriving from almost all directions dominate the wavefield at 1.25 
and 2.50 Hz.
Peak ground velocities computed from the simulated ground motion show interference patterns that depend 
strongly on the incidence direction, and the computed amplification of peak ground velocities are generally 
in agreement with the observations. We conclude that the complex 3-D geometry of the basin needs to be 
considered to evaluate site effects up to at least 2.5 Hz. We started to assess the importance of nonlinear soil 
behavior for the area using laboratory data of soil samples and numerical simulations with fully nonlinear 
modeling techniques, as well as to asses the influence of the topography on the seismic ground motion in 
narrow Alpine valleys.
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Description: 
 
Motivated by the growing interest in the use of ridges in scientific visualization, we analyze the 
two height ridge definitions by Eberly and Lindeberg. We propose a raw feature definition 
leading to a superset of the ridge points as obtained by these two definitions. The set of raw 
feature points has the correct dimensionality, and it can be narrowed down to either Eberly’s or 
Lindeberg’s ridges by using Boolean filters which we formulate. While the straight-forward 
computation of height ridges requires explicit eigenvalue calculation, this can be avoided by 
using an equivalent definition of the raw feature set, for which we give a derivation. We describe 
efficient algorithms for two special cases, height ridges of dimension one and of co-dimension 
one. As an alternative to the aforementioned filters, we propose a new criterion for filtering raw 
features based on the distance between contours which generally makes better decisions, as we 
demonstrate on a few synthetic fields, a topographical dataset, and a fluid flow simulation 
dataset. The same set of test data shows that it is unavoidable to use further filters to eliminate 
false positives. For this purpose, we use the angle between feature tangent and slope line as a 
quality measure and, based on this, formalize a previously published filter. 
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Description: 
 
This paper takes a look at the visualization side of vector field analysis based on Lagrangian 
coherent structures. The Lagrangian coherent structures are extracted as height ridges of finite-
time Lyapunov exponent fields. The resulting visualizations are compared to those from 
traditional instantaneous vector field topology of steady and unsteady vector fields. The 
examination is applied to three-dimensional vector fields from a dynamical system and practical 
CFD simulations. 
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Description: 
 
Estimation of the effective properties of composite materials from those of the constituents and 
the material’s morphology is a classical problem of both theoretical and technological interest, 
and many specific homogenization approaches have been proposed in the literature. Interesting 
methods have been developed for numerical estimation of the effective properties, for a survey 
and references see. In particular, boundary integral equation methods have been shown to yield 
incredibly accurate estimates for 2D composites. However, much less progress has been made 
with these methods for 3D composites. Finite element methods have been shown to deliver 
engineering accuracy predictions for the effective properties of realistic 3D random composites, 
on the basis of periodic multi-inclusion computer models represented by morphology adaptive 
unstructured meshes. However, the unstructured mesh finite element approach involves a 
demanding, generally system specific meshing effort, so reliable numerical estimates for many 
realistic problems still remain outstanding. Linear response effective properties (stiffness, 
dielectric constants, etc.) relate the average responses (stress, electric induction, etc.) to the 
average perturbations (strain, electric field, etc.). It is tempting to think that such low order 
moments should start converging asymptotically already when estimated based on relatively 
poor resolved computer models. In this work we present a specific, pixel based finite element 
approach that extracts effective stiffness estimates from the asymptotic stress responses of 
periodic cells comprised of representative morphological fragments subjected to back strain 
deformation fields. For illustration, we study variable resolution pixel based computer models of 
a 3D composite consisting of a matrix reinforced by a random dispersion of rigid none-
overlapping spheres and show that the approach can indeed deliver reliable estimates for the 
effective stiffness of 3D random composites. 
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Description: 
 
Many potential applications have been proposed for carbon nanotubes. The possibility of using 
carbon nanotubes (CNT) for chemical and biological separations has also been recognized for 
some time. The first molecular dynamics simulations predicted that the transport of light gases 
inside CNTs should be orders of magnitude faster than in any other known material, in fact as 
fast as in gases. It was shown that the rapid transport can originate in the intrinsic smoothness of 
the walls of nanotubes. Following on from experiments with devices composed of multiwalled 
nanotubes incorporated across polymer films, a recent experimental study of gas permeation 
through single- and double-walled CNTs in silicon nitride matrix membranes has revealed 
enhanced transport rates of one to two orders of magnitude compared the Knudsen diffusion 
model. However, the observed selectivity was low and followed the inverse-square-root scaling 
of molecular mass of the Knudsen model. In these membrane devices, the nanotubes constituted 
the only possible path for molecular transport across the membrane. It has been suggested that 
using composite membranes composed of nanotubes dispersed in a polymer matrix may prove an 
appealing route for fabrication of fast mixed matrix membranes. In this work, we have used the 
finite element method to access the potential of mixed matrix nanotube/polymer membranes. We 
introduced a coupled-form finite element approach to estimate permeability performance of 
mixed matrix nanotube/polymer membranes. It appeared that the universal approximation of 
perfectly permeable nanotubes was appropriate for predicting the overall rates of single gas 
transport through CNT/polymer membranes. Based on direct finite element predictions, we 
developed a set of simple design equations and demonstrated that mixed matrix CNT/ polymer 
membranes can favorably combine the high-flux performance of nanotubes with the intrinsic 
selectivity of polymer matrix. 
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Description: 
 
Heterogeneous materials are widely used in various applications. They are also abundant in 
nature, defining structural performance and thus enabling functions of living cells, bones, plants, 
trees, etc. On a local scale, the properties of heterogeneous materials may considerably vary from 
point to point. However, on larger scales their overall, effective responses can usually be 
described by homogeneous constitutive equations. Various theoretical homogenization 
approaches have been proposed in the literature.  In the last decade, they have been 
supplemented by direct numerical predictions, with the finite element method (FEM) and the 
boundary equation method (BEM) being by far most frequently employed. Real materials have a 
3D random microstructure. Consequently, for realistic numerical studies one should generally 
use random-microstructure computer models with very large volume (FEM) or surface (BEM) 
meshes. It is then difficult to extract reliable property estimates from such models with 
confidence. Therefore, a serious but commonly ignored problem is to assess the adequacy of the 
resulting property predictions.  In our recent work, we employed uniform, pixel-based grid 
representations and showed that upon increasing grid resolution, numerical FEM estimates can 
actually enter into asymptotic convergence already at surprisingly low grid resolutions. For 
example, for a composite comprised of a random dispersion of identical spheres, a resolution of a 
few pixels per sphere was found to be already sufficient. However, for materials with more 
complex morphologies involving variable size and/or large aspect ratio inclusions (fibers, 
platelets, etc.), the uniform grid route obviously becomes less efficient. It is the unstructured 
mesh approach which offers an appealing route to extract reliable finite-element estimates of the 
effective properties of complex morphology heterogeneous materials. Here, by realizing the 
common mathematical structure of the governing equations we develop and validate a general-
purpose error estimator for the finite element solutions for the effective properties of 
heterogeneous materials. We show that the error should generally decrease exponentially upon 
increasing order of the polynomial interpolation. We use this finding to demonstrate the practical 
feasibility of reliable property predictions for a majority of particulate-morphology 
heterogeneous materials. 
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Description: 
 
The lattice Boltzmann method is a highly promising approach to the simulation of complex 
flows. Here, we realize recently proposed multispeed lattice Boltzmann models [S. 
Chikatamarla, Phys. Rev. Lett. 97 190601 (2006)] by exploiting the flexibility offered by off-
lattice Boltzmann methods. The approach is based on the general characteristic-based algorithm 
for off-lattice Boltzmann simulations that preserves all appealing properties of the standard 
lattice Boltzmann method while extending the method to unstructured grids. We show that the 
use of multispeed models indeed gives rise to major improvements in accuracy. The suggested 
approach thus renders truly large-scale off-lattice Boltzmann computations practical. 
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Description: 
 
We use the finite element method to analyze the role of filler aspect ratio and volume loading on 
the effective permeability and selectivity of gas-separation membranes consisting of a polymer 
matrix filled with platelet-shaped molecular sieving particles. On the basis of direct 3D finite 
element estimates, we develop and validate a quick arithmetic procedure for predicting the 
effective permeability and selectivity of platelet-filled systems. We use this procedure to show 
that it is feasible to obtain mixed matrix platelet-filled membranes with effective 
permselectivities considerably exceeding the upper Robeson's bounds. 
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Description:

We study the robustness of different types of networks under dynamic degree-based
node attack (DDA). The DDA removes the node with the highest connectivity and re-
calculate the connectivity at each removal step. We optimize numerically the network
against this attack strategy, under the condition that the degree distribution remains
constant. During the optimization process we calculate some properties of the network,
like clustering coefficient, assortativity, correlation, efficiency, robustness against random
errors and robustness against other attack strategies to see what properties are important
for robust networks. We find that the robustness against a specific attack strategy can
be improved dramatically.
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Figure 1: Fraction of nodes in the largest cluster as a function of the fraction of the
nodes removed from the network under DDA. The results are the average over 100 ran-
dom networks. We see data for 128 nodes before optimization (dotted line) and after
optimization (straight line) for a scale free network (P (k) ∼ k−γ). It is evident that the
optimization can greatly increase the robustness of the network.
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Description:

To provide the requested computational power for the simulations done by our group-
members, we decided to build a high-performance computing cluster (HPC).

This Cluster consists of one Master-Node as well as 30 Computational-Nodes. Each
node has two Intel Woodcrest 3.0 GHz CPU’s inside. Along with the processor, each
node is equipped with 6GB of RAM. This results in 120 cores or 1’440 GigaFLOPS
(Floating Point Operations Per Second). As for the storage of the cluster, a RAID-System
(Redundant Array of Independent Discs) providing approximately 5TB of disc-space is
used.

The big advantage of this cluster, a single job being able to run on more than one
node at the same time. This parallelisation leads to an enormous increase in speed, it has
to be properly implemented in the source-code though. Even non-parallelised code runs
faster due to the fast Intel Woodcrest server-processors combined with the proprietary
Intel-compilers. With this cluster, the users won’t be restrained working on their local
computers since all the CPU-intensive tasks are executed on the cluster.

For the time being, the main purpose of using the cluster is running self-written code,
most of it in C++ and C. To analyse the calculated data, Matlab (R2007a) is the preferred
programme on the system. Other important references are the Intel Compilers for C and
Fortran. Compared to the gcc-compiler, not only the compilation itself finishes earlier,
the produced binaries run up to 30% faster compared to the standard Linux compilers.

A new approch was taken this year with the acquisition of two workstations, equipped
with high-performance graphics controller (nVidia Quadro FX 5500 and nVidia GeForce
GTX 260). With the corresponding development framework from Nvidia (CUDA) calculations
directly on the GPU are possible.
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How does a spherical shell fold when it grows inside a hollow sphere? The scientific
interest of our project lies in a theoretical understanding of two crucial aspects of this
problem: First, we investigate how symmetry is broken, in particular from the initially
spherical shell to a buckled one. First-principle simulations and analytical considerations
show that this question is entirely different from the well-studied O(3) bifurcation buck-
ling of a sphere under homogenous pressure. Second, the influence of physical material
parameters such as shell thickness, friction and plasticity on the buckling and folding
patterns is studied in detail. A mechanically accurate simulation has to take into ac-
count the strong non-linear character of the governing elastic equations. Additionally,
the associated energy landscape is very complex, which renders it difficult and compu-
tationally demanding to find the lowest energy solution. Using recent advances in finite
element research, we approach this problem with an adaptive mesh and iterative, high
performance parallel solvers.

Simulation of a growing spherical shell that buckles inside an (invisible) hollow sphere.
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The concepts of catchment basins and watersheds
arise naturally in the field of Geomorphology, where
they play a fundamental role in e.g. water manage-
ment and landslide and flood prevention. These con-
cepts also find important applications in seemingly
unrelated areas such as Image Processing, Medicine
and Physics. The statistical properties of watershed
lines are analyzed for natural as well as artificially
generated Digital Elevation Maps. By using effi-
cient numerical algorithms, the calculation of water-
sheds on systems comprised of 108 sites can be at-
tained in a few cpu seconds. We find that the water-
shed between two far away oceans in a uncorrelated
random-height map is a fractal with mass dimension
Df = 1.211 ± 0.001. When calculated for natural
landscapes of mountainous regions, the watersheds
also display self-similar properties over intermediate
to large spatial scales, but with smaller fractal di-
mensions due to long-range correlations. In the cases
of the Alps and Himalaya, for example, we obtain
D

Al

f
= 1.10 ± 0.01 and D

Hi

f
= 1.11 ± 0.01, respec-

tively. Finally, we show that synthetical topographies
generated with similar spatial correlations can reveal
watersheds with fractal properties close to those oc-
curring on natural landscapes.

Watersheds (black thick line)
calculated on a natural

landscape and on a synthetic
landscape generated as a

fractional Brownian motion
(FBM) surface.
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Description:

The prediction of the evolution of river beds and the understanding of erosion and sedi-
mentation processes in the river delta region are very important for coastal management
and the prevention of floods. While the water flow changes on the time scale of days and
weeks, sedimentation and erosion in the river delta takes place on geological time scales.
This large range of different time scales makes it impossible to apply classical hydrody-
namical models to describe these phenomena. We develop a model to describe the time
evolution of the landscape by erosion and deposition in river beds. The model is based
on a resistor network lattice where the landscape and the water height are discretized on
the nodes and the flow on the bonds. The ’resistance’ of the landscape to the water flow
is changed according to the water flow. If the flow is fast, the landscape is eroded and if
it is slow we obtain deposition. The novel aspects of our work lie in three fundamental
points. First, our reduced-complexity model is implemented to simulate the long-term
development of a real delta. Second, we rescale and interpret the parameters of the
model with meaningful measured physical variables, such as water and sediment fluxes,
the size of the delta, observed erosion and deposition rates. This step is innovative, be-
cause reduced-complexity models are not commonly adapted to real world cases, and the
physical meaning of their parameters is most often left unexplored. This step also allows
us to make statements about the internal consistency of the process parameterizations.
Third, we use the method of detrended fluctuation analysis on the modeled time series of
the developing delta to illustrate the long-term memory structure which arises from the
gradual deposition process and rapid change in response to channel and lobe shifting.
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Despite the ubiquitous appearance of quicksand
in adventure books and movies, its origin and
physico-chemical behavior still represent con-
troversial scientific issues in the fields of soil
and fluid mechanics. It has been argued repeat-
edly that, because the density of sludge is typi-
cally larger than that of water, a person cannot
fully submerge, and therefore cannot be really
“swallowed” by any quick-sand. We investigate
the “quicksand” behavior of a collapsing sus-
pension/soil material. A 2D contact dynam-
ics model is proposed as a microscopic descrip-
tion to capture the essential physical processes
underlying the dynamics of generation and col-
lapse of the system. Our physical model is vali-
dated with real data obtained from in situ mea-
surements performed with a natural quicksand.
We show that the shear strength behavior of
our collapsing suspension/soil model is consis-
tent with the behavior of this quicksand, for
both the unperturbed and the collapsed phases
of the material.

Computer model of experimen-
tally investigated quicksand,
unperturbed (left) and the col-
lapsed phases (right). of Brazil.
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Description:

Progressive collapse of buildings triggered by local damage, when due to gross design-
construction mistakes or malicious terroristic attacks, can produce catastrophic scenarios
involving large economical and human losses but is also a key feature of most of the
controlled demolition processes involving blasts. Therefore, the progressive collapse of 4
bays times 4 bays times 4 storeys framed structures after the sudden loss of one column
has been simulated by means of a Discrete Element algorithm. The structure is made
of columns supporting horizontal grids of principal beams and thin ceiling slabs. The
system is meshed with 5081 massive spheres connected in pairs by 9248 linear elastic
Euler-Bernoulli (EB) 3D beam elements and is subjected to gravity acceleration and dead
and live load. The generic EB beam is removed from the system (brittle rupture) when
its bending and tensile strain are large enough to satisfy a coupled breaking criterion.
Disconnected portions of structure can therefore fall colliding with still intact parts and
the subsequent rigid inelastic impacts are modeled through Hertzian overlapping.

Increasing the strength and the stiffness of the structural elements the transitions from
total to partial collapse and from partial to no collapse are registered. The first collapse
mechanism is always triggered by dynamic stress redistribution while impacts make the
collapse propagate to the whole system. Three local collapse mechanisms due to impacts
have been individuated: hammer effect of falling ceiling slabs onto the underlying ones;
drag effect of falling rubble that laterally hits still intact elements; base cutting of the
columns due to the lateral pressure exerted by the rubble stacking on the ground.

The future perspective of this work is to optimise the structural response to local
damage keeping the cost of the building as low as possible. In order to do this, many
simulations must be performed considering different starting damage, geometrical ratios
for the frames, structural materials and design strategy. Moreover, geometrical and me-
chanical disorder, shear walls, bracing and plastic behaviour must be included. Another
target of the current research is to increase the size of the studied systems to simulate the
progressive collapse of large buildings. This goal can be achieved improving the adopted
algorithms (also through parallelisation) and increasing the computational effort.
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Description:

Particle-Aggregation is a phenomenon encountered in various industrial processes
either influencing the product result or e.g. as outgased particles which remain in the at-
mosphere. As the form and sizes of these aggregates is of physical and chemical relevance
predicting typical aggregate properties via computer simulation is of importance. Using
a simple model to represent motion in a sheared velocity field additionally with Brown-
ian motion one can receive qualitative results regarding particle-particle, cluster-particle
and cluster-cluster aggregation with varying parameters. Using an off-lattice model and
simple particle and particle-interaction models, representative simulation results can be
obtained for a sheared velocity field and Brownian particle-particle aggregation with rel-
atively low computational requirement.

Snapshot of the simulated aggregation process.
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Title: Event-driven Simulation of Swimming in GranularPartilesResearhers: Dr. Takashi Shimada1;2Prof. Hans Herrman2Institute: 1) Department of Applied Physis, Shool of Engeneering,The University of Tokyo2) Computational Physis for Engineering Materials, Insti-tute f�ur bausto�e, ETH Z�urihDesription:Exoti but eÆient swimming modes under low Reynolds number ondition have at-trated muh interest. Swimming in granular matter, whih has stati struture, is moreinteresting and omplex problem.We are studying the swimming in granular matter by an event driven simulation. Theswimmer onsists of two bladders onneted by a spring. To make swimming motion,we let the bladders inate and shrink, and the natural length of the onnetion is alsohanged in time. So far we have found that the swimming motion alled pushmepullyougives good diretional swimming.

Figure 1: A snapshot of the simulation. The bond between the bladder is not shown.
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Description:

The structural transformation of snow as a result of ag-
ing has become an increasingly investigated field of re-
search over the past few years. The isothermal meta-
morphism of snow was recently studied experimentally
at the Swiss Federal Institute for Snow and Avalanche
Research in Davos, providing measurements of some re-
lated quantities of importance. A Monte Carlo algo-
rithm is presented to simulate the isothermal aging pro-
cess of snow. This metamorphism is approximated by
two mass redistribution processes, surface diffusion and
evaporation-condensation. The used algorithm is ex-
plained and its parametrization is discussed. The sim-
ulation results are compared to experimental data, in
particular, the temporal evolution of the specific sur-
face area and the trabecular thickness is studied. It
is found that the two effects of surface diffusion and
evaporation-condensation solely can model well many
aspects of the isothermal metamorphism of snow. Fur-
thermore, it is shown that evaporation-condensation is
the dominant contribution for temperatures close to the
melting point, whereas surface diffusion plays a domi-
nant role at temperatures far below the melting point.
A simple approximation of gravitational compaction by
grain fall is implemented to simulate density change.

Snapshots of the simulated
aging process.

References:
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lating Isothermal Aging of Snow, preprint
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Description:

We study granular systems where hydrodynamics are important. The numerical method we use was
originally developed to study the granular Rayleigh-Taylor (GRT) instability where a layer of densely
packed grains is positioned above a layer of air [Phys. Rev. Lett. 99, 048001 (2007)]. This model is
now extended with additional interactions and features to enable it to describe related, but still differ-
ent, systems. Such systems include formation of granular jets (Fig.1(a)), hydrodynamic interactions in
colloidal systems, and the propagation of air bubbles in a mixture of glass beads and water (three-phase
flows) (Fig.1(b)).

Granular jets are produced when a heavy, large object is dropped on fine, loosely packed sand.
Hydrodynamics is very important in the formation of such jets. Using our numerical model we have
studied quite big systems and produced jets that resemble the experimentally observed jets.

As grains become smaller than about 1 µm in diameter the dynamics of the grains and their in-
teractions with the interstitial fluid change significantly. Browninan motion must be included in the
description as well as attractive Van-der-Waals forces and repulsive Coulomb forces. In most numerical
descriptions of colloidal systems the hydrodynamic interactions are not considered. By adding relevant
interactions to our model we will be able to investigate the importance of hydrodynamics in colloidal
systems.

A numerical model for three-phase flow (grains, liquid and air) is the most recent extension of the
model. In the experiment air is injected at the bottom of vertical Hele-Shaw cell containing densely
packed glass beads in a water-glycerin mixture. A complicated interplay of the rising air-bubble and
the surrounding grain-liquid mixture is observed. The experiments are conducted by Kong Xiang-Zhao
under supervision by Prof. Kinzelbach at the Institute of Environmental Engineering, ETHZ.

(a) (b)

Figure 1: (a) Granular jet simulation with a heavy, circular intruder. (b) Detail from the three-phase flow
simulation showning the grains submerged in liquid surrounding the air bubble in the center. The grain
diameter is 100 µm in both images.
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Description: The simulation of dynamic fracture and fragmentation processes sill pose
a challenge for the computational accessibility. Interestingly often the experimental stud-
ies of these processes are limited by technical reasons too. One way of looking inside of
the material are in-silico fracture and fragmentation experiments. Simulation techniques
like the Discrete Element Method (DEM) proved to be successful to simulate dynamic
fracture of brittle, heterogeneous materials. DEM involves the repulsive, cohesive and
frictional interaction of thousands of particles of different shapes and sizes, representing
a sample of material. One of the advantages of the DEM lies in its full physical access.
However, the large number of particles required to represent a specimen or real structure
are disadvantageous. Fortunately only a small number of elements is located in the dam-
age zone while the majority represent its elastic foundation. DEM can be used for the
discretization of the damage zone, while the Finite Element Method (FEM) is utilized to
model the surrounding domain. The FEM domain is solved with an explicit integration
scheme, while the DEM domain uses a predictor-corrector scheme. Domain edge coupling
was found to be sufficient for this example. We show this technique on a 3D simulation
of a notched bar impact test. Theses systems are used to obtain a better understanding
of dynamic fracture processes with respect to crack roughnesses, velocities, energies and
macroscopic properties with respect to microscopic ones of the model.

Figure 1: Snapshot from a breaking system with the crack tip in the notch. On the
left and right are the FEM domain, while the fracture zone is modeled with packings of
spheres interconnected by beam elements. Colors represent magnitudes of accelerations.
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Description:

A novel method for the stable numerical solution of the time-harmonic Maxwell’s
equations for any frequency was presented in [1]. The method is based on an extended a-
ϕ variational formulation of the full linear Maxwell’s equations. This formulation avoids
stability problems in the stationary limit, where it reduces to the equations of electro-
statics and magnetostatics. Both capacitive and inductive effects are taken into account
in a robust fashion for all frequencies.
The traditional formulation of Maxwell’s equation with scalar potential ϕ and vector
potential a is

curlµ−1curla − (ω2
ǫ − iωσ)a+

(iωǫ + σ)gradϕ = js , (1)

div(ǫiωa) = 0. (2)

The problem is that you lose control of ϕ in the non-conducting part σ = 0 for small
frequencies ω → 0. Figure (1) shows how you lose control of the electric field in the
non-conducting domain for small frequencies.

In this external funded project (by ABB cooper-

Figure 1: Effect when losing con-
trol about the scalar potential

ate research center) we want to investigate the prop-
erties of the matrix and how you can exploit them
to build a fast, parallel, and iterative solver for this
problem. Therefore we want to use the hierarchical
matrix technique to build an approximative precon-
ditioner and show the stability for our case.

References:

[1] R. Hiptmair, F. Krämer and J. Ostrwoski, A Robust Maxwell Formulation For All
Frequencies, IEEE Transactions on Magnetics Volume 44, Issue 6, 2008.
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Description: In computational relativity, critical behaviour near the black hole thresh-
old and many other phenomena have been studied numerically for several models in
the last decade. We develop a spatial Galerkin method, suitable for finding numeri-
cal solutions of the Einstein-Dirac equations in spherically symmetric spacetime (in
polar/areal coordinates). The method features exact conservation of the total electric
charge and allows for a spatial mesh adaption based on physical arclength. Numerical
experiments confirm excellent robustness and convergence properties of our approach [1].
Thus we provide a ready to use and tested implementation in C++, which is platform
independent and highly optimized for speed on workstations as well as on clusters.

• The current version of our software is fully functional and runs stably.

• Convergence tests based on Richardson’s extrapolation method show satisfying
convergence rates for several initial conditions.

• Using our software, we were able to find the black hole tresholds in one parameter
families of initial data for low and moderate particle masses. We can confirm some
results published in [2] and extend them to a complete survey of critical collapse in
the particle mass range 0 < m ≤ 0.6.

• With help of our software, we reproduced static solutions of the spherically sym-
metric Einstein-Dirac system and studied its properties in detail. So we can
confirm and extend results of [3]. In particular we found, that initial conditions
close to unstable static solutions, up to some exceptions, always decay to form a
black hole.

• We published detailed information about our algorithms in [1].

References:

[1] B. Zeller and R. Hiptmair. Conservative discretization of the Einstein-Dirac
equations in spherically symmetric spacetime, 2006, Class. Quantum Grav. 23
S615-S634.

[2] Douglas W. Schaefer, Daniel A. Steck and Jason F. Ventrella. Critical collapse of
the Einstein-Dirac field. PHY 387N Group 4 Term Project, 1998.
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Einstein-Dirac equations. arXiv:gr-qc/9801079 v3, 1999.
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Description:

When simulating a dense gas at very high temperatures, energy transport by means of
radiation has to be taken into account. However, as even the stationary monochromatic
radiative transfer equation is stated in five dimensions, with the intensity depending on
space and direction, it is a bottleneck of such computations.

An adaptive sparse discretization [1] allows to significantly reduce the number of
degrees of freedom in the discretization with essentially no loss of accuracy. This, however,
does not guarantee that the computational time to solve the equation scales down at the
same rate.

In this project we develop and implement efficient algorithms tailored to adaptive
sparse finite elements. The C++-implementation is based on tree-structures and uses
the conjugate gradient method with a multiplicative subspace preconditioner in order to
solve the problem at overall computational costs that are proportial to the number of
degrees of freedom in the adaptive sparse discretization.

References:

[1] G. Widmer and R. Hiptmair and Ch. Schwab. Sparse Adaptive Finite Elements
for Radiative Transfer. J. Comput. Phys., 227(12): 6071-6105, 2008.
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Description: 
 
Fineblanking technology is used to produce blanked metal components which show 
outstanding surface quality and part flatness. The defining characteristics of the process are, 
besides the use of a counter punch, the tiny die clearance and very small radii on the cutting 
edge. In fact clearance and radii can be of the order of 0.01mm. The 3D FE simulation of the 
process proves to be thus very challenging. This is mainly because in comparison to the part 
dimensions (which are of the order of 10mm) a very small mesh size needs to be chosen on 
the cutting edge (~0.01mm), which leads to a huge number of elements and consequently tiny 
time steps. These difficulties led to the fact that fineblanking simulations could be carried out 
just in 2D. It is however known that 2D simulations are adequate just for a small set of 
problems arising in industry. What is also known is that the process localizes very quickly in 
a bounded region around the cutting edge, which hints that a full resolution 3D simulation is 
also not necessary. A good compromise would be to solve the problem on two different levels 
of refinement. First a relatively coarse mesh (element size of about 0.1mm around the cutting 
edge) is applied to solve the full size 3D problem. The Arbitrary Lagrangian Eulerian 
formulation, combined with a specific remeshing algorithm allows to compute the overall 
material flow quite accurately already at this stage. This information is subsequently used on 
a much finer mesh (size ~0.005) defined around a small region on the cutting line to 
accurately compute the stress-strain distribution around the radii. Using this approach fine 
mesh sections can be defined in separate places in the geometry and in distinct points of time. 
The coupling between the different sections and time steps is implicitly carried out by 
transferring the velocity field on the boundary and the strain state in the section from the 
coarser mesh. 

  

Global simulation and refined local recomputation 
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Title: Planning of fineblanking processes and tooling design based on the use of 
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Description: 
 
The present work is concerned with developing software tools to accelerate method planning 
for the manufacturing of complex metal forming parts. The principal purpose is to conserve 
the experts’ knowhow and make it accessible to design engineers of any level of experience. 
The main approach is to use metamodels to approximate the complex system of dependencies 
between the geometric variables of the workpiece and the values of specific key figures 
(formability, geometric deviation etc.). To reach that goal, two modules (MetaDesigner and 
MetaPlanner) are being developed. 
The MetaDesigner is a workflow, based on scripts and FEM tools developed in the Institute of 
Virtual Manufacturing to generate a certain amount of support points (variation of 
geometrical designs) for the process of metamodeling. This is carried out by the automatic 
generation of geometric FE models and their simulation based on a number of predefined 
parameters. Each model is subsequently evaluated in order to give a set of key figures. 
Kriging metamodels are then fitted to the key figures over the whole set of support points. 
This way the behaviour of the system under varying geometric features is systematically 
coded for further use. 
The MetaPlanner is the graphic user interface to evaluate the generated metamodels from 
the MetaDesigner. By entering values for the geometric parameters defining the workpiece, 
the MetaPlanner allows to make a statement with regard to formability, maximum 
forces and geometric deviations. In addition it calculates all tool parameters for each step 
of the forming process. 
 

 
 
 
 
 
 
 
 
 
 
 

 
Planning through the use of Metamodels [1] 

 
 

Input Method DB CAD 

Mesher FEM Evaluation 
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control during the production of stamped parts 

 
Researchers: N. Manopulo 
 J. Heingärtner 
 P. Hora 
 
Institute/ Institute of Virtual Manufacturing 
Group: 
 
Description: 
 
The result of a forming process is strongly dependent on the material properties. These 
however show considerable variations even within a single batch. The effects of such 
variations on the producibility of a given part can be predicted through stochastic FE 
simulations. In this work we show a way of controlling the scattering in the mechanical 
material properties through an online control mechanism. The eddy current measurement 
system is used for the non-destructive measurement of material properties such as Rp0,2, Rm, 
Ag, R00, R45, R90 during production. The system response in turn is predicted through a 
simulation metamodel based on stochastic FE simulation runs. 
This online simulation feedback can be used to take immediate action during production thus 
contributing to process robustness. In fact, once the material properties of an input blank has 
been ranked as “risky” process parameters such as blankholder forces, friction condition can 
be automatically changed to meet the process requirements. Alternatively undesired blanks 
can be sorted out. 

 
Online control of material parameters 

References: 
[1] Manopulo N.,  Heingärtner J., Hora P., Numerical Methods and Hardware components for 
an adaptive robustness control during the production of stamped parts, Numisheet 2008, pp. 
871-876, Interlaken, Switzerland.  

Material Eddy current measurement Forming press 

Simulation Metamodel 
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Description: 
 
The aim of this study was the investigation of a high strength low carbon steel concerning 
dynamic strain aging behavior as well as load direction dependence of the material. Dynamic 
strain aging is a phenomenon in which the interstitial atoms diffuse around dislocations and 
inhibit dislocation motion. The outcome of this interaction is an increase of the yield strength, 
(Fig. 1, 2). One and two stage loading tests were performed in order to investigate the 
influence of the loading direction as well as the temperature influence due to the hardening 
mechanism (Fig. 3). Based on experimental results, a dislocation material model describing 
the dynamic strain aging effect at different temperatures was developed. Bergström’s theory 
of work hardening was used as a basis for the model development regarding the thermal 
isotropic behavior as well as the Chaboche model to describe the kinematic hardening (Fig.3). 
 

  

 
 
References: 
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Description :

Explicit-solvent molecular dynamics simulations are used to investigate at atomic
resolution the effect of trehalose on a hydrated phospholipid bilayer under mechan-
ical stress (stretching forces imposed in the form of negative lateral pressure). Sim-
ulations are carried out in the absence or in the presence of trehalose at 325 K and
with different values for the negative lateral pressure. In the concentration regime (2
molal) and range of lateral pressures (1 to -250 bar) investigated, trehalose is found
to interact directly with the membrane, partially replacing water molecules in the
formation of hydrogen bonds with the lipid headgroups. Similar to previous findings
in the context of thermal stress, the number, degree of bridging and reaching depth
of these hydrogen bonds increases with the magnitude of the perturbation. However,
at the concentration considered, trehalose is not sufficient to preserve the integrity
of the membrane structure and to prevent its extreme elongation (and possible dis-
ruption) under the effect of stretching forces.

References: C.S. Pereira and P.H. Hünenberger
Biophys. J., in press (2008).
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sampling potentials: Calculation of the relative free energies and
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Researchers: Halvor S. Hansen∗

Philippe H. Hünenberger∗

Institute/
Group:

∗ Laboratory of Physical Chemistry

Description :

A method is proposed to combine the local elevation (LE) conformational searching
and the umbrella sampling (US) conformational sampling approaches in to a single
local elevation umbrella sampling (LEUS) scheme for (explicit-solvent) molecular
dynamics (MD) simulations. In this approach, an initial (relatively short) LE build-
up (searching) phase is used to construct an optimized biasing potential within a
subspace of conformationally relevant degrees of freedom, that is then used in a
(comparatively longer) US sampling phase. This scheme dramatically enhances the
sampling power of MD simulations, taking advantage of the fact that the preop-
timized biasing potential represents a reasonable approximation to the negative of
the free energy surface in the considered conformational subspace. The method is
applied to the calculation of the relative free energies of β-D-glucopyranose ring
conformers in water (within the GROMOS 45A4 force field). Different schemes to
assign sampled conformational regions to distinct states are also compared. This
approach, which bears some analogies with adaptive umbrella sampling and meta-
dynamics (but within a very distinct implementation), is shown to be: (i) efficient
(nearly all the computational effort is invested in the actual sampling phase rather
than in searching and equilibration); (ii) robust (the method is only weakly sensitive
to the details of the build-up protocol, even for relatively short build-up times); (iii)
versatile (a LEUS biasing potential database could easily be preoptimized for small
molecules and assembled on a fragment basis for larger ones).

References: H.S. Hansen and P.H. Hünenberger
J. Comput. Chem., submitted (2008).
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Description :

Eight 100 ns molecular dynamics simulations of a β-heptapeptide in methanol at 340
K (within cubic periodic computational boxes of about 6 nm edge) are reported and
compared. These simulations are performed with three different charge-state combi-
nations at the peptide termini, one of them with or without a neutralizing chloride
counter-ion, and using either the lattice-sum (LS) or the reaction-field (RF) scheme
to handle electrostatic interactions. The choice of the electrostatic scheme has es-
sentially no influence on the folding-unfolding equilibrium when the peptide termini
are uncharged, and only little influence when the peptide is positively charged at its
N-terminus (with or without inclusion of a neutralizing chloride counter-ion). How-
ever, when the peptide is zwitterionic, the LS scheme leads to preferential sampling
of the high-dipole folded helical state, while the RF scheme leads to preferential
sampling of a low-dipole unfolded salt-bridged state. A continuum electrostatics
analysis based on the sampled configurations (zwitterionic case) suggests that the
LS scheme stabilizes the helical state through artificial periodicity, but that the
magnitude of this perturbation is essentially negligible (compared to the thermal
energy) for the large box size and relatively polar solvent considered. The results
thus provide clear evidence (continuum electrostatics analysis) for the absence of
LS artifacts and some indications (still not definitive due to limited sampling of the
folding-unfolding transition) for the presence of RF artifacts in this specific system.

References: M.M. Reif, V. Kräutler, M.A. Kastenholz, X. Daura
and P.H. Hünenberger
J. Phys. Chem. B, submitted (2008).
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Description :

The concept of high-resolution shapes (also referred to as folds or states, depending
on the context) of a polymer chain plays a central role in polymer science, structural
biology, bioinformatics and biopolymer dynamics. However, although the idea of
shape is intuitively very useful, there is no unambiguous mathematical definition for
this concept. In the present work, the distributions of high-resolution shapes within
the ideal random-walk ensembles with N = 3..6 beads (or up to N = 9 for some
properties) are investigated using a systematic (grid-based) approach, based on a
simple working definition of shapes relying on root-mean-square atomic positional
deviation as a metric (i.e. to define the distance between pairs of structures) and a
single cutoff criterion for the shape assignment. Although the random-walk ensemble
appears to represent the paramount of homogeneity and randomness, this analysis
reveals that the distribution of shapes within this ensemble, i.e. in the total absence
of interatomic interactions characteristic of a specific polymer (i.e. beyond the
generic connectivity constraint), is significantly inhomogeneous. In particular, a
specific (densest) shape occurs with a local probability that is 1.28, 1.79, 2.94 and
10.05 times (N = 3..6) higher than the corresponding average over all possible shapes
(these results can tentatively be extrapolated to a factor as large as about 1028 for
N = 100). The qualitative results of this analysis lead to a few rather counter-
intuitive suggestions, namely that e.g. : (i) a fold classification analysis applied to
the random-walk ensemble would lead to the identification of random-walk “folds”;
(ii) a clustering analysis applied to the random-walk ensemble would also lead to
the identification random-walk “states” and associated relative free energies; (iii)
a random-walk ensemble of polymer chains could lead to well-defined diffraction
patterns in hypothetical fiber or crystal diffraction experiments. The inhomogeneous
nature of the shape probability distribution identified here for random walks may
represent a significant underlying baseline effect in the analysis of real polymer
chain ensembles (i.e. in the presence of specific interatomic interactions). As a
consequence, a part of what is called a polymer shape may actually reside just
“in the eye of the beholder” rather than in the nature of the interactions between
the constituting atoms, and the corresponding observation-related bias should be
taken into account when drawing conclusions from shape analyses as applied to real
structural ensembles.

References: C.L. Müller, I.F. Sbalzarini, W.F. van Gunsteren, B. Žagrović
and P.H. Hünenberger
J. Chem. Phys., submitted (2008).
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Description:

Convection in the liquid part of planets is a ubiquitous feature of the solar system. It is the
mechanism by which heat is efficiently transported from the interior to the exterior, thus
either cooling the planet through time or extracting heat generated internally, through ra-
dioactivity, gravitational contraction, chemical differentiation, or other processes. We see
the signature of convection in the surface patterns of flow on the giant planets such as Jupiter
and Saturn; planets that also possess strong magnetic fields. On the Earth we cannot see the
convection in the liquid coreper se, but we can detect the magnetic field with high resolution,
observe its changes through time, and via paleomagnetic measurements of the magnetization
of rocks attest to the fact that the magnetic field has been extant for the last 4 billion years.
Thus our work is aimed at elucidating convection and magnetic field generation in the Earth
and other planets. We use a mixture of spectral and finite volume codes to evolve the under-
lying fluid dynamical (Navier-Stokes, heat, electrodynamic) equations in time.
Our recent calculations have been carried out that have elucidated (i) a new type of behaviour
in non-magnetic convection, that involves a drifting azimuthal jet structure in the region
outside the so-called “tangent cylinder” of a planet with a solid core, (ii) regions of the
core that are important for reversals of a self-excited magnetic field, and (iii) regimes of
convection in giant planets where zonal flow is primarily generated by vorticity produced by
the radial density profile.

References:

M. Evonuk The role of density-stratification in generating zonal flow structures in a
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Description: 
Worldwide, more than 80% of the consumed energy is converted by burning fossil fuels. 
Therefore, improving emission rates and efficiency of combustion devices automatically has a 
significant impact on our environment and is of crucial importance. To achieve such 
improvements, however, the capability of accurately predicting the governing physical 
processes (which involve turbulence-reaction interaction) is essential. A modeling approach, 
which proved to be very general and powerful, is based on solving a joint probability density 
function (PDF) transport equation. Opposed to other approaches, such PDF methods require 
no model for turbulent convection and there exist no closure issues with averaging the  
reaction source terms.  
 
PDF solution algorithm: Compared with Reynolds-averaged Navier-Stokes (RANS) models, 
PDF methods are computationally more expensive and challenging. Due to its high 
dimensionality, the PDF transport equation is solved by a particle method. Two algorithmic 
issues of great concern have been addressed. The first one deals with local particle time 
stepping, which allows to deal more efficiently with very slow flow regions and/or 
heterogeneous grids. The method greatly enhances the robustness and efficiency of PDF 
methods in general, but it is only applicable for statistically stationary scenarios. The second 
issue is related to accurate time integration of coupled systems of stochastic differential 
equations. Although applied here for PDF simulations, the devised scheme is more 
fundamental; e.g. we also employ it to solve problems related to kinetic gas theory. 
 
Turbulent combustion modeling: In terms of modeling, we focus on five topics: multi-
scalar mixing of reactive scalars, non-premixed turbulent combustion with local extinction 
and re-ignition, premixed turbulent combustion, spray combustion and NOx formation. In all 
projects we employ a hybrid particle/finite-volume PDF framework and employ scale 
separation ideas to describe the statistics at the unresolved fine scales. 
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Flow and transport in porous media has many applications in eartch science, energy science, 
and other many areas. Examples in which we are interested are oil and gas recovery, CO2 
storage in geological sub-surface formations, geothermal power exploration, and automotive 
filters.  
 
Multi-scale modeling: This is a collaboration with Dr. Seong Lee (Chevron). One of the 
major challenges in macroscopic simulations is the correct treatment of complex permeability 
distributions with strong variations and many length scales. To deal with this issue, various 
upscaling and multi-scale methods have been developed. In collaboration with the company 
Chevron we devised and developed a new multi-scale finite-volume (MSFV) algorithm, 
which has several advantageous properties compared with previous multi-scale methods. The 
MSFV method allows for very efficient studies of realistic multi-phase flow scenarios in 
heterogeneous porous media. Recently, we devised a general well model in this context and 
an iterative procedure, which allows to converge to the corresponding fine scale solutions, 
was developed. Moreover, a more rigorous treatment of compressibility effects was 
introduced. Currently, the MSFV method is used for  a multi-physics framework, where 
Navier-Stokes and Darcy govern different regions of a domain. All contributions are relevant 
for the practical use of the MSFV method; not only for subsurface simulations, but e.g. also 
for computational fluid dynamics.  
 
Hierarchical model of fractured reservoirs: This is an interdisciplinary collaboration with 
various earth scientists of ETH Zürich and Prof. Stephan Matthai (Mining University 
Leoben). In the context of geothermal power production, a modeling framework for flow and 
transport in fractured porous media is currently being created. It has proper interfaces which 
allow to interfere with rock mechanics and rock chemistry models. Moreover, everything is 
coupled with heat conduction in the rock. Due to the very large number of fractures, only the 
large ones will be resolved. The cloud of small fractures will be homogenized and treated by 
effective permeabilities. This project is a collaboration with various earth scientists. 
 
Unconditionally stable non-linear solver: This is a collaboration with Prof. Hamdi Tchelepi 
(Stanford University) and Dr. Seong Lee (Chevron). While flow in porous media is governed 
by an elliptic or parabolic PDE, a hyperbolic system has to be solved to obtain the phase 
saturation distributions. The flux function for immiscible phase transport is S-shaped and with 
classical iteration schemes the time step size is severely restricted due to stability constraints. 
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A novel scheme was developed resulting in a much more efficient, unconditionally stable 
solver for phase transport. 
 
Stochastic particle method for non-equilibrium multi-phase flow: This is a collaboration 
with Prof. Hamdi Tchelepi (Stanford University). A related topic with high relevance is 
motivated by CO2 sequestration. Currently, storing CO2 in geological sub-surface formations 
seems to be one of the most promising feasible technologies to stabilize the CO2 
concentration in the Earth’s atmosphere. Our research in this area is conducted in 
collaboration with the Petroleum Engineering Department at Stanford University. The prime 
objective is to improve our understanding of how the physics and dynamics at the pore scales 
is linked to the macroscopic equations, which deal with average values. Therefore we 
developed a PDF modeling framework. A stochastic particle method (SPM), in which 
individual (infinitesimal) fluid volumes are modeled, is employed to solve the PDF transport 
equation. These fluid volumes are represented by computational particles, whose evolution 
depends on their phase, composition and other properties including memory. Such a 
Lagrangian approach offers an alternative viewpoint and allows to describe various complex 
non-equilibrium processes in a more general and natural way than in a classical Eulerian 
framework. Recently, a non-equilibrium dissolution and trapping model was incorporated and 
it was demonstrated that it is possible to treat complex processes in a very natural and 
intuitive way, which would lead to additional assumptions at the moment closure level. 
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Description: 
Radiation and scattering of electromagnetic waves are crucial for many research areas, 
including energy sciences. Two fundamentally different approaches are employed to model 
the governing phenomena: the first one, the analytic theory, is based on solving Maxwell's 
equations; the second one, the transport theory, considers transport of photons. Although less 
rigorous, the transport theory is the basis for most modeling efforts, which is due to major 
mathematical difficulties with the analytic theory.  
 
PDF method to compute photon statistics: This is a collaboration with Tobias Stamm and 
Dr. Safer Mourad (EMPA). Based on the transport theory, we developed a modeled evolution 
equation for the photon number density and the joint PDF of photon propagation direction 
(and additional properties in the future). Compared with other models, which simply assume 
diffusion of the scattered photon concentration in the medium, the level of closure is much 
higher and the solutions contain more relevant statistical information. The algorithm was 
implemented and validated. In the course of this work, its value for color investigations 
related to halftone printing could be demonstrated. Recently, optical surface effects, 
fluorescence and spatially varying absorption characteristics were incorporated. Moreover, a 
second multi-scale level to deal with realistic halftone print has been developed. Depending 
on the scenario, this multi-scale approach can leads to speedup factors of several orders of 
magnitude. 
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Fluid dynamics in biological systems is a research area, which is mainly driven by questions 
related to life sciences. In many cases, the background of biologists and medical doctors is not 
suited to investigate complex transport processes of various fluid compositions, which often 
are crucial for a deep understanding of the problems at hand. Therefore, bio-fluid dynamics is 
a very interdisciplinary field, which necessarily involves tight collaborations between life 
scientists, physicists and engineers. 
 
Modeling the cerebral blood flow: This is a collaboration with Profs. Bruno Weber and 
Prof. Alfred Buck (University of Zürich). Cerebral blood flow (CBF) can be defined as the 
rate of delivery of arterial (nutritive) blood to the capillary beds of a particular mass of brain 
tissue. CBF assumes a fundamental role in homeostasis and neural activity as it regulates the 
supply of glucose and oxygen. A multi-scale approach has been developed to model CBF in a 
realistic vascular network. High-resolution 3D data of the cerebral angioarchitecture in animal 
models acquired by Prof. Weber’s group are utilized. The imaged blood vessels are divided 
into groups of large, medium and small lumen. While large and medium vessels are fully 
resolved, the capillary bed is modeled as an isotropic grid. Pressure is assumed to be constant 
in the large vessels while it may vary for smaller sizes. Other vessel properties such as 
diameter and curvature are represented by a corresponding transmissibility value. 
Vasodilation during neural activity or partial occlusion in cerebrovascular impairment are 
examples of localized changes in vessel attributes. Recently, motivated by difficulties with 
appropriate boundary condition specifications, a stochastic framework for the generation of 
artificial but realistic vessel networks has been devised and implemented. Moreover, a 
hierarchical numerical homogenization approach to deal with the large number of capillaries 
was devised and tested. 
 
Stochastic modeling of hierarchical Salmonella infection: This is a collaboration with Prof. 
Wolfgang Hardt (ETH Zürich). After a Salmonella bacterium has docked to a host cell, 
various proteins get injected in a hierarchical order. Therefore, first a series of reactions have 
to take place. In order to confirm a hypothesis explaining the injection hierarchy of proteins, 
stochastic particle simulations were performed. Later, it was shown how and under which 
conditions such a Monte Carlo modeling framework can be described by deterministic 
reaction mechanism, which can be solved much more efficiently. 
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The numerical integration of the Navier-Stokes equations for incompressible flows has 
always been a central topic of numerical fluid mechanics. One possible approach consists in 
computing the pressure and the velocity vector at discrete grid points by solving a system of 
algebraic equations obtained by discretization of the momentum and continuity equations. 
Easy analytical manipulations provide then an independent Poisson equation for the pressure. 
In terms of computational efficiency, the solution of the elliptic pressure equation is the bottle 
neck in most cases and much effort has been made to improve the computational efficiency 
for this step. In terms of discretization, a Cartesian grid is favored and in order to deal with 
complex geometries, immersed boundary techniques have been developed. So far, however, it 
was not possible to preserve high spatial accuracy at immersed boundaries. Moreover, within 
the context of immersed boundaries, the efficient solution of the pressure Poisson equation 
becomes more involved, e.g. if a multi-grid technique is applied, an upscaling step is required. 
 
Multi-scale finite-volume method for incompressible flows: The multi-scale finite-volume 
(MSFV) method, which we originally developed for multi-phase flow in porous media, was 
extended and modified to solve the Poisson equation for pressure arising in incompressible 
Navier-Stokes simulations. It was shown that especially in combination with the immersed 
boundary technique the performance of this new iterative linear solver, which can be 
interpreted as a domain decomposition or mult-grid method, is excellent. 
 
High order immersed boundary method: A novel immersed boundary technique was 
developed to treat complex geometries with Cartesian grids. It was shown that 4th order 
spatial accuracy can be maintained at the boundary. 
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It is well known that the Navier-Stokes equations become invalid for large Knudsen numbers, 
i.e. if the mean free path length is significant compared to the scale of observation. Such 
scenarios can occur e.g. in nano-scale devices, at re-entry of a space vehicle, in plasma flows 
and in the presence of very strong shocks. 
 
Stochastic particle method based Focker-Planck model: This is a collaboration with Prof. 
Manuel Torrilhon (ETH Zürich) and Prof. Stefan Heinz (University of Wyoming). A 
stochastic model and a solution algorithm to simulate the flow of gases, which are not in 
thermodynamic equilibrium was developed. For the interaction of a particle with others, 
statistical moments of the local ensemble have to be evaluated, but unlike in molecular 
dynamics simulations or DSMC, no collisions between computational particles are 
considered. In addition, a novel integration technique allows for time steps independent of the 
stochastic time scale. The stochastic model represents a Fokker-Planck equation in the kinetic 
description, which can be viewed as an approximation to the Boltzmann equation. This allows 
for a rigorous investigation of the relation between the new model and classical fluid and 
kinetic equations. The fluid dynamic equations of Navier-Stokes and Fourier are fully 
recovered for small relaxation times, while for larger values the new model extents into the 
kinetic regime. It could be demonstrated that the stochastic model is consistent with Navier- 
Stokes in that limit, but also that the results become significantly different, if the conditions 
for equilibrium are invalid. It could also be shown that the mass flow rate through a channel is 
correctly predicted as a function of the Knudsen number. 
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Most engineering and geophysical flows occur at high Reynolds numbers and are turbu-
lent. A direct simulation of turbulent flows which resolves all relevant length and time
scales (direct numerical simulation, DNS) is practicable only for very low Reynolds num-
bers. For larger Reynolds numbers the computational cost is prohibitive. Therefore,
computationally less expensive but still accurate simulation methods have to be devel-
oped. This can be achieved by decreasing the spatial resolution while the effects of the
non-resolved scales are modeled. Such simulations are known as large-eddy simulations
(LES). In recent years, a number of different LES models have been developed, one of
which is the approximate-deconvolution model (ADM) developed at our institute. Large-
eddy simulations with ADM were found to give excellent results for a wide range of flows,
all at a fraction (on the order of one percent) of the cost needed for a DNS.
In one project, we implemented ADM in the semi-industrial finite-volume code NSMB
with full support of domain decomposition and parallel computing. We used NSMB
with ADM to investigate the film cooling of turbine blades. The cooling efficiency is
strongly influenced by the turbulence properties of the oncoming boundary layer. Using a
recent technique for turbulent inflow generation which uses randomly distributed synthetic
eddies of deterministic size, we have been able to demonstrate the effect of laminar versus
turbulent boundary layer flow on this specific scenario.
In another project, we investigated the development of isolated turbulent spots in bound-
ary layers at Mach numbers M = 1.1 and M = 5 by numerical simulations. For one para-
meter set at M = 1.1 the turbulence statistics, e.g. , mean velocity profiles and Reynolds
stresses, were analyzed by considering ensembles of turbulent spots with slightly varying
initial disturbances. At M = 5 spanwise structures close to the wall appear in the front
region of the spots beside flow features already known from the incompressible regime.
Strong wall cooling leads to elongated turbulent spots. The asymptotic spreading of linear
instabilities is investigated and its relation to the growth of turbulent spots is discussed.
Simulations for the development of isolated turbulent spots have shown a good agreement
between DNS and LES.

References: See separate list.
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Numerical tools for the prediction of aerodynamically generated noise that can effectively
support the design process of future jet engines are still to be developed. Because the
unsteadiness of the flow is the source of sound time-dependent flow simulations are neces-
sary not only to accurately predict jet noise without empiricism but also to obtain insight
into underlying noise generation mechanisms.
In the present work, a series of large-eddy simulations (LES) using ADM (or the ADM
relaxation term) as subgrid-scale model were performed and very good predictive capa-
bilities could be demonstrated. To assess the sensitivity of the predictions with respect
to the variation of certain numerical parameters a part of the simulations focused on
subgrid-scale model coefficients and the employed numerical resolution. Based on this
and other numerical and experimental work the nozzle itself seems to play an important
role in the generating mechanism. It is believed that its inclusion into the simulation
domain will bring simulation results to closer agreement with experiments. For relevant
Reynolds numbers these simulations are still very costly and turn-around times are on
the order of weeks on shared-memory architectures, although we are solving only for the
large, energy-containing scales by using LES. Currently, we focus on the development of
a massively parallel version of the existing code for the direct noise computation of jet
flows using LES with significantly reduced turn-around times. To this end, we started to
extend this code version to a parallel version using the Message Passing Interface (MPI)
libraries. This step has been almost completed and validation of this code version is on
its way.
The perceived noise at remote observer locations can be determined most efficiently with
an acoustic far-field solver which extrapolates the information of the underlying LES to
the acoustic far-field. Apart from this classical application of far-field solvers, we also
started to use such a solver for “listening” to different regions of the jet. With this “di-
rectional microphone” we try to understand which regions of the jet are emitting what
frequencies in what directions.

References: See separate list.
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This project is concerned with the direct and large-eddy simulation of miscible fluid flows.
The motion of such flows is at least partially governed by its density differences which can
be caused either by different sorts of fluids or differential loadings with small suspended
particles. The density differences are described as a concentration field in an Eulerian
framework, such that additional transport equations need to be solved.
For this purpose, a high-order accurate simulation code for the incompressible Navier-
Stokes equations has been developed which is able to simulate realistic flows with high
Reynolds numbers and which also allows a flexible choice of boundary conditions. The first
aim requires high efficiency in terms of absolute accuracy versus computational effort and
additionally a high scalability of the problem size. To this end, explicit high-order finite
differences on staggered grids in space and a (semi-)implicit time integration scheme are
employed to minimize the number of grid points and time steps for a prescribed accuracy.
The discrete problem is solved by a preconditioned Richardson iteration, such that the
momentum and continuity equations are exactly satisfied. Since the governing equations
are elliptic, the outer iterative solution involves at least one secondary Poisson-type prob-
lem, and the semi-implicit time integration at least one discrete Helmholtz problem. Both
kinds of sub-problems are solved iteratively as well, using the Krylov sub-space method
BiCGStab. Because the Poisson-type problems are intrinsically badly conditioned in
this context, a geometric multigrid preconditioning with Processor-Block Gauss-Seidel
smoothing is additionally employed to yield high convergence rates. This combination of
discretization and solution technique is well-suited for an implementation on massively
parallel computers and allows a nearly unlimited scalability of the problem size. This has
been demonstrated in a weak scaling test of a channel flow with up to 12 billion unknowns.

References: See separate list.
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Description:

Sedimenting particles in the semicircular canals of the inner ear are suspected to be
the most common cause for vertigo. This pathological condition is known as benign
paroxysmal positional vertigo (BPPV) and affects almost 10% of all elderly people.
Based on an analytical model (developed at an earlier stage of this project) we devised a
concept for the numerical simulation of the full fluid mechanics of BPPV. This concept
includes the simulation of following aspects of BPPV:

• The three-dimensional Stokes flow in a morphologically accurate model of a human
semicircular canal.

• The particle dynamics and their interaction with each other, with the fluid and with
the canal walls.

• The deflection of the cupula (a gelatinous structure inside the canal which contains
sensory hair cells) due to the particulate flow.

Over the course of the past year, we applied the method of fundamental solutions (MFS) to
develop a numerical model of the flow in a two- and three-dimensional semicircular canal.
MFS is not a standard numerical method for CFD. It is a meshless method but, unlike
the traditional boundary element methods, the singularities of the fundamental solutions
are located outside the computational domain. On the one hand, an optimal location
of the collocation points on the boundary and of the source points outside the domain
yields spectral convergence. On the other hand, this optimal configuration is not known
a priori but depends on the geometry of the domain and on the boundary conditions. For
sub-optimal configurations, MFS can exhibit a numerical instability tightly connected to
the singular-value decomposition of the MFS system matrix. We found that the boundary
condition must be well contained in the space spanned by the left singular vectors, which
depends on the source configuration. We performed several numerical experiments to find
strategies for a good discretization of two- and three-dimensional problems with MFS and
we applied these strategies to the semicircular canals.

References: See separate list.
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Description:

Exact (to all orders in Knudsen number) equations of linear hydrodynamics have been de-
rived from the Boltzmann kinetic equation with the Bhatnagar-Gross-Krook collision integral.
The exact hydrodynamic equations are cast in a form which allows us to immediately prove
their hyperbolicity, stability, and existence of an H-theorem [1]. By identifying the maxi-
mally random jammed state of freely-jointed chains of tangent hard spheres we have been able
to determine the distinct scaling regimes characterizing the dependence of chain dimensions
and topology on volume fraction. Simulations reveal a hitherto unsuspected connection be-
tween purely intra- (knots) and inter- (entanglements) molecular topological constraints [2].
By mapping trajectories from long atomistic simulations onto the tube model, we have calcu-
lated the most fundamental function of the reptation theory, the probability that a segment of
the primitive path remains in the initial tube after given time [3]. We have developed mod-
els [4] that capture physical network formation starting from the molecular architecture of
its constituents (Janus chain model) and that contain the basic features of phase separation
in cross-linked polymer gels (elastic network of Lennard-Jones particles). The existence of
non-affinely rearranging regions in the inherent structures (IS) of supercooled liquids has been
unveiled by numerical simulations of two- and three-dimensional model glass formers subject
to static shear deformations combined with local energy minimizations [5]. Details available
at http://www.complexfluids.ethz.ch
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[3] P.S. Stephanou, C. Baig, G. Tsolou, V.G. Mavrantzas, M. Kröger, Macromolecules (2009) in press.
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[5] E. Del Gado, P. Ilg, M. Kröger, H.C. Öttinger, Phys. Rev. Lett. 101 (2008) 095501.

96



Title:  Investigation of Structural Competence of Bone and its Dependence of 
Mechanical Loading and Genetic Predisposition using Finite Element Analysis. 

 
Researchers: G. H. van Lenthe 
 D. Christen 
 F. A. Gerhard 
 T. L. Mueller 
  D. Ruffoni 
 A. J. Wirth 
 R. Müller 
 
Institute/  Institute for Biomechanics 
Group:  
 
 
Description:  
In order to analyse bone non-destructively, a custom in-house parallel finite element (FE) 
solver is used. This FE package (ParFE) implements the conjugate gradient algorithm 
complemented by smoothed aggregation multigrid preconditioning and allows solving models 
based on micro-computed tomography (micro-CT) of bones at a very high level of detail. By 
this, the fundamental relations between bone’s microarchitecture and its mechanical 
competence were studied at different length scales. In a study in collaboration with Columbia 
University (New York, USA) we compared in silico determined bone stiffness of small 
human biopsies and correlated it successfully with several other parameters. In two other 
studies at larger length scales, parts of the distal forearm of the two age cohorts, responsible 
for most clinically documented fractures at this site, were investigated. In the first study 
together with the University of Munich (Munich, Germany), for elderly patients a good 
correlation with the experimentally determined failure loads was found. In the second study 
together with the Mayo Clinic (Rochester, MN, USA), for children between 12 and 14 ears a 
generally reduced capability to carry high loads due to changes in the dense outer shell of the 
distal radius was shown. Further research focussed on the still not completely understood 
evolution of bone’s microstructure. Through mechanical stimulation of mouse vertebrae in 
vivo and over time, in combination with micro-CT and in silico experiments, it became 
possible to compare sites of bone formation and resorption with actual local mechanical 
loading. In another study we investigated the genetic regulation of femoral bone strength in 
two widely used strains of mice. Using quantitative trait locus (QTL) analysis, genes that 
affect bone strength can potentially be located. 
 
References: 
Melton et al. (2007), J. Bone Miner. Res. 22 (9): 1442-1448.  
Arbenz et al. (2008), Int. J. for Numerical Methods in Engineering 73 (7): 927-947.  
van Lenthe et al. (2008), Bone 43: 717-723.  
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Projects W. Petersen

• Simulation of complex stochastic differential equations with applications in quan-
tum statistical mechanics. This is joint work with Christian Perret (SAM).

• HFN, a high precision (128-bit) package for numerical computation on CELL Broad-
band Engines (IBM CELL processor). Students Francois Gaignat (RW, ETHZ),
Mauro Calderara (Physik, ETHZ), and Jonathan Coles (Univ. Zürich) visited
Berkeley Lab (NERSC) to work with David Bailey. A preprint on the HFN project
was be submitted to Scientific Programming as a contributed paper for a special
issue on CELL. Currently there are several users of this package (e.g. G. Khanna
U. Massachusetts).

• Suitability of IBM/Sony CELL processors for scientific work. Begun in late 2006,
it is in collaboration with R. Jeltsch, G. Lake (Univ. of Zürich), Peter Arbenz
(D-INF), Daniel Kressner (SAM, D-MATH), HFN students, and Denis Nordmann
(http://cluster.qubits.ch/).

• Dynamics of Asset Prices in Heterogeneous Economies,with Y. Lengwiler (Uni.
Basel, Dept. of Economics), S. Malamud, and E. Trubowitz (D-MATH). Eleven dif-
ferent economic scenarios are have examined and were compared with so-called styl-
ized facts, which are empirical observations about known post-industrial economies.

Publications

Publications

• A New High Precision Floating Point Library for the Cell B.E. Processor, J. Coles,
F. Gaignat, M. Calderara, D. Nordmann, and W. P. Petersen, preprint, May 2008.

Scientific Presentations

• Green Computing, Microsoft Research, Silicon Valley Campus, 28 July 2008.

Further Activities

Referee for Scientific Journals:

• Computer Physics Communications, Jan. 2008

• APNUM, May, Oct., Oct., 2008

• Journal of Statistical Mechanics, Oct. 2008.
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Title: High Resolution FTIR and Diode Laser Supersonic Jet Spectroscopy of the 
N = 2 HF Stretching Polyad in (HF)2 und (HFDF): Hydrogen Bond 
Switching and Predissociation Dynamics 
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Description: 
We report Fourier Transform Infrared (FTIR) and high resolution diode laser spectra 
(~ 1 MHz instrumental bandwidth) obtained in cooled absorption cells as well as in a 
supersonic jet expansion for the N = 2 polyad region of the HF-stretching vibrations of (HF)2, 
HFDF and DFHF. Three vibrational transitions have been observed for (HF)2 and two for 
both monodeuterated isotopomers. For (HF)2 we have identified and analysed the observed 
transitions of the polyad member 22 of the type ΔKa = 0 and ΔKa = ±1 up to rotational 
sublevel Ka = 3. Band centers as well as rotational constants of all four Ka states have been 
determined. The tunneling splittings due to hydrogen bond switching for these four Ka states 
have been investigated, with the Ka = 0 up to Ka = 2 sublevels having tunneling symmetry 
Γvt = A+ for the lower tunneling states, and switching periods ranging from 158 ps for Ka = 0 
to 1.35 ns for Ka = 2. A tunneling level inversion is found at Ka = 3, leading to a symmetry 
Γvt = B+ for the lower tunneling state of this Ka-sublevel. From the measurements in a 
supersonic jet expansion we determined the predissociation line width of the N = 22, Ka = 1 to 
be about 120 MHz for the Γvt = A+ tunneling state of (HF)2 and about 90 MHz for Γvt = B+. 
For the Ka = 0 level of N = 22 we obtained a predissociation line widths ranging around 
100 MHz, similar to those of the Ka = 1 level. In the case of HFDF, the predissociation line 
width of Ka = 1 is about 80 MHz. Predissociation lifetimes for these levels with the 
unbounded HF stretching excited thus are in the range of about 1 to 2 ns. The spectra are 
analyzed by extensive computations. 
 
References:   
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Title: High-Resolution Continuous-Wave-Diode Laser Cavity Ring-Down 
Spectroscopy of the Hydrogen Fluoride Dimer in a Pulsed Slit Jet 
Expansion: Two Components of the N = 2 Triad near 1.3 μm 
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Description: 
 
The near-infrared overtone spectra of the prototypical hydrogen-bond hydrogen fluoride 
dimer (HF)2 contain rich information on hydrogen bond dynamics. We report a study of the 
N = 2 triad involving excitations with two quanta of HF stretching in (HF)2 around 1.3 μm 
(7500 – 7800 cm–1) by means of continuous-wave-diode laser cavity ring-down spectroscopy 
in a pulsed supersonic slit jet expansion. The analysis of the rotationally resolved overtone 
spectra allows the study of vibrational mode-selective kinetics, such as hydrogen bond 
predissociation with lifetimes τPD and tunneling rearrangement (switching) processes with 
periods τsw obtained from the tunneling splitting  in highly excited vibrational states. The 

 transition of the Nj = 22 band of (HF)2 has been reinvestigated by us in a 
supersonic jet expansion; the much improved data obtained here are in excellent agreement 
with several previous experimental results. Our analysis provides subband-level positions and 
properties 

TΔν
1 0aK = ←

0 aν ( 1( )) 7711.37956(66)K A+= =  cm–1, T 0.0936(10)Δν =

TΔν

 cm–1, and τPD = 1.3 – 
1.9 x 10–9 s, depending on the level symmetry A+ and B+. We have also analyzed spectra of 
the Nj = 21 band, which we have observed for the first time in a supersonic jet with rotational 
resolution. For the  transition of this band, we find the band center at 

 cm–1 and a tunneling splitting of 
0 0aK = ←

7550.3555(26)0ν ( )A+= = 0.0150(37)=  cm–1. This 
level involves mostly excitation of the H-bonded HF stretching with two quanta. The mode-
selective tunneling switching is in agreement with a simple picture of inhibited tunneling. 
These experimental values are close to those calculated on the "SO-3" potential energy 
hypersurface of Klopper, Quack, and Suhm. The N = 2 triad also exhibits a strongly mode-
selective predissociation dynamics, with a predissociation lifetime τPD = 4.99(84) x 10–11 s in 
the Nj = 21 level, which is more than 20 times shorter than that for the Nj = 22 level. The 
spectra are analyzed by extensive computations also in terms of dynamics. 
 
References:   
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Title: Recent Results in Quantum Chemical Kinetics from High Resolution 
Spectroscopy 
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Description: 
 
We outline the approach of our group to derive intramolecular kinetic primary processes from 
high resolution spectroscopy using quantum dynamical computations in the analysis. We then 
review recent results on intramolecular vibrational redistribution (IVR) and on tunneling 
processes. Examples are the quantum dynamics of the C–H-chromophore in organic 
molecules, hydrogen bond dynamics in (HF)2 and stereomutation dynamics in H2O2 and 
related chiral molecules. We finally discuss the time scales for these and further processes 
which range from 10 fs to more than seconds in terms of successive symmetry breakings, 
leading to the question of nuclear spin symmetry and parity violation as well as the question 
of CPT symmetry. 
 
 
References:   
 
[1] M. Quack, in „Computation in Modern Science and Engineering, Proceedings of the 

International Conference on Computational Methods in Science and Engineering 2007 
(ICCMSE 2007)“, Editors Th. E. Simos, G. Maroulis, Volume 2, pp. 245 – 248, AIP 
Conference Proceedings 963, (2007), ISBN 978-0-7354-0478-6. 
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Description: 
 
We review the high-resolution spectroscopic approach toward the study of intramolecular 
dynamics, emphasizing molecular parity violation. Theoretical work in the past decade has 
shown that parity-violating potentials in chiral molecules are much larger (typically one to 
two orders of magnitude) than anticipated on the basis of older theories. This makes 
experimental approaches toward small molecular parity-violating effects promising. The 
concepts and results of intramolecular dynamics derived from spectroscopy are analyzed as a 
sequence of symmetry breakings. We summarize the concepts of symmetry breakings (de 
facto and de lege) in view of parity violation in chiral molecules. The experimental schemes 
and the current status of spectroscopic experiments on molecular parity violation are 
established. We discuss the promises of detecting and accurately measuring parity-violating 
energy differences ΔpvE on the order of 10–11 J mol–1 (approximately 100 aeV) in enantiomers 
of chiral molecules with regard to their contribution to fundamental physics in the framework 
of the standard model of particle physics and more speculative future fundamental symmetry 
tests such as for the combined charge conjugation, parity, and time-reversal (CPT) symmetry 
violation. 
 
 
References:   
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Title: CHBrIF and molecular parity violation: First high resolution rovibrational 
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Description: 
 
We report the analysis of high resolution FTIR spectra of the chiral molecule CHBrIF. The 
spectrum was measured with the high resolution Zurich collisional cooling setup consisting of 
the Bruker IFS125 HR Zurich prototype and a collisional cooling cell. The infrared spectrum 
of CHBrIF was recorded in the range 600 – 1300 cm–1 at 190 K and 295 K with a resolution 
of 0.001 cm–1. A rovibrational analysis of the CF-stretching mode of the two isotopomers 
CH79BrIF (ν0 = 1060.81587 cm–1) and CH81BrIF (ν0 = 1060.77877 cm–1) is presented and the 
relation to parity violation is discussed, as well as the role of computations in the analysis of 
spectra. 
 
References:   
 
[1] S. Albert, K. K. Albert, S. Bauerecker, M. Quack, in „Proceedings of the 16th Symposium 

on Atomic and Surface Physics and Related Topics (SASP 2008), Les Diablerets, 
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T. R. Rizzo eds.), Innsbruck University Press (IUP), Innsbruck 2008,  
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Description: 
 
We report the infrared spectra of dideutero-methyliodide CHD2I in the range from 500 to 
12 000 cm–1. Twenty two vibrational bands were assigned to the coupled CH-stretching and 
bending vibrations of the CH-chromophore. They were analysed in terms of an effective 
Hamiltonian including strong anharmonic resonances up to the polyad N = 4 corresponding to 
a maximum of four quanta of stretching excitation. The ab initio potential hypersurface for 
the three-dimensional CH-chromophore subspace was calculated at the full MP2 level. This 
surface was finally scaled to fit experiment with vibrational energy levels being calculated by 
an adiabatic successive truncation technique. The resulting spectrum was represented by the 
same effective Hamiltonian as used for the experimental data, the results from both 
approaches agreeing well. The time dependent quantum dynamics were obtained from this 
Hamiltonian adjusted to experiment. It showed very fast but incomplete energy transfer from 
pure CH-stretching excitation with four or five quanta to partial CH-bending excitation in 
about 100 fs. These results are discussed in terms of a doorway to further excitation transfer to 
the lower frequency modes measured before by femtosecond pump–probe experiments in our 
group. 
 
References:   
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Description: 
 
The redistribution of vibrational energy after overtone excitation was investigated for three 
different propargyl-halides in femtosecond pump-probe experiments by time delayed UV-
absorption spectroscopy using a hollow waveguide. Two different time scales for the 
intramolecular vibrational energy redistribution (IVR) were found after excitation of the first 
overtone of the acetylenic CH-stretching vibration on the one hand and the CH-stretching 
vibrations within the CH2X-group on the other hand. For CH2BrCCH and CH2ClCCH a much 
longer relaxation time for the excitation of the acetylenic CH-stretching vibration is found 
compared to the one for the excitation of the CH2-group, in agreement with previous findings 
of IVR in acetylenic and alkylic CH-chromophores. The role of computations in the data 
analysis is discussed as well.  
 
References:   
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means of cw-CRD spectroscopy, 
 

 
Researchers: C. Manca 
  M. Quack 

 
Institute/Group: Group for Molecular Kinetics and Spectroscopy, Physical Chemistry,  

ETH Zürich 
 
 
Description: 
 
We have improved our setup for cw-laser cavity ring-down spectroscopy of pulsed supersonic 
jet samples. We report high resolution spectroscopy of the dimer (HF)2 and its isotopomer 
HF·DF in the region of the (HF)-stretching overtone near 7710 cm–1 corresponding to two 
quanta of excitation of the “free” HF. Careful analysis of the spectra need extensive 
computations. 
 
References:   
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Description: 
 
We report the spectrum and the vibrational analysis of the fundamental and first overtone of 
the CH-stretching vibration of rotationally cooled pentadeuterated benzene 12C6HD5 and 
several isotope-isomers of 13C12C5HD5 measured by isotope selective overtone spectroscopy 
(ISOS). Using the results from ab initio calculations and earlier vibrational assignments, 
based on symmetry considerations and rules for isotopic substitution, the spectral positions of 
some of the combination bands in the measured spectral ranges have been identified. 13C 
substituted C6HD5 has 4 different isotope-isomers, defined by the position of the 13C atom 
relatively to the CH-bond. Ab initio calculations and experimental results show that only the 
isomer with the 13CH-chromophore shows a significant frequency shift of about 22.1 cm–1 for 
the overtone of the CH-stretching vibration, relatively to the other isomers. The spectra are 
analyzed by quantum dynamical computations.  
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Description: 
 
We have carried out new measurements of infrared spectra in a wide frequency range for the 
spherical top molecules 12CH4, 13CH4 and 12CD4 at low (80 K) and at room temperature 
(298 K). Spectra were recorded at very high resolution (0.0027 cm–1 for spectra in the region 
around 2900 cm–1, which corresponds to the pentad for 13CH4) using the Zurich prototype 
Bruker 125 spectrometer (ZP 2001) combined with a low temperature cooling cell and a 
White-type cell. At low temperature, the Doppler full line width at half maximum was 
reduced by a factor of 1.91 to 0.0045 cm–1 in the pentad region for 13CH4. We report the 
global analysis of 13CH4-transitions up to 3200 cm–1 and compare to previous work. In the 
present work line positions are reproduced with an rms deviation of 0.0004 cm–1. The 
complex interacting system is analyzed using the effective Hamiltonian approach elaborated 
in Dijon, using extensive computations. 
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Description: 
 
Stable free radicals have a variety of applications. Particularly, the aminoxyl group is 
frequently used in spin-labeling experiments. Nitroxides may also exhibit intriguing chiral 
and magnetic properties, and can be of interest for studies of molecular parity violation. We 
present results for three different groups of persistent nitroxide radicals: i) acyclic: 
dimethylaminoxyl (Me2NO), bis(trifluoromethyl)aminoxyl (CF3)2NO, and di-tert-butyl 
nitroxyl [(Me3C)2NO]; ii) cyclic: aziridine-N-oxyl, azetidine-N-oxyl, pyrrolidine-N-oxyl and 
piperidine-N-oxyl; and iii) imino nitroxides. We used density functional and ab initio (MP2, 
coupled cluster) methods to obtain insight into the underlying chemistry. The molecular 
structures, harmonic vibrational frequencies, inversion barriers, and hyperfine coupling 
constants are reported. The cyclic aziridine-N-oxyl exhibits a considerable inversion barrier of 
similar ~hc 3500 cm–1 compared to only similar ~hc 500 cm–1 for the other examples. Stable 
imino nitroxides are theoretically characterized for the first time in our work. We discuss the 
possibilities that some of the chiral derivatives may be dominated by molecular parity 
violation in their dynamics. 
 
References:   
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Description: 
 
We use the dimer (HF···HF) as a model system to understand the dynamics in hydrogen-
bonded systems. This particularly simple system has been widely used both in experimental 
and theoretical studies. Here we focus on the remarkable mode selectivity in vibrational 
predissociation processes which occur on time scales of picoseconds to nanoseconds. We 
have performed classical molecular dynamics (MD) calculations on the six-dimensional SO-3 
potential energy surface (PES) of (HF)2 to estimate absorption spectra and predissociation 
lifetimes τPD for various initial vibrational excitations involving HF stretching. Our 
calculations can qualitatively reproduce the mode selectivity in τPD observed experimentally: 
Excitations involving the 'hydrogen-bonded' HF stretching mode give rise to shorter τPD than 
those involving the 'free' HF stretching mode. Besides results concerning the HF dimer, this 
study offers the opportunity to check to what extent classical MD calculations on an accurate 
and realistic potential are suitable to study dynamical properties in such a molecular system. 
 
References:   
 
[1] C. Manca, M. Quack, M. Willeke, Chimia, 62, 235 – 239 (2008), (Mettler Toledo award 

paper). 
 

110



 

 

Title: Global Analysis of the High Resolution Infrared Spectrum of Methane 
12CH4 in the Region from 0 to 4800 cm–1 

 
Researchers: S. Albert *, S. Bauerecker**, V. Boudon***, L. R. Brown****, 
  J.-P. Champion**, M. Loëte**, A. Nikitin*****, M. Quack* 
   

 
Institute/Group: * Group for Molecular Kinetics and Spectroscopy, Physical Chemistry, 

ETH Zürich 
** Institut für Physikalische und Theoretische Chemie, Technische 

Universität Braunschweig, D-38106 Braunschweig 
*** Institut Carnot de Bourgogne, UMR 5209 CNRS-Université de 

Bourgogne, 9 Avenue Alain Savary, F-21078 Dijon 
**** Jet Propulsion Laboratory, California Institute of Technology, 4800 

Oak Grove Drive, Pasadena, California 91109, USA 
***** Laboratory of Theoretical Spectroscopy, Institute of Atmospheric 

Optics, Russian Academy of Sciences, 634055 Tomsk, Russia 
 
 
Description: 
 
We report the global analysis of methane (12CH4) lines from high resolution rovibrational 
spectra including accurate line positions and intensities in the region 0 – 4800 cm–1. This 
covers four polyads: The Ground State Monad (rotational levels), the Dyad (940–1850 cm−1, 
2 vibrational levels, 2 sublevels), the Pentad (2150–3350 cm−1, 5 vibrational levels, 
9 sublevels) and the Octad (3550–4800 cm−1, 8 vibrational levels, 24 sublevels) and some of 
the associated hot bands (Pentad−Dyad and Octad−Dyad). New Fourier transform infrared 
(FTIR) spectra of the Pentad and Octad regions have been recorded with a very high 
resolution (better than 0.001 cm−1 instrumental bandwidth, unapodized) at 78 K using the 
Bruker IFS 125 HR Zürich prototype (ZP2001) spectrometer in combination with a long 
optical path collisional cooling system [2]. Existing spectra previously recorded with the 
FTIR spectrometer at the National Solar Observatory on Kitt Peak in Arizona were 
remeasured selectively to provide new intensities and positions of weaker lines above 
4400 cm−1. These were combined with previously reported absorption data from FTIR and 
laser absorption, as well as high-resolution stimulated Raman and microwave spectra. The 
effective hamiltonian was expanded up to order 6 for the Ground State, order 6 for the Dyad, 
order 5 for the Pentad and order 5 for the Octad. Using extensive computations, a total of 
16738 line positions were used in the least squares adjustment.  
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Description:

The ab initio calculation of Raman optical activity (ROA) spectra of biological molecules
presents a challenge for computational chemistry. By employing time-dependent density-
functional theory and efficient density-fitting techniques for the calculation of the electric
and magnetic polarizability tensors in combination with numerical differentiation tech-
niques [1], it has recently become possible to calculate full ROA spectra of molecules
containing even a few hundred atoms. This enables us to tackle systems of experimental
relevance.
We have started a systematic investigation of the ROA signatures of different secondary
structure elements in polypeptides. In this work, we present calculations on models of
different helical conformations, and demonstrate how our calculations can be employed
to verify the experimental assignment of different spectral features [2]. We further in-
vestigate spectral signatures of the amino acid tryptophan and show that the sign of the
W3 ROA band can be used to determine the conformation of tryptophan side chains in
proteins [3].

References: [1] S. Luber, M. Reiher, Chem. Phys. 2008, 346, 212.
[2] Ch. R. Jacob, S. Luber, M. Reiher, to be submitted.
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Description:

Although the theory of nuclear magnetic resonance (NMR) parameters has a long history,
calculations of NMR chemical shieldings with first-principles quantum chemical methods
for a broad range of applications became possible only during the last two decades
with the first implementations of gauge-invariant atomic orbitals and density functionals
beyond the local density approximation. In order for such calculated shieldings to be
useful for the analysis of protein structures, it is necessary to evaluate their general
accuracy of from density-functional theory (DFT) calculations. In general, there are two
issues that need to be addressed: choice of the Hamiltonian and inclusion of electron
correlation. In recent work [1] we reconsidered the role of magnetic field like operators in
the Dirac equation and their behaviour under unitary transformations, which is the very
basis for all magnetic-field-dependent properties — even for apparently non-relativistic
cases. We examined different possibilities of how to transform the vector-potential-
containing Dirac Hamiltonian with a special focus on the final goal to employ them in
perturbative treatment of molecular property calculations. Regarding the prediction of
NMR parameters for proteins[2], we summarize results obtained in quantum chemical
studies on chemical shieldings for different oligopeptide models of ubiquitin and the
protein CRH. The main goal of this investigation was to determine the average error
of the calculated chemical shieldings in comparison to experimental values provided by
the group of Prof. Beat Meier at the ETH, Zurich. Besides technical aspects, like the
dependence on the exchangecorrelation functional or the basis set used, we investigated
the effect of the structural model employed in the calculations on the resulting NMR
parameters. The biggest model that has been considered was a partially optimized
protein fragment consisting of 305 atoms in total. The role of proton environment
as well as the influence of vibrational averaging on NMR shifts has been examined.
Finally, calculations with the Mller-Plesset second-order perturbational theory have been
compared to the ones obtained with DFT. We have found that there is fair agreement
between DFT calculated and experimental relative chemical shieldings in many cases,
although for certain examples the differences can be in the order of 10 ppm.

References: [1] S. Luber, I. Malkin Ond́ık, M. Reiher, Chem. Phys. 2008,
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to be submitted.

113



Title: A Subsystem Density-Functional Theory Approach to Response
Properties of Complex Aggregates

Researcher: Johannes Neugebauer

Institute/Group: Laboratorium für Physikalische Chemie, ETH Zurich

Description:

The response properties of chromophores in complex aggregates are influenced by di-
rect interactions with their environment, which modulate the characteristic features of
each individual chromophore, as well as by cooperative phenomena due to the coupled
response of different subunits. Prototypical examples are the photophysical properties
of natural light-harvesting complexes, for which both protein–pigment interactions as
well as excitation energy transfer phenomena between different pigment molecules are
important.
A subsystem formulation of time-dependent density-functional theory [1] was developed
that is capable of describing both types of effects. It is shown that this approach is well
suited to investigate spectroscopic properties of a certain chromophore for which the en-
vironmental response is important. In particular, characteristic features of excitonically
coupled chromophores in absorption and circular dichroism spectra are accessible. More-
over, accurate and efficient approximations to this formalism can be found, so that it can
be applied to problems connected to photosynthesis. This is demonstrated in a study on
protein–pigment interactions and EET couplings in the light-harvesting complex LH2 of
purple bacteria [2].
In addition, the formalism gives access to general response properties like polarizabilities,
for which it allows to distinguish between chromophore and environmental contributions,
so that it is a valuable tool for interpretation purposes [3].
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We investigate the electron density topologies from a subsystem approach to density-
functional theory (DFT) for subsystems connected by coordination bonds in comparison
to Kohn–Sham–DFT reference calculations. For a detailed analysis of the differences be-
tween these two methods within DFT we compared the topology of the electron densities
obtained in these ways in terms of deformation densities, bond critical points, and the
negative Laplacian of the electron density. Reasonable results can be obtained for weak
dative bonds as in H3N· · ·BH3 or for bonds with a rather ionic character as in TiCl4.
Problems occur for dominant covalent bonding contributions. The subsystem approach
shows serious deficiencies in cases of fragments with opposite charge. We show how this
problem can be overcome by introduction of a long-distance correction to the embedding
potential as recently proposed [Ch. R. Jacob, M. Beyhan, L. Visscher, J. Chem. Phys.
2007, 126, 2341161].
For the applicability of the FDE method we can thus recognize a clear trend. For van
der Waals complexes, the FDE approach is very successful and it also works well for
weak hydrogen bonds [1]. Even for strongly hydrogen-bonded systems like F−H−F− a
good description can be achieved. Coordination bonds, however, represent borderline
cases. Whereas weak dative bonds or bonds with strongly ionic character are described
reasonably well, FDE fails for coordination compounds with strong covalent bonding
contributions with currently available approximations for the kinetic-energy component
of the embedding potential [2].

References: [1] K. Kiewisch, G. Eickerling, M. Reiher, J. Neugebauer, J. Chem.
Phys. 2008, 128, 044114.
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Chem. Phys. Lett. 2008, 461, 353.
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An intensity-driven approach for the selective calculation of vibrational modes in molec-
ular resonance Raman spectra was developed. The method exploits the ideas of the
mode-tracking algorithm [M. Reiher, J. Neugebauer, J. Chem. Phys. 2003, 118, 1634]
for the calculation of pre-selected molecular vibrations and of Heller’s gradient approxi-
mation [E.J. Heller, R.L. Sundberg, D. Tannor, J. Phys. Chem. 1982, 86, 1822] for the
estimation of resonance Raman intensities.
The gradient approximation allows to construct a basis vector for the subspace iteration
carried out in the mode-tracking calculation which corresponds to an artificial collec-
tive motion of the molecule that contains the entire intensity in the resonance Raman
spectrum. Subsequently, the algorithm generates new basis vectors from which normal
mode guesses are constructed. In contrast to conventional mode-tracking, information
about the nature of the selected mode is not a prerequisitive but a result of the intensity-
tracking calculation. It is then possible to provide estimates for (i) the accuracy of the
approximations obtained for the normal modes, and (ii) the intensity of these modes in
the final resonance Raman spectrum.
We validate the methodology for the resonance Raman spectrum of uracil, for which
reference spectra based on different electronic-structure methods are available. First
applications to tryptophan-based protein substructures are presented, which demonstrate
that this approach opens up the way for resonance Raman studies on extended models
for biomolecules.
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In transition metal catalysis, it is still a challenging task to predict, in particular, energy
differences between states of different spin accurately with a variety of today’s standard
quantum chemical methods. To tackle relevant transition metal catalysts one is limited
to the application of broken-symmetry DFT since other methods are no longer feasible.
Nevertheless, broken-symmetry DFT often exhibits deficiencies in accuracy. Moreover,
in ab-initio approaches one usually needs a large active space for a qualitative correct
description of the electronic structure, especially in bi- or polynuclear transition metal
compounds. The density matrix renormalization group (DMRG) algorithm allows the
treatment of a large active space which is by far not reachable using standard ab-initio
quantum chemical methods. We investigate the DMRG algorithm as a substitute for
CASSCF in cases where these fail to correctly describe the electronic structure or are
no longer feasible. We show that DMRG is capable of properly describing the relative
energies of the binuclear µ-η2:η2 peroxo and bis(µ-oxo) copper oxide isomers [1]. DMRG
calculations were performed for the copper oxide cores and the copper oxide isomers
with six amine ligands based on earlier work by Cramer et al. [C. J. Cramer, M. Wloch,
P. Piecuch, C. Puzzarini, L. Gagliardi J. Phys. Chem. 2006, 110, 1991] with a com-
pletely renormalized CC calculation and Malmqvist et al. [P. A. Malmqvist, K. Pierloot,
C. J. Cramer, L. Gagliardi, J. Chem. Phys. 2008, 128, 204109] with RASPT2. Within
our DMRG calculation the active space was increased up to 44 active orbitals containing
26 electrons. We also implemented an automated DMRG extrapolation scheme which
extrapolates the DMRG energy to the full CI limit. The advantage of this scheme is that
it delivers an error estimate which can be used as qualtity control and as a convergence
criteria [2]. As extrapolations on CoH and the copper oxide isomers showed, it is not
necessary to perform DMRG calculations with extremely large numbers of DMRG states.
Instead, it is often sufficient to perform DMRG calculations with intermediate numbers
of DMRG states — depending heavily on the complexity of the electronic structure —
for accurate extrapolated energies at the full CI limit.

References: [1] K. H. Marti, I. Malkin Ond́ık, G. Moritz, M. Reiher, J. Chem.
Phys. 2008, 128, 014104.
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Description:

Local properties, such as partial charges or local spins, are an important concept in
chemistry. For example, in transition-metal clusters they allow us to describe interactions
between metal atoms as well as their magnetic behavior [1].
Information on the spin state of a given complex can be derived from the decomposition

of molecular total spin expectation values 〈Ŝ
2
〉 or 〈Ŝz〉. The expectation values 〈Ŝ2〉 and

〈Ŝz〉 can be interpreted in terms of local spin values 〈Ŝ2
A〉 and 〈ŜzA〉 assigned to atoms

or molecular fragments A.
We compare two different decomposition schemes by Clark and Davidson [A. E. Clark,
E. A. Davidson, J. Chem. Phys. 2001, 115, 7382] and by Mayer [I. Mayer, Chem.
Phys. Lett. 2007, 440, 357] for expectation values calculated with the Kohn–Sham
Slater determinant for polynuclear transition-metal clusters [2]. We present the first
implementation of the local spin decomposition scheme recently suggested by Mayer,
where the total spin expectation value 〈Ŝ2〉 rather than its operator Ŝ2 is partitioned.
It is shown that this approach resolves the inconsistencies of non-zero local spin assigned
to closed-shell molecules [3], which arise in the scheme of Clark and Davidson. Fur-
thermore, we demonstrate that Mayer’s local spin values 〈Ŝ2

A〉, in contrast to those of
Clark and Davidson, can be interpreted as SA(SA +1), where SA shall be the (fictitious)
eigenvalue of the local spin operator ŜzA. It is important to note that the cross terms,
〈ŜA · ŜB〉A6=B, where local spins are located on different fragments A and B as required
for a phenomenological Heisenberg Hamiltonian for spin–spin interaction, are similar for
both decomposition schemes. Hence, Mayer’s approach gives a more consistent descrip-
tion for the decomposition of 〈Ŝ2〉 and the assignment of local spins in molecules.

References: [1] M. Reiher, Faraday Discuss. 2007, 135, 97.
[2] M. Podewitz, C. Herrmann, A. Malassa, M. Westerhausen, M.
Reiher, Chem. Phys. Lett. 2008, 451, 301.
[3] C. Herrmann, M. Reiher, B. A. Hess, J. Chem. Phys. 2005,
122, 034102.
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The six lowest electronic states of the rare gas dimer ion Xe+
2 have been investigated

by high-resolution photoelectron spectroscopy in combination with quantum chemical
calculations [1]. Scalar-relativistic Douglas–Kroll–Hess [A. Wolf, M. Reiher, B. A. Hess,
J. Chem. Phys. 2002, 117, 9215] multi-reference configuration interaction calculations
with a subsequent perturbative treatment of spin–orbit coupling were performed in order
to quantify the dependence of spin–orbit coupling effects on the internuclear distance R.
On the basis of the ab initio calculations a modified semi-empirical R-dependent spin–
orbit coupling model was established, which was used to derive accurate potential energy
curves of Xe+

2 from experimental high-resolution vibrational data. As a consequence of
the improved potential energy curves difficulties in the assignment of vibrational lev-
els existing in previous studies [P. Rupper, O. Zehnder and F. Merkt, J. Chem. Phys.
2004, 121, 8279] could be resolved. Particularly for the electronic states of ungerade
symmetry an excellent agreement of calculated and experimental vibrational energy lev-
els within a range of 5 cm−1 was obtained. Further studies suggest that a generalization
of this approach to the calculation of the potential energy curves and the corresponding
vibrational levels of Ar+

2 and Kr+
2 is feasible [2].

References: [1] O. Zehnder, R. Mastalerz, M. Reiher, F. Merkt, R. A. Dressler,
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Description:

Mössbauer spectra supplement other spectroscopic techniques and support the structure
determination of molecular and electronic structures. Theoretical predictions of the
isomer shift and quadrupole splitting based on ab initio calculations of the electron
density at the nucleus and the electric field gradient, respectively, are helpful in the
interpretation of such spectral data. A reliable prediction of electric field gradients
at nuclei requires relativistic effects to be taken into consideration since this quantity
probes the core region, where relativistic effects are expected to be largest. The scalar-
relativistic variant of the Douglas–Kroll–Hess (DKH) unitary transformation technique
provides a suitable framework to treat relativistic effects and has been extended to
the analytical calculation of molecular properties avoiding the so-called picture change
error [1], which results from calculating the desired property from non-DKH-transformed
(i.e. non-relativistic) property integrals. In a recent study on the nuclear quadrupole
moment of 119Sn and the quadrupole splitting parameter in a variety of tin compounds we
demonstrated the reliability and stability of our picture-change-corrected DKH approach
[2]. As far as an accurate calculation of electron densities at nuclei within a DKH scheme
is concerned an explicit DKH transformation of this property is mandatory to obtain
correct results [3] . A picture-change-corrected approach is thus applied to the calculation
of the isomer shift in iron compounds, which is in progress in our laboratories.

References: [1] A. Wolf, M. Reiher, J. Chem. Phys. 2006, 124, 064102; ibid
064103.; R. Mastalerz, G. Barone, R. Lindh, M. Reiher, J. Chem.
Phys. 2007, 127, 074105.
[2] G. Barone, R. Mastalerz, M. Reiher R. Lindh, J. Phys. Chem.
A 2008, 112, 1666.
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Stereochemistry is an important aspect in chemistry, influencing strongly certain proper-
ties of molecules. There are several techniques in order to get information about the chi-
rality of systems. Among them is the promising, young technique of Vibrational Raman
Optical Activity (ROA) spectroscopy, which usually measures the intensity differences
of the Raman intensities scattered by the molecules in incident right- and left-circularly
polarized light. For the assignment of ROA spectra, quantum chemical calculations
are required because no universal relationship between the molecular structure and the
intensity differences is known.
ROA experiments have been performed for systems like proteins and viruses. In contrast
to that, ROA spectra have only been evaluated for quite small organic molecules since
ROA calculations have been very time-consuming. The largest molecule which could be
calculated with density-functional theory was decaalanine [1] with the selective mode-
tracking approach [M. Reiher, J. Neugebauer, J. Chem. Phys. 2003, 118, 1634]. We
present a semi-numerical density-fitting-based implementation for the calculation of ROA
spectra [2]. With this set-up, it is now possible to routinely obtain consistent force fields
and ROA spectra of large molecules with large basis sets. Furthermore, the first ROA
spectra of transition metal complexes have been calculated. The inclusion of polarization
functions into the basis set has been important in order to obtain reliable ROA intensity
differences. Moreover, a remarkable density-functional dependence exists for the studied
cobalt and rhodium complexes.
The theoretical description of ROA spectroscopy involves three generalized polarizability
tensors, the electric-dipole–electric-dipole, the electric-dipole–magnetic-dipole, and the
electric-dipole–electric-quadrupole tensors. It has been found [3] for organic molecules
that the contribution of the electric-dipole–electric-quadrupole tensor is small, especially
at wave numbers below 2500 cm−1. This could also be confirmed in the case of the
investigated metal complexes [2].
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The reduction of dinitrogen to ammonia is a very important reaction both for living
organisms and the chemical industry. In nature, reduction is performed at ambient con-
ditions employing nitrogenases as efficient catalysts. In industry, reduction is normally
performed using the Haber–Bosch process at elevated pressure and temperature. For
decades, a more elegant way of reducing dinitrogen has been much sought-after. Recently,
Schrock et al. synthesized several well defined mononuclear molybdenum complexes that
are capable of catalytically reducing dinitrogen to ammonia. It turned out that efficient
catalysis can only be achieved with very bulky ligands like HIPTN3N [D. V. Yandulov,
R. R. Schrock, Science 2003, 301, 76]. We report on our detailed investigations of
the catalytic cycle employing density functional methods [1–3]. We explicitly take into
account the full HIPTN3N ligand without approximating it by model systems. It is
demonstrated that the nature of the substituents does have a profound influence on the
reaction energies. A mechanistic study of the NH3/N2 exchange has been carried out [4].

References: [1] S. Schenk, B. Le Guennic, B. Kirchner, M. Reiher, Inorg. Chem.
2008, 47, 3634.
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44, 9640.
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Description:  
 
The endocytic membrane system consists of a variety of entry routes and organelles, 
mechanisms of vesicle formation and cargo sorting, and a wide range of trafficking kinetics. 
Endocytosis is the prime cellular system used by many pathogens, including toxins, viruses, 
and intracellular bacteria. To understand the complex endocytic system in mammalian cells, 
realistic computer simulations are needed. To reach this goal, we will perform systematic 
perturbation studies of the endocytic membrane system with high-resolution light microscopy. 
New image processing and object detection algorithms, combined with novel machine 
learning methods, will be applied to identify quantitative parameters for classification, and to 
extract the physical properties of endocytic organelles and trafficking dynamics. The obtained 
large sets of characteristic parameters, describing endocytic phenotypes and their dynamic 
behavior, will be used to formulate and numerically simulate integrative spatio-temporal 
models of the membrane trafficking network, enabling predictions of the collective behavior 
of the endocytic membrane system. 
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Membranes in live cells are complex, organized mixtures of different lipids and proteins. 
They contain several functional sub-domains (“rafts”) that are believed to be ordered 
microphases, resulting from lipid phase segregation. The existence of lipid rafts is, however, 
still not unanimously accepted. Nevertheless, rafts are suspected to have many important 
biological functions, e.g., in signal transduction, protein transport and sorting, diffusive 
transport, endocytosis, and membrane budding, fusion, fission, and tether formation 
(“BFFT”). Membrane sub-domains are currently intensively studied using both theoretical 
and experimental methods. To the best of our knowledge, however, no simulation studies 
have been carried out so far and the physical mechanisms and dynamics of raft formation and 
evolution are largely unknown. Currently available membrane models and simulations neglect 
the dynamic feedback loops between lipids and proteins. Moreover, they neglect electrostatics 
and hydrodynamics. Most membrane-binding proteins, as well as the membranes themselves, 
are however electrically charged. We propose a novel physical model that will fully account 
for the feedback-loops, electrostatic, and hydrodynamic effects in biomembranes. We will 
develop a multi-phenomenon hybrid particle-continuum computer model to bridge the gap 
between the scales of individual (electrically or mechanically active) proteins, lipid rafts, and 
vesicle budding and fission.  
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Many biological experiments are based on light microscopy to observe dynamic processes in 
living cells. Manual analysis and intuitive interpretation of image data are hereby more and 
more replaced by automated analysis. The use of large data sets and high degrees of 
automation results in improved significance and results that are less biased by prior 
expectations, i.e. that have better reproducibility. 
We are developing image analysis algorithms for many different biological applications. A 
large class of these algorithms shares the property that a physical model of the object of 
interest is used to process the image data. The algorithms for image enhancement, filtering, 
model implementation, and estimation hereby remain unchanged. We focus at implementing 
new algorithms in a standardized framework that will enable fast software development and 
reduce the amount of redundant code. 
In a first step, we will apply this framework to the problem of object detection. The dynamics 
of the observed objects and the transfer function of the imaging equipment are given by state-
space system models. Image processing is based on the optimal reconstruction of the system 
states using methods of Sequential Monte Carlo, Kalman Filtering, or Particle Filtering. A 
method for the segmentation of images under conditions of structured backgrounds and 
temporary occlusion will be implemented. The method is flexible enough to accommodate 
arbitrary dynamical systems, including the possibility of switching behavior between different 
state space models. 
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The project aims at providing predictive models of lipid metabolism and membrane 
dynamics. In the functional dimension, this spans the whole spectrum from the genome to the 
biophysical behavior of the membrane phenotype. In physical dimensions, the present project 
reaches from the atomistic length scale to the continuum scale. This will provide a 
quantitative understanding of how different lipid species are generated in specific amounts by 
regulation of their biosynthetic metabolic pathways and how those lipids organize in 
membrane bilayers with properties emerging from the association of individual lipids in 
multi-molecular assemblies. The project is therefore organized in two main tasks: 1) the 
theoretical analysis of the flow of energy, mass and redox balance through lipid biosynthetic 
pathways and 2) the modeling and simulation of cell membrane structure in order to study 
lateral association in micro-domains in lipid mixtures, and their interactions with proteins 
including molecular sorting. Ultimately, the present project will link regulatory events in the 
genetic and metabolic systems to concrete phenotypic effects such as virus endocytosis. This 
link will help us predict how changes at the activities of metabolism alter the lipid 
composition and how these changes in composition alter membrane properties. 
We will integrate experimental and theoretical results into a spatiotemporal biophysical 
model. Once the lipids are synthesized and inserted into the membranes, they undergo 
complex self-organization, giving rise to a variety of membrane behaviors, sub-domains, and 
functions. We will study the dynamics of self-organization and the resulting membrane 
structures using spatiotemporal biophysical models. These models will link for the first time 
the atomistic scale (biochemical composition and structural conformation of lipid molecules 
in bilayers) with the continuum scale (membrane sub-domains, endocytosis).  
 
 
References: 
 
Presented at the D-BIOL Symposium, Davos, Switzerland, 2008; and the SystemsX.ch 
scientific meeting, Lausanne, Switzerland, 2008. 
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Title:  Modeling and simulation of the morphogenesis of the Drosophila Wing 
 
Researchers: Oliwia Szklarczyk1)   
  Ivo F. Sbalzarini1) 
 
Institute/ 1)Computational Biophysics Laboratory 
Group: (part of the SystemsX.ch RTD project WingX) 
 
 
Description:  
 
As a model organism the fruit fly Drosophila melanogaster has been essential for the 
discovery of many basic principles of the development of multicellular organisms from a 
single fertilized egg cell. In spite of the detailed understanding of the genes and the regulatory 
networks that control the development of even a simple structure such as the wing of 
Drosophila, it is still not known how it attains its specific size and shape. The goal of this 
project is to obtain quantitative model of the developing wing and to generate accurate and 
predictive computer simulations of the development of this organ. The model will be based on 
the known genetic and biochemical determinants of wing growth and validated against in vivo 
experiments. We aim at developing a computational framework that uses particle methods to 
solve the reaction-diffusion systems of growth factos across the multi-cellular organ. Each 
cell will be traced individually using a level set formulation. Growth and cell division will be 
coupled to the local concentrations of morphogens, whose production and transport in turn 
depend on the geometry and shape of the growing wing and its constituent cells.  
 
 
References: 
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Title:  Parallel evolutionary algorithms for optimization and on-line global sensitivity  
  analysis 
 
Researchers: Christian L. Müller1) 
  Grégory Paul1)   
  Ivo F. Sbalzarini1) 
 
Institute/ 1)Computational Biophysics Laboratory 
Group: 
 
 
Description:  
 
Optimization and systems identification in high dimensions is a recurring topic in many areas 
of computational science. In addition, information about global parameter sensitivities is often 
desired for model reduction, experimental design, or uncertainty analysis. The systems 
considered in computaitonal biophysics are frequently non-linear, highly multimodal, and 
modeled by computer simulations where no gradient information is available. Evolutionary 
optimizers are, therefore, the method of choice. The project aims at developing a parallel 
version of a coupled, adaptive swarm-evolution strategy that provides on-lines estimates of 
the global parameter sensitivities during an optimization run. The global sensitivity estimator 
uses the same samples that are generated by the optimization strategy, thus having a high 
computational efficiency. It is based on a novel sensitivity measure that can be statistically 
estimated on arbitrary, scattered sampling points in parameter space.    
 
 
References:  
 
Presented at the Fifth International Conference on Sensitivity Analysis of Model Output 
(SAMO07), Eötvös University (ELTE), Budapest, Hungary, 2007; and the Swiss Institute of 
Bioinformatics Scientific Meeting, Grindelwald, Switzerland, 2008. 
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Title:  Climate change and the water cycle: processes and scenarios 

Researchers:  Thomas Bosshard, Peter Brockhaus, Erich Fischer, Doris Folini, Cathy 
Hohenegger, Sven Kotlarski, Simon Jaun, Daniel Lüthi, Pardeep Pall, 
Christoph Schär, Linda Schlemmer, Jürg Schmidli, , Martin Wild, , Elias 
Zubler.  

Institute/Group:  Institute for Atmospheric and Climate Science 
Group of Christoph Schär 

 

Description: 

We are using global and regional climate models and consider a broad continuum of temporal 
scales (from short-range weather forecasting to climate change) and horizontal resolutions 
(grid spacing between 1 to 200 kilometers). Research on climate aspects is dedicated to the 
study of natural and anthropogenic climate variations on seasonal to centennial time scales, 
with special consideration given to the role of the water cycle in a changing climate. 

The high-resolution modeling uses the CLM/COSMO limited-area atmospheric model. The 
main thrust of this work is dedicated to the understanding and simulation of the European 
summer climate. Comprehensive European-scale climate-change scenario simulations are 
conducted at a horizontal resolution of 25 km covering the period 1950-2100. The simulations 
are analyzed to estimate changes in and assess the mechanisms behind European summer heat 
waves. In addition, we are developing a high-resolution climate simulation capability with a 
horizontal resolution of 2 km. Both idealized and real-case simulations are conducted. The 
main motivation behind this work is the desire to explicitly simulate convective clouds (as 
opposed to using convective cloud parameterization schemes in lower-resolution models).  

The global scale simulations are carried out with the climate model ECHAM5-HAM, 
developed at the Max Planck Institute in Hamburg, Germany. This work is led by Martin 
Wild, and it also exploits collaborations with the group of Prof. Ulrike Lohmann. The model 
contains sophisticated aerosol and cloud microphysics schemes. These are essential for 
realistic simulations of radiation and precipitation processes in the atmosphere. This model is 
used to study the link between anthropogenic and natural perturbations of the radiation 
balance and the intensity of the hydrological cycle. The global model simulations provide also 
the boundary conditions to drive the regional model.  
 

References:  A series of papers has been published (see references for further details). 
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Title: Computational Finance: Lévy Models in Finance -
Numerical Analysis and Computation

Researcher: Christoph Winter (SAM)
Prof. Christoph Schwab (SAM)

Institute: Seminar for Applied Mathematics
ETH Zürich

Description:

In standard Mathematical Finance Brownian motion plays the dominating role as driving
process for modeling price movements. It has been however observed that the Gaussian
models do not fit very well the real-life data, e.g. do not allow so called fat tails and
asymmetry of observed log returns.

One way to satisfy these conditions is to replace Brownian motion by Lévy processes
which are jump processes. For non-Gaussian Lévy processes with jumps an appropri-
ate theory is not a theory of local differential operators but that of non-local pseudo-
differential operators.

In the d-dimensional Black-Scholes model the dependence structure is characterized
entirely by its covariance matrix. Arbitrage free derivatives prices are the solution of
parabolic partial differential equations in d dimensions. To break down the complexity
sparse tensor product spaces are applied. Due to the local nature of the Black-Scholes
operator, the resulting matrices are sparse.

We extend this to Lévy processes. Using Lévy copulas, d-dimensional Lévy models
can be constructed where the jumps are dependent. Derivative prices are now solutions
of partial integro-differential equations. The domains of the corresponding infinitesimal
generators are anisotropic Sobolev spaces. Since the multidimensional Lévy densities
have singularities at the origin and on the axes, special numerical quadrature formulas are
needed for the computation of the integral part. Again, applying sparse tensor products
the computational complexity can be reduced significantly. The resulting matrices are
of lower dimension but still dense. Therefore, we reduce their complexity further by
applying wavelet compression for (anisotropic) tensor product wavelets.

References:

[1] W. Farkas, N. Reich and C. Schwab, Anisotropic stable Lévy copula processes

– Analytical and numerical aspects, Math. Models and Methods in Appl. Sci-
ences. 17 (2007)

[2] N. Reich, C. Schwab and C. Winter, On Kolmogorov equations for anisotropic

multivariate Lévy processes, Research Report No. 2008-03, Seminar for Applied
Mathematics, ETH Zürich (2008)
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Title: Sparse Wavelet FEM for Elliptic Problems

with Stochastic Data

Researcher: Bastian Pentenrieder*
Prof. Christoph Schwab*

Institute: * Seminar for Applied Mathematics, ETH Zürich.

Description:

We consider linear elliptic SPDEs in product domains D ⊂ R
n (n = 1, 2, 3). Sources

of randomness are stochastic coefficients or loadings, respectively. The particular focus
here is on problems with short correlation length in the random fields modelling the
uncertainties.
The aim is to approximate first and second moments of the solution using the corre-
sponding moments of the random input data. This can be done for the k-th moment by
solving deterministic PDEs in kn dimensions. The goal is to develop an efficient wavelet
FE method for these ones. Due to the short correlation length, classical approaches like
sparse grids of hyperbolic cross type turn out to be inappropriate. Instead, we employ a
sparsification strategy linked to matrix compression techniques in BEM.
The properties of the derived algorithm (approximation and complexity estimates) are
examined both theoretically and by experiment. A major part of the work is concerned
with the implementation. Comparisons with other methods, such as hp-FEM and H-
matrices, are also part of the research.

References:

[1] C. Schwab, R.A. Todor, Sparse finite elements for elliptic problems with stochastic

loading, Numerische Mathematik (2003) 95: 707-734

[2] R.A. Todor, Sparse Perturbation Algorithms for Elliptic PDE’s with Stochastic

Data, Dissertation, ETH Zurich, 2005

[3] P.-A. Nitsche, Sparse Tensor Product Approximation of Elliptic Problems, Disser-
tation, ETH Zurich, 2004
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Title: Wavelet FEM for option pricing under stochastic volatility

Researcher: Norbert Hilber
Prof. Christoph Schwab

Institute: Seminar for Applied Mathematics, ETH Zürich.

Description:

The Black and Scholes (BS) model, which relates derivative prices to current stock prices
and quantifies risk through a constant volatility parameter, rests upon assumptions which
turned out to be not longer sufficient to capture modern market phenomena. An exten-
sion of the BS model is to make the volatility a function of d ≥ 1 stochastic processes,
so-called “background driving processes” (BDP). Option pricing under such extensions
leads to parabolic partial differential equations (PDE), if the BDP is a diffusion process,
and to partial integro–differential equations (PIDE), if the BDP is a Lévy process. These
PDEs/PIDEs are set in d + 1 space dimensions and have to be solved numerically. Stan-
dard discretizations of such equations via Galerkin Finite Element Methods suffer from
high complexity and poorly conditioned discrete equations.

The aim of the project is the development, analysis and implementation of a wavelet
based sparse grid numerical scheme that breaks down the complexity of numerical asset
pricing to the complexity of constant volatility.
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Title: Sparse techniques for elliptic sPDEs

Researchers: Marcel Bieri
Claude Gittelson
Christoph Schwab

Institute: Seminar for applied mathematics (SAM)

Description:

The project describes the analysis and the implementation of algorithms for the deter-
ministic numerical solution of elliptic boundary value problems with stochastic coefficients
in a physical domain D ⊂ Rd.

A separation of deterministic and stochastic parts of the input data is achieved by a so-
called Karhunen-Loève expansion (possibly truncated after M terms). In the following,
the stochastic problem is reduced to a deterministic but high-dimensional, parametric
deterministic problem.

The main goal of the project is to overcome this high complexity by using

• sparse techniques for approximating the solution’s random behavior.

• a priori and a posteriori adaptivity to represent the solution’s randomness by as
few as possible terms

• computer parallelism to efficiently overcome potential bottlenecks in our proposed
algorithms.

We are mainly focusing on two methods where we apply sparse approximation tech-
niques and adaptivity, namely sparse stochastic Galerkin FEM (sGFEM) and sparse
stochastic collocation FEM (sCFEM), see also [1, 2] and references therein. Both meth-
ods offer, in addition, the possibility for parallelization to enhance their performance in
terms of run-time behavior.

Numerical analysis as well as implementation, parallelization and testing of the pro-
posed algorithms form the major part of this project.

References

[1] R.-A. Todor and C. Schwab. Convergence Rates for Sparse Chaos Approximations of
Elliptic Problems with Stochastic Coefficients. IMA Journal of Numerical Analysis,
27: p.232-261, 2007.

[2] M. Bieri and Ch. Schwab. Sparse high order FEM for elliptic sPDEs. Computer
Methods in Applied Mechanics and Engineering (2008), in press.
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Title: Early gravitational differentiation of terrestrial planets  
 
Researchers: Ja-Ren Lin, Gregor Golabek, Taras Gerya, Paul Tackley 
 
Institute: Institute of Geophysics, D-ERDW, ETH-Zurich 
 
Group: Geophysical Fluid Dynamics 
 
Description: 
Scaled spherical simulations of gravitational metal-silicate redistribution processes inside 
terrestrial planets are performed in 2D using the original code I2ELVIS applying the newly 
developed “spherical-Cartesian” methodology combining finite differences on a fully 
staggered rectangular Eulerian grid and Lagrangian marker-in-cell technique for solving 
momentum, continuity and temperature equations as well as Poisson equation for gravity 
potential in a self-gravitating planetary body. We tested both simplified Newtonian viscosity 
cases and a temperature and stress dependent viscoplastic rheology inside Earth- amd Mars-
sized planets and included heat release due to radioactive decay and gravitational energy 
dissipation. We found that the rheology of planet-forming materials is a main factor 
controlling metallic core formation mechanism. We observed 3 major regimes of core 
formation (Gollabek et al., in preparation) (Fig. 1): REGIME 1 - a weak viscous protocore for 
low activation volumes and low yield stress, which is very similar to the already modelled 
diapirism; REGIME 2 - a plastic protocore for high activation volumes and low yield stresses, 
which shows and mixture of diapirism and the fracturing mechanism even in warm planetary 
conditions; REGIME 3 - a strong rigid protocore, which develops the global iron layer and 
needs to be heated by radioactive decay and/or displaced toward the surface by instability of 
globally forming metallic layer to allow for iron core formation. REGIME 3 was subjected to 
detailed parameter study (Lin et al., in revision) with the use of simplified gravitationally 
unstable 3-layer (silicate-iron-protocore) model which predicted possibility of (i) strong 
transient aspherical deviation of the planet (Fig. 2a, b) and (ii) transient exposure of the 
protocore to the planetary surface (Fig. 2c,d) during the metallic core formation. 
 

 
Fig. 1. Three major regimes of  metallic core formation (Golabek et al., in preparation). 
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Fig. 2. Aspherical deviation of planetary shape and protocore (blue) exposure in REGIME 3 
(Lin et al., in revision). (a) Maximum distance of aspherical deviation of the planet (b) 
Stretching distance derived by subtracting the planetary diameter from the maximum distance 
of aspherical deviation. (c) Minimum distance from the protocore to the planetary surface and 
(d) dependence of this distance from modelled metal/silicate and protocore/silicate viscosity 
ratios. Silicate in (a) and (c) is shown in yellow, protocore – in blue and metal – in green. 

 
References: Two papers are in revision and in preparation. 
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Title : The role of small-scale convective instabilities at oceanic intra-plate volcanism

Researchers : M. Ballmer, J. van Hunen, P.J. Tackley

Institute/Group :  Institute of Geophysics, ETH Zürich

Description : While many oceanic volcanoes are thought to be caused by hot upwelling 
plumes in the mantle, other intra-plate volcanic chains miss fundamental characteristics that 
are associated with mantle plumes, such as linear age progression of the volcanism. In this 
project we use a three-dimensional finite -element multigrid convection code CitCom to model 
small-scale convection (SSC) occurrung beneath oceanic plates, enhanced to include melting 
and compositional variations. Results show that melting due to SSC emerges for realistic 
mantle viscosities and temperatures. After the onset of SSC, convection self-organizes in rolls 
aligning plate motion with the upwellings laterally spaced by 200-250 km. This instability 
overturns the compositional stratification inherited from mid-ocean ridge melting, carries 
down the base of the harzburgite layer, and advects undepleted, warm peridotite upwards with 
the potential of decompression melting. Volcanism initiates soon after the onset of SSC. Its 
duration is usually ~8 Myr, which means that melting emerges in elongated zones over a 
length scale of ~800 km. Therefore, SSC may explain quasi-synchroneous volcanic activity 
along a single chain ~1500 km apart. Age-distance relationships of volcanism being formed 
over such an elongate anomaly are predicted to plot irregularly within broad bands (~1500 km 
wide) roughly parallel to absolute plate-motion. This reconciles previously enigmatic 
observations at several oceanic volcano chains.

References : Ballmer M. D., J. van Hunen, G. Ito, P. J . Tackley, T. A. Bianco (2007) , 
Geophys. Res. Lett., 34, L23310, doi:10.1029/2007GL031636.

Isosurfaces of melt fraction and depletion, and cross-sections of the temperature and 
velocity field, for an example calculation . Lifted from the top is a plan view of the thickness of 
melt accumulated onto a plate moving over the box.
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Title:  From passive continental margin to mountain belt: insights from analytical and 
numerical models and application to Taiwan. 

Researchers: Boris Kaus 
Institute:  Geophysical Fluid Dynamics, Institute of Geophysics, D-ERDW 

 

The physics of deformation at plate boundaries is insufficiently understood. Taiwan is 
particularly interesting in this context since geological and geophysical arguments indicate 
that passive-margin sediments were exhumed into an active mountain belt over a relatively 
short period of time. Classically, Taiwan has been described as a critical wedge orogeny, in 
which deformation is entirely restricted to the crust. More recent data, however, indicate that 
deeper parts of the lithosphere also participate in deformation. In order to study the physical 
feasibility of various endmember hypothesis, we have performed two-dimensional (2-D) 
thermo-mechanical numerical experiments in which both mantle, lithospheric and surface 
processes are taken into account and in which crustal deformation evolves as a function of 
mantle flow. Our setup consists of ocean–ocean subduction, followed by passive continental 
margin deformation.  
Results indicate that in most cases the subducting slab becomes close to vertical upon arrival 
of continental material to the trench. Whereas crustal rheology, deformation and surface 
processes do not modify mantle flow significantly, they are important for crustal-scale 
processes. Relatively little crustal exhumation occurs if the crust is homogeneous and erosion 
rates are small. Significant exhumation in a dome-like structure is obtained if a weak lower 
crust and large erosion rates are present. The presence of an oceanic arc in the overriding 
oceanic lithosphere modifies, but does not control, crustal deformation. 
Synthetic metamorphic facies maps and thermochronological data, computed fromthe 
numerical models, are in reasonable agreement with observations in Southern Taiwan if 
exhumation occurs in a dome-like structure. 
Further physical insight in the doming mechanisms is obtained by a combination of analytical 
techniques and crustal-scale numerical models. This analysis indicates that the dome-like 
exhumation mechanism can be attributed to a compressional mechanical instability, facilitated 
by both a weak lower crust and large rates of erosion. Both conditions are likely to be 
satisfied in Taiwan. 
 
Reference: Physics of the Earth and Planetary Interiors. doi:10.1016/j.epsl.2008.07.052 
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Title:  A benchmark comparison of spontaneous subduction models—Towards a free surface 
Researchers: Boris Kaus 
  Gabriele Morra 
  Taras Gerya  
  Jeroen van Hunen 
  Gregor Golabek 
  Stefan Schmalholz 
Institute:  Geophysical Fluid Dynamics/ Structural Geology And Tectonics, D-ERDW 

Numerically modelling the dynamics of a self-consistently subducting lithosphere is a challenging task 
because of the decoupling problems of the slab from the free surface. We address this problem with 
a benchmark comparison between various numerical codes (Eulerian and Lagrangian, Finite Element 
and Finite Difference, with and without markers) as well as a laboratory experiment. The benchmark 
test consists of three prescribed setups of viscous flow, driven by compositional buoyancy, and with a 
low viscosity, zero-density top layer to approximate a free surface. Alternatively, a fully free surface is 
assumed. Our results with a weak top layer indicate that the convergence of the subduction behaviour 
with increasing resolution strongly depends on the averaging schemefor viscosity nearmoving 
rheological 
boundaries. Harmonic means result in fastest subduction, arithmetic means produces slow subduction 
and geometric mean results in intermediate behaviour. A few cases with the infinite norm scheme have 
been tested and result in convergence behaviour between that of arithmetic and geometric averaging. 
Satisfactory convergence of results is only reached in one case with a very strong slab, while for the 
other cases complete convergence appears mostly beyond presently feasible grid resolution. Analysing 
the behaviour of the weak zero-density top layer reveals that this problem is caused by the entrainment 
of the weak material into a lubrication layer on top of the subducting slab whose thickness turns out to 
be smaller than even the finest grid resolution. Agreement between the free surface runs and the weak 
top layer models is satisfactory only if both approaches use high resolution. Comparison of numerical 
models with a free surface laboratory experiment shows that (1) Lagrangian-based free surface 
numerical models can closely reproduce the laboratory experiments provided that sufficient numerical 
resolution is  employed and (2) Eulerian-based codes with a weak surface layer reproduce the 
experiment if harmonic or geometric averaging of viscosity is used. The harmonic mean is also 
preferred if circular high viscosity bodies with or without a lubrication layer are considered. We 
conclude that modelling the free surface of subduction by a weak zero-density layer gives good results 
for highest resolutions, but otherwise care has to be taken in (1) handling the associated entrainment 
and formation of a lubrication layer and (2) choosing the appropriate averaging scheme for viscosity at 
rheological boundaries. 
 
Reference: Physics of the Earth and Planetary Interiors.  doi:10.1016/j.pepi.2008.06.028 
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Title: Numerical modelling of subduction zones 
 
Researchers: Manuele Faccenda, Ksenia Nikolaeva, Yuri Mishin, Elena Sizova, Irena Löw, 
Guizhi Zhu, Gregor Golabek, Taras Gerya, Boris Kaus 
 
Institute: Institute of Geophysics, D-ERDW, ETH-Zurich 
 
Group: Geophysical Fluid Dynamics 
 
Description: 
Various aspects of subduction zone dynamics are modelled in 2D and 3D with the use of the 
original codes I2ELVIS and I3ELVIS combining finite differences on a fully staggered 
rectangular Eulerian grid and Lagrangian marker-in-cell technique for solving momentum, 
continuity and temperature equations. The principal directions are:  

• Influences of hydrated slab faults (Fig. 1) for seismic anisotropy in subduction zones 
worldwide (Faccenda et al., 2008) 

• Mantle plume triggering of the oceanic subduction (Ueda et al., 2008) 
• Dynamics of double subduction (Mishin et al., 2008) 
• Subduction initiation at passive margins (Marques et la., submitted; Nikolaeva et al., 

in preparation) 
• Magmatic implications and 3D dynamics (Fig. 2) of hydrous plumes in subduction 

zones (Castro and Gerya, 2008; Zhu et al., in preparation) 
• One-sided geometry of terrestrial subduction (Gerya et al., 2008) 
• Crustal growth in volcanic arcs (Nikolaeva et al., 2008; Löw et al., in preparation) 
• Transition to plate tectonics in the early Earth (Sizova et al., in preparation) 
• Implementation of free surface in case of subduction (Schmelling et al., 2008) 

 
Fig. 1. Thermo-mechanical 2D model of a spontaneously bending oceanic plate (Faccenda et 
al., 2008). a) Compositional map. Light green is gabbroic oceanic crust; dark green are basalt 
and sediments; serpentinized slab faults are shown in red.  b) Strain rate map. Fault activation 
due to the bending of the plate occurs mainly at the trench in the upper layer of the slab. 
Arrows indicate material displacement direction. White lines are isotherms in °C 
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Fig. 2. 3D numerical model of hydrous plumes forming atop the slab in an intraoceanic 
subduction zone (Zhu et al., in preparation) 
 
References:  
1. Faccenda, M., Burlini, L., Gerya, T.V., Mainprice, D. (2008) Fault-induced seismic 

anisotropy by hydration in subducting oceanic plates. Nature, 455, 1097-1101. 
2. Schmeling, H., Babeyko, A.Y., Enns, A., Faccenna, C., Funiciello, F., Gerya, T., Golabek, 

G.J., Grigull, S., Kaus, B.J.P., Morra, G., Schmalholz, S.M., van Hunen, J. (2008) A 
benchmark comparison of spontaneous subduction models – Towards a free surface. Phys. 
Earth Planet. Interiors, doi:10.1016/j.pepi.2008.06.028. 

3. Ueda, K., Gerya, T., Sobolev, S.V. (2008) Subduction initiation by thermal-chemical 
plumes: Numerical Studies. Phys. Earth Planet. Interiors, doi:10.1016/j.pepi.2008.06.032. 

4. Mishin, Y.A., Gerya, T.V., Burg, J.P., Connolly, J.A.D. (2008) Dynamics of double 
subduction: Numerical modeling. Phys. Earth Planet. Interiors, 
doi:10.1016/j.pepi.2008.06.012. 

5. Nikolaeva, K., Gerya, T.V., Connolly, J.A.D. (2008) Numerical modeling of crustal 
growth in intraoceanic volcanic arcs. Phys. Earth Planet. Interiors, 
doi:10.1016/j.pepi.2008.06.026. 

6. Gerya, T.V., Connolly, J.A.D., Yuen, D.A. (2008) Why is terrestrial subduction one-
sided? Geology, 36(1), 43-46. 

7. Castro, A. Gerya, T.V. (2008) Magmatic implications of mantle wedge plumes: 
Experimental study. Lithos, doi:10.1016/j.lithos.2007.09.012. 

8. Five more papers are in preparation and submitted 
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Title: Numerical modelling of continental collision zones 
 
Researchers: Manuele Faccenda, Zhonghai Li, Thibault Duretz, Taras Gerya 
 
Institute: Institute of Geophysics, D-ERDW, ETH-Zurich 
 
Group: Geophysical Fluid Dynamics 
 
Description: 
Various aspects of continental collision zones and related ultrahigh-pressure metamorphism 
are modelled in 2D with the use of the original code I2ELVIS combining finite differences on 
a fully staggered rectangular Eulerian grid and Lagrangian marker-in-cell technique for 
solving momentum, continuity and temperature equations. The principal directions are:  

• Styles of post-subduction collisional orogeny (Faccenda et al., 2008) 
• Slab breakoff processes during continental collision (Faccenda et al., 2008; Baumann 

and Gerya, in revision; Duretz et al., in preparation) 
• Hot tectonic channel effect during continental collision (Gerya et al., 2008) 
• Formation and exhumation of ultrahigh-pressure rocks during continental collision  

with application to Sulu terrain, China (Fig. 1) (Li et al., in in revision) 
• Dynamics of retreating decoupled continental collision with application to Northern 

Apennines, Italy (Fig. 2) (Faccenda et al., in revision) 
• Influence of tectonic overpressure on P-T paths of ultrahigh-pressure rocks (Li et al., 

in preparation). 
 

 
Fig. 1. Dynamics of slab (dark blue) breakoff during continental collision (Faccenda et al., 
2008): dry mantle is shown in blue, continental crust – in orange (upper), grey (middle) and 
green (lower), partially molten crust – in yellow. 
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Fig. 2. Numerical modelling of retreatring continental collision. a) – evolution of topography. 
b) – evolution of heat fluxes. c) – deep structure of retreating continental collision zone: dry 
mantle is shown in blue, continental crust – in grey (upper) and green (lower), partially 
molten hydrated mantle – in red. 
 
References:  
1. Gerya T.V., Perchuk, L.L., Burg J.-P. (2008) Transient hot channels: perpetrating and 

regurgitating ultrahigh-pressure, high temperature crust-mantle associations in collision 
belts. Lithos, doi: 10.1016/j.lithos.2007.09.017. 

2. Faccenda, M., Gerya, T.V., Chakraborty, S. (2008) Styles of post-subduction collisional 
orogeny: Influence of convergence velocity, crustal rheology and radiogenic heat 
production. Lithos, doi: 10.1016/j.lithos.2007.09.009.  

3. Five more papers are in revision and in preparation. 
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Title:  Stability of thermal boundary layers for convection in spherical shell and  application to the 
dynamics of planetary mantles. 

 
Researchers: L. Duchoiselle, F. Deschamps, & P.J. Tackley  
 
Institute/Group: Laboratory of Geophysical Fluid Dynamics, Institute of Geophysics, ETH Zürich 
 
Description: Improving the knowledge of convection into mantle of terrestrial planets requires a 
better understanding of its physical and chemical state. Recently, with the help of massive 
computational resources, significant progresses were achieved in the numerical modeling of 
planetary mantle convection. Models with a high degree of complexity (including realistic viscosity 
laws, mixed mode of heating, spherical geometry, thermo-chemical convection, …) are now 
available.  Despite this progress, many details of planetary mantle convection remain unclear and so 
far, no model of Earth’s mantle convection fits all available geophysical, geochemical, and 
geological constraints. Using STAGYY, which solves the usual conservative equations of mass, 
energy and momentum on a yin-yang grid, we explored the influence of various parameters on 
convection in spherical geometry. We have started to perform numerical experiments varying 
important parameters including the Rayleigh number, the curvature (defined as the ratio between 
radius of the core and the radius of the planet), the mode of heating (from below, or with an internal 
heating component), the rheology (isoviscous or temperature-dependent viscosity). In particular, we 
studied the evolution of the style of convection, average temperature, heat flux and critical Rayleigh 
number depending on these parameters. Our preliminary results suggest that extrapolations 
previously made from Cartesian models may not be valid in spherical geometry.  A possible 
explanation for these discrepancies is the asymmetry between the top and bottom thermal boundary 
layers, which may alter their relative stability. These results may lead to revise our current models 
for the thermal evolution of terrestrial planets and the icy moons of giant planets. 
 
References:  Geophys. Res. Abs. (2008) 
 

Figure 1. Models of thermal convection in spherical geometry for various curvatures (defined as the ratio of the core 
radius to the planet radius). From left to right, the core’s radius represent 60%, 70% and 80% of planet’s radius. In 
these three examples, the fluid is isoviscous, and the Rayleigh Number is equal to 105.
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Title:  Comparison of Eulerian and Lagrangian numerical techniques for the Stokes 
equations in the presence of strongly varying viscosity. 

Researchers: Yolanda Deubelbeiss 
Boris Kaus 

Institute:  Geophysical Fluid Dynamics 

 

Numerical modeling of geodynamic problems typically requires the solution of the 
Stokes equations for creeping, highly viscous ows. Since material properties such 
as effective viscosity of rocks can vary many orders of magnitudes over small spatial 
scales, the Stokes solver needs to be robust even in the case of highly variable viscos- 
ity. A number of different techniques (e.g. finite difference (FD), finite element (FE) 
and spectral methods) are presently in use. The purpose of this study is to evaluate 
the accuracies of several of these techniques. Specifcally, these are staggered grid, 
stream function and rotated staggered grid finite difference method (FDM) and an 
unstructured finite element method (FEM) with various arrangements of elements. 
Results are compared with two different analytical solutions: (1) stress distribution 
inside and around strong or weak viscous inclusions subjected to pure-shear and (2) 
density-driven ow of a simple two-layer system. The comparison shows, in case of 
the three FD techniques, that the manner in which viscosity parameters are defined 
in the numerical grid plays an important role. The application of different viscosity 
interpolation methods yields differences in accuracy of up to one order of magni- 
tude. In case of the FEM, results show that the arrangement of the elements in the 
region of material interfaces and the way in which material properties are defined 
also strongly affects the accuracy. 
We derived a 1-D analytical solution for a simple physical model where an in- 
terface separates two domains of different viscosities. If the interface is located 
between two nodal points the effective viscosity for this cell is a harmonic average 
of the two viscosities weighted according to the fraction of each material in this 
cell. Numerically, fractions were evaluated by using markers bearing the material 
property information. 
The 2-D problem differs from the 1-D problem in that in 2-D, two viscosities are necessary for a 
conservative FD formulation, one in the center and one at nodal 
points of a cell. Harmonic (in some cases geometric) averaging of the viscosity 
from markers to center points and a second harmonic averaging from center to 
nodal points is shown to give the most accurate FD results. In presence of density 
variations additionally a marker based arithmetic average for density should be 
applied. Results obtained by an unstructured FEM with elements following exactly 
the material boundaries show accuracies of one to two orders of magnitude better 
then results produced by Eulerian FD or FE methods. If viscosities are directly 
sampled at integration points, however, the FEM is less accurate than FD methods. 
Element-wise averaging of viscosities yields similar accuracies for both methods. 
 
Reference: Physics of the Earth and Planetary Interiors, in press.   
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Description:  
 
Melt transport mechanism has received much attention recently, since melting and melt 
migration play dominant roles in heat, composition and mass budget of the Earth. Whereas 
many aspects of melt migration processes are well known the physics of the processes remain 
a matter of discussion. 
In difference to classical two-phase flow models, which are described by macroscopic motion 
of a low-viscosity fluid through a high-viscosity, permeable and deformable matrix (e.g. 
McKenzie, 1984), we study the dynamics of two-phase flow by solving the equations directly 
on grain-size-scale using only Stokes equations for high- and low-viscosity regions in 2D. 
 
We performed systematic studies in order to characterize the mechanical behaviour of the 
two-phase systems as a function of material parameters and melt fraction. The setup we used 
for these studies is made up by a layer of fluid below a layer of homogeneous distributed 
grains. Results indicate that for moderate to large melt fractions, particle interactions are 
significant, and result in macroscopic Rayleigh-Taylor like instabilities (Figure 1). This 
allows us to derive a formula for effective viscosity in a particle-suspension system. The 
results are in good agreement with directly derived effective viscosities for the same systems. 
In addition, the results were preliminary compared with experimental data. The experiments 
show very similar behaviour as our numerical results, while for more detailed comparisons 
more realistic rheologies have to be taken into account. 
 

 
Fig. 1. Rayleigh-Taylor instabilities grow fastest for a parameter specific dominant wavelength. By comparing 
numerical results with the analytical solution for Rayleigh-Taylor instabilities the effective viscosity of the top 
layer can be derived. 
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Challenges and method 
 
Modeling on these scales in Earth Sciences is insofar challenging as we have to resolve every 
single grain in a “rock” (small fraction of Earth material). But on the other hand, models have 
to remain large enough so that they still represent the macroscopic physical behaviour. 
For these simulations we use a 2D MATLAB®-based Stokes solver (Dabrowski et al., 2008). 
The code is called MILAMIN (million a minute) and is based on finite element method. We 
use an unstructured mesh with 7-node isoparametric triangular elements. Figure 2 shows a 
simulation with approx. 200000 degrees of freedom (15000 time steps are calculated within 
approx. 2 days). 
 

 
Fig. 2. Simulation of 30% initial effective porosity. A layer of slightly higher porosity is located at a height of 
0.2. The heavy (and more viscous) grains compact while the fluid moves upward. The high-porosity line moves 
in a porosity wave-like manner up to a certain limit, where the system gets unstable. 
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Title: Testing models of thermo-chemical convection for the Earth’s mantle against seismic 
tomography 
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Description: A growing amount of seismological observations indicate that strong lateral density 
anomalies, likely due to compositional anomalies, are present in the Earth’s deep mantle. We aim to 
identify models of thermo-chemical convection that can generate strong thermo-chemical density 
anomalies in the lower mantle – particularly at its bottom –, and maintain them for a long period of 
time. For this, we explored the model space of thermo-chemical convection, determine the thermal and 
chemical density distributions predicted by these models, and compare their power spectra against 
those from seismic tomography (in particular against probabilistic tomography). To model thermo-
chemical convection in the Earth’s mantle, we solved the non-dimensional conservative equations of 
mass, momentum, energy, and composition on a 3D-Cartesian staggered grid for an anelastic, 
compressible fluid with an infinite Prandtl number (code STAG3D, developed by P.J. Tackley). We 
varied parameters that may control the mode of convection, including compositional (buoyancy ratio, 
fraction of dense material), physical (Clapeyron slope of the phase change at 660 km, internal 
heating), and rheological (thermal, radial, and compositional viscosity contrasts) parameters, and 
found that a successful model (e.g., Figure 1) may include: (1) a reasonable (between 0.15 and 
0.25) buoyancy ratio; (2) a moderate (in the range 0.1-10) chemical viscosity contrast; (3) a 
large (≥ 104), thermal viscosity contrast. (4) a viscosity contrast at 660-km around 30; (5) and 
a Clapeyron slope of the phase transition at 660-km between -3.0 and -1.5 MPa/K. 
 
References: Phys. Earth Planet Int. (2008a) doi:10.1016/j.pepi.2008.04.016 
 Phys. Earth Planet Int. (2008b) in revision 
 
 

 

Figure 1. A thermo-chemical model of convection combining a moderate buoyancy ratio (B = 0.2), a moderate 
compositional viscosity contrast (Rµc = 0.5), a large thermal viscosity contrast (RµT = 106), a 660-km viscosity 
jump of 30, and a Clapeyron slope of the phase transition at 660 km equal to -2.3 MPa/K. Plots (a) and (b) 
display isosurface (C = 0.5) of the chemical field, and plots (c) and (d) display isosurfaces of the residual 
temperature (red is hot, blue is cold). For these parameter values, large pools of dense material are generated at 
the bottom of the system, and survive convection for at least 4.5 Gyr. The thermo-chemical structures predicted 
by such model fit those observed by probabilistic tomography very well. 
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Description: The high-energy, high-current ther-

Figure 1: Angular velocity generated
by the external magnetic field

mal plasma arc that develops between electric
contacts in a gas circuit breaker during circuit
interruption is an important phenomenon in the
power transmission industry. The high temper-
ature and pressure arc dissipates the tremen-
dous amount of energy generated by the fault
current, hence it protects the other parts of the
circuit. In order to interrupt the current, the
arc must be weakened and finally extinguished.

To simulate the complicated process con-
taining high current plasma arc we use the equa-
tions of magnetohydrodynamics, which describe
flow of plasma in presence of a magnetic field
along with evolution of that field. For the study
of these mechanisms a higher-order accurate, low dissipation method is required. In this
project Runge Kutta Discontinuous Galerkin (RKDG) methods are investigated and
found suitable for these simulation. For the simulation of the problem containing shocks
using higher order methods, we implemented the various Riemann solvers and limiters
in the code. We investigate the role of various Riemann solver in RKDG simulations, by
examine the results of first-, second-,third-, and fourth-order simulations for both smooth
and non-smooth problems. The spectral properties of RKDG schemes are investigated by
computing their approximate modified wavenumber. For the solution dominated by the
discontinuities, high-order RKDG methods behave in similar manner to the second-order
methods due to use of piecewise linear limiter.

To simulate a plasma arc based resistive MHD using RKDG methods we first have
to generate the numerical arc. For this purpose one assumes that there is an initial arc
with the given current 100kA and applies suitable boundary conditions depending on
the incoming fault current 100kA. This initial arc is simulated until the steady state is
reached. This is considered to be the numerical arc. To study the effects of external
magnetic fields on the arc one applies the same conditions but adds external fields into
the system and modifies the corresponding boundary conditions. It is shown that it is
possible to generate a rotating arc with the external magnetic field. This produces a
pressure build up which can be use to extinguish the arc.
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Description:

In this study, we employ and generalize the idea of nonlinear and non-polynomial re-
construction for the numerical solution of hyperbolic equations. The result is a class
of efficient third-order schemes with a compact three-point-stencil and a single limiter.
The resulting method handles discontinuities as well as local extrema within the stan-
dard semi-discrete MUSCL algorithm using only a single limiter function. Well known
drawbacks of classical second order limiters, such as ”squaring” effects and ”clipping-
off” of smooth extrema are healed [1] and computational results indicate a very good
performance, accuracy proportion. The figure shows results of shock-bubble interaction.

Figure 1: Emulated Schlieren images of shock bubble interaction: Second-order MUSCL

scheme (top), new third-order method (bottom).

The Euler equation of incompressible gas dynamics are solved using the new third-order
limiter function and compared with classical second-order MUSCL scheme. We observe
well resolved contact discontinuities with the new method. This results show sharper
resolved vortex structure with more small scale features.

References:
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Description:

The flow of plasma in interaction with a magnetic field is described by the equations
of magnetohydrodynamics (MHD). Traditionally, many applications for magnetohydro-
dynamics can be found in the field of astrophysics. However, in recent technological
applications, extreme settings or sophisticated devices lead to the creation of plasmas
which have to be modeled by magnetohydrodynamics. A major role is played by electric
arcs and discharges. Examples are circuit breakers, micro-drilling devices, nuclear fusion
and advanced flow control.

In many cases electric arcs can be considered as a multi-physics research field since
not only gas dynamics and electrodynamics are combined but also other many other
phenomena such as turbulence, chemical reactions or radiation have to be taken into
account. The correct combination of different phenomena has to be investigated and
their interaction with numerical methods has to be clarified. Furthermore, the analysis
of the mathematical structure of the MHD system is still ongoing.

In this project we investigate the evolution and extinction of generic electric arcs in a
high pressure environment. Extinction is linked to the mathematical stability of solutions,
which can be studied using reduced models. Due to the interaction of the electric arc with
the external network, boundary conditions and driving forces need special dynamic real-
time modeling. The results deepen our physical understanding of the underlying processes
and influence the construction of suitable numerical methods. In order to incorporate
special effects like Hall-currents, electron pressure and ionization in a mathematically
transparent way, we investigate plasma flow based on a three-fluid description where
electrons, ions and neutrons are considered separately. This extends the MHD equations
to a multi-phase model with interesting hyperbolic properties. In particular, two different
momentum equations change the type of the equations because one of Maxwell equations
turns into a global constraint. This requires a special numerical treatment and leads to
interesting deviations of the results from standard models.

150



Title: Hybrid Numerical Methods for Kinetic Equations

Researcher: Peter Kauf
Prof. Manuel Torrilhon

Institute: Seminar for Applied Mathematics
ETH Zürich
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Ubiquitous multiparticle systems with a given interparticle potential - e.g. gas dynamics,
avalanches, traffic jams - are described by the Boltzmann equation

∂tf + ck∂kf = S(f), f : R
3
× R

3
× R+ 3 (x, c, t) 7−→ f(x, c, t) ∈ R+

The solution function f associates to every space-time point (x, t) ∈ R
3 × R+ a 3-

dimensional distribution of particle speeds c ∈ R
3. The operator S(f) is a problem

dependent, usually highly non-linear integral operator.
Standard numerical discretizations of the Boltz-
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Figure 1: Velocity distribution in a
Riemann-Problem: Projection to one
velocity and one space dimension.

mann equation are difficult because of the high
dimensionality (3 space + 3 velocity + 1 time
dimensions). Interestingly, physical equations
like Euler equations, Navier-Stokes-Fourier sys-
tem, or extended fluid dynamics (moment meth-
ods) can be viewed as approximations to Boltz-
mann’s equation. In these descriptions the ve-
locity space is replaced by a finite number of
variables (e.g. density, velocity, temperature).
Even though the number of parameters is com-
parably low, the approximation of the distri-
bution function given by these models as solu-
tion to the Boltzmann equation is quite good.
This is due to scale separation and the built-in
physical asymptotics. However in many applications (e.g. micro devices for gases), scale-
separation is not available and a full kinetic approach is necessary to model the behaviour
of the system accurately.
Our aim is a combination of methods which are physically substantiated with state of
the art numerical approaches to high dimensional problems. These include rescaling of
the distribution function to obtain Galilei invariance, as well as efficient discretizations
through highly adapted basis functions.
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Figure 2: Approximation
of equilibrium distribu-
tions by 5 piecewise con-
stants (left) and by one
Gaussain Basis function
(right).
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Description:

Ubiquitous multiparticle systems with a given interparticle potential K - e.g. gas dyna-
mics, avalanches, traffic jams - are described by kinetic equations. We consider a linear
K, scaled by the Knudsen number ε, which is the ratio of mean free path and typical
length scale of a system,

∂tf + ck∂kf +
1

ε
Kf = 0, f : R

3
× R+ 3 (x, t) 7−→ fx,t(·) ∈ Vc.

Vc is an appropriate Hilbert space containing the particle speed distribution functions
fx,t(·). The aim of this project is to find accurate and stable low dimensional approxima-
tions to the kinetic equation for the transition regime (ε smaller than 1.0). This is the
regime of gas micro-flows or reentry problems.

Typically, such approximations exhibit

Figure 1: Approximations of the mass den-
sity ρ =

∫
fdc: kinetic equation (exact re-

sult), Grad, Chapman-Enskog and Order of
Magnitude.

a closure problem, i.e. there are more
variables than equations. Classical ap-
proaches to overcome this use an expan-
sion of f in terms of ε (Chapman-Enskog),
or a reconstruction in terms of moments
of f (Grad). Both of these methods ex-
pand f around the equilibrium distribu-
tion (ε = 0). However, Chapman-Enskog
type equations become unstable for high
orders, whereas Grad produces equations
of unclear accuracy. We are combining
both methods by introducing a scaling with
ε in the moment space. This leads to a
collsion term induced order-of-magnitude
foliation of Vc into an equilibrium sub-
space, a higher moments subspace and a non-equilibrium subspace. The resulting equa-
tions are stable and accurate to 2nd order in ε. Whereas mathematical theory has so far
been worked out for linear K, applications of the scale-induced approach to non-linear
interactions have been carried out and proven successfull as well.
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Description: The description of nonequilib-

Figure 1: Velocity profiles in micro-
channel gas flows for different channel
widths. The velocity curve decreases at
first and increases again for small chan-
nels (Knudsen paradox).

rium, e.g., small-scale processes in gases require
mathematical modeling based on kinetic the-
ory of gases. Due to large Knudsen numbers,
classical relations of Navier-Stokes and Fourier
for stress and heat-flux have to be replaced by
a more accurate model. This project is built
around a mathematical model based on Boltz-
mann’s equation in kinetic theory and the deriva-
tion of suitable numerical methods. The model
consists of moment equations with a special clo-
sure procedure. The standard closure relations
are expanded around a non-equilibrium allow-
ing for a multi-scale relaxation.

The new system, called regularized 13-moment
system (R13), is formed by relaxational partial differential equations of hyperbolic-
parabolic type. It contains first order equations for the thermodynamic flow quantities,
density, velocity and temperature as well as second order equations for directional tem-
peratures, shear stress and heat flux in the form of balance laws. Boundary conditions
for advanced gas models have been a long standing problem. In this project we started
from the accommodation boundary in kinetic gas theory and succeeded to formulate a
stable continuum boundary model for the regularized 13-moment-equations. We inves-
tigate numerical and mathematical consequences of these boundary conditions for the
special case of micro-channel flow. Famous micro-effects like the Knudsen paradox could
be reproduced analytically and numerically.
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Description: 
 
We consider a two-species hard-core boson Hubbard model for a supersolid, where the two types 
of bosons represent vacancies and interstitials doped into a commensurate crystal. The on-site 
inter-species interaction may create bound states of vacancies and interstitials facilitating vacancy 
condensation at lower energies than in a single-species model, as suggested in an earlier mean 
field study. Here we carry out quantum Monte Carlo simulation to study possible supersolid 
phases of the model, corresponding to superfluid phases of the vacancies or interstitials. At low 
temperatures, we find three distinct superfluid phases. The extent of the phases and the nature of 
the phase transitions are discussed in comparison to mean-field theory. 
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Description: 
 
We present numerical results for an S=1/2 Heisenberg antiferromagnet on a inhomogeneous 
square lattice with tunable interaction between spins belonging to different plaquettes. Employing 
Quantum Monte Carlo, we significantly improve on previous results for the the critical point 
separating singlet-disordered and Néel-ordered phases, and obtain an estimate for the critical 
exponents consistent with the three-dimensional classical Heisenberg universality class. 
Additionally, we show that a fairly accurate result for the critical point can be obtained from a 
Contractor Renormalization (CORE) expansion by applying a surprisingly simple analysis to the 
effective Hamiltonian 
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Description: 
 
Using perturbative expansions and the contractor renormalization (CORE) algorithm, we obtain 
effective hard-core bosonic Hamiltonians describing the low-energy physics of $S=1/2$ spin-
dimer antiferromagnets known to display supersolid phases under an applied magnetic field. The 
resulting effective models are investigated by means of mean-field analysis and quantum Monte 
Carlo simulations. A "leapfrog mechanism", through means of which extra singlets delocalize in 
a checkerboard-solid environment via correlated hoppings, is unveiled that accounts for the 
supersolid behavior. 
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Description: 
 
Experiments with cold atoms trapped in optical lattices offer the potential to realize a variety of 
novel phases but suffer from severe spatial inhomogeneity that can obscure signatures of new 
phases of matter and phase boundaries. We use a high temperature series expansion to show that 
compressibility in the core of a trapped Fermi-Hubbard system is related to measurements of 
changes in double occupancy. This core compressibility filters out edge effects, offering a direct 
probe of compressibility independent of inhomogeneity. A comparison with experiments is made. 
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Description: 
 
Magnetism arising from coupled spin and spatial degrees of freedom underlies the properties of a 
broad array of physical systems. We study here the interplay between ordering in spin and space 
for the quantum compass model in a finite external field, using quantum Monte Carlo methods. 
We find that finite temperatures cant the spin and space (bond) correlations, with increasing 
temperature even reorienting spin correlations between orthogonal spatial directions. We develop 
a coupled mean field theory to understand this effect in terms of the underlying quantum critical 
properties of crossed Ising chains in transverse fields and an effective field that weakens upon 
increasing temperature. 
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Description: 
 
Motivated by experimental hints for supersolidity in Helium-4, we perform Monte Carlo 
simulations of vacancies and interstitials in a classical two-and three-dimensional Lennard-Jones 
solid. We confirm a strong binding energy for vacancies, of the order of the Lennard-Jones 
attraction, which is reminiscent of what was found for vacancies in Helium-4. We also find, in 
two-dimensional simulations, a strong attraction and large binding energy of interstitials since by 
clustering interstitials the elastic deformation energy is minimized thanks to the formation of 
dislocations. We interpret the results in light of the properties of Helium-4. 
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Description: 
 
The coexistence of superfluid and Mott insulator, due to the quadratic confinement potential in 
current optical lattice experiments, makes the accurate detection of the superfluid-Mott transition 
difficult. Studying alternative trapping potentials which are experimentally realizable and have a 
flatter center, we find that the transition can be better resolved, but at the cost of a more difficult 
tuning of the particle filling. When mapping out the phase diagram using local probes and the 
local density approximation we find that the smoother gradient of the parabolic trap is 
advantageous. 
 
References: 
 
Phys. Rev. A 78, 023605 (2008)

160



Title:   Optimized Broad-Histogram Ensembles  
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Description: 
 
The efficiency of statistical sampling in broad-histogram Monte Carlo simulations can be  
considerably improved by optimizing the simulated extended ensemble  for fastest equilibration. 
Here we describe how a recently developed feedback algorithm can be generalized to the  
simulation of quantum systems in the context of a stochastic series expansion (SSE) quantum 
Monte Carlo simulations. Whenever the chosen update methods is efficient, such as loop cluster 
or directed loop updates for nonfrustrated quantum magnets, we find that a flat histogram in the 
expansion order is optimal if a new variable-length formulation of the SSE is used. Whenever the 
update method suffers from slowdown, such as at a first-order phase transition, the optimized 
ensemble reweights towards expansion orders in the transition region. 
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Description: 
 
Impurity solvers play an essential role in the numerical investigation of strongly correlated 
electrons systems within the “dynamical mean field” approximation. Recently, a new class of 
continuous-time solvers has been developed, based on a diagrammatic expansion of the partition 
function in either the interactions or the impurity-bath hybridization. We investigate the 
performance of these two complimentary approaches and compare them to the well-established 
Hirsch-Fye method. The results show that the continuous-time methods, and in particular the 
version which expands in the hybridization, provide substantial gains in computational 
efficiency. 
 
We present a continuous-time Monte Carlo method for quantum impurity models, which 
combines a weak-coupling expansion with an auxiliary-field decomposition. The method is 
considerably more efficient than Hirsch-Fye and free of time discretization errors, and is 
particularly useful as impurity solver in large cluster dynamical mean field theory (DMFT) 
calculations. 
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Description: 
 
Gaussian Quantum Monte Carlo (GQMC) is a stochastic phase space method for fermions with 
positive weights. In the example of the Hubbard model close to half filling it fails to reproduce all 
the symmetries of the ground state leading to systematic errors at low temperatures. In a previous 
work we proposed to restore the broken symmetries by projecting the density matrix obtained 
from the simulation onto the ground state symmetry sector. In this paper we present a systematic 
study of the method for 2 and 3 leg Hubbard ladders for different fillings and on-site repulsion 
strengths. We provide several indications that the systematic errors stem from non-vanishing 
boundary terms in the partial integration step in the derivation of the Fokker-Planck equation. 
Possible solutions to avoid boundary terms are discussed. Furthermore we compare results 
obtained from two different sampling methods: Reconfiguration of walkers and the Metropolis 
algorithm. 
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Description: 
 
Monte Carlo simulations of the SU(2)-symmetric deconfined critical point action reveal strong 
violations of scale invariance for the deconfinement transition. We find compelling evidence that 
the generic runaway renormalization flow of the gauge coupling is to a weak first order 
transition, similar to the case of U(1) x U(1) symmetry. Our results imply that recent numeric 
studies of the Néel antiferromagnet to valence bond solid quantum phase transition in SU(2)-
symmetric models were not accurate enough in determining the nature of the transition. 
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Description: 
 
The strongly-correlated regime of the BCS-BEC crossover can be realized by diluting a system of 
two-component fermions with a short-range attractive interaction. We investigate this system via 
a novel continuous-space-time diagrammatic determinant Monte Carlo method and determine the 
universal curve Tc/EF for the transition temperature between the normal and the superfluid states 
as a function of the scattering length with the maximum on the BEC side. At unitarity, we 
confirm that Tc/EF = 0.152(7) 
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Description: 
More than half a century ago Penrose asked: are the superfluid and solid state of matter mutually 
exclusive or do there exist "supersolid" materials where the atoms form a regular lattice and 
simultaneously flow without friction? Recent experiments provide evidence that supersolid 
behavior indeed exists in Helium-4 -- the most quantum material known in Nature. In this paper 
we show that large local strain in the vicinity of crystalline defects is the origin of supersolidity in 
Helium-4. Although ideal crystals of Helium-4 are not supersolid, the gap for vacancy creation 
closes when applying a moderate stress. While a homogeneous system simply becomes unstable 
at this point, the stressed core of crystalline defects (dislocations and grain boundaries) undergoes 
a radical transformation and can become superfluid. 
 
Using first-principle simulations for the probability density of finding a 3He atom in the vicinity 
of the screw dislocation in solid 4He, we determine the binding energy to the dislocation nucleus 
E_B = 0.8 ± 0.1 K and the density of localized states at larger distances. The specific heat due to 
3He features a peak similar to the one observed in recent experiments, and our model can also 
account for the observed increase in shear modulus at low temperature. We further discuss the 
role of 3He in the picture of superfluid defects. 
 
We present results of a theoretical study of 4He films adsorbed on graphite, based on the 
continuous space worm algorithm. In the first layer, we find a domain-wall phase and a (7/16) 
registered structure between the commensurate (1/3) and the incommensurate solid phases. For 
the second layer, we find only superfluid and incommensurate solid phases. The commensurate 
phase found in previous simulation work is only observed if first layer particles are kept fixed; it 
disappears upon explicitly simulating them. 
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Description: 
 
We analyze the interference pattern produced by ultracold atoms released from an optical lattice. 
Such interference patterns are commonly interpreted as the momentum distributions of the 
trapped quantum gas. We show that for finite time-of-flights the resulting density distribution 
can, however, be significantly altered, similar to a near-field diffraction regime in optics. We 
illustrate our findings with a simple model and realistic quantum Monte Carlo simulations for 
bosonic atoms, and compare the latter to experiments. 
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Description: 
 
Two-dimensional quantum loop gases are elementary examples of topological ground states with 
Abelian or non-Abelian anyonic excitations. While Abelian loop gases appear as ground states of 
local, gapped Hamiltonians such as the toric code, we show that gapped non-Abelian loop gases 
require non-local interactions (or non-trivial inner products). Perturbing a local, gapless 
Hamiltonian with an anticipated ``non-Abelian'' ground-state wavefunction immediately drives 
the system into the Abelian phase, as can be seen by measuring the Hausdorff dimension of 
loops. Local quantum critical behavior is found in a loop gas in which all equal-time correlations 
of local operators decay exponentially. 
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Description: 
 
We show that chains of interacting Fibonacci anyons can support a wide variety of collective 
ground states ranging from extended critical, gapless phases to gapped phases with ground-state 
degeneracy and quasiparticle excitations. In particular, we generalize the Majumdar-Ghosh 
Hamiltonian to anyonic degrees of freedom by extending recently studied pairwise anyonic 
interactions to three-anyon exchanges. The energetic competition between two- and three-anyon 
interactions leads to a rich phase diagram that harbors multiple critical and gapped phases. For 
the critical phases and their higher symmetry endpoints we numerically establish descriptions in 
terms of two-dimensional conformal field theories. A topological symmetry protects the critical 
phases and determines the nature of gapped phases. 
 
Quantum mechanical systems, whose degrees of freedom are so-called su(2)_k anyons, form a 
bridge between ordinary SU(2) spin systems and systems of interacting non-Abelian anyons. 
Such a connection can be made for arbitrary spin-S systems, and we explicitly discuss spin-1/2 
and spin-1 systems. Anyonic spin-1/2 chains exhibit a topological protection mechanism that 
stabilizes their gapless ground states and which vanishes only in the limit (k to infinity) where the 
system turns into the ordinary spin-1/2 Heisenberg chain. For anyonic spin-1 chains we show that 
their phase diagrams closely mirror the one of the biquadratic SU(2) spin-1 chain. This includes 
generalizations of the Haldane phase, of the AKLT point, and the appearance of several stable 
critical phases described by (super)conformal field theories. Our results describe at the same time 
nucleation of different 2D topological quantum fluids within a `parent' non-Abelian quantum Hall 
state, arising from a macroscopic occupation with interacting anyons. The edge states between 
the `nucleated' and the `parent' liquids are neutral, and correspond precisely to the gapless modes 
of the anyonic chains. 
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Description: 
 
Indistinguishable particles in two dimensions can be characterized by anyonic quantum statistics 
more general than those of bosons or fermions. Such anyons emerge as quasiparticles in 
fractional quantum Hall states and certain frustrated quantum magnets. Quantum liquids of 
anyons exhibit degenerate ground states depending on the genus of the underlying surface. 
Here we present a novel type of continuous quantum phase transition in such anyonic quantum 
liquids that is driven by quantum fluctuations of topology.  The critical state connecting two 
anyonic liquids on surfaces with different topologies is reminiscent of the notion of a `quantum 
foam' with fluctuations on all length scales. This exotic quantum phase transition arises in a 
microscopic model of interacting anyons for which we present an exact solution in a linear 
geometry. The topological formulation of the model unifies string nets and loop gases, and 
provides a simple description of topological  quantum phases and their phase transitions. 
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Description: 
 
We investigate the properties of Bose-Fermi mixtures for experimentally relevant parameters in 
one dimension using numerical methods. We find that the strong attractive interaction between 
the bosons and fermions leads to the creation of polaronic particles. The effect of the fermions on 
the bosons is not only to deepen the parabolic trapping potential, but also to reduce the bosonic 
repulsion. This reduction would theoretically lead to an increase in the bosonic visibility. The 
opposite was observed however in the experimental 87Rb - 40K systems, most likely due to a 
sharp rise in temperature. 
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Description: 
 
When atoms are loaded into an optical lattice, the process of gradually turning on the lattice is 
almost adiabatic. In this paper we investigate how the temperature changes when going from the 
gapless superfluid phase to the gapped Mott phase along isentropic lines. To do so we calculate 
the entropy in the single-band Bose-Hubbard model for various densities, interaction strengths 
and temperatures in one and two dimensions for homogeneous and trapped systems. Our theory 
is able to reproduce the experimentally observed visibilities and therefore strongly supports that 
current experiments remain in the quantum regime for all considered lattice depths with low 
temperatures and minimal heating. 
 
References: 
 
New J. Phys. 10, 065001 (2008) 

172



Title:   Engineering exotic phases for topologically-protected quantum computing 
   by emulating quantum dimer models 

 
Researchers:  A.F. Albuquerque, H. G. Katzgraber, M. Troyer, and G. Blatter 

    
 
Institute/Group: Theoretische Physik, ETH Zürich 
 
Description: 
 
Topological quantum liquids with degenerate ground states protected by topological properties 
and an excitation gap to thermal excitations form the basis of topological quantum bits. We use a 
nonperturbative generalized Contractor Renormalization (CORE) to investigate the mapping of 
realistic microscopic models proposed to exhibit such topological phases to effective low-energy 
Hamiltonians for which the existence of a topological phase is established: the quantum dimer 
model on the triangular lattice. By tuning the couplings of the device, topological protection is 
achieved if the ratio between effective two-dimer interactions and flip amplitudes lies in the 
liquid phase of the phase diagram of the quantum dimer model. For a proposal based on a 
quantum Josephson junction array [L. B. Ioffe et al., Nature 415, 503 (2002)], our results show 
that the highest operational temperature is below 1 mK, and can only be obtained if extra 
interactions and dimer flips not present in the quantum dimer model and involving three or four 
dimers are included. The effects of these terms to the liquid phase are presently unknown. 
Removing these multi-dimer terms would require nK-scales for the device's operation. An 
alternative implementation based on cold atomic or molecular gases loaded into optical lattices is 
also discussed, and it is shown that also there small energy scales, implying long operational 
times, make such a device impractical. Given the many orders of magnitude between bare 
couplings in the devices, and the topological gap, the realization of topological phases in 
quantum devices requires careful attention to engineering limits and large bare interaction scales 
of the order of few eV. 
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Description: 
 
Contractor Renormalization (CORE) is a real-space renormalization group method to derive 
effective Hamiltionians from microscopic models. The original CORE method is based on a real-
space decomposition of the lattice into small blocks and the effective degrees of freedom on the 
lattice are tensor products of those on the small blocks. We present an extension of the CORE 
method (ENCORE) that overcomes this restriction. Our generalization allows the application of 
CORE to derive arbitrary effective models whose Hilbert space is not just a tensor product of 
local degrees of freedom, such as quantum dimer models, loop gases or string nets. The method 
is especially suitable in the the search for microscopic models to emulate low-energy exotic 
models and can guide the design of quantum devices. 
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Description: 
 
We calculate the electronic width of quantum wires as a function of their lithographic width in 
analogy to experiments performed on nanostructures defined by local oxidation of Ga[Al]As 
heterostructures. Two--dimensional simulations of two parallel oxide lines on top of a Ga[Al]As 
heterostructure defining a quantum wire are carried out in the framework of Density Functional 
Theory in the Local Density Approximation and are found to be in agreement with 
measurements. Quantitative assessment of the influence of various experimental uncertainties is 
given. The most influential parameter turns out to be the oxide line depth, followed by its exact 
shape and the effect of background doping (in decreasing order). 
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Description: 
 
A single-site dynamical mean-field study of a three band model with the rotationally invariant 
interactions appropriate to the t2g levels of a transition metal oxide reveals a quantum phase 
transition between a paramagnetic metallic phase and an incoherent metallic phase with frozen 
moments. The Mott transitions occurring at electron densities n=2, 3 per site take place inside the 
frozen moment phase. The critical line separating the two phases is characterized by a self-energy 
with an inverse square root frequency dependence and a broad quantum critical regime. The 
findings are discussed in the context of the power law observed in the optical conductivity of 
SrRuO3. 
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Description: 
 
The four-site DCA method of including intersite correlations in the dynamical mean field theory 
is used to investigate the metal-insulator transition in the Hubbard model. At half filling a gap-
opening transition is found to occur as the interaction strength is increased beyond a critical 
value. The gapped behavior found in the 4-site DCA approximation is shown to be associated 
with the onset of strong antiferromagnetic and singlet correlations and the transition is found to 
be potential energy driven. It is thus more accurately described as a Slater phenomenon (induced 
by strong short ranged order) than as a Mott phenomenon. Doping the gapped phase leads to a 
non-Fermi-liquid state with a Fermi surface only in the nodal regions and a pseudogap in the 
antinodal regions at lower dopings x < 0.15 and to a Fermi liquid phase at higher dopings. 
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Description: 
 
We develop various numerical methods and software packages for the simulation of optical nano 
structures including lossy and dispersive material with or without electromagnetic band gaps. 
The applications include plasmonic waveguides, optical antennas, photonic crystals, optical bio 
sensors, etc. Field solvers based on boundary discretization methods - the Multiple Multipole 
Program (MMP), the Method of Auxiliary Sources (MAS), Boundary Element Methods (BEM), 
Boundary Integral Equations (BIEM) –, Method of Moments (MoM), as well as domain 
discretization methods in frequency and time domain, namely Finite Elements Methods (FEM) 
and Finite Difference Time Domain (FDTD) are developed and applied. The semi-analytic MMP 
and MAS methods provide high accuracy, robustness, and numerical efficiency for 2D 
applications and exhibit no problems with material dispersion and loss. For 3D simulations, FEM 
and FDTD are favorable as long as moderate accuracy of the results is sufficient. 
In order to speed up the frequency domain solvers and nonlinear eigenvalue solvers, we take 
advantage of Model Based Parameter Estimation (MBPE) techniques. 
The field solvers mentioned above were applied to various cases, including metallic and metallo-
dielectric photonic crystals, photonic crystals with anomalous dispersion, ultra-thin plasmonic 
waveguides with Surface Plasmon Polariton (SPP), Wedge Plasmon Polariton (WPP), and 
Channel Plasmon Polariton (CPP) effects, optical antennas, and biological sensor structures. 
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Description: 
 
We have developed software packages for both the simulation and optimization of metamaterials 
for low frequencies up to optical frequencies. Field solvers based on the Multiple Multipole 
Program (MMP), the Method of Auxiliary Sources (MAS), the Method of Moments (MoM), 
Rigorous Coupled Wave Analysis (RCWA), Finite Element Method (FEM), and Finite 
Difference Time Domain (FDTD) were implemented, tested, applied, and combined with various 
numerical optimizers for parameter optimization (gradient methods, downhill simplex, 
evolutionary strategies, genetic algorithms, particle swarm optimization, and genetic 
programming algorithms) as well as for binary optimization (special table-based algorithms that 
may be considered as improved genetic algorithms, micro genetic algorithms, binary 
evolutionary strategies, etc.). 
The software packages mentioned were applied to various cases, frequency reflective surfaces, 
anti-reflective coatings, radar absorbing and shielding metamaterials, electrosmog protection, 
high temperature metamaterial shields, negative index metamaterials, photonic crystal structures, 
etc. 
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Description: 
 
We develop various numerical methods and software packages for the simulation of natennas 
covering a frequency range from radio frequencies to microwaves and optical frequencies.  
We consider time domain solvers such as Finite Volume Time Domain (FVTD), Finite Elements 
Methods (FEM), Finite Integral Techniques (FIT), and mesh-free techniques as well as frequency 
domain solvers such as FEM, Multiple Multipole Program (MMP), the Method of Auxiliary 
Sources (MAS), the Method of Moments (MoM), etc. In addition to in-house codes, we apply 
various commercial field solvers, including COMSOL, HFSS, MicrowaveStudio, etc. 
In the radio frequency and microwave range, we study geometrically highly complex antenna 
structures, dielectric resonator antennas, antennas embedded in electromagnetic bandgap 
materials, etc. whereas plasmonic antennas mounted on dielectric substrates are considered at 
optical frequencies. 
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Description: 
 
The common characteristics of amyloid and amyloid-like fibrils from disease- and non-disease-
associated proteins offer the prospect that well-defined model systems can be used to 
systematically dissect the driving forces of amyloid formation. We recently reported the de novo 
designed ccβ peptide model system that forms a native-like coiled-coil structure at low 
temperatures and which can be switched to amyloid-like fibrils by increasing the temperature. 
Here, we report a detailed molecular description of the system in its fibrillar state by 
characterizing the ccβ-Met variant using several microscopic techniques, circular dichroism 
spectroscopy, X-ray fiber diffraction, solid-state nuclear magnetic resonance, and molecular 
dynamics calculations. We show that ccβ-Met forms amyloid-like fibrils of different 
morphologies on both the macroscopic and atomic levels, which can be controlled by variations 
of assembly conditions. Interestingly, heterogeneity is also observed along single fibrils. We 
propose atomic models of the ccβ-Met amyloid-like fibril, which are in good agreement with all 
experimental data. The models provide a rational explanation why oxidation of methionine 
residues completely abolishes ccβ-Met amyloid fibril formation, indicating that a small number 
of site-specific hydrophobic interactions can play a major role in the packing of polypeptide-
chain segments within amyloid fibrils. The detailed structural information available for the ccβ 
model system provides a strong molecular basis for understanding the influence and relative 
contribution of hydrophobic interactions on native-state stability, kinetics of fibril formation, 
fibril packing, and polymorphism. 
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Description: 
 
The temperature dependence of thermodynamic quantities, such as heat capacity, entropy and 
free enthalpy, may be obtained by using well-known equations that relate these quantities to the 
enthalpy of the molecular system of interest at a range of temperatures. In turn, the enthalpy of a 
molecular system can be estimated from molecular dynamics simulations of an appropriate 
model. To demonstrate this, we have investigated the temperature dependence of the enthalpy, 
heat capacity, entropy and free enthalpy of a system that consists of a -heptapeptide in methanol 
and have used the statistical mechanics relationships to describe the thermodynamics of the 
folding/unfolding equilibrium of the peptide. The results illustrate the power of current molecular 
simulation force fields and techniques in establishing the link between thermodynamic quantities 
and conformational distributions. 
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Description: 
 
Over the last 30 years, computation based on molecular models is playing an increasingly 
important role in biology, biological chemistry and biophysics. Since only a very limited number 
of properties of biomolecular systems are actually accessible to measurement by experimental 
means, computer simulation complements experiments by providing not only averages, but also 
distributions and time series of any definable, observable or non-observable, quantity. 
Biomolecular simulation may be used (i) to interpret experimental data, (ii) to provoke new 
experiments, (iii) to replace experiments and (iv) to protect intellectual property. Progress over 
the last 30 years is sketched and perspectives are outlined for the future. 
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Description: 
 
Computer-based molecular simulation techniques are increasingly used to interpret experimental 
data on biomolecular systems at an atomic level. Direct comparison between experiment and 
simulation is, however, seldom straightforward. The available experimental data are limited in 
scope and generally correspond to averages over both time and space. A critical analysis of the 
various factors that may influence the apparent degree of agreement between the results of 
simulations and experimentally measured quantities is presented and illustrated using examples 
from recent literature. 
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Description: 
 
A recently proposed method to obtain free energy differences for multiple end states from a 
single simulation of a reference state which was called enveloping distribution sampling (EDS) 
[J. Chem. Phys. 126, 184110 (2007)] is expanded to situations where the end state configuration 
space densities do not show overlap. It uses a reference state Hamiltonian suggested by Han in 
1992 [Phys. Lett. A 165, 28 (1992)] in a molecular dynamics implementation. The method allows 
us to calculate multiple free energy differences "on the fly" from a single molecular dynamics 
simulation. The influence of the parameters on the accuracy and precision of the obtained free 
energy differences is investigated. A connection is established between the presented method and 
the Bennett acceptance ratio method. The method is applied to four two-state test systems (dipole 
inversion, van der Waals perturbation, charge inversion, and water to methanol conversion) and 
two multiple-state test systems [dipole inversion with five charging states and five (dis-
)appearing water molecules]. Accurate results could be obtained for all test applications if the 
parameters of the reference state Hamiltonian were optimized according to a given algorithm. 
The deviations from the exact result or from an independent calculation were at most 0.6 kJ/mol. 
An accurate estimation of the free energy difference is always possible, independent of how 
different the end states are. However, the convergence times of the free energy differences are 
longer in cases where the end state configuration space densities do not show overlap [charge 
inversion, water to methanol conversion, (dis-)appearing water molecules] than in cases where 
the configuration space densities do show some overlap [(multiple) dipole inversion and van der 
Waals perturbation]. 
 
 
References:  J. Chem. Phys. 128 (2008) 174112, DOI: 10.1063/1.293050 
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Title: Computational Study of the Mechanism and the Relative Free Energies of 
Binding of Anticholesteremic Inhibitors to Squalene-Hopene Cyclase 
 

Researchers:    F. Schwab* 
 W.F. van Gunsteren* 
 B. Zagrovic** 

   
Institute/Group: Laboratory of Physical Chemistry, ETH Hönggerberg, Zürich, Switzerland* 

Laboratory of Computational Biophysics, Mediterranean Institute for Life 
Sciences, Split, Croatia** 

 
 
Description: 
 
The prokaryotic monotopic membrane protein squalene-hopene cyclase (SHC) is homologous to 
a human enzyme responsible for cholesterol formation. Using molecular dynamics in explicit 
water, a single monomer of SHC was simulated using the GROMOS 45A3 force field, once in 
complex with an inhibitor and once in an uncomplexed form. The protein exhibits significant 
stability on the level of secondary and tertiary structure even outside of its native membrane 
environment. Analysis of the fluctuations of the complexed and the uncomplexed SHC confirms 
the previously made suggestions for the ligand entrance channel and reveals some of its novel 
dynamical features that might be of functional importance. To examine the potential of 
computationally designing SHC ligands and study their thermodynamics of binding, the relative 
free energies of binding of a series of structurally similar anticholesteremic inhibitors of SHC 
were calculated using single-step perturbation (SSP) and thermodynamic integration (TI) 
techniques. While neither technique succeeds in quantitatively matching the relatively small 
experimental values, TI qualitatively reproduces the relative order of the experimental affinities, 
but SSP does not. Detailed comparisons and potential reasons for this are given. 
 
 
References:  Biochem. 47 (2008) 2945-2951, incl. supp. mat. 
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Title: Disulfide Bond Shuffling in Bovine A-Lactalbumin: MD Simulation 
Confirms Experiment 
 

Researchers:    N. Schmid* 
 Ch. Bolliger* 
 L.J. Smith** 
 W.F. van Gunsteren* 

    
Institute/Group: Laboratory of Physical Chemistry, ETH Hönggerberg, Zürich, Switzerland* 

Chemistry Research Laboratory, Department of Chemistry, University of 
Oxford, UK** 

 
 
Description: 
 
A simple and straightforward classical molecular dynamics simulation technique is proposed to 
predict possible disulfide bridge shuffling. Application to bovine R-lactalbumin shows that 
shuffling can be observed on short simulation time scales and yields results in agreement with 
experiment. 
 
 
References:  The manuscript is submitted to Biochemistry  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

187



Title: A Combined Solid-State NMR and MD Characterization of the Stability 
and Dynamics of the HET-S(218-289) Prion in its Amyloid Conformation 
 

Researchers:    A. Lange 
 Z. Gattin 
 H. van Melckebeke 
 Ch. Wasmer 
 A. Soragni 
 W.F. van Gunsteren 
 B.H. Meier 

    
Institute/Group: Laboratory of Physical Chemistry, ETH Hönggerberg, Zürich, Switzerland 
 
 
 
Description: 

The three-dimensional structure of amyloid fibrils formed by the HET-s(218-289) prion, as 
determined by solid-state NMR, contains rigid and remarkably well ordered parts, as witnessed 
by the narrow solid-state NMR line widths for this system. On the other hand, high-resolution 
magic-angle spinning (HRMAS) NMR results have shown that HET-s(218-289) amyloid fibrils 
contain flexible parts as well. Here, we present additional solid-state NMR data that report on 
order in the rigid and on dynamics in the flexible parts of HET-s(218-289). Intensity variations in 
a two-dimensional 15N-13C� correlation spectrum correlate well with the NMR structure. We 
observe an additional set of signals in experiments based on INEPT transfer and attribute them to 
the flexible parts of HET-s(218-289). Furthermore, we have performed molecular dynamics 
(MD) simulations of fragments of HET-s(218-289) amyloids in explicit water to probe their 
stability and dynamics. The simulated trimer is stable on the 10 ns timescale. The observed 
dynamics, as reflected in atom-positional root-mean-squared fluctuations (RMSFs) and order 
parameters S2, are in agreement with the NMR data: A flexible loop and the N-terminus exhibit 
dynamics on the ps-ns time scale, whereas the hydrophobic core of HET-s(218-289) is rigid. The 
high degree of order in the core region of HET-s(218-289) amyloids as observed in the MD 
simulations is in agreement with the narrow solid-state NMR lines. Finally, we analyzed the role 
of the salt-bridge network in HET-s(218-289). MD simulations at different temperatures indicate 
that the network is highly dynamic and that it contributes to thermostability of HET-s(218-289) 
amyloids. 

 
 
References:  The manuscript is submitted to JACS 
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Title:               Automated NMR data analysis for 3D protein structure determination using the 
algorithms MATCH, ASCAN and ATNOS/CANDID 

 
Researchers: Torsten Herrmann 
                        Bill Pedrini 

Kurt Wüthrich 
 
Institute:        Institut für Molekularbiologie und Biophysik 
 
Description: 
This project is focused on automated NMR data analysis for three-dimensional structure 
determination of proteins in solution, with the prime objectives of increasing the efficiency and 
the reliability of "routine" NMR structure determination of soluble proteins in structural 
genomics and structural biology. The bases for this project are new NMR techniques that have 
been developed in-house, in particular APSY (automated projection spectroscopy) and the 
software package ATNOS/CANDID, with the modules MATCH and ASCAN, which have also 
been developed in-house during the last five years. This project is pursued in collaboration with 
the Kurt Wüthrich laboratory at The Scripps Research Institute, which is a member of the Joint 
Center for Structural Genomics (JCSG). 
 
References:    Herrmann, T., Güntert, P. & Wüthrich, K  

Protein NMR structure determination with automated NOE assignment using the 
new software CANDID and the torsion angle dynamics algorithm DYANA. 
 J. Mol. Biol. 319(1) (2002) 209-227 
 
Herrmann, T., Güntert, P. & Wüthrich, K. 
Protein NMR structure determination with automated NOE-identification in the 
NOESY spectra using the new software ATNOS.  
J. Biomol. NMR 24(3) (2002) 171-189 

                   
Volk, J., Herrmann, T. & Wüthrich, K 
Automated sequence-specific protein NMR assignment using the memetic 
algorithm MATCH. 
J. Biomol. NMR 41(3) (2008) 127-138 
 
Fiorito, F.,  Herrmann, T., Damberger, F.F. & Wüthrich, K. 
Automated amino acid side-chain NMR assignment of proteins using 13C- and 
15N-resolved 3D [1H, 1H]-NOESY.  
J. Biomol. NMR 42(1) (2008) 23-33 
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Title:               Structural biology of mammalian and non-mammalian prion proteins 
 
Researchers:  Barbara Christen 

Fred Damberger 
Christine von Schroetter 
Simone Hornemann 
Kurt Wüthrich 

 
Institute:        Institut für Molekularbiologie und Biophysik 
 
Description: 
The prion protein (PrP) is an obligatory factor in the development of transmissible spongiform 
encephalopathies (TSEs), such as Creutzfeldt-Jakob disease in humans, BSE ("mad cow 
disease") in cattle, and scrapie in sheep. PrP is a highly conserved glycoprotein in mammals, 
where it is predominantly expressed in neuronal tissue, and has also been found in birds and 
reptiles. We have solved the 3-dimensional structure of the recombinant "healthy" form of a wide 
range of mammalian and non-mammalian prion proteins. Based on the analysis of local 
structural similarities and differences that might bear on the function of the cellular form of PrP 
in healthy organisms and on the species barrier for infectious transmission of TSEs, designed 
variants of mouse PrP have been expressed in transgenic mice (collaboration with Prof. A. 
Aguzzi, University of Zürich). An apparent new strain of prions was thus generated in "RL-
mice" and is further characterized using additional transgenic mouse lines that have been 
designed based on structural data with other variant cellular PrPs. In this context we also 
investigate the mechanism of the conversion of different variant cellular prion proteins into the 
disease-related aggregated form. 
 
References:    Sigurdson, C.J., Nilsson, K.P.R., Hornemann, S., Manco, G., Polymenidou, M., 

Schwarz, P., Leclerc, M., Hammarström, P., Wüthrich, K. and Aguzzi, A. 
Prion strain discrimination using luminescent conjugated polymers.  
Nature Methods 12 (2007) 1023–1030 

 
 Christen, B., Wüthrich, K. and Hornemann,  
 Putative prion protein from Fugu (Takifugu rubripes). 
 FEBS J. 275 (2008) 263–270 
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High-performance Hardware 
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6.1  C4: The Year in Review 
 
The Competence Center for Computational Chemistry (C4) completed its third year with the 
Steering Committee consisting of Profs. Wanda Andreoni (IBM Zürich Research), Jürg Hutter 
(University of Zürich), Wilfred F. van Gunsteren, and PD Dr. Hans P. Lüthi (both ETH 
Zürich).  
 
As in the past year, C4 offered tutorials on advanced topics of molecular modeling and 
simulation. In August 2007, the topic of the third C4 Tutorial was the free energy calculation, 
presented by our colleagues Jürg Hutter, Philippe Hünenberger, and Wilfred van Gunsteren. 
The tutorial gave the participants, close to thirty in number, insight into the state-of-the-art in 
these areas of method development.  
 
In January of 2008, a consortium consisting of the EPFL, USI/CSCS and ETH (represented 
by C4 and the chair for Computational Physics) was awarded the mandate to host the Centre 
Européen de Calcul Atomique et Moléculaire (CECAM). The mission of CECAM is to 
advance research in its target area by means of tutorials and workshops. The CECAM 
workshops have a history of bringing together the “shakers and movers” in the field. Some of 
the CECAM workshops will now take place in Zürich, and are open for participation to the 
members of C4. This represents a great opportunity for atomistic computer modelling and 
simulation at ETH.  
 
In March of 2008, C4 obtained grant from the Kontaktgruppe für Forschungsfragen (KGF; 
Contact Group for Research Matters) of Ciba, Novartis, Roche, Merk Serono, and Syngenta 
for five young researchers to attend the WATOC '08 Congress in Sidney (Australia). In April, 
C4 was the topic of the Feature Article in the latest issue of the newsletter of the 
Arbeitsgruppe Theoretische Chemie, the cosnortium of the German Computational Chemists. 
 
The actual “backbones” of C4, however, are the Seminar Program and the compute-resource. 
The 2007 fall term and 2008 spring term the C4 Seminar Program covered 13 lectures, some 
of them presented by leaders in their field. The seminar, that takes place every second 
Thursday during the semester, enjoys a remarkable popularity. The C4 compute-cluster 
Obélix, a 32 node IBM Opteron cluster operated by the ETH Informatikdienste, procured for 
code development and for the execution of resource-intense computations, again delivered 
beyond ¾ million CPU hours worth of compute-cycles. The science “produced” with Obélix 
was the topic of the C4 2007 Workshop in November. The top-users presented their results 
with a focus on the computational science aspect (models, methods, algorithms). 
 
It is part of the C4 tradition to honor special efforts. At the end of the 2007 Summer Term, the 
ETH Schulleitung approved the “IBM Research Forschungspreis”, an award for outstanding 
MS and PhD theses sponsored by our partner, the IBM Zurich Research Laboratory. The first 
winner of the award was Sandra Luber (Group of Prof. M. Reiher) with her MS thesis entitled 
Towards the Calculation of Raman Optical Activity Spectra of Large Molecules”. 
 
The goals of C4, namely to seek new frontiers and opportunities in molecular modeling and 
simulation, to cater to the flow of know-how, and to serve as a platform for the interaction 
with external partners are reflected by a considerable return of investment. More than 100 
projects are reported on in the 2006/07 C4 Annual Report. Some of these projects are 
expected to have considerable impact on modeling and simulation, or in the respective area of 
application.  
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We wish to thank the members and affiliates for their active participation, and we are looking 
forward to exciting trans-disciplinary collaboration between the C4 and CS&E community. 
We would also like to thank the VP Research, Prof. P. Chen, for his support of our bid to host 
CECAM. 
 
Hans P. Lüthi, Leiter C4 
October 12, 2008 
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6.2       CSCS – Swiss National Supercomputing Centre 
 

Ladina Gilly 
Dominik Ulmer 

 
CSCS - Swiss National Supercomputing Centre 

Galleria 2, Via Cantonale 
6928 Manno, Switzerland, Tel: +41 91 610 82 11 Fax: +41 91 610 82 09 

info@cscs.ch 
 
 

World-class supercomputing service for the national research community 
CSCS, the Swiss National Supercomputing Centre, develops and promotes technical and 
scientific services for the Swiss research community in the fields of high-performance 
computing. CSCS enables world-class scientific research by pioneering, operating and 
supporting leading-edge supercomputing technologies. The centre collaborates with domestic 
and foreign researchers, and carries out its own research in scientific computing. 
 
CSCS enables more than 200 peer-reviewed scientific publications every year, many of them 
in highly reputed journals like Nature or Science. Enabling world-class research, therefore, is 
the main objective of the value chain operated by CSCS: 
 

CSCS value chain 
 
 

 
 
The value chain starts with the active acquisition of new projects and research groups, who 
are encouraged to apply for compute and support resources in the annual call for proposals. 
Typically these calls generate requests exceeding the amount of available compute resources 
by factor 2 to 3. The second step of the chain comprises a technical review by CSCS and a 
scientific review by external experts for selecting the best and most appropriate research 
projects. In the following two steps, CSCS supports the awarded research projects in 
preparing the necessary software perquisites and running the computational experiments. 
Finally, research results are published and exploited.  
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In such a model, operating the national supercomputing infrastructure together with the 
administrative support in the project office is a support process. The key strategic process, 
distinguishing CSCS from a standard computer and data centre, is the ability to select and 
introduce brand new and leading edge HPC technology at all levels of the value chain, a core 
competence of the centre. 
 
CSCS’ computing infrastructure 
CSCS currently offers its customers supercomputing services on massively parallel 
processing and cluster environments. 
 
The Cray XT3 massively parallel processing (MPP) computer system offers 3328 2.6GHz 
AMD Opteron processors on dual-core nodes as well as a further 32 processors for service 
activities such as providing login access and supporting the parallel file system. The system is 
able to deliver a peak performance of 17TFlop/s and a total of 3.3 Terabytes of memory. The 
processors are connected by the Cray SeaStar high-bandwidth, low-latency interconnect that 
uses a 3D torus typology. The parallel filesystem provides 23 Terabytes of temporary scratch 
storage with a peak data transfer rate of 4.5 Gigabytes per second. 
 
The IBM P5 is a parallel constellation cluster consisting of 48 p5-575 SMP nodes with a total 
of 786 Power 5 CPUs and 1.5 Terabytes of main memory. This system offers a theoretical 
peak performance of 4.5 TFlop/s. A dual-link 4X SDR Infiniband interconnect links the nodes 
and provides a high speed network for the login nodes and the file system. A peak data 
transfer rate of approximately 5 Gigabytes per second is available on the GPFS parallel file 
system where 17 Terabytes of storage are provided. 
 
Besides these two machines CSCS also offers cluster computing capacity to the Swiss particle 
physics research community by means of the Tier-2 computing cluster it hosts for the Large 
Hadron Collider Computing Grid. Furthermore, CSCS operates a cluster for pre- and post-
processing consisting of 25 nodes, with two dual-AMD Opteron processors at 2.6 GHz. This 
cluster is interconnected with a 4X DDR Infiniband network. A 4X SDR Infiniband 
interconnect is used on the visualization cluster, which consists of 16 compute nodes, of 
which 6 have a special synchronization card for graphics cards. 

 
Data management facilities 
CSCS’ data archive facility is based on the SAM-FS Hierarchical Storage Management 
(HSM) software running on a SUN Fire X4600, which controls data movement between the 
fast Engenio 6998 and two StorageTek “Powderhorn” tape silos and a SUN SL8500 tape silo 
with fibrechannel tape drive technology; redundant Brocade switches ensure a fully-switched 
FiberChannel archive environment. The archive capacity currently exceeds 1.5 Petabytes of 
total storage. 
 
A new storage level, introduced in 2007/8, is a central parallel file system based on IBM 
GPFS technology. A high-bandwidth network to all major computer systems of CSCS 
connects this fast parallel file system, which is the central data management space for all 
research projects. Currently, this file system offers a total capacity of 300 TB. 
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Who uses CSCS’ compute infrastructure? 
CSCS customer base consists of researchers from the fields of chemistry, physics, material 
sciences, earth and planetary sciences and biosciences. Currently the vast majority of CSCS 
resources are used by the fields of chemistry, physics and atmospheric sciences. 
 

Usage of CSCS HPC resources by discipline 
 

 

 
 

 
 
Of the produced CPU hours ETH Zurich consumes the largest part, followed by the Paul 
Scherrer Institute and the University of Zurich. 
 

Usage of CSCS HPC resources by institution 
 

 
 

Below you may find the table of Production Projects and ALPS grand challenge projects that 
were granted during 2007. 
 

ALPS Projects 2007 
 
 

Jackson Andrew ETH Zurich 
Investigating the origin of magnetic fields of the earth and other 
planets 

Vogel Viola ETH Zurich 
At the molecular level, how does cell function change under 
mechanical force 
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Parrinello Michele ETH Zurich 
Investigate the role of protein interactions of interest for diseases 
such as Altsheimer and HIV 

Schär Christoph ETH Zurich 
Investigate climate change on European and Alpine scales and 
possible future extreme weather events 

 
Large Projects 2007 

 

Christophe Ancey EPF Lausanne Transient free surface flow of concentrated suspensions 

Peter Arbenz ETH Zürich Multi-level micro-finite element analysis for human bone structures 

Alfonce Baiker ETH Zürich Surface chemistry of transition metals and catalysis for CO2 fixation 

Dirk Bakowies ETH Zürich 
Atomization energies from ab initio calculations without empirical 
corrections 

Jörg Behler ETH Zürich 
A Neural-Network Representation of High-Dimensional ab-initio 
Potential-Energy Surfaces 

Olivier Besson 
University of 
Neuchatel Numerical Solutions of Navier-Stokes equations in shallow water 

Fabien Bruneval ETH Zürich Crystal Structure Prediction from Computer Simulations 

Thomas Bürgi 
University of 
Neuchatel Structure and enantiospecificity of chiral nanoparticles and interfaces 

W. Anthony Cooper EPF Lausanne Computation of Stellarator Coils, Equilibrium, Stability and Transport 

Philippe de Forcrand ETH Zürich Canonical approach to finite density QCD simulations 

Dirk V.Deubel ETH Zürich Quantum Chemical Studies of Transition Metal Anticancer Drugs 

Bernd Ensing ETH Zürich Multiscale modeling of proton conducting polymeric membranes 

Wolfgang Fichtner ETH Zürich Computational Science and Engineering in Nanoelectronics 

Doris Folini EMPA Inverse modeling to monitor source regions of air pollutants in Europe 

Laure Fouchet ETH Zürich Dust in protoplanetary disks 

Francesco Gervasio ETH Zürich Change transfer and oxidative damage to DNA 

Stefan Goedecker University of Basel Atomistic simulations and electronic structure 

Peter Hasenfratz University of Bern Full QCD with 2+1 Light Chiral Fermions 

Andreas Hauser University of Geneva 
Photophysics and photochemistry of transition metal compounds: 
theoretical approaches 

Lothar Helm EPF Lausanne Magnetic interactions in extended systems 

Juerg Hutter University of Zürich Development and Applications of ab initio Molecular Dynamics 

Marcella Iannuzzi Paul Scherrer Institut Transport properties and microstructural changes in uranium dioxide 

Roberto Iglesias 
Paul Scherrer Institute 
(PSI) 

Understanding magnetism in the Fe-Cr alloy system using ab initio 
calculations 

Fortunat Joos University of Bern Modelling CARBOn Cycle CLIMate Feedbacks (CARBOCLIM) 
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Leonhard Kleiser ETH Zürich Numerical Simulation of Transitional, Turbulent and Multiphase Flows 

Petros Koumoutsakos ETH Zürich Multiphysics Simulations using Multiscale Particle Methods 

Matthias Krack ETH Zürich Nitrogen reduction on pyrite surfaces 

Martin Kröger ETH Zürich 
Computer-Aided Design of Nanostructured Interfaces for Biological 
Sensors 

Peter Kunszt CSCS CSCS Grid Allocation 

Andreas Läuchli EPF Lausanne Simulating Quantum States of Matter 

Michael Lehning 
Swiss Federal 
Institute Wind field simulations and snow drift modelling over steep terrain 

Pénélope Leyland EPF Lausanne Study of flight characteristics of a generic reeintry launcher vehicle 

Zbigniew Lodziana EMPA Computational investigation of complex hydrides for hydrogen storage 

Martin Luescher CERN Numerical lattice gauge theory 

John Maddocks EPF Lausanne Atomistic molecular dynamics simulations of DNA minicircles 

Hau-Kit Man ETH Zürich Investigation of 3D Size Effects in Concrete Using Lattice Models 

Jiri Mareda University of Geneva 
Molecular Modeling of Artificial Multifunctional Pores and their Catalytic 
Properties 

Markus Meuwly University of Basel 
Electronic Structure Calculations for Chemical Reactions involving 
Transition Metals 

Artem Oganov ETH Zürich 
Computational Crystallography: crystal structure prediction and 
simulation of planetary materials 

Marc Parlange EPF Lausanne 
Large-eddy-simulation studies of atmospheric boundary layer over 
complex terrain 

Michele Parrinello ETH Zürich Ab-initio study of proton diffusion in water-methanol solutions 

Michele Parrinello ETH Zürich Ab initio simulations of phase change materials 

Alfredo Pasquarello EPF Lausanne Atomic-Scale Modelling at Semiconductor-Oxide Interfaces 

Daniele Passerone EMPA 
Atomistic simulation of surface-supported molecular nanostructures and 
of quasicrystal surfaces 

Dimos Poulikakos ETH Zürich Biothermofluidics for Cerebrospinal Fluid Diagnosis 

Chistoph Raible University of Bern 
Modelling and Reconstruction of North Atlantic Climate System 
Variability (MONALISA II) 

Paolo Raiteri ETH Zürich Computational study of molecular nano-machines 

Ursula Roethlisberger EPF Lausanne 
Mixed quantum mechanical / molecular mechnanical (QM/MM) studies 
of systems of biological interest 

Ivo Sbalzarini ETH Zürich 
Simulations of biological systems and development of a parallelization 
framework 

Christoph Schaer ETH Zürich Modeling Weather and Climate on European and Alpine Scales 

Cornelia Schwierz ETH Zürich aLMo reanalysis and hindcast for the Alpine Region 

Sonia Seneviratne ETH Zürich Land-climate interactions: Modeling and analysis 

Urs Sennhauser EMPA Reliability and degradation physics of ultrathin dielectrics 
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Zeljko Sljivancanin EPF Lausanne Solid Surfaces and Interfaces 

Harryvan Lenthe ETH Zürich What genetic loci are involved in the regulation of bone strength? 

HelenaVan 
Swygenhoven 

Paul Scherrer Institute 
(PSI) 

The atomistic modeling of size effects in plastic 

Rolf Walder ETH Zürich Stellar Cosmic Engines in Galaxies 
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6.3 Information Technology Services 
The following resources are available:  

• Hewlett Packard Superdome Cluster consisting of 

o 1 HP Superdome (Stardust): 128-way, 64 Dual Core Itanium2 Montecito CPUs 
(1600 MHz), 256 GB Memory, HP/UX Operating System 

o 1 HP Superdome (Pegasus): 64-way, 32 Dual Core Itanium2 Montecito CPUs 
(1600 MHz), 128 GB Memory, HP/UX Operating System 

The cluster is used for parallel code taking advantage of the shared memory program-
ming model offered by the cc-numa architecture of these systems. Many standard ap-
plications (finite element modeling, mathematics, simulations, etc.) are in this cate-
gory. 

The systems major usage is in the fields of thermodynamics, fluiddynamics, virtual 
production (FEM) and theoretical physics. 
The following software is available on the Superdome cluster: 

HP Fortran: Compiler and associated products 
HP Fortran 90: Compiler and associated products 
HP C/ansi: C Developer's Bundle for HP-UX 11.00 
HP C++: Compiler 
KAI Guide C++: Open MP 
Abaqus 5.8: General-purpose finite element analysis 
ACSL: Advanced continuous simulation language 
Ampl 9.5.13: Modeling language for Mathematical Programming 
ANSYS 5.5: Finite element analysis 
AVS: Advanced visual system 
CPLEX 65: Linear optimization solver 
CFX Tascflow: CFD analysis and design tool 
Diana 7.2: Finite element analysis 
Gaussian 98: semi empirical and ab initio molecular orbital (MO) calculations. 
MARC/MENTAT K7.3: Nonlinear finite element program 
Matlab 11.1: Language for technical computing 
Molcas 5: Quantum chemistry software 
NAG F95: Fortran library 
IMSL: Fortran Numerical Libraries 
Para Phoenics 32: CFD 
Patran 9.0: Finite element (Modeling, Analysis, Results evaluation) 
Tecplot 8.0: Tool for visualizing a wide range of technical data 
PV-Wave: Signal Processing Toolkit 
 

• The Information Technology Services operate a Linux Cluster co-owned with the De-
partments Biology, Environmental Sciences, Earth Sciences, Physics, Mathematics, 
Material Sciences, Mechanical and Process Engineering and Computer Science. This 
cluster consists of the following node types: 

o Ethernet connected nodes: 
 188 dual processor AMD Opteron 244 systems with 4 GB memory and 

Ethernet network 
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 200 dual processor dual core AMD Opteron 2220 systems with 16 GB 
memory and Ethernet network 

o High Bandwidth/Low Latency Quadrics QSnet II network connected nodes: 
 288 dual processor AMD Opteron 250 systems with 8 GB memory 

 96 dual processor dual core AMD Opteron 2220 systems with 16 GB 
memory 

Parts of the cluster are operated as a central resource, which can be used on a fair share 
base by the ETH community without being co-owner of the cluster. 
 
The part of the cluster connected through the Quadrics QSnet II network is intended 
for parallel code (typically MPI based) needing high bandwidth and low latency com-
munications, but not a globally shared memory. The Ethernet connected part of the 
cluster is intended for single node throughput computing and not communication in-
tensive parallel jobs. 
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Outlook 
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Beside the interdisciplinary and application oriented RW/CSE BSc and MSc curriculum,
the BSc/MSc in Computer Science with a CSE focus (at D-INFK) also offers education
in fundamental CSE methods at ETH Zürich. It is natural to ask whether joint courses
for both curricula could enhance CSE education at ETH and allocated resources more
efficiently. Thus an attempt is being made to devise courses about core CSE methods
that can serve students of both curricula. In particular, possible joint courses “Numerical
Methods for CSE”, ”Numerical PDEs for CSE” are being discussed. The idea is to teach
“relevant and modern” numerical concepts and methods with plenty of motivating and
stimulating examples without sacrificing essential mathematics and the goal of imparting
profound understanding. The design of a detailed syllabus for both courses will be tackled
in 2009.

Zürich, November 27, 2008
Ralf Hiptmair
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Publications* in 2007/2008 
 
 
 
 *only CSE-related articles 
 in refereed journals 
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Group of S. Bonhoeffer 
 
Publications list of TB without Martin’s group 
 
2008 
 
Alizon, S. : Decreased overall virulence in coinfected hosts leads to the persistence of 
virulent parasites. AMERICAN NATURALIST (2008) 172:E67-E79. 
 
Alizon, S., van Baalen, M. : Transmission-virulence trade-offs in vector-borne diseases. 
THEORETICAL POPULATION BIOLOGY (2008) 74:6-15. 
  
Alizon, S., Taylor, P. : Empty sites can promote altruistic behavior. EVOLUTION (2008) 
62:1335-1344. 
  
Bonhoeffer, S. : Evidence for positive epistasis in HIV-1 (vol 306, pg 1547, 2004). 
SCIENCE (2008) 320:746-746. 
 
Duron, O., Bouchon, D., Boutin, S., Bellamy, L., Zhou, L., Engelstadter, J., Hurst, 
G.D.D. : The diversity of reproductive parasites among arthropods: Wolbachia do not 
walk alone. BMC BIOLOGY (2008) 6:27-. 
 
Duron, O., Hurst, G.D.D., Hornett, E.A., Josling, J.A., Engelstadter, J. : High incidence 
of the maternally inherited bacterium Cardinium in spiders. MOLECULAR ECOLOGY 
(2008) 17:1427-1437. 
 
Engelstadter, J. : Constraints on the evolution of asexual reproduction. BIOESSAYS 
(2008) in press:- 
   
Engelstadter, J., Hurst, G.D.D.: What use are male hosts? The dynamics of maternally 
inherited bacteria showing sexual transmission or male-killing. AMERICAN 
NATURALIST (2008) in press:- 
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Conformation, dynamics and ion-binding properties of single-chain polyuronates: a
molecular dynamics study
Mol. Simul. 34 (2008) 403-420.

C.S. Pereira and P.H. Hünenberger
The influence of polyhydroxylated compounds on a hydrated phospholipid bilayer:
a molecular dynamics study.
Mol. Simul. 34 (2008) 421-446.

T. Todorova, P.H. Hn̈enberger and J. Hutter
Car-Parrinello molecular dynamics simulations of CaCl2 aqueous solutions.
J. Chem. Theor. Comput. 4 (2008) 779-789.

C.S. Pereira and P.H. Hünenberger
The effect of trehalose on a phospholipid membrane under mechanical stress.
Biophys. J. (2008) in press.

H.S. Hansen and P.H. Hünenberger
Using the local elevation method to construct optimized umbrella sampling poten-
tials: Calculation of the relative free energies and interconversion barriers of glu-
copyranose ring conformers in water.
J. Comput. Chem. (2008) submitted.
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M. Kröger, P. Ilg
Derivation of Frank-Ericksen elastic coefficients for polydomain nematics from mean-field
molecular theory for anisotropic particles
J. Chem. Phys. 127 (2007) 034903 (17 pages).

M. Colangeli, I.V. Karlin, M. Kröger
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Exact linear hydrodynamics from the Boltzmann equation
Phys. Rev. Lett. 100 (2008) 214503 (4 pages).

J.M. Kim, D.J. Keffer, M. Kröger, B.J. Edwards
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W.F. van Gunsteren, Z. Gattin 
Simulation of folding equilibria 
”Foldamers: Structure, properties and applications” S. Hecht & I. Huc eds., Wiley, Weinheim, 
Germany, 2007, 173-192 
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D.B. Kony, W. Damm, S. Stoll, W.F. van Gunsteren, P.H. Hünenberger 
Explicit-solvent molecular dynamics simulations of the polysaccharide schizophyllan in water 
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nitrogen: the effect of explicitly including solvent polarization 
J. Chem. Theory Comput. 3 (2007) 1499-1509 
 
M. Christen, B. Keller, W.F. van Gunsteren 
Biomolecular structure refinement based on adaptive restraints using local-elevation simulation 
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Molecular dynamics simulation of human interleukin-4: comparison with NMR data and effect of 
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