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What do Art and Computational Science and Engineering have in common? Many as-
pects of course (challenge the human mind, require effort and creativity, are permanently
evolving, etc.), but without doubt they both stubbornly defy attempts of a clear-cut
definition.

What makes me address this are repeated requests that in my function as director of
studies of the CSE curriculum I have to decide whether certain topics of student projects
qualify as “genuinely CSE related”. Sometimes this leaves me in a quandary. Of course,
when a student proposes a project that merely boils down to the implementation of a
user interface for a finite element code it will draw an instant “No”. However, when
a graphical tool for modeling complex regulatory networks is to be devised, the “CSE
content” is no longer so clear. CSE traditionalists may reject it because there is next
to no numerical simulation involved. Proponents of a wider notion will defend it as key
component of a systems biology simulation code.

Many more modern developments entail such deliberations; generically, database pro-
gramming is not regarded as CSE. Yet, more and more scientific simulations rely on
massive amounts of data, which renders the efficient use of database technology a core
issue for codes. Should I accept the design of database query strategies as a MSc thesis
topic in CSE? Computer graphics is a similar borderline case, because many of its modern
techniques to achieve realistic rendering heavily rely on physical models and numerical
methods originally developed, for instance, for computational fluid dynamics.

The issue also arises with “discrete algorithms”, which were long considered outside
CSE, but may soon be accepted as core CSE methods. Think of computational genomic
research and its massive use of search and combinatorial pattern matching techniques.
Researchers in this field would rightly be upset when told that they are not doing “real
computational science”.

So, I am going to adopt a “political solution” to this dilemma, refrain from a definition,
and pursue the very didactic policy of “definition by example”. This is also the purpose
of this report: it is intended to define by example what is the concept of CSE at ETH
Zürich. It demonstrates the very broad scope and diversity of CSE research. It strives
to be comprehensive and to include everybody who considers his work related to CSE.
All these researchers are invited to contribute and, unlike in the case of student projects,
there is no screening, whether somebody “really does CSE”.

Zürich, November 9, 2011
Ralf Hiptmair,

Director of Studies CSE, member of the CSE Committee
SAM, ETH Zürich, CH-8092 Zürich, hiptmair@sam.math.ethz.ch
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In September 2010, 29 new students started their CSE Bachelor studies, 23 in the first 
semester and 6 in the third semester. From outside ETH 6 students entered the CSE Master 
curriculum. 
 
The total number of CSE students enrolled at the end of the academic year 2010/2011 was 
120 (78 in the BSc program and 42 in the MSc program). 
 
 
In the past academic year 32 students have successfully finished a CSE curriculum, 14 
Bachelor students and 18 Master students, 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 of the advisor. 

 
Bachelor Theses 
 
R. Bourquin  Simulation of some non-adiabatic transitions 
  (R. Hiptmair, D-MATH) 
 
O. Brand Modelling and simulation of learning from imperfect teachers 
 (G. Tröster, D-ITET) 
 
R. Casagrande Composite finite element method for cellular solids 
 (H. Herrmann, D-BAUG) 
 
S. Deflorin Explosive Percolation 
 (H. Herrmann, D-BAUG) 
 
A. Felder Explosive Percolation 
 (H. Herrmann, D-BAUG) 
 
R. Gander Level set in n Dimensions for C++ 
 (J. Stelling, D-BSSE) 
 
G. Härdi Numerical Modelling and Comparison of Rigid-Body Swimming 
 Micro-robots 
 (B. Nelson, D-.MAVT) 
 
D. Hupp Comparison between BAMPS and relativistic lattice Boltzmann  
 simulations of shock waves in quark-gluon plasma 
 (H. Herrmann, D-BAUG) 
 
U. Koch Finite element computation of eigenvalues 
 (C. Hafner, D-ITET) 
 
N. Lardelli Density profile analysis of 3D collapsing soil mode 
 (H. Herrmann, D-BAUG) 
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Y. Poltera Driven Ising Systems 
 (H. Herrmann, D-BAUG) 
 
M. Steinlechner A boundary element method for solving eigenvalue PDEs 
 (D. Kressner, D-MATH) 
 
S. Thöni Programming a Humanoid 
 (R. Riener, D-MAVT) 
 
P. Wyss Flexibility of Robust Risk Portfolios 
 (H. Lüthi, D-MATH) 
 
 
 
Master Theses 
 
M. Amundadottir The demand pattern as driver of an optimal inventory policy 
 (H. Lüthi, D-MATH)  
 
N. Bedziuk Correlation skew modelling 
 (C. Schwab, D-MATH) 
 
S. Birri Continuous-Time Multivariate Asset Allocation 
 (H. Soner, D-MATH) 
 
R. Das Gupta Sparse Representations for SD objects 
 (M. Gross, D-INFK) 
 
R. Deb Modelling molecular mixing in spatially inhomogeneous turbulent 
 flows 
 (P. Jenny, D-MAVT) 
 
A. Hiltebrand Parallel solution of time-periodic problems 
 (L. Kleiser, D-MAVT) 
 
F. Imtiaz Emergence of Reflexive Behavior from Single Muscle Twitches 
 (F. Iida, D-MAVT)  
 
M. König Design and implementation of parallel island models for CMA-ES 
 (I. Sbalzarini, D-INFK) 
 
J. Lee Coarse-scale Moment Closure of Unstable Miscible Flow in Porous 
 media 
 (P. Jenny, D-MAVT) 
 
P. Merz Molecular Dynamics Simulation in Artificial Ensembles 
 (W. van Gunsteren, D-CHAB) 
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G. Moll Can measured residual dipolar couplings be sensibly used for 
 structure refinement of proteins 
 (W. van Gunsteren, D-CHAB) 
 
M. Müller Multi-linear face geometry modelling 
 (L. van Gool, D-INFK)  
 
S. Perez Saaibi Risk diversification in portfolio optimization 
 (K. Nipp, D-MATH) 
 
E. Skopelitis Towards a steady state spectral element solver for thermo-diffusive 
 combustion models 
 (K. Boulouchos, D-MAVT) 
 
R. Vetter Packing of elasto-plastic wires in three dimensional 
 (H. Herrmann, D-BAUG) 
 
S. Wettstein Modified Invasion Percolation on Fracture Networks 
 (H. Herrmann, D-BAUG) 
 
Z. Zhu Interaction Modelling for Online Social Networks 
 (R. Wattenhofer, ITET) 
 
M. Zollinger Multilevel Monte Carlo for elliptic SPDEs 
 (C. Schwab, D-MATH) 
 
 
 
 
Listed below are the term papers written by the CSE Master students in the past two 
semesters. 
 
Term Papers 
 
R. Das Gupta Vectorized Random Number Generation for C++ 
 (M. Troyer, D-PHYS) 
 
S. Datye Variability in Transport Micro-simulations Investigated for MATSim 
 (K. Axhausen, D-BAUG) 
 
R. Hellmüller Checkpoint/Restart of massively parallel simulations 
 (I. Sbalzarini, D-INFK) 
 
A. Hiltebrand Fast Solvers for Eulerian Convection Schemes 
 (R. Hiptmair, D-MATH) 
 
S. Mani On the fly re-meshing for cloth and thin shell animations 
 (M. Gross, D-INFK) 
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P. Merz Basis Functions for an Infinite Potential Well with Constant Gradient 
 Potential 
 (M. Troyer, D-PHYS) 
 
M. Nescher Krylov subspace recycling in the simulation of particle beams 
 (P. Arbenz, D-INFK) 
 
T. Setz Wavelet analysis of non-stationary time series 
 (D. Würtz, D-PHYS) 
 
E. Skopelitis Lagrangian particle modelling for heavy particles 
 (R. Hiptmair, D-MATH) 
 
M. Steinlechner Load balancing massively parallel Hartree-Fock calculations for large 
 systems  
 (J. Hutter, Physikalisch Chemisches Institut, Uni Zürich) 
 
 
 
 
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. 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, October 31, 2011 
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 RW/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 HS10 
 
30.09.10 G. Sartoris, ZHAW, Winterthur 
 2D+1D modeling of fuel cells 
 
07.10.10 P. Jenny, Fluid Dynamics 
   A solution algorithm for the fluid dynamic equations based on  
   a stochastic model for molecular motion 
 
14.10.10   M. Agio, Physical Chemistry  
   Light and photons in complex media: from classical to  
   quantum computational electrodynamics 
 
21.10.10       H.R. Künsch, Statistics 
   Climate models, uncertainty and statistics 
 
18.11.10  D. Leuenberger, MeteoSwiss, Zürich 
   Forecasting the weather with supercomputers 
 
16.12.10  A. Elsener, Informatik, Uni Zürich 
   An atomistic simulation method for oxygen impurities in aluminium 
   based on variable charge molecular dynamics 
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  Case Studies Seminar FS11 
 
03.03.11 Michael Spreng, AutoForm, Zürich 
  Simulation of sheet metal forming 
 
17.03.11    Philipp Weis, Geochemie und Petrologie 
 Magmatic copper and gold deposits: Simulating compressible  
 multi-phase flow of hydrothermal fluids in the Earth's crust 
  
24.03.11 Christine Bolliger, Clinical Research, Universität Bern 
 In vivo magnetic resonance spectroscopy: A non-invasive method  
 to quantify metabolite concentrations in human organs 
 
07.04.11 Julian Engel, SENSIRION, Stäfa ZH 
 Gas flow sensor optimization 
 
12.05.11 Merijn Schenk, Risk Modelling, SwissRe, Zürich 
 Modelling risk in reinsurance 
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Particle transport and settling in a model estuary

R. Henniger, L. Kleiser

Institute of Fluid Dynamics

Abstract

We examine the transport and settling of particles in a laboratory-scale model
estuary using Direct Numerical Simulation (DNS). The configuration is a shallow
saltwater-filled basin with large horizontal dimensions in which particle-laden fresh-
water enters over a relatively small inlet. Turbulence is generated by the collapse of
Kelvin–Helmholtz (KH) vortices triggered in the freshwater/saltwater stratified mix-
ing layer. The flow is computed until a statistically stationary solution is attained.
Generally, the shape of the particle plume is characterized by a distinct near-surface
plume, a zone of fast particle settling beneath this plume, and a nepheloid layer of
slowly settling particles at the bottom of the basin. Our results demonstrate a sig-
nificant increase of the particle settling speed compared to Stokes particle settling.
This increase is attributed to sheet and finger convection for the beginning of the
simulation. At later stages, the increased settling speed is a result of the turbulent
mixing of the particle suspension with clear ambient fluid, the density differences
between the different phases, and the Stokes settling.

1 Introduction

The fate of sedimentary particles on the continental shelves (figure 1) is controlled by
many natural processes. One essential contribution is the particle supply by rivers which
was estimated by Milliman and Syvitski [13] as approximately ten billion metric tons per
year. Riverine particle-laden freshwater is often lighter than the surrounding saltwater,
such that the river plumes are positively buoyant, i.e. the estuary is hypopycnal. The
particles can be transported over relatively large distances with the surface freshwater
current. However, the expansion of the particle plume is limited by the particle settling
and the decreasing horizontal transport velocity.

Many of the processes involved are not fully understood, e.g. the mixing of freshwater
with oceanic brine in the vicinity of river mouths [9] or the details of the particle trans-
port with the buoyant freshwater currents [1, 11, 15]. Field measurements reveal that
suspended particles typically settle with relatively large velocities from the freshwater
plumes to the ground. These sediment fluxes cannot be explained by Stokes’ law for
disaggregated constituent grains [11].

The traditional explanation for the fast settling is the flocculation of individual par-
ticles to larger aggregates leading to correspondingly larger Stokes settling speeds [1, 5].
Another reason might be the influence of turbulence on the effective particle settling
velocity [11, 15]. Turbulence is generated e.g. by the freshwater inflow, other ambient

1
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Figure 1: Sketch of a typical continental margin (with shelf, slope and rise) and adjacent
abyssal plain (from Encyclopædia Britannica Online).

seawater currents, wind stresses, tides and/or waves. Also, the potential energy of the
particle suspension in the buoyant freshwater current can contribute to an enhanced
settling.

Other well-known settling-speed increasing mechanisms are the so-called double-dif-
fusive convection [6] and the settling-driven convection (or convective sedimentation) [7],
where the particles settle convectively out of an initially stably stratified surface particle
plume. The convection is initiated either by diffusive transport and/or by Stokes particle
settling. In either case, this mechanism can only explain an initial (i.e. transient) increase
of the particle settling speed.

The main reason for the incomplete understanding of the particle settling in estuaries
is the fact that a direct observation of such large-scale phenomena is almost impossible be-
cause they occur infrequently and unpredictably in remote and inaccessible environments
[12] and tend to be destructive to submarine monitoring equipment [8]. As discussed by
Meiburg and Kneller [12], the prediction of such flows must be based on an approach com-
bining field observations/measurements, laboratory experiments, mathematical modeling
and numerical simulations [12]. In the present work, we perform numerical simulations of
particle-laden flows in laboratory-scale model problems to study the fate of the suspended
particles.

2 Methodology

2.1 Configuration and characteristic parameters

In our simulations, we take into account only the most important physical effects, i.e. the
density differences between particles, freshwater and saltwater, and the turbulent mixing
of all species. Flocculation is not considered in order to avoid an interference with these
effects. The same applies to other large-scale influences such as Coriolis forces due to
earth rotation, tidal currents, wind-induced stresses, temperature gradients and ambient
(alongshore) currents. The inertia of individual particles can be expected to have only a
rather small impact on the results [3] such that we disregard this feature as well (see also
section 2.2).
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Ŭinl
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Figure 2: Simulation setup with coarsened computational grid and salinity sponge (gray).
Freshwater (with suspended particles) enters the basins in a small portion (arrows) of the
inflow planes I and abundant fluid leaves the domains via the outflow boundaries O.

The configuration used in the present work orients itself on the laboratory experiments
of Maxworthy [10], Parsons et al. [15] and McCool and Parsons [11] such that qualitative
comparisons between the results are feasible. However, these laboratory experiments were
constricted by different practical limitations (mainly concerning the outflows and the
attainment of proper statistically stationary states) which we can avoid in our numerical
approach (cf. [3] for more details).

We use a laboratory-scale model basin with a relatively small (compared to the dimen-
sions of the basin) inlet for the particle-laden freshwater (cf. figure 2). In our parameter
range, pure freshwater as well as particle-laden freshwater are lighter than ambient salt-
water. Therefore, the saltwater is typically located in the lower part of the domain and
it is meaningful to establish the inlet directly at the water surface.

The basin is a rectangular box with dimensions L̆1 × L̆2 × L̆3 (̆· indicates dimensional
quantities) in which the flows are described in Cartesian coordinates x̆1, x̆2, x̆3. The inflow
boundary at x̆1 = 0 is denoted as I, the outflow boundaries at x̆1 = L̆1 and x̆2 = L̆2 as O,
the water surface at x̆3 = L̆3 as T , and the bottom at x̆3 = 0 as B. To save computational
effort, we introduce a symmetry plane at x̆2 = 0 which halves the computational effort
and does not seem to suppress any important effect. To ensure that we have at all times
sufficiently large amounts of salinity inside the basin, we establish a salinity sponge [14]
at the outflow O.

The reference length and velocity are given by the inlet depth h̆ and the inflow velocity
Ŭinl, respectively. Moreover, we use the gravitational acceleration ğ (acting in the direc-
tion ξg = {0, 0,−1}T ), the kinematic viscosity ν̆, the freshwater density ˘̺, the particle
density ˘̺grain, the particle radius r̆grain, the maximum particle volume fraction (observed

at the inlet), φV
part, and the diffusivity D̆part of the particle suspension as the reference

quantities for our simulations. The maximum saltwater density ˘̺sal and salinity diffu-
sivity D̆sal are employed to characterize the salinity. With these quantities, the reduced
gravitational accelerations of the particle suspension and the salinity read

ğr
part =

[

˘̺grain
˘̺

− 1

]

ğφV
part and ğr

sal =

[

˘̺sal
˘̺

− 1

]

ğ, (1)
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respectively, with which we define the Reynolds and Richardson numbers

Re =
Ŭinlh̆

ν̆
, Ri i =

ğr
i h̆

Ŭ2

inl

, i = {part, sal}, (2)

respectively. Throughout this work, ‘part’ refers to the particle suspension and ‘sal’ to
the salinity. The corresponding Schmidt numbers are defined as

Sci =
ν̆

D̆i

, i = {part, sal}, (3)

and the nondimensional Stokes particle settling velocity U s
part (scalar, in gravity direction

ξg) with which individual particles settle in fluid at rest as

U s
part =

Ŭ s
part

Ŭinl

=
2

9

r̆2grainğ
r
part

ν̆ŬinlφV
part

(4)

for the present configuration.
Most of the values of the characteristic parameters used in this work are about the

same as in the simulations performed by Henniger et al. [3] and in the experiments of
McCool and Parsons [11]. They refer to realistic scenarios except for the values of the
Reynolds number and the Schmidt numbers which are restricted by the available com-
puting resources. We perform DNS such that all length and time scales of the flow are
resolved. The DNS approach minimizes the degree of modeling; however, it also limits
us to at most laboratory-scale configurations due to the high numerical costs connected
to larger configurations (nevertheless, the results of Henniger [2] indicate that even rel-
atively small flow configurations might be sufficient to study and predict fundamental
mechanisms at a high level of accuracy).

We set the Schmidt numbers to Scsal = 1 and Scpart = 2 in order to avoid very fine
grids which would be necessary to resolve steep gradients for Sci ≫ 1. These Schmidt
numbers are smaller than realistic values; however, they do usually not affect the overall
numerical solution significantly and allow us to set the Reynolds number to a value of
Re = 4 000. Moreover, we employ particles with a settling speed of U s

part = 0.015.
The Richardson numbers are set to Ri sal = 0.5 and Ripart = 0.05 to obtain a slightly
supercritical and hypopycnal [15] inflow. These are ‘typical’ values observed in genuine
estuaries [5]. The width of the inlet as well as the total basin depth are set to 4, cf. figure
2. The spatial domain has the dimensions L1 × L2 × L3 = 65 × 40 × 4 and the solution
is advanced in time until t = tend = 1 350.

2.2 Governing equations

Since typical riverine sediment consists mainly of relatively small and not too heavy
particles [11] we can describe the particles as a continuous concentration field. Such
an Eulerian approach is also well suited for the salinity such that the nondimensional
transport equations for the concentrations cpart ≥ 0 and csal ≥ 0 read

∂cpart

∂t
+ (u+ U s

partξ
g) · ∇cpart =

1

Re Scpart

∆cpart, (5)
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∂csal

∂t
+ u · ∇csal =

1

Re Scsal

∆csal + f c
sal (6)

with u as the fluid velocity and the salinity sponge f c
sal.

Generally, we can assume that the carrier fluid is incompressible and that all density
variations due to salinity and suspended particles are very small compared to the mean
density [3]. Therefore, we can apply the Boussinesq approximation with which the Na-
vier–Stokes equations for incompressible flows read (in nondimensional form)

∂u

∂t
+ (u · ∇) u = −∇p +

1

Re
∆u+ fu, (7a)

∇ · u = 0, (7b)

where the pressure p is normalized by the mean density. Nevertheless, the density differ-
ences due to suspended particles and/or salinity lead to additional volumetric forces fu

on the carrier fluid,
fu = ξg (Ripartcpart + Ri salcsal). (8)

In order to obtain a well-posed problem, we need to specify also appropriate initial con-
ditions u(x, t = 0) and boundary conditions u(x ∈ ∂Ω, t) for the velocity u (∂Ω =
B ∪ I ∪O∪T is the entire boundary of the spatial domain Ω). For simplicity, we assume
a non-deformable water surface T which is best described by a free-slip boundary for the
fluid velocity u,

u · ξn = 0, (ξn · ∇)(u− (u · ξn)ξn) = 0 at x ∈ T. (9)

Furthermore, we employ Dirichlet boundary conditions for the concentrations ci, i =
{part, sal}, and for the velocity u,

cpart = F at x ∈ I, (10a)

csal = 1− F at x ∈ I, (10b)

u = {F, 0, 0}T at x ∈ I, (10c)

u = {0, 0, 0}T at x ∈ B, (10d)

with a suitable function F for the definition of the inlet. To trigger disturbances in the
inflow, we excite the shear flow instability by moving the vertical position of the interface
randomly about the average position. Moreover, we use no-flux and advective boundary
conditions, respectively,

ξn ·

{

ciu
b,c
i −

1

Re Sci
∇ci

}

= 0 at x ∈ ∂Ω \ I for ξn · ub,c
i ≤ 0, (11a)

∂ci
∂t

+ ub,c
i · ∇ci = 0 at x ∈ B ∪ O for ξn · ub,c

i > 0, (11b)

∂u

∂t
+ (ub,u · ∇)u = 0 at x ∈ O, (11c)

where ub,c
i = u + U s

i ξ
g denotes the advection velocity of the concentration ci (note that

U s
sal ≡ 0) and

ub,u = u+ (Ub,n − u · ξn)ξn with Ub,n > max
x∈O,t

{u · ξn, 0} (12)
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Figure 3: Salt concentration csal around the freshwater inflow region at t = 0. Isosurfaces
(gray): csal = 0.75. Lateral faces: white: csal = 0 (freshwater); black: csal = 1 (saltwater).

is the advection velocity of the fluid at the boundary. The parameter Ub,n is the fluid
advection velocity in the boundary-normal direction ξn. It needs to be specified appro-
priately.

The advective boundary conditions (11b) & (11c) are well suited to mimic an ‘in-
finitely’ large basin reminiscent of an ocean. Since the outflow boundary conditions in
the present form would successively wash the salt concentration out of the domain, we
replace equation (11a) by csal = 1 at x ∈ O for ub,c

sal ≤ 0. This measure ensures that an
appropriate and unique statistically stationary state exists at later times.

We initiate the simulation without particles and compute the flow until the fresh-
water/saltwater mixture has attained a statistically stationary state. Then, at a time
denoted as t = 0, the freshwater/saltwater base flow has fully developed and we start
adding the particles to the freshwater inflow. Generally, time-averages for the analysis of
the statistically stationary state are indicated by the operation

〈·〉 =
1

t2 − t1

∫ t2

t1

(·) dt⋆ (13)

with t1 = 1 000 and t2 = 1 350.
The numerical method used in this work is described by Henniger [2] and Henniger

et al. [4] in detail. It is based on a finite-difference approach of at least 5-th order in
space and a three-step third-order Runge–Kutta time integration scheme. The pressure
is computed iteratively using a multigrid-preconditioned BiCGstab solver. We use an
equidistant grid in the vertical direction and stretched grids in the horizontal directions
with N1×N2×N3 = 4 609×3 073×513 grid points and compute the solution over 580 000
time steps.

3 Interaction of freshwater and ambient saltwater

We begin with a brief study of the freshwater/saltwater mixing. A snapshot of the statis-
tically stationary state is depicted in figure 3 (yet without particles). The picture reveals
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Figure 4: Particle concentration cpart in the planes x2 = 3 (left column) and x1 = 30
(right column) at different times in the transient (t . 1 000) and statistically stationary
(t & 1 000) stages. White: cpart = 0 (clear fluid); black: cpart = 1 (maximum particle
concentration).

that two-dimensional KH waves evolve quickly at the interface and travel downstream
up to x1 ≈ 15 . . . 20. The billows expand laterally with growing distance to the inflow
as a result of the horizontal spreading of the freshwater plume. The limited inlet width
triggers strong secondary instabilities in the lateral direction which contribute to the col-
lapse of the KH billows. Before they collapse, they plunge deeper below the water surface
such that the resulting more unstable stratification contributes to the breakdown. The
collapse strongly enhances the mixing of the freshwater with the ambient saltwater. The
mixing in all other areas beyond the turbulent zone is dominated by diffusion.

4 Particle transport and settling

4.1 Particle distribution

The following results for the particle transport and settling are qualitatively not very sen-
sitive with respect to variations of the characteristic parameters, except for large values
of the Richardson number of the particle suspension, Ripart. Therefore, our observa-
tions turn out to be more or less ‘unique’ for small Ripart. To examine the evolution of
the particle plume, we visualize two representative slices through the plume at x2 = 3
and x1 = 30 at different times t = 50, 100, 150, 350, 1 350 (figure 4). Additionally, an
isosurface of the particle concentration is depicted from below in figure 5 at the same
instances.

In the vicinity of the inflow, the particles are transported rather passively with the
surface freshwater current because the inertia of the particle-laden freshwater dominates
over other forces acting on the particles. Because the thickness of the freshwater layer
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Figure 5: Isosurface (cpart = 0.25, seen from below) of the particle concentration cpart at
different times.

decreases with increasing distance to the inlet, the particles are slightly lifted, especially
in the vicinity of the inlet. Moreover, the transport velocity decelerates farther away
from the inlet due to the spreading in both horizontal directions such that the impact of
the inertial forces diminishes. Correspondingly, the density differences, viscous/diffusive
effects and also the Stokes settling velocity of the particle concentration play a more
important role. The particles form a near-surface particle plume [10, 11, 15] in the
freshwater/saltwater interface.

Around t ≈ 100, we observe so-called sheet settling convection [15] close to the near-
surface particle plume, followed by finger settling convection [15] closer to the ground. The
sheets are approximately aligned with the surface streamlines (not shown). We suspect
that the shear stresses caused by the transversal freshwater current at the surface and the
saltwater backflow beneath are responsible for this phenomenon, see also [3]. It is quite
obvious that the sheet/finger convection is related to so-called double-diffusive (particle)
convection and settling-driven convection/convective sedimentation [6, 7].

Beyond t ≈ 100, the shape and horizontal expansion of the particle plume remain
about the same and only the particle concentration beneath the near-surface plume in the
freshwater/saltwater interface gradually increases. However, the average concentration
is still lower than in the near-surface plume. Additionally, the particle motion is more
disordered and isotropic than during the initial transient because the flow is now fully
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for the statistically stationary state. A value of unity indicats an average settling with
the Stokes value.

turbulent in these areas. We also observe a so-called nepheloid layer close to the bottom
formed by slower settling particles. Such layers were also reported by McCool and Parsons
[11]. Around t ≈ 1 000, the flow has attained a statistically stationary state indicated
e.g. by the total mass of suspended particles (not shown here).

4.2 Vertical mass flux, particle distribution and effective particle

settling velocity

In the present case, the so-called effective particle settling speed [5] considers both the
advective transport with u · ξg in the gravity direction and the Stokes drift U s

part. We
can assess it by averaging both contributions over space and/or time (using a meaningful
control volume and/or time interval). For the statistically stationary state, we average
the vertical advection velocity over each horizontal plane independently,

U s,eff,1,2
part (x3, t) =

∫ L2

0

∫ L1

0

cpart(u+ U s
partξ

g) · ξg dx⋆
1dx

⋆
2

/

∫ L2

0

∫ L1

0

cpart dx⋆
1dx

⋆
2. (14)

The time-average of this expression, 〈U s,eff,1,2
part 〉, is depicted in figure 6. Obviously, the

particles attain their maximum effective settling speed slightly below the basin half-
height (x3 ≈ 2), whereas the particles in the near-surface particle plume settle only very
slowly on average, even slower than the Stokes settling velocity. The latter observation
is attributed to the lift (cf. section 4.1) and the horizontal spreading of the particles near
the inflow. The effective settling velocity at the bottom B equals the Stokes settling
velocity corresponding to the boundary condition (10).

To illustrate the evolution of the effective particle settling speed over time, we average
(u+ U s

partξ
g) · ξg over a meaningful subvolume Ωsd, i.e. we compute

U s,eff
part =

∫

Ωsd

cpart(u+ U s
partξ

g) · ξg dV
/

∫

Ωsd

cpart dV. (15)

The result of this expression strongly depends on the choice of Ωsd. We choose Ωsd =
{1 ≤ x3 ≤ 2} because we observed the largest values of 〈U s,eff,1,2

part 〉/U s
part for this interval,

cf. figure 6. The result is plotted in figure 7. Obviously, the effective particle settling
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Figure 7: Temporal evolution of the spatially averaged particle settling velocity, U s,eff
part,

during the initial transient and the later statistically stationary state.

velocity reaches its maximum in the interval t ≈ 50 . . . 100, i.e. during the period of intense
sheet/finger convection (cf. section 4.1 and figures 4 & 5). The relative increase of the
spatially averaged settling velocity, (U s,eff

part/U
s
part − 1), attains a value of up to 700% and

drops to about 40% on average for the statistically stationary state. Generally, the results
for the transient phase roughly agree with the laboratory experiments of McCool and
Parsons [11], although a serious comparison between the numerical simulations and the
laboratory experiments is not feasible because the values of the characteristic parameters
as well as the configurations are not identical, cf. also Henniger et al. [3].

5 Summary and discussion

The main objective of this study was to predict and understand the shape and temporal
evolution of particle plumes in estuaries. In the areas where the inertia of the carrying
freshwater is dominant, the particles are transported rather passively. Farther away from
the inflow, the particles settle out of the freshwater plume and deposit on the ground. Our
simulation is able to reproduce basic particle settling mechanisms such as sheet/finger
settling convection and turbulence-enhanced particle settling. These phenomena can
be observed within a certain transient period of time after adding the particles to the
inflow. Later, a statistically stationary state is attained, i.e. the particle supply and the
deposition rate are balanced on average. The flow is fully turbulent at this stage.

The sheet/finger settling state is connected to a strong transient increase of the effec-
tive particle settling speed (expressed by the velocities U s,eff

part and U s,eff,1,2
part , cf. section 4.2)

of up to about 700%. These numbers drop to smaller values on the order of 40% as soon
as the flow has reached the statistically stationary state. Especially the latter numbers
cannot be compared directly with laboratory experiments, because such states were not
attained in any comparable experimental study (at least to our knowledge).

As explained in Henniger et al. [3], local concentration gradients in the particle plume
are required to achieve an increase of the effective settling speed. This is quite obvious for
the sheet/finger convection state. For the statistically stationary state, such gradients can
be established by convectively mixing the particle suspension with clear ambient fluid.
The convective motion can be provided by turbulence. The inertia of individual particles
suspended in turbulent fluid usually leads to concentration gradients as well; however,
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this effect was assumed to be negligible for the present study [3].
We found that a distinct near-surface particle plume establishes in the beginning of

the simulations and persists in a less distinct form also during the statistically stationary
states. Its shape is governed by the surface freshwater current and the (relatively weak)
backflow beneath. The backflow results from the entrainment of ambient fluid with the
freshwater plume. Moreover, a nepheloid layer (cf. section 4.1) can be observed close to
the ground. This feature is a consequence of the fast particle settling directly beneath
the near-surface plume and the rather low particle deposition rate on the ground.
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Title: Multi-level µ-FE analysis for human bone structures

Researchers: Peter Arbenz⋆

Cyril Flaig⋆

G. Harry van Lenthe†

Ralph Müller†

Andreas Wirth†

Institute/ ⋆Chair of Computational Science, ETH Zürich
Group: †Institute for Biomechanics, ETH Zürich

Description:

Micro-structural finite element (µFE) analysis based on high-resolution computed tomog-
raphy represents the current gold standard to predict bone stiffness and strength. Recent
progress in solver technology makes possible simulations on large supercomputers that
involve billions of degrees of freedom.
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 developed
an improved solver that has a significantly smaller memory footprint compared to the
currently used solvers. This new approach fully exploits the information that is con-
tained in the underlying CT image itself. It admits to execute all steps in the underlying
multigrid-preconditioned conjugate gradient algorithm in matrix-free form.
The reduced memory footprint allows to solve bigger bone models on a given hardware.
It is an important step forward to the clinical usage of µFE simulations.

Web sites: http://people.inf.ethz.ch/arbenz/projects/bone.html
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Extreme scalability challenges in micro-finite element simulations of human bone. Con-
currency and Computation: Practice and Experience 22 (16): 2282–2296 (2010).

A.J. Wirth, Th.L. Mueller, W. Vereecken, C. Flaig, P. Arbenz, R. Müller, G.H. van
Lenthe: Mechanical competence of bone-implant systems can accurately be determined by

image-based micro-finite element analyses. Arch. Appl. Mech. 80 (5): 513–525, 2010.
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Title: A self-consistent particle-in-cell finite element time
domain solver for large accelerator structures

Researchers: Peter Arbenz⋆

Andreas Adelmann†

Yves Ineichen⋆,†

Institute/ ⋆Chair of Computational Science, ETH Zürich
Group: †Paul Scherrer Institute, Villigen

Description:

This research project focuses on efficiently solving self-consistent Maxwell’s equations
in large and complex shaped accelerator structures primarily in the light of the first
part of the PSI-FEL/LEG1 project. Our prime goal is a quantitative and self-consistent
modeling of the injector in the PSI-FEL/LEG project.
A novel parallel multi-scale modeling code is developed, using knowledge on paralleliza-
tion, numerical methods and accelerator modeling developed in recent projects. Particle-
in-cell (PIC) methods combined with novel finite element discretization techniques and
parallel implementation will enable us to build up the unique capabilities with respect
to quantitative modeling, needed in order to predict with sufficient accuracy beam and
field properties in the detailed design and optimization of the PSI-FEL/LEG project.
Benchmarking and code comparison will be done in collaboration with researchers from
Lawrence Berkeley Laboratory (LBL) and CERN.

Web sites:
Project homepage: http://people.inf.ethz.ch/arbenz/projects/maxwell.html

References:

A. Adelmann, P. Arbenz, Y. Ineichen: ”Improvements of a fast parallel Poisson solver on
irregular domains”. Accepted for publication in the proceedings of PARA2010: Workshop
on the State-of-the-Art in Scientific and Parallel Computing, Reykjavik, Iceland, June
6-9, 2010.
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Domains Applied to Beam Dynamic Simulations, J. Comp. Phys. 229 (12): 4554-4566
(2010)
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Title: A self-consistent particle-in-cell time-domain solver
incorporating radiative losses and interaction

Researchers: Peter Arbenz⋆

Andreas Adelmann†

Christof Kraus⋆

Institute/ ⋆Chair of Computational Science, ETH Zürich
Group: †Paul Scherrer Institute, Villigen

Description:

The simulation of radiative interactions in a particle accelerator is a challenging problem.
Existing codes reduce the dimensionality of the problem, neglect transient effects or limit
the number of particles and the complexity of the geometry. Our plan is to compute
the electromagnetic field of the particles in time domain on a hierarchy of meshes. To
reduce the memory consumption we plan to embed co-moving finer meshes in a coarser
mesh. Even with this reduction the computation of the resulting problem will have to be
carried out on thousands of compute nodes.
The resulting tool will be seamlessly integrated into the particle tracker Object Ori-
ented Parallel Accelerator Library (OPAL) that has been developed at PSI allowing for
simulations of particle accelerators from start to end (S2E) including magnetic chicanes
consisting of four deflecting dipoles.

Web sites:
Project homepage: http://people.inf.ethz.ch/arbenz/projects/maxwell.html

References:

C. Kraus, A. Adelmann, P. Arbenz: Perfectly matched layers in a divergence preserving

ADI scheme for electromagnetics. J. Comput. Phys. 231 (1): 39-44 (2012).
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Title: Resonant lossy electromagnetic structures

Researchers: Peter Arbenz⋆

Hua Guo⋆

Benedikt Oswald†

Institute/ ⋆Chair of Computational Science, ETH Zürich
Group: †Paul Scherrer Institute, Villigen

Description:
Resonant electromagnetic cavity structures are used in virtually all types of particle
accelerators. The X-ray free electron laser currently under study at the Paul Scherrer
Institute, is no exception and will consist of a large variety of radio frequency (RF)
structures for guiding and accelerating electrons from the photo-cathode through the
linear accelerator section.
We introduce a 3-dimensional electromagnetic eigenmodal algorithm for the theoretical
analysis of resonating nano-optical structures. The method, a variant of the Jacobi-
Davidson algorithm, solves the electric field vector wave, or curl-curl, equation for the
electromagnetic eigenmodes of resonant optical structures with a finite element method.
In particular, the method includes transparent boundary conditions that enable the anal-
ysis of resonating structures in unbounded space.

Web site:
Project homepage: http://people.inf.ethz.ch/arbenz/projects/lossy.html

References:

H. Guo, A. Adelmann, P. Arbenz, A. Falone, C. Kraus, and B. Oswald: Computation

of Electromagnetic Modes in the Transverse Deflecting Cavity. Proceedings of the 2010
International Particle Accelerator Conference, Kyoto, Japan, 2010.

H. Guo, B. Oswald, P. Arbenz: 3-dimensional eigenmodal analysis of plasmonic nanos-

tructures. 2011. Submitted for publication.
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Title: Parallelization of the time integration for time-
periodic flow problems

Researchers: Peter Arbenz⋆

Dominik Obrist†

Institute/ ⋆Chair of Computational Science, ETH Zürich
Group: †Institute of Fluid Dynamics, ETH Zürich

Description:
We investigate parallel algorithms for the solution of flow problems that are periodic in
time. Finite difference approximations on a mesh in space-time are used. For periodic
solutions, the discretized problem can be written as a large non-linear system of equa-
tions. This system of equations is solved by a Newton-Krylov method, using a GMRES
solvers with a block-cyclic preconditioner. The parallel performance of this algorithm is
illustrated by a number of numerical experiments in one and two space dimensions.

References:

D. Obrist, R. Henniger, P. Arbenz: Parallelization of the time integration for time-

periodic flow problems. Proc. Appl. Math. Mech. 10 (1): 567–568 (2010).

P. Arbenz, A. Hiltebrand, D. Obrist: A parallel space-time finite difference solver for peri-

odic solutions of the shallow-water equation. Accepted for publication in the proceedings
of PPAM 2011, Torun, Poland, September 11-14, 2011.
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Title: Chaotic dynamics in premixed hydrogen/air channel flow combus-
tion

Researchers: Gianmarco Pizza1,2, Christos E. Frouzakis1, John Mantzaras2

Institute/
Group:

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

The complex oscillatory behavior observed in fuel-lean premixed hydrogen/air atmospheric
pressure flames in an open planar channel with prescribed wall temperature is investigated by
means of direct numerical simulations, employing detailed chemistry descriptions and species
transport, and nonlinear dynamics analysis. As the inflow velocity is varied, the sequence of
transitions includes harmonic single frequency oscillations, intermittency, mixed mode oscilla-
tions, and finally a period-doubling cascade leading to chaotic dynamics. The observed modes
are described and characterized by means of phase-space portraits and next amplitude maps.
It is shown that the interplay of chemistry, transport, and wall-bounded developing flow leads
to considerably richer dynamics compared to fuel-lean hydrogen/air continuously stirred tank
reactor studies.

References:
• G. Pizza, C.E. Frouzakis, J. Mantzaras, Chaotic dynamics in premixed hydrogen/air channel
flow combustion, Combust. Theory Modeling, (in press)
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Title: Hydrodynamic and thermal-diffusive instability effects on the evo-
lution of laminar planar lean premixed hydrogen flames

Researchers: C. Altantzis1, C. E. Frouzakis1, A. G. Tomboulides2, M. Matalon3,
K. Boulouchos1

Institute/
Group:

1Aerothermochemistry and Combustion Systems Laboratory, ETH,
Zurich
2University of Western Macedonia, Kozani, Greece
3Dept. of Mechanical Engineering, U. Illinois at Urbana-
Champaign, U.S.A.

The instabilities of premixed hydrogen/air flames propagating in 2D channel-like domains
are investigated numerically to study the initial linear growth of perturbations superimposed on
the planar flame front and long term non-linear evolution. Unity Lewis number, where only hy-
drodynamic instability appears, as well as subunity Lewis number, where the flame propagation
is strongly affected by the combined effect of hydrodynamic and thermal-diffusive instabili-
ties are considered. The dispersion relation between the growth rate and the wavelength of the
perturbation characterizing the linear regime is extracted from the simulations and compared
with linear stability theory. As predicted by the theory, unity Lewis number flames are found to
form a single cusp structure which propagates unchanged with constant speed. The long-term
dynamics of the subunity Lewis number flames include steady cell propagation, lateral flame
movement, oscillations and regular as well as chaotic cell splitting and merging.

(a) (b) (c)

(d) (e) (f)

Figure 1: Isocontours of temperature of the Leeff = 0.404 flame propagating in a domain of
height equal to 80 planar premixed flame thicknesses.

References:
• C. Altantzis, C.E. Frouzakis, A.G. Tomboulides, M. Matalon, K. Boulouchos,Hydrodynamic
and thermal-diffusive instability effects on the evolution of laminar planar lean premixed hy-
drogen flames, J. Fluid Mech., (submitted).
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Title: Adaptive simplification of complex multiscale systems

Researchers: E. Chiavazzo1 and I. Karlin2

Institute/
Group:

1 Department of Energetics, Politecnico di Torino, 10129 Torino,
Italy
2Aerothermochemistryand Combustion Systems Laboratory, ETH
Zurich

A fully adaptive methodology is developed for reducing the complexity of large dissipative
systems. This represents a significant step toward extracting essential physical knowledge from
complex systems, by addressing the challenging problem of a minimal number of variables
needed to exactly capture the system dynamics. Accurate reduced description is achieved, by
construction of a hierarchy of slow invariant manifolds, with an embarrassingly simple imple-
mentation in any dimension. The method is validated with the autoignition of the hydrogen-air
mixture where a reduction to a cascade of slow invariant manifolds is observed.

References:
E. Chiavazzo and I. Karlin, Adaptive simplification of complex multiscale systems, Phys. Rev.
E 83, 036706 (2011).
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Title: Droplet Collision Simulation by a Multi-Speed Lattice Boltzmann
Method

Researchers: Daniel Lycett-Brown1, Ilya Karlin2 and Kai H. Luo1

Institute/
Group:

1University of Southampton, UK
2Aerothermochemistry and Combustion Systems Laboratory, IET,
D-MAVT, ETH Zurich

Realization of the Shan-Chen multi-phase flow lattice Boltzmann model is considered in
the framework of the higher-order Galilean invariant lattices. The present multi-phase lattice
Boltzmann model is used in two-dimensional simulation of droplet collisions at high Weber
numbers. Results are found to be in a good agreement with experimental findings.

References:
D. Lycett-Brown, I. Karlin and K. H. Luo, Droplet Collision Simulation by a Multi-Speed
Lattice Boltzmann Method, Commun. Comput. Phys. 9, 1219-1234 (2011).
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Title: Matrix lattice Boltzmann reloaded

Researchers: I. Karlin1, P. Asinari2 and S. Succi3

Institute/
Group:

1 Aerothermochemistry and Combustion Systems Laboratory, ETH
Zurich
2 Department of Energetics, Politecnico di Torino, 10129 Torino,
Italy
3 Istituto Applicazioni Calcolo CNR, Via dei Taurini 19, 00185
Roma, Italy

The lattice Boltzmann equation was introduced about 20 years ago as a new paradigm for
computational fluid dynamics. In this paper, we revisit the main formulation of the lattice
Boltzmann collision integral (matrix model) and introduce a new two-parametric family of col-
lision operators, which permits us to combine enhanced stability and accuracy of matrix models
with the outstanding simplicity of the most popular single-relaxation time schemes. The option
of the revised lattice Boltzmann equation is demonstrated through numerical simulations of a
three-dimensional lid-driven cavity.

References:
I.V. Karlin, P. Asinari and S. Succi, Matrix lattice Boltzmann reloaded, Phil. Trans. R. Soc. A
369, 2202-2210 (2011).
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Title: Seismic sensitivity to global boundary topography   
Researchers: PhD student Andrea Colombi, Dr. Tarje Nissen-Meyer, Dr. Lapo Boschi (all 
ETHZ) 
Institute/Group: Institute of Geophysics, Seismology and Geodynamics Group 
 
Description: The modern approach to seismic tomography can exploit all the information 
contained in seismograms, account for the finite-frequency character of the propagating 
waves and provide models that seem consistent with geodynamics or observations from 
mineral physics, geology and Earth magnetism. Yet, it fails to provide quantitative 
uncertainty estimations.  
The rigorous mathematic approach of the adjoint method employed to calculate the model 
derivatives for a 3-D Earth already requires an immense computational power. An 
uncertainty analysis based on the exploration of the model-parameters space is therefore not 
yet feasible. 
We set up a synthetic experiment to investigate, quantify and potentially improve the 
resolving power of this tomographic technique. The classical approach to seismic 
tomography investigates volumetric properties (velocity, density, impedance) of the Earth, 
disregarding other unknowns such as, for example, boundary perturbations. We include the 
effect of weak boundary perturbations with respect to the reference model in the synthetic 
experiment and inversion. Such perturbations, besides their effects being not well known, 
have not been included as free parameter in a joint full-wave inversion. We investigate the 
feasibility to resolve a trade off between these two contributions to the observations. 
Starting from a known Earth model, slightly modified to embed a topography perturbation to 
the core mantle boundary, we are computing a collection of synthetic data varying the 
important parameters (frequency content, source-receiver geometry, structure dimensions…). 
The reference model being in our hands allows us to quickly evaluate at what extent 
unknown features has been recovered. 
Computational challenges inside the project are several. Filling the database with synthetic 
seismograms up to 0.2 Hz accurate requires several large scale computations with the spectral 
element software SPECFEM3D GLOBE for nearly 2 billions degrees of freedom and 2 Tbyte 
of data. For this phase we have an active allocation at the Swiss Supercomputing Center 
(CSCS) of 0.5 Millions CPU hours. The application of the full waveform technique for the 
database inversions is under development using the efficient spectral element solver 
AXISEM optimized to face the massive I/O that this inversion requires on a reduced number 
of processors. The software exploits parallel netcdf I/O and is designed to give results up to 
0.2 Hz, a frontier in seismology. The vtk visualization is embedded in the code for large 
dataset on Paraview. This code is currently running on Brutus and Palu.    

 
Records from different sources (stars) & CMB 
topography (triangle). The topography effect 
can be observed on seismograms. The 
database covers a variety of configurations 
(3D models, topography, source-receiver 
configurations). 
 
Publications: A. Colombi, T. Nissen-Meyer, L. Boschi, 
D. Giardini, 2011: Seismic sensitivity to boundary 
topography, to be submitted to Geoph. J. Int. 
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Title: Ambient-noise tomography of the European lithosphere 
Researchers: Dr. Piero Basini, Dr. Tarje Nissen-Meyer, Dr. Lapo Boschi (all ETHZ) 
Institute/Group: Insitute of Geophysics, Seismology and Geodynamics Group 
 
Description: Europe is covered nonuniformly by both seismic instruments and earthquakes. 
To enhance seismic resolution, it is essential to exploit the information coming from cross-
correlation of stacked seismic ambient noise. We compiled a dense regional database of 
European station-station surface-wave dispersion between 8-35 seconds using noise-
interferometry, resulting in a dramatic growth in seismic coverage with respect to 
earthquake-based tomography. It has recently been shown how adjoint techniques can be 
applied to ambient-noise data, overcoming the often severe nonuniformity in the geographic 
distribution of noise ”sources”, and the subsequent discrepancies between the recorded noise 
cross-correlation and the theoretical Green's function. We focus on using seismic ambient 
noise generated in oceans as data to map 3D structure beneath Europe. While earlier “noise-
tomography” studies have relied on ray-theory (the infinite-frequency approximation), we 
apply an iterative, gradient-based inversion where Fréchet derivatives are computed using a 
spectral-element wave propagation (SPECFEM3D) and adjoint method. The most 
computationally challenging task consists of constructing surface-wave sensitivity kernels: 
we proceed by constructing a flexible mesh of the upper mantle, honouring all 
discontinuities. Restricting ourselves to the shallowest few hundred km of the Earth reduces 
computational costs significantly, and is perfectly adequate to the data we are interested in. 
We mesh an initial Earth model which is composed of two contributions:  
(1) EPcrust, a new crustal model for the European plate, derived from collection of numerous 
independent previous studies of multiple scale lengths; (2) a new adaptive-grid surface-wave 
tomography of the uppermost mantle down to periods of 35 seconds. 
The sensitivity kernels we obtain are at the core of an iterative, nonlinear, gradient-based 
inversion scheme that will ultimately provide a new tomographic image with a resolution 
much higher than is currently possible. A better understanding of shallow structure in this 
region will help us map the lithosphere-astenosphere boundary region, and the upper mantle 
with increasing accuracy. This is crucial to understand the dynamics of this tectonically 
complex region. Our parallel simulations run at CSCS. Our model of Europe contains 3*10^6 
hexahedral elements in 324 processors, simulations take 1.5 hours at 0.5 Gb per process. 
 

A 3D crustal model, where the crust/mantle 
interface (“Moho”) and surface topography are 
honored by the hexahedral mesh. The model, based 
on ballistic sources, is the starting point for iterative 
inversions with higher-frequency ambient noise. 
 
References: 
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Ambient noise correlations for non-linear inversion for upper-
mantle structure beneath Europe, Geoph. J. Int., in prep. 
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Title: Adaptively Anisotropic Tomography of the European Upper Mantle  
Researchers: PhD Student Julia Schäfer, Dr. Lapo Boschi, Prof. Edi Kissling (all ETHZ)  
Institute/Group: Institute of Geophysics, Seismology and Geodynamics  Group 
 
Description: Observations of seismic surface waves are a very powerful tool to constrain the 
3D structure of the Earth’s upper mantle, including its anisotropy, because they sample this 
volume efficiently due to their sensitivity over a wide depth range along the raypath. On a 
global scale, surface-wave tomography models are often parameterized uniformly, without 
accounting for inhomogeneities in data coverage and, as a result, in resolution, that are 
caused by effective under- or over-parameterization in many areas. If the local resolving 
power of seismic data is not taken into account when parameterizing the model, features will 
be smeared and distorted in tomographic maps, with subsequent misinterpretation. 
Parameterization density has to change locally, for models to be robustly constrained without 
losing any accurate information available in the best sampled regions. We have implemented 
a new algorithm for upper mantle surface-wave tomography, based on adaptive-voxel 
parameterization: high image resolution is achieved in regions with dense data coverage, 
while lower image resolution is kept in regions where data coverage is poorer. This way, 
parameterization is everywhere tuned to optimal resolution, minimizing both the 
computational costs, and the non-uniqueness of the solution. The spacing of our global grid is 
locally as small as ~50 km. We apply our method to identify a new global model of vertically 
and horizontally polarized shear velocity, with resolution particularly enhanced in the 
European lithosphere and upper mantle. We find our new model to resolve lithospheric 
thickness and radial anisotropy better than earlier results based on the same data. 
 

 
 
Radial anisotropy defined as the squared ratio of horizontally vs. vertically polarized shear 
velocity, obtained from (left) geodynamical modeling, (center) adaptive-resolution 
tomography and (right) uniform-resolution tomography. Our adaptive approach improves 
the correlation between tomorgaphy and geodynamics. 
 
References: 
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mantle from surface wave tomography, QUEST workshop on ‘Seismic Wave Propagation’. 
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Title: Harmonic Earth spectrum inversion of global travel-time data 
Researchers: Steve Della Mora (Ph.D. student), Dr. Lapo Boschi (ETHZ), Prof. D. Giardini 
(ETHZ) 
Institute/Group: Institute of Geophysics, Seismology and Geodynamics Group 
 
Description: 
The variance of a set of seismic observations associated with nearby sources and nearby 
receivers should reflect the degree of complexity of the medium between sources and 
receivers. We group sources and receivers in geographic bins of varying spatial extent, and 
measure the dependence of seismic travel-time variance on bin size and mean epicentral 
distance. We attempt to relate variance, averaged over the whole globe, to a statistical 
measure of the Earth’s complexity: its spherical- harmonic spectrum. We first follow an 
earlier study by Gudmundsson et al. (1990) and find an approximate analytical relationship 
between averaged variance and harmonic spectrum: we can then determine the latter from a 
measurement of the former via a linear least-squares inversion. We next solve the same 
problem through a mas- sive set of forward calculations, using a genetic algorithm to identify 
a best-fitting spectrum. The high computational costs require that the genetic algorithm be 
parallel, and we run on the Brutus cluster the parallel version of the genetic-algorithm 
package PIKAIA (Metcalfe and Charbonneau 2003). This strategy allows us to drop most of 
the approximations of Gudmundsson et al. (1990). Yet, the resulting resolution of the Earth’s 
spectrum is inferior to that achieved by classical tomography. 
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Title: 3D elastic wave focusing effects in the Los Angeles basin upon the Northridge 
earthquake 
Researchers: Andrea Tesoniero (M.Sc), Dr. Tarje Nissen-Meyer (ETHZ), Dr. Piero Basini 
(ETHZ) 
Institute/Group: Institute of Geophysics, Seismology and Geodynamics Group 
 
Description: As a consequence of the Mw 6.7 1994 Northridge earthquake, the area of Santa 
Monica in the Los Angeles basin experienced concentrated and unexpectedly high values of 
ground shaking. Elastic focusing wave effects have been proposed by several authors as a 
cause for the enhanced ground shaking. We use a 3D spectral element method to simulate a 
kinematic point source and finite source models for the Northridge mainshock in a Southern 
California hexahedral mesh model with the 3D tomographic velocity model CVM-H, 
including external and internal interface topography. We show how amplification effects of 
relatively low frequencies (0-0.4Hz) are observed in a limited area in the Santa Monica 
region when a smoothed representation of the Santa Monica overthrust, that acts as a 
focusing lens, is specifically honored by the numerical mesh. We present 3 different models 
of the overthrust, accounting both for the geometrical extent of the smoothed area and for the 
velocity structures. We modify the velocity model with a distinctive but physically 
acceptable velocity jump in order to honor the overthrust geometry. This increases the PGV 
by 40% with respect to the original CVM-H model, matching also the actual amplitudes 
recorded at the Santa Monica City Hall seismic station. We also show that the geometric 
extent of the modified area has a higher contribution to the enhanced ground motion than a 
stronger velocity contrast at the overthrust edge. We conclude that in regions of complex 3D 
subsurface settings, where complex wave phenomena such as elastic focusing might happen, 
honoring these structures both numerically (by the mesh model) and physically (by the 
velocity model) is important for a proper representation of the seismic ground shaking. 
 

Detailed shakemaps in the Santa Monica 
region. The geometry and the topographic 
altitude of the Santa Monica overthrust are also 
represented in the maps. In the original 
tomographic model (a) the highest value of 
PGV was experienced in two zones and it is 
around 30 cm/s. In the sharpened 1 
tomographic model (b), the maximum ground 
shaking converges to a limited small area just 
below the seismic station Santa Monica City 
Hall (black sphere), and it is characterized by a 
value which is 15% higher than (a).  
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Publications:  
A. Tesoniero, T. Nissen-Meyer, P. Basini, E. Casarotti, 2012. 3D elastic wave focusing effects in the Los 
Angeles basin upon the Northridge earthquake, in preparation. 

50



Title: Spectral-element simulations of seismic wave propagation on unstructured hexahedral 
meshes 
Researchers: Dr. D. Peter (Princeton University), P. Le Loyer (Universite de Pau). Dr. E. 
Cassarrotti (INGV Rome), Dr. Tarje Nissen-Meyer (ETHZ), Dr. Piero Basini (ETHZ), PhD 
student Y. Luo (Princeton University), Prof. J. Tromp (Princeton University) 
Institute/Group: Institute of Geophysics, Seismology and Geodynamics Group 
 
Description: We present forward and adjoint spectral-element simulations of acoustic and 
(an)elastic seismic wave propagation on unstructured hexahedral meshes. Simulations benefit 
from re- cent advances in hexahedral meshing, load balancing, and software optimization. 
Meshing may be accomplished using a mesh generation tool kit such as CUBIT, and load 
balancing is facilitated by graph partitioning based on the SCOTCH library. Coupling 
between fluid and solid regions is incorporated using domain decomposition. Topography, 
bathymetry and Moho undulations are readily included in the mesh, and physical dispersion 
and at- tenuation associated with anelasticity are accounted for using a series of standard 
linear solids. The software is benchmarked against a discrete wavenumber method for a 
layer- cake model. Finite-frequency Frechet derivatives are calculated using adjoint methods 
in both fluid and solid domains. We present various examples of hexahedral meshes, snap- 
shots of wavefields, and finite-frequency kernels generated by the new ‘Sesame’ version of 
the widely used open source spectral-element package SPECFEM3D. 
 

 
 
Wavefield snapshots for the 2009 April 6, L’Aquila earthquake, taken after 6 s, 11 s, 16 s and 
21 s. Plotted are vertical displacements (up/down as red/blue). 
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Title: A community-available database of seismograms at the global scale  
Researchers: Dr. T. Nissen-Meyer (ETHZ), Dr. C. Trabant & Dr. D. Simpson (IRIS 
consortium, USA) 
Institute/Group: Institute of Geophysics, Seismology and Geodynamics Group 
 
Description: The aim of this project is to compute, store and make available a complete 
database of waveforms that constitute a primitive yet complete basis for instantaneous 
computation of seismograms of any configuration type at the scale of the globe, i.e. a once-
and-for-all solution to the forward problem upon spherically symmetric earth models. This is 
done in collaboration with the IRIS consortium in the USA, the prime source for data 
collection in seismology. The numerical database will be made available through IRIS’ web 
services along with interfaces and scripts that conduct convolutions with any desired source 
time function at any frequency, any source-receiver configuration and freely chosen source 
radiation patterns. This extremely efficient concept is based upon our own axisymmetric 
spectral-element method that allows for a dimensional reduction in the calculation of full 3D 
seismograms in a reference coordinate system such that all of the above operations can be 
conducted a posteriori. The same concept is planned for waveforms throughout the earth that 
constitute the basis for seismic sensitivity kernels, but as this requires many tens Terabytes of 
permanent storage, can be seen as a longer-term effort. 
 
 

 
 
 
Snapshot of the propagating global 
wavefield as simulation using our 
method AXISEM, in which the 
computationally intensive numerical 
operations are confined to a 2D disk 
embedded within this sphere. This 
allows for extremely efficient 
computation of arbitrary earthquake-
seismometer configurations once-and-
for-all. 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

52



Title: Born and Neumann scattering in deep-earth tomography  
Researchers: Dr. Tarje Nissen-Meyer (ETHZ), PhD student Martin van Driel (ETHZ), Dr. 
Eric Beucler (Universite de Nantes), Dr. Alexandre Fournier (IPG Paris), Dr. Yann 
Capdeville (Universite de Nantes) 
Institute/Group: Institute of Geophysics, Seismology and Geodynamics Group 
 
Description: The three-dimensional effects of heterogeneities located in the D" layer on the 
traveltimes of core-diffracted phases can be large (several seconds). In a attempt to quantify 
them, we compute synthetic seismograms for various models in the core-mantle boundary 
region under- and overlaid by a spherical symmetric Earth. Based on a catalog of deep (> 
100km) and $M_W>6$ earthquakes, the seismograms are computed using a coupled spectral-
element-modal method (Capdeville et al., 2003), for periods down to 10s. The statistics of 
traveltime anomalies are computed using the reference comprehensive symmetric spherical 
Earth model. We emphasize the impact of three-dimensional propagation on these statistics, 
and discuss the validity range of the Born approximation when trying to recover the structure 
and the amplitude of the various anomalies. Partly computed on ETH workstations and 
Brutus. 
This study is being continued in a larger framework of conducting Born modeling of realistic 
Earth models derived from tomography, and eventually amended using a modified Neumann 
series approach together with our axisymmetric spectral-element method to extremely 
efficient wave propagation through 3D models.  
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Title: Real-time global seismic wave propagation and waveform inversion for source and 
structure   
Researchers: Dr. Tarje Nissen-Meyer (ETHZ), Dr. Alexandre Fournier (IPG Paris), Prof. 
Martin Mai (KAUST), Dr. Florian Haslinger (ETHZ), Prof. Domenico Giardini (ETHZ) 
Institute/Group: Institute of Geophysics, Seismology and Geodynamics Group, SED 
 
Description: The last two decades have witnessed rapid progress in computational  
infrastructures (supercomputers, GPU, cloud computing) and sophisticated  numerical 
techniques. This has enabled seismologists to tackle  geophysical scales of interest by solving 
realistic 3D wave propagation  and seismic inversion for Earth-model and excitation-source 
parameters.  We present highly accurate spectral-element techniques for an efficient  and 
rapid determination of these parameters within the framework of  adjoint-based non-linear 
and linearized matrix optimization. Full  waveforms are used while allowing for any desired 
complexity within the  misfit function (traveltimes, amplitudes, waveforms, phase/envelope  
decomposition), source (source time function, radiation pattern,  location, magnitude, finite 
kinematic rupture) and model parameters  (wavespeeds, anisotropy, seismic discontinuities, 
attenuation). In  particular, we focus on our own axisymmetric method which solves 3D  
global wave propagation in a 2D-computational domain for spherically  symmetric 
background structure. This significant drop in computational  cost allows for real-time global 
wave propagation and non-linear adjoint  or probabilistic inversions for all of the above-
mentioned source properties.  It is computationally trivial to reach the highest desirable 
frequencies (e.g.  Hz-range for global distances), which may help in discriminating nuclear  
explosions from earthquakes within a full-wave teleseismic inversion  framework. Moreover, 
this method relies on a separate treatment of  moment-tensor elements and can therefore be 
an efficient tool in  discriminating indigenous (i.e. traceless, shear-dominated radiation)  from 
volumetric, explosive wavefield characteristics. We show several  examples for wave 
propagation, source complexities, and sensitivity  kernels to underline the flexibility and 
applicability of such approaches. 
 

 
 
Backprojection of teleseismic 
wavefields, i.e. "sending back the data” 
to determine and discriminate the 
radiation pattern of seismic signals. All 
of these operations are conducted in 
one simulation at dominant source 
period 3 seconds, using a dense 
receivers ring at 90◦ distance. 
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Title: A lattice Boltzmann method for elastic wave propagation 
Researchers: Dr. G.S. O’Brien (UC Dublin), Dr. Tarje Nissen-Meyer (ETHZ), Prof. C. Bean 
(UC Dublin) 
Institute/Group: Institute of Geophysics, Seismology and Geodynamics Group 
 
Description: The lattice Boltzmann (LB) method is a numerical method which has its origins 
in discrete mechanics. The method is based on propagating discrete density distributions 
across a fixed lattice and implementing conservation laws between the density distributions at 
lattice intersections. The method has been successfully applied to a wide variety of problems 
in fluid dynamics but has yet to be applied to elastic wave propagation. In this article we 
outline a new 2D and 3D lattice Boltzmann solution to the elastic wave equation in a Poisson 
solid using a regular lattice, in 2D a square geometry and in 3D a cubic geometry. We outline 
the theory behind the method and derive the elastic wave equation from a Chapman-Enskog 
expansion about the Knudsen number. The scheme is shown to give rise to the elastic wave 
equation with a fixed Poisson’s ratio of 0.25 with a Knudsen number truncation error of order 
two. We have performed a Von Neumann plane wave analysis and found that the numerical 
dispersion is comparable to other discrete methods for modeling wave propagation. We have 
compared the numerical method to two problems, a 3D infinite homogeneous medium and a 
2D heterogeneous layered model. In both cases we found the solutions agreed showing that 
the Lattice Boltzmann method can be used to model elastic wave propagation. The scheme is 
implemented for a Poisson solid and is computationally in the same order of magnitude as 
traditional finite-difference methods and other discrete schemes but the Courant condition is 
more restrictive. However, it offers the potential to model the interaction of several 
continuum equations within one solver as the continuum equation is solely dependent on the 
equilibrium distribution. 

 
 
 
Vertical seismograms from three 
numerical methods calculated with a 
heterogeneous model. The left panel shows 
the three numerical solutions which are 
identical at this scale. The right hand 
shows the misfits between the numerical 
methods with the LB and EL methods 
shown as triangles, the misfit between the 
LB and FD as squares and the FD and EL 
methods as circles. It can be clearly seen 
the LB provides a good solution when 
compared with the other two numerical 
solutions. 
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Title: High-Frequency Finite Differences Simulations of Seismic Scattering in 
Heterogeneous Three-Dimensional Crustal Media 
Researchers: PhD student Walter Imperatori (ETHZ), Prof. Martin P. Mai (Kaust, King 
Abdullah University of Science and Technology)  
Institute/Group: Swiss Seismological Service, Computational Seismology Group 
 
Description: Deterministic simulations of wave propagation in highly heterogeneous media 
at high frequencies have been always limited to 2D structures or 3D acoustic approximations. 
Here we study seismic scattering and wavefield characteristics between 0 and 10 Hz in 
complex heterogeneous 3D media, using finite differences method to solve the elastic 
equations of motion. Exploring and understanding the behavior of travelling high-frequency 
perturbations is an essential step to improve our knowledge on scattering-related effects 
especially close to the seismic source. Other aspects we try to address are connected to the 
hybrid broad-band synthetics computation and the nature of the high-frequencies present in 
recorded ground motions. Debate amongst scientists on these topics is still completely open. 
Due to the high frequencies involved, our simulations require noticeable computational 
resources and the most advanced cluster-computers nowadays available.    
 
 

Figure: Ground motion snapshots for a double-couple point source 
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Title: The Transition of Dynamic Rupture Styles in Elastic Media Under Velocity-
Weakening Friction 
Researchers: PhD student Alice-Agnes Gabriel (ETHZ), Dr. Jean-Paul Ampuero (Caltech, 
USA), Dr. Luis Dalguer, (ETHZ), Prof. Martin P. Mai (King Abdullah University of Science 
and Technology) 
Institute/Group: Swiss Seismological Service, Computational Seismology Group 
 
Description: We study dynamic rupture styles and their transitions in 2D in-plane rupture on 
faults governed by velocity-and-state-dependent friction with dramatic velocity-weakening. 
Our study is based on numerical simulations that employ the 2D spectral element method 
(SEM2DPACK of Ampuero, 2008). Our results demonstrate the general existence of sub- 
and super-shear ruptures in pulses and cracks and their systematic transitions as a function of 
initial fault stress and nu-cleation conditions. We find the asymptotic behavior of sustained 
ruptures to be independent of nucleation details, unlike the transient approach to that 
asymptotic behavior. Transitional rupture styles correspond to previous analytical work and 
are determined by competing critical propagation distances. Interestingly, the pulse-crack 
transition involves re-activation of the previously healed rupture due to gradual stress build-
up near the hypocenter. These results lead to the conjecture that heterogeneities present in 
nature over a broad range of scales can trigger any of the dynamically stable rupture regimes 
described above.  
 
 

 
 
Figure: Nucleation of a supershear front by a secondary crack. Spatio-temporal evolution of 
slip rate (left) and shear stress (left) for a superposition of a primary pulse and a secondary 
subshear crack (triggered near t = 150) which in turn nucleates a supershear crack (near t = 
350). 
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Title: The long-term seismic cycle at subduction thrusts:  Benchmarking numerical to 
analogue models and  applying them to realistic geometry large-scale models 
Researchers: Ylona van Dinther, Taras Gerya, Luis Dalguer, Martin Mai, Gabriele Morra, 
Francesca Funiciello, Fabio Corbi 
Institute/Group: Swiss Seismological Service (SED) / Computational seismology 
 
Description: The main objective of this project year was to benchmark our fluid-dynamic 
visco-elastic-plastic code that includes many natural complexities to more simple and 
understandable analogue experiments, which demonstrated the occurrence of regular seismic 
events. The ultimate goal is to increase our understanding of the physics governing the long-
term seismic cycle, which so far remains illusive due to a subduction zone’s inaccessibility 
and a too short of observational time span. Our benchmarking results showed that a static 
friction coefficient leads to a series of irregular, rather slowly slipping events in which 
yielding of the seismogenic zone, represented by sand paper, leads to a short duration 
reversal of gelatine wedge velocities. These rather long and slow events are, however, 
sensitive to a range of numerical parameters. In order to achieve an analogue-like, regular 
periodicity, the implementation of a velocity-weakening friction coefficient was required. 
Using a carefully selected range of material and frictional properties, inter- and co-seismic 
duration, and co-seismic slip can be matched to within a standard deviation of the analogue 
models. On the side the methodology on how to analyze seismicity in large-scale, more 
realistic geometry models continued, together with an implementation of the new friction 
model, as was evident from our analogue modeling benchmark. The high computational load 
results from resolving a wide range in both time and space, as well as from a large set of 
parameters that needed to be tested in order to fit the results of the analogue models.  
 
 

Figure 1: Snap shots 
during the inter-seismic 
(left) and co-seismic 
period (right) of a 
triangular wedge, which 
is underlain by a right-
ward subducting slab 
containing a velocity-
weakening seismogenic 
zone (sandpaper). 
Physical properties from 

top to bottom show horizontal velocity, second invariant of deviatoric stress, and viscosity.  
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Title: Development of Earthquake Source Physics Models for the seismological assessment 
of future earthquakes and ground motion prediction in the Alpine regions  
Researchers: PhD student Cyrill Baumann (ETHZ), Dr. Luis Dalguer, (ETHZ) 
Institute/Group: Swiss Seismological Service, Computational Seismology Group 
 
Description: In the present project we propose to develop suite of earthquake source 
physics�based numerical models to study rupture dynamic complexity and the resulted 
near�source ground motion, implementing laboratory�based constitutive friction models for 
different geological structures in the Alpine regions, for the seismological assessment of past 
and future earthquakes and ground motion prediction in the Alpine regions. 
The Swiss Alps, specifically the Valais area which shows the largest seismic hazard in 
Switzerland, has experienced a magnitude 6 or larger event every 100 years, with the least 
magnitude 6.1 earthquake in 1946 close to Sion and Sierre. Considering that the probability 
of observing a major earthquake (up to magnitude 6.5) in the next 40 years in the region is 
high. The earthquake physics models developed for this project, will provide a better physical 
understanding of how earthquakes operate in this area, and consequently it will help to 
improve our capability for ground motion prediction for the assessment of seismic hazard and 
to mitigate the seismic risk in the area. Furthermore this site�specific study will contribute to 
the evaluation of the critical facilities installed in this area, contributing to improved seismic 
safety of future and existing structures. 
 
 

 
 
 
 
 
Figure: Synthetic PGV for a Mw=6.52 
of a normal fault compared with 
Ground Motion Predicting Equations 
(blue: Boore & Atkinson 2008, red: 
Akkar & Bommar, 2010)  
 
 
 
 
 
 
 
 

 
 
Publications: 
 
Baumann C., Dalguer L.A., Burjanék J., Clotaire M., Fäh D., (2011). Modelling Mw=6.5 earthquakes ground 
motions in the Valais area, Switzerland, using dynamic rupture approach. SSA 2011 Annual Meeting, Memphis, 
Tennessee (USA). Abstract in Seismological Research Letters, Vol. 82, Nr. 2. 
 
Donat Fäh, Jeffrey R. Moore, Jan Burjanek, Ionuţ Iosifescu, Luis Dalguer, et al (2011), Coupled seismogenic 
geohazards in alpine regions, Bollettino di Geofisica Teorica e Applicada, in press. 
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Title: Dynamic rupture modelling of the 2011 M9 Tohoku earthquake with unstructured 3D 
spectral element method 
Researchers: PhD student Percy Gavez (ETHZ), Prof. Jean-Paul Ampuero (Caltech, USA), 
Dr. Luis Dalguer, (ETHZ), Dr. Tarje Nissen-Meyer (ETHZ)  
Institute/Group: Swiss Seismological Service, Computational Seismology Group, 
Seismology & Geodynamics Group 
 
Description: On March 11th 2011, a Mw 9 earthquake stroke Japan causing 28000 victims 
and triggering a devastating tsunami that caused severe damage along the Japanese coast. The 
exceptional amount of data recorded by this earthquake, with thousands of sensors located all 
over Japan, provides a great opportunity for seismologist and engineers to investigate in 
detail the rupture process in order to better understand the physics of this type of earthquakes 
and their associated effects, like tsunamis. In this project we investigate, by means of 
dynamic rupture simulations, a plausible mechanism to explain key observations about the 
rupture process of the 2011 M9 Tohoku earthquake, including the spatial complementarity 
between high and low frequency aspects of slip (e.g, Simons et al, Science 2011, Meng et al, 
GRL 2011). 
To model the dynamic rupture of this event, we use a realistic non-planar fault geometry of 
the megathrust interface, using the unstructured 3D spectral element open source code 
SPECFEM3D-SESAME, in which we recently implemented the dynamic fault boundary 
conditions. This implementation follows the principles introduced by Ampuero (2002) and 
Kaneko et al. (2008) and involves encapsulated modules plugged into the code. Our current 
implementation provides the possibility of modeling dynamic rupture for multiple, non-
planar faults governed by slip-weakening friction. We successfully verified the code in 
several SCEC benchmarks, including a 3D problem with branched faults, as well as modeling 
the rupture of subduction megathrust with a splay fault, finding results comparable to 
published results.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure. Mesh of a realistic non-planar fault geometry of the megathrust interface of the 
Mw9.0 2011 Tohoku earthquake in Japan. Start represents the hypocenter location. 
 
Publications: 
Galvez, P., J.-P. Ampuero, L. Dalguer, and T. Nissen-Meyer (2011), Dynamic rupture modeling of the 2011M9 
Tohoku earthquake with unstructured 3D spectral element method, Eos Trans. AGU, 1(1), Fall Meet. Suppl., 
Abstract U51B. 
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Title: Investigating the reliability of kinematic source inversion with dynamic rupture 
models 
Researchers: Youbing Zhang (ETHZ), Dr. Seok Goo Song (ETHZ), Dr. Luis Dalguer, 
(ETHZ), Dr. John Clinton (ETHZ) 
Institute/Group: Swiss Seismological Service, Computational Seismology Group 
 
Description: In this project we develop dynamic rupture simulation of a vertical strike sip 
fault. Our source model is composed by well-defined asperities (patches of large stress drop) 
and we assume that fault rupture is governed by the linear slip weakening friction model. The 
resulting near-source ground motion dominated by low frequency (up to 1Hz) is used for 
testing our inversion method. We performed various inversion tests and compared estimated 
solutions with true solutions obtained by the forward dynamic rupture modeling. Assuming 
the kinematic model generated displacements as recorded data to inverse source slip 
distribution. Our preliminary results show that estimated model spaces could be significantly 
perturbed, depending on data and modeling schemes used in the inversion, not only in terms 
of spatial distribution of model parameters, but also in terms of their auto- and cross-
correlation structure. In addition, the recent emergence of high-rate Global Navigation 
Satellite Systems (GNSS) data can considerably improve the observation capabilities for 
dynamic surface movements (sampling up to 100 Hz) during large earthquakes. GNSS 
receivers are used to accurately measure both dynamic and static ground displacements 
without saturation or sensitivity to tilt and with a sampling interval below 1 second and sub-
centimeter accuracy across the frequency spectrum. We expect that we can resolve an issue 
of relative weighting we often face in multiple data inversion, i.e., joint inversion of both 
geodetic and seismic data, by inverting ground displacement data recorded by the GNSS 
receivers 

 
 

 

 
 

 
Figure: (left) Displacement field generated by dynamic rupture model. (right) Slip inversion 
from displacement field generated by a kinematic (top) and a dynamic (bottom) rupture 
model. 
 
Publications: 
Zhang J.; S. Song; L. A. Dalguer, and J. Clinton (2011), Investigating the reliability of kinematic source 
inversion with dynamic rupture models, Eos Trans. AGU 2011, Fall Meet. Suppl.,Abstract S43C. 
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Title: Pseudo Dynamic Source Characterization Incorporating Effects of Super-shear 
Rupture and Stress Heterogeneity for Strong Ground Motion Prediction 
Researchers: Dr. Banu Mena (ETHZ), Dr. Luis Dalguer, (ETHZ), Prof. Martin P. Mai 
(King Abdullah University of Science and Technology) 
Institute/Group: Swiss Seismological Service, Computational Seismology Group 
 
Description: Reliable prediction of ground motions for future earthquakes strongly depends 
on the ability to simulate realistic earthquake source models. Though full dynamic rupture 
calculations can be used for this purpose, they are still computationally challenging. An 
alternative is to invoke the framework of kinematic pseudo-dynamic procedures. This 
approach uses simple relationships between kinematic and dynamic source parameters to 
build physically consistent kinematic models. Based in the pseudo-dynamic approach 
proposed by Guatteri et al. (2004), here we propose new relationships to build pseudo-
dynamic models that capture effects of super-shear rupture speed and local changes due to 
stress heterogeneities for moderate to large earthquake size. We carried out dynamic rupture 
simulations using stochastic initial stress distributions to generate a dataset that covers a 
wider range of magnitude (Mw 6-8). This set of models show first, local super shear rupture 
speed prevails at all earthquake sizes and second, local rise time distributions are not 
controlled by the global fault geometry, but by the local changes on the faults associated with 
the stress heterogeneous (asperities). Based on these findings, a new set of pseudo-dynamic 
relations is derived for the proposed pseudo-dynamic source characterization, which takes 
into account earthquake size, buried and surface rupturing ruptures, local rise time variations, 
and local super shear rupture speed. We performed further validation tests using the proposed 
pseudo-dynamic source characterization and obtained significant improvements in the 
synthetic ground motions when comparing with the model of Guatteri et al. (2004). The 
results are promising for the implementation of the proposed pseudo-dynamic methodology 
into the ground motion simulation tools and its application for ground motion prediction of 
future earthquakes. 
 

 
 
 
 
 
Figure. Histograms of 
local rupture speed 
distribution in strike-
slip faults with 
earthquake size  
 
 
 
 

 
 
Publications: 
Mena, B.; L.A. Dalguer and P.M. Mai (2011), Pseudo Dynamic Source Characterization Incorporating Effects 
of Super-shear Rupture and Stress Heterogeneity for Strong Ground Motion Prediction. Bull. Seismol. Soc. Am, 
in review. 
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Title: Understanding earthquake source processes with spatial random field models 
Researchers: Dr. Seok Goo Song, (ETHZ) 
Institute/Group: Swiss Seismological Service, Computational Seismology Group 
 
Description: A finite-fault earthquake rupture model generator (SongRMG, Ver 1.0) has 
been developed, based on 1-point and 2-point statistics of kinematic source parameters such 
as slip, rupture velocity, slip velocity and duration. 1-point statistics define a marginal 
probability density function for a certain source parameter at a given point on a fault. 2-point 
statistics, i.e. auto- and cross-coherence between source parameters, control the heterogeneity 
of each source parameter and their coupling, respectively. Given the rupture model generator, 
we can generate physics-based rupture scenarios for simulation-based seismic hazard 
assessment as shown in Figures 1 and 2. This study was and will be presented at the 
following two meetings given below. 

 
Figure 1. Slip and rupture 
velocity realizations for Mw 
7.0 events obtained by 
sequential Gaussian 
simulation. Three slip 
realizations were obtained 
based on the target auto-
coherence structure and 
marginal PDF given in 
Figure 2 (a) and (b). Three 

rupture velocity distributions are obtained conditioning on the slip realization 1 with cross- 
and auto-coherence and marginal PDF for the rupture velocity given in Figure 2 (a) and (b). 
Note that high rupture velocity patches are coupled with high slip patches because of the 
positive cross-coherence introduced in the random sampling procedure. 

 
Figure 2. Target and 
reproduced coherence 
structure with target 
and reproduced 
histograms, 
respectively. 
Horizontally elongated 
auto- and cross-
coherence structures 

are assumed with Gaussian marginal probability density function for both slip and rupture 
velocity. Slip is truncated at zero in the modeling. Note that the target coherence structures 
as well as target histograms are successfully reproduced in the stochastic modeling.  
 
Publications 
Song, S., Understanding earthquake source processes with spatial random field models, Fall meeting of 

American Geophysical Union (AGU), San Francisco, California, 2011. 
 
Song, S., Developing a physics-based rupture model generator based on 1-point and 2-point statistics of 

kinematic source parameters, annual meeting of Southern California Earthquake Center (SCEC), Palm 
Springs, California, 2011. 
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Title: Development of Dynamic Rupture Models to Study the Physics of Earthquakes and 
Near-Source Ground Motion 
Researchers: Dr. Luis Dalguer, (ETHZ), Prof. Domenico Guardini (ETHZ) 
Institute/Group: Swiss Seismological Service, Computational Seismology Group 
 
Description: This is a production project at Swiss National Supercomputing Center (CSCS). 
This project is oriented specifically to request computational resources at CSCS to use the 
Cray XT5 Rosa Super computer. We have been awarded an allocation of 3 millions of CPU 
hrs per year during 3 years (from August 2010 to August 2013). In the present project, we 
use modern HPC techniques to model the source rupture and near-source ground motion for 
basic and applied research of the earthquake phenomena. This project is part of an ensemble 
of ongoing projects carried out by our Computational Seismology group. These projects are 
well integrated with each other in their goals and target, and include: 
·“Site-specific numerical simulations of earthquake rupture dynamics and strong ground 
motion: An application to Swiss NPP’s”. This is part of the High-Impact User project, 
currently with an allocation of 1.0 MCPU hrs (from October 1st to December 30th). In this 
project we are developing a suite of earthquake models for an existing nuclear-power-plant 
(NPP) site in Switzerland to investigate near-source ground motion variability where source 
processes and/or geological effects are dominant.  
·“Earthquake rupture dynamic in large aspect-ratio faults (L>>W)“. This is a project in 
collaboration with Dr. Jean Paul Ampuero (Caltech, USA). The main goal of this project is 
the study of the effect of large strike slip fault models with L>>W on the rupture propagation 
and ground motion (where L and W are the length and width of the fault, respectively). 
·“Development of earthquake source physics models for the seismological assessment of 
future earthquakes and ground motion prediction in the Alpine regions” This is a project in 
collaboration with Cyrill Baumann (PhD student). This project is integrated in the Coupled 
Seismogenic Geohazards in Alpine Regions (COGEAR) project. COGEAR is an 
interdisciplinary project to investigate the hazard chain induced by earthquakes in Valais, 
particularly in parts of the Rhone, Visper and Matter valleys. 
·“Coherence of near-fault ground motion spatial distribution and ground strain”. This is a 
sub-module (JRA3) of the NERA projects: Network of European Research Infrastructures for 
Earthquake Risk Assessment and Mitigation. Here we will develop intensive earthquake 
numerical simulations to adequately assess the level and variability of near-source ground 
and to supplement the lack of data near the fault. 
 
  
Publications: 
Dalguer L.A. and P. M. Mai (2011), Near- Source Ground Motion Variability from M~6.5 Dynamic Rupture 
Simulations. 4th IASPEI / IAEE International Symposium: Effects of Surface Geology on Seismic Motion, In 
CD. August 23–26, 2011, University of California Santa Barbara, CA, USA. 
 
- Mai P. M. and L.A. Dalguer (2011), Broadband Ground-Motion from Rupture Dynamic. 4th IASPEI / IAEE 
International Symposium: Effects of Surface Geology on Seismic Motion, In CD. August 23–26, 2011, 
University of California Santa Barbara, CA, USA. 
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Title: Example-Based Elastic Materials

Researchers: Sebastian Martin1

Bernhard Thomaszewski1,2

Eitan Grinspun3

Markus Gross1,2

Institutes:
1 Computer Graphics Laboratory, Institute of Visual Computing, ETH Zurich
2 Disney Research Zurich
3 Columbia Computer Graphics Group, Columbia University

Description:

Different materials deform in different ways. Therefore, physically-based animations offer control
of material properties as a way of controlling the final deformation. But in creative applications
such as computer animation, material properties are just middlemen in a process that really focuses
on obtaining some desired deformation.
Indeed, we can flip the causality between materials and deformation: when we witness the defor-
mation of an object, we implicitly draw conclusions about its underlying, constitutive material.
By controlling the deformation of an animated object, we can imply complex material behaviors.
Therefore, if we can expand the repertoire of possible deformations of an object, we can broaden
the expressive palette available for physics-based computer animation.
The computational mechanics literature already describes many mathematical models for myriad
materials, alas these models are intended for problems where material coefficients are easily quan-
tified. In artistic endeavors, we typically envision a desired deformation. Yet quantifying material
coefficients that lead to a desired deformation behavior is difficult if not impossible.

Inspired by example-based graphical methods, we present an intuitive and direct method for artis-
tic design and simulation of complex material behavior. Our method accepts a set of poses that
provide examples of characteristic desirable deformations, created either by hand, with a modeling
tool, or by taking 3D ”snapshots” of previously run simulations. With these examples in hand, we
provide a novel forcing term for dynamical integration that causes materials to obey the ”physical
laws” implied by the provided examples.

References: S. Martin, B. Thomaszewski, E. Grinspun, M. Gross, Example-based Elastic Ma-
terials. ACM Transaction on Graphics (Proc. SIGGRAPH), vol. 30, no. 4, 2011, pp. 72:1-72:8.
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Title: Two-Scale Particle Simulation

Researchers: Barbara Solenthaler1

Markus Gross1,2

Institutes:
1 Computer Graphics Laboratory, Institute of Visual Computing, ETH Zurich
2 Disney Research Zurich

Description:

The physical and visual quality of particle-based solvers like SPH are defined by the number
of particles that are used to discretize the fluid. Generally, the more particles that are used, the
smaller the damping artifacts and the more small-scale details like splashes, spray, and surface
waves can be reproduced. However, doubling the resolution of a simulation increases the particle
number by a factor of 8. This increases the computational cost notably since it depends linearly
on the number of particles. To cope with the increasing demand for more detailed flow structures,
we present a new level-of-detail technique that follows the idea to allocate computing resources to
regions where complex flow behavior emerges. Instead of recursively subdividing particles we use
a hierarchy of several resolution levels. While the number of resolution levels is not fundamentally
limited with our method, we focus on two scales only. We use two distinct but coupled simulations;
one simulation that computes the whole fluid with a coarse resolution, and a high-resolution level
that simulates a subset of the fluid with small particles.

Figure 1: From left to right: Low-resolution level, high-resolution level, merged particles, rendered
surface.

Our method reduces the particle number and hence the total computational cost by almost a factor
of 7 compared to the single-scale reference simulation while producing corresponding flow details.

References: B. Solenthaler and M. Gross, Two-Scale Particle Simulation. ACM Transaction on
Graphics (Proc. SIGGRAPH), vol. 30, no. 4, 2011, pp. 81:1-81:8.
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Title:  Development and application of numerical methods for computational 
electromagnetics 

 
Researchers:  Christian Hafner 
 Christian Engström 
 Jürg Fröhlich 

Aytac Alparslan 
 Christoph Böcklin 
 Alexander Dorodnyy 
 Nikolay Komarvesky 

Patrick Leidenberger 
Mengyu Wang 

 
Institute  Laboratory for Electromagnetic Fields and Microwave Electronics 
 
Description: 
 
We develop various numerical methods and software packages for computational 
electromagnetics and optimal design with applications ranging from low frequencies to 
microwaves and mm waves up to optical frequencies.  
The applications include 1) metamaterials for 50 Hz magnetic field shielding, for radar 
absorption, microwave sealing, thermal protection, and highly efficient solar cells; 2) photonic 
crystals for optical frequencies as well as for fast interconnects in the mm wave range; 3) design 
of antenna structures ranging from radio frequencies up to optical frequencies, i.e., plasmonic 
nano antennas for bio sensing applications; 4) analysis and design of scanning probe tips for 
microwaves and for optics, etc.  
Currently we develop and combine various field solvers based on boundary discretization 
methods - the Multiple Multipole Program (MMP), the Method of Auxiliary Sources (MAS), 
Method of Moments (MoM), as well as domain discretization methods in frequency and time 
domain, namely Finite Elements Methods (FEM), Discontinuous Galerkin (DG), Finite 
Difference Time Domain (FDTD), Finite Volume Time Domain (FVTD), and mesh-free 
techniques. The semi-analytic MMP and MAS methods provide high accuracy, robustness, 
numerical efficiency for 2D applications and exhibit no problems with material dispersion and 
loss. For 3D simulations, FEM and FDTD are favorable at least as long as moderate accuracy of 
the results is sufficient. 
Our MMP and FDTD codes are contained in the OpenMaX platform, which is an OpenSource 
project (see http://openmax.ethz.ch/). 
 
References: 
 
From fall 2010 till fall 2011, eight papers on various topics of computational electromagnetics 
were published in reviewed journals. 
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Title: The FuturICT Knowledge Accelerator: 
 Creating Socially Interactive Information Technologies for a Sustainable 

Future 
 
Researchers: Dirk Helbing 
 
 
Institute/ Chair of Sociology; 
Group: in particular of Modeling and Simulation 
 
 
Description: 
 
Humanity faces enormous challenges ranging from financial and economic instability over 
conflict to environmental destruction and climate change, all linked directly to the difficulties 
in understanding and managing the consequences of our collective activities. Now, a diverse 
group of leading scientists has unveiled an extraordinary plan to meet these challenges 
through a project inspired by large-scale enterprises such as the Apollo Project. 
 
The ultimate goal of the FuturICT flagship project is to understand and manage complex, 
global, socially interactive systems, with a focus on sustainability and resilience. Revealing 
the hidden laws and processes underlying societies constitutes the most pressing grand 
challenge of our century and is equally important for the development of novel robust, 
trustworthy and adaptive information and communication technologies (ICT), based on 
socially inspired concepts. Integrating ICT, Complexity Science and the Social Sciences will 
create a paradigm shift, facilitating a symbiotic co-evolution of ICT and society. Data from 
the complex globe spanning ICT system will be used to develop models of techno-socio-
economic systems. In turn, insights from these models will inform the development of a new 
generation of socially adaptive, self-organized ICT systems. 
 
The FuturICT Flagship will develop the  Innovation Accelerator and include: 
�  The Living Earth Simulator, an open participatory platform to simulate global-scale 
systems involving the interactions of up to 10 billion agents. It will enable the identification 
of challenges and opportunities on a global scale. The systemic risk analysis will become 
possible through the integration of a number of crisis observatories. 
�  Crisis Observatories, specialized competence centres running massive data mining and 
large scale computer simulations. They will detect possible crises, such as bubbles or crashes 
in financial markets, reveal advance warning signs of critical shortages, identify risks of wars 
or social unrests, emerging epidemics, or environmental instabilities, and explore policy 
options, including their possible side effects.. 
 

69



Title: Fractality of eroded coastlines of correlated landscapes

Researchers: Pablo A. Morais
Erneson A. Oliveira
Dr. Nuno A. M. Araújo
Prof. Hans J. Herrmann
Prof. José S. Andrade Jr.

Institute: Computational Physics for Engineering Materials, IfB
ETH Zürich

Description:

Using numerical simulations of a simple sea-coast mechanical erosion model, we inves-
tigate the effect of spatial long-range correlations in the lithology of coastal landscapes
on the fractal behavior of the corresponding coastlines. In the model, the resistance of
a coast section to erosion depends on the local lithology configuration as well as on the
number of neighboring sea sides. For weak sea forces, the sea is trapped by the coastline
and the eroding process stops after some time. For strong sea forces erosion is perpetual.
The transition between these two regimes takes place at a critical sea force, characterized
by a fractal coastline front. For uncorrelated landscapes, we obtain, at the critical value,
a fractal dimension D = 1.33, which is consistent with the dimension of the accessible
external perimeter of the spanning cluster in two-dimensional percolation. For sea forces
above the critical value, our results indicate that the coastline is self-affine and belongs
to the Kardar-Parisi-Zhang universality class. In the case of landscapes generated with
power-law spatial long-range correlations, the coastline fractal dimension changes con-
tinuously with the Hurst exponent H, decreasing from D = 1.34 to 1.04, for H = 0 and
1, respectively. This nonuniversal behavior is compatible with the multitude of fractal
dimensions found for real coastlines.

References:

[1] P.A. Morais, E.A. Oliveira, N.A.M. Araújo, H.J. Herrmann, and J.S. Andrade Jr.,
Fractality of eroded coastlines of correlated landscapes, Phys. Rev. E 84, 016102
(2011).
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Title: Simulation of particle mixing in turbulent channel flow due
to intrinsic fluid velocity fluctuation

Researchers: Thomas Burgener
Dr. Dirk Kadau
Prof. Hans J. Herrmann

Institute: Computational Physics for Engineering Materials, IfB
ETH Zürich

Description:

Particle transport in turbulent flows plays an important role in a variety of different
applications. The influence of the intrinsic velocity fluctuations in fully developed tur-
bulence on the mixing properties of a granular medium is currently not well understood.

We combine a DEM simulation with a stochastic process to model the movement of
spherical particles in a turbulent channel flow. With this model we investigate the mixing
properties of two species of particles flowing through the channel in two and three spatial
dimensions. We find a linear increase of the mixing zone with the length of the pipe.
Flows at different Reynolds number and different particle densities are studied. Below a
critical Reynolds number at the Taylor microscale of around Rc ≈ 300 the mixing rate
is strongly dependent on the Reynolds number. Above Rc the mixing rate stays nearly
constant.

References:

[1] T. Burgener and D. Kadau and H.J. Herrmann, Simulation of particle mixing in
turbulent channel flow due to intrinsic fluid velocity fluctuation, Phys. Rev. E 83,
066301 (2011)
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Title: Jump at the onset of saltation

Researchers: M.V. Carneiro
H.J. Herrmann

Institute: Computational Physics for Engineering Materials, IfB
ETH Zürich

Description:

We simulate aeolian sand transport using the Discrete Elements Method. Our model
simulates the behavior of a disordered particle bed under the influence of a logarith-
mic wind profile. The momentum transfer between particles and wind is considered and
therefore, the wind is decelerated with the particle drag. We reveal that the transi-
tion in the saturated flux for aeolian saltation is generically discontinuous by simulating
explicitly particle motion in turbulent flow. This is the first time that a jump in the
saturated flux has been observed. The discontinuity is followed by a coexistence interval
with two metastable solutions. We analyze the metastable behavior in the presence of
perturbations and lift forces. The dimensionless saturated flux q̃ was fitted according to

q̃s =q̃0 + A(θ − θc)θ
1/2 with θ = u2

∗
(s−1)gDmean

.

References:

[1] M. V. Carneiro, T. Pähtz, H. Herrmann, Jump at the onset of saltation, Phys. Rev.
Lett. 107, 098001 (2011).
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Title: Multi-Particle Sintering Dynamics: from Fractal-like Ag-
gregates to Compact Structures

Researchers: Max L. Eggersdorfer
Dr. Dirk Kadau
Prof. Hans J. Herrmann
Prof. Sotiris E. Pratsinis

Institute: Computational Physics for Engineering Materials, IfB
ETH Zürich

Description:

Multi-particle sintering is encountered in almost all high temperature processes for ma-
terial synthesis (titania, silica, nickel) and energy generation (e.g. fly ash formation)
resulting in aggregates of primary particles (hard- or sinter-bonded agglomerates). This
mechanism of particle growth is investigated quantitatively by mass and energy balances
during viscous sintering of amorphous aerosol materials (e.g. SiO2, polymers) that typ-
ically have a distribution of sizes and complex morphology. This model is validated at
limited cases of sintering between two (equally or unequally sized) particles, and chains
of particles. The evolution of morphology, surface area and radii of gyration of multi-
particle aggregates are elucidated for various sizes and initial fractal dimension. For each
of these structures that had been generated by diffusion limited (DLA), cluster-cluster
(DLCA) and ballistic particle-cluster agglomeration (BPCA) the surface area evolution
is monitored and found to scale differently than that of the radius of gyration (moment
of inertia).

Snapshots of an aggregate
undergoing viscous sinter-
ing and consisting of ini-
tially 256 monodisperse pri-
mary particles generated
by diffusion limited cluster-
cluster (DLCA, Df = 1.79)
agglomeration.

References:

[1] Max L. Eggersdorfer, D. Kadau, H.J. Herrmann, Sotiris E. Pratsinis, Multi-particle
sintering dynamics: from fractal-like aggregates to compact structures, Langmuir
27(10), 63586367 (2011).
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Title: Scaling Relations for Watersheds

Researchers: Eric Fehr
Julian K. Schrenk
Dr. Dirk Kadau
Dr. Nuno A. M. Araújo
Prof. José S. Andrade
Prof. Hans J. Herrmann

Institute: Computational Physics for Engineering Materials, IfB
ETH Zürich

Description:

Watersheds are the lines separating adjacent drainage basins (catchments). They play
a fundamental role in water management, landslides, and flood prevention. Natural
watersheds are fractal. Geographers and geomorphologists have found the evolution of
watersheds to be driven by local events classified as stream captures or drainage re-
arrangements.These events can affect the biogeography, and may occur due to various
mechanisms like erosion, natural damming, tectonic motion, as well as volcanic activity.

We study the morphology of watersheds in two and three dimensional systems subjected
to different degrees of spatial correlations. The response of these objects to small, local
perturbations is also investigated with extensive numerical simulations. We find the frac-
tal dimension of the watersheds to generally decrease with the Hurst exponent, which
quantifies the degree of spatial correlations. Moreover, in two dimensions, our results
match the range of fractal dimensions 1.10 ≤ df ≤ 1.15 observed for natural landscapes.
We report that the watershed is strongly affected by local perturbations. For perturbed
two and three dimensional systems, we observe a power-law scaling behavior for the dis-
tribution of areas (volumes) enclosed by the original and the displaced watershed, and
for the distribution of distances between outlets. Finite-size effects are analyzed and the
resulting scaling exponents are shown to depend significantly on the Hurst exponent.
The intrinsic relation between watershed and invasion percolation, as well as relations
between exponents conjectured in previous studies with two dimensional systems, are
now confirmed by our results in three dimensions.

References:

[1] E. Fehr, D. Kadau, J.S. Andrade, Jr., and H.J. Herrmann, Impact of Perturbations
on Watersheds, Phys. Rev. Lett. 106, 048501 (2011).

[2] E. Fehr, D. Kadau, N.A.M. Araújo, J.S. Andrade, Jr., and H.J. Herrmann, Scaling
Relations for Watersheds, accepted for Phys. Rev. E.

[3] E. Fehr, K.J. Schrenk, D. Kadau, N.A.M. Araújo, P. Grassberger, J.S. Andrade, Jr.,
and H.J. Herrmann, Corrections-to-Scaling for Watersheds, Optimal Path Cracks,
and Bridge Lines, in preparation.
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Title: Modeling the Growth and Impact of Wood Decay Fungi

Researchers: Matthias Fuhr
Prof. Dr. H.J. Herrmann

Institute: Computational Physics for Engineering Materials, IfB
ETH Zürich

Description:

The selective degradation of pit membranes in refractory wood species e.g. Norway spruce
(Picea abies [L.] Kast.) by the basidiomycete Physisporinus vitreus increases the per-
meability of the wood. This process which has been termed bioincising can be used to
improve the uptake of wood preservatives and environmentally-benign wood modification
substances. The bioincised wood can be used for a range different industrial purpose.
The objective of this Project is to develop a mathematical model of hyphal growth and
expansion of P. vitreus by means of stochastic processes both in space and time (Fig.
1). Irreversible growth has been investigated for a long time in the context of cancer
growth, dendritic growth and gelation and penetration in porous media. In addition, the
Project allows to examine degradation patterns of the fungus and its enzyme activity. By
focusing on these fundamental processes, we hope to improve our knowledge on how the
complex system (fungus - wood) interacts under defined conditions. This information is
crucial for the scaling up of the bioincising process. This work is a joint project of the
two research groups Wood Protection and Biotechnology, EMPA St. Gallen (Prof. Dr.
F.W.M.R. Schwarze) and Computational Physics for Engineering Materials (Prof. Dr.
H.J. Herrmann).
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[2] M.J. Fuhr, C. Stührk, B. Münch, F.W.M.R. Schwarze, M. Schubert, Automated
Quantification of the Impact of the Wood-decay fungus Physisporinus vitreus on the
Cell Wall Structure of Norway spruce by Tomographic Microscopy, Wood Sci. Tech-
nol. (2011), doi:10.1007/s00226-011-0442-y, in press

75



Title: Micro-Mechanical Modeling of Swelling in Wood

Researchers: François Gaignat
Dr. Falk K. Wittel
Prof. Hans J. Herrmann

Institute: Computational Physics for Engineering Materials, IfB
ETH Zürich

Description:

Wood is a complex material that is at a microscopic level neither isotropic nor homoge-
neous. Its properties are mainly determined by the cell walls, that are composed of several
layers which are themselves composed of different materials. Computational models are
needed to forecast the relation between the applied loads (mechanical and/or moisture)
and the respective hygrothermal and mechanical response.
In this work a multiscale model is used for describing the mechano-sorptive behavior of
wood. Some properties of the nanoscopic constituents (mainly cellulose, hemicellulose,
and lignin) are already known from research in paper industry. We use a micromechanical
model for describing the properties of individual cell wall layers, a model for layered
materials and finally a Finite Element Model to describe a cellular microstructure of a
spruce wood sample. The predictions of this model are compared to values that come
from the analysis of micro-tomographic insitu experiments under varying environmental
conditions.

The comparision of the FEM-result and the synchrotron tomography data allows to
understand the physical role of different model parameters on the cellular scale. A good
microscopic model is the foundation for a valid macroscopic model of the wood.

76



Title: Granular packings of cohesive elongated particles

Researchers: Dr. Raul C. Hidalgo
Dr. Dirk Kadau
Prof. Hans J. Herrmann

Institute: Computational Physics for Engineering Materials, IfB
ETH Zürich

Description:

We investigate numerically the effect of attrac-
tive forces on the packing properties of two-
dimensional elongated grains. In deposits of non-
cohesive rods in 2D, the topology of the pack-
ing is mainly dominated by the formation of or-
dered structures of aligned rods. Elongated par-
ticles tend to align horizontally and the stress is
mainly transmitted from top to bottom, reveal-
ing an asymmetric distribution of local stress.
However, for deposits of cohesive particles, the
preferred horizontal orientation disappears. Very
elongated particles with strong attractive forces
form extremely loose structures, characterized by
an orientation distribution, which tends to a uni-
form behavior when increasing the Bond number.
As a result of these changes, the pressure distri-
bution in the deposits changes qualitatively. The
isotropic part of the local stress is notably en-
hanced with respect to the deviatoric part, which
is related to the gravity direction. Consequently,
the lateral stress transmission is dominated by
the enhanced disorder and leads to a faster pres-
sure saturation with depth.

Simulated packings of elongated co-
hesive particles settled by gravity.
Final configurations are shown for
the same granular bond number
Bog = 104 and increasing elonga-
tion: (a) d = 2, (b) d = 3, (c) d = 5
and (d) d = 10.
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Description:

The discrete element method constitutes a gen-
eral class of modeling techniques to simulate the
microscopic behavior (i.e. at the particle scale)
of granular/soil materials. We present a contact
dynamics method, accounting for the cohesive na-
ture of fine powders and soils. A modification of
the model adjusted to capture the essential phys-
ical processes underlying the dynamics of genera-
tion and collapse of loose systems is able to simu-
late “quicksand” behavior of a collapsing soil ma-
terial, in particular of a specific type, which we
call “living quicksand”. We investigate the pene-
tration behavior of an object for varying density
of the material. We also investigate the dynam-
ics of the penetration process, by measuring the
relation between the driving force and the result-
ing velocity of the intruder, leading to a “power
law” behavior with exponent 1/2, i.e. a quadratic
velocity dependence of the drag force on the in-
truder.

Maximal density of a configuration
after settling without change (left)
and minimal density after removing
all possible loose ends (right).
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Description:

Loose granular structures stabilized against gravity by an effective cohesive force are
investigated on a microscopic basis using contact dynamics. We study the influence of
the granular Bond number on the density profiles and the generation process of pack-
ings, generated by ballistic deposition under gravity. The internal compaction occurs
discontinuously in small avalanches and we study their size distribution. We also develop
a model explaining the final density profiles based on insight about the collapse of a
packing under changes of the Bond number.

Bo    infinitygBo  =10g
6Bo  =10g

5Bo  =0g Bo  =10g
3Bo  =10g

2 Bo  =10g
4

Final structures achieved by the deposition and collapse process for different granular
Bond numbers Bog. In addition to the particles, compressive forces are illustrated by red
(dark-gray) lines connecting the center of masses between the particles. In the case of
Bog → ∞ no forces are present, as is realized in the simulations by switching off gravity.
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Description:

We perform molecular dynamics simulations using the ST2 atomic water potential, mainly
in the NPT ensemble, for different pressures, temperatures, and system sizes. Using finite
size scaling of the Binder cumulant, we find a first-order phase transition between HDL
and LDL for high pressures at 210MPa. The HDL and LDL structures compare in ex-
cellent way with experimental data for D2O in similar conditions. This first order phase
transition does not occur at lower pressures such as 190MPa. In between, at 208MPa and
246K, we find strong evidence for a critical point falling into the same universality class
as the three-dimensional Ising model. Runs near to phase transition line or near to the
Widom line are observed to sample both phases, LDL and HDL. The LDL equilibrates
much slower than HDL, but with a relaxation time (10ns) 2 orders of magnitude smaller
than our simulation time (1000ns). Hence, we equilibrate the LDL phase.
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Description:

Where does liquid migrate in shear bands formed in granular matter? It is known that in
fully saturated granular media the liquid content increases in dilating shear bands. How-
ever, it is not clear what happens at low liquid contents. Here, we present a microscopic
model for liquid transport at low liquid contents, where the volume of a ruptured bridge
is redistributed to neighboring bridges. We use contact dynamics to model spherical
particles interacting via coulombian friction as well as via cohesive capillary forces [1,2].
The contact forces are determined by means of constraints and are computed iteratively
in each time step. Using this model, we derived a modified diffusion equation describing
the liquid transport in sheared granular matter. It predicts that liquid is driven out of
shear bands despite the increased porosity due to dilatancy. A stable and stationary

shear band is achieved e.g. in the linear split bottom cell. A sketch of it is shown in the
figure on the left. The shear zone is lens shaped and increases with increasing height.
On the right we see the capillary bridge network after shearing. The liquid content has
clearly decreased in the shear zone and acquires a lens shape similar to the velocity profile.
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Description:

In this paper we introduce a three-dimensional Lattice-Boltzmann model that recovers
in the continuous limit the Maxwell equations in materials. In order to build conserva-
tion equations with antisymmetric tensors, like the Faraday law, the model assigns four
auxiliary vectors to each velocity vector. These auxiliary vectors, when combined with
the distribution functions, give the electromagnetic fields. The evolution is driven by
the usual Bhatnager-Gross-Krook (BGK) collision rule, but with a different form for the
equilibrium distribution functions. This lattice Bhatnager-Gross-Krook (LBGK) model
allows us to consider for both dielectrics and conductors with realistic parameters, and
therefore it is adequate to simulate the most diverse electromagnetic problems, like the
propagation of electromagnetic waves (both in dielectric media and in waveguides), the
skin effect, the radiation pattern of a small dipole antenna and the natural frequencies
of a resonant cavity, all with 2% accuracy. Actually, it shows to be one order of magni-
tude faster than the original Finite-difference time-domain (FDTD) formulation by Yee
to reach the same accuracy. It is, therefore, a valuable alternative to simulate electro-
magnetic fields and opens lattice Boltzmann for a broad spectrum of new applications in
electrodynamics.
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Description:

A lattice Boltzmann formulation for relativistic fluids is presented and numerically val-
idated through quantitative comparison with recent hydrodynamic simulations of rela-
tivistic fluids. In order to illustrate its capability to handle complex geometries, the
scheme is also applied to the case of a three-dimensional relativistic shock wave, gener-
ated by a supernova explosion, impacting on a massive interstellar cloud. This formu-
lation opens up the possibility of exporting the proven advantages of lattice Boltzmann
methods, namely, computational efficiency and easy handling of complex geometries, to
the context of (mildly) relativistic fluid dynamics at large, from quark-gluon plasmas up
to supernovae with relativistic outflows.
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Description:

We propose a description for transient penetration simulations of miscible and immiscible
fluid mixtures into anisotropic porous media, using the lattice Boltzmann (LB) method.
Our model incorporates hydrodynamic flow, advection-diffusion, surface tension, and the
possibility for global and local viscosity variations to consider various types of hardening
fluids. The miscible mixture consists of two fluids, one governed by the hydrodynamic
equations and one by advection-diffusion equations. We validate our model on standard
problems like Poiseuille flow, the collision of a drop with an impermeable, solid interface
and the deformation of the fluid due to surface tension forces. To demonstrate the appli-
cability to complex geometries, we simulate the invasion process of mixtures into wood
spruce samples.
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Description:

In this project, the optimal path crack (OPC) model on uncorrelated surfaces, recently in-
troduced by Andrade et al. [Phys. Rev. Lett. 103 (2009) 225503], is studied by extensive
Monte Carlo simulations and its main percolation exponents computed. The analysis is
extended to surfaces with spatial long-range power-law correlations, where non-universal
fractal dimensions are obtained when the degree of correlation is varied. Finding the op-
timal path between two points in a disordered system is a relevant challenge for science
and technology. If intensively used, this path is prone to fail, and a new path needs to
be found. Studying how the successive paths evolve until the final configuration, where
connectivity is no longer possible, is a challenge in itself which we address in this project.
Exploring the large parameter space of the OPC model is a challenging computational
task. Therefore, efficient algorithms for optimum path search and calculation of percola-
tion cluster properties where implemented.

The figure shows a snapshot of a representative configuration of the OPC model in 3D
in a strongly disordered energy landscape. The rugged surface of failed sites disconnects
the top and bottom layers of the system.
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Description:

The importance of considering the network structure in studying the behavior of many
modern infrastructures and naturally occurring complex systems, has become increas-
ingly clear. The topology of many real world networks makes them vulnerable with
respect to targeted attacks or random failuers of their components. There has been a
recent surge of interest in determining how one can optimize the structure of these net-
works to minimize this vulnerability. Given a measure of robustness as objective function
and an edge-swap procedure as operator, one can design an iterative algorithm to this
purpose. Similar work exists with trajectory-based meta-heuristics and has shown that
this method can largely improve the robustness of a given network. For the optimization
process, one can introduce an evolutionary algorithm, and one can achieve significantly
improved results with modest additional investment of computational resources. Another
system which has been studied extensively over the past couple of years is that of two
dependent networks, where a failure of a node in one network may cause the failure of a
node in the other network. The nature of the collapse of the system was studied in detail
by analysing the critical exponents of the model. While the problem was treated ana-
lyticaly, the resulting set of equation needed to be solved numerically to high precision,
requiring modern numerical techniques.
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Description:

In this project we investigated the usage of hierarchical matrices (H-matrices) as a fast
and robust preconditioners for a recent formulation of Maxwell’s equations. This formu-
lation was introduced in [1] and remains stable in the stationary limit for non-conductive
domains. The preconditioner is the inverse of (1), a matrix which has a construction
based on a decoupling of magnetic and electric potential. This preconditioner is real,
symmetric and positive definite.
We have used a approximative UDUT

H factorization to overcome the problem that the ap-
proximation with H-matrices could destroy the positive definiteness of the discretization
of the first operator in (1) and therefore the stabilization parameter α could be chosen
as 1. In (1) σ, µ, ε are material parameters and ω denotes the angular frequency.curl 1

µ
curl + σω + α 0 0

0 −div(εgrad) 0
0 0 −div(εgrad)|ΩC

 (1)

We have not used to H-Matrices for all blocks, but just to ap-
proximate the inverse of the first block, since this is by far the
largest block (≈ five times larger then the other blocks) and the
other blocks are still small enough to use a direct decomposition.
The solution was computed with a BiCGStab iterative solver, since
the preconditioner was applied on the complex valued matrix that
results from the finite element discretization of the operator in [1].
A proof that (1) can be approximated with H-Matrices was given
in [2]. Furthermore, we have also been able to approximate the
inverse the real-life geometry in the shown figure.
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[1] R. Hiptmair, F. Krämer and J. Ostrwoski, A Robust Maxwell Formulation For All
Frequencies, IEEE Transactions on Magnetics Volume 44, Issue 6, 2008.

[2] M. Bebendorf and J. Ostrowski. Parallel hierarchical matrix preconditioners for the
curl-curl operator. J. of Comp. Math., issue on Adapt. and Multilevel Methods
for EM, 27(5):624-641, 2009.

87



Title: Implementation of a Boundary Element Template Library

Researchers: Dr. Lars Kielhorn
Prof. Dr. Ralf Hiptmair

Institute: Seminar for Applied Mathematics
ETH Zürich

Description:

In the past decade there has been an explosion of available Open Source libraries dealing
with Finite Element Methods. But unfortunately, there exist only very few approaches
being devoted to the development of Open Source libraries which are well-suited to tackle
the discretisation of Boundary Integral operators.

It is inherent to the method itself, that the development of Boundary Element codes
is more challenging than it might be for Finite Element codes. Contrary, there are
many applications where the usage of Boundary Element Methods is almost mandatory.
Important fields of applications are exterior domain problems as well as acoustic and
electromagnetic wave propagation phenomena. A Boundary Element library would lead
to considerable shorter development times of new Boundary Element codes.

This project is about an unified approach on the implementation of discrete Boundary
Integral operators. The implementation is done with C++ and it is done by making
exhaustive use of the language’s template mechanism. This guarantees not only a fast
and robust runtime behavior of the final applications but also establishes a loose binding
between the data structures by what the library can be easily enhanced and adopted to
special requirements.

Up to now the library has been applied to electrostatic, to magnetostatic as well as
to eddy-current problems. While further development on the library will continue it is
additionally planned to publish it as an Open Source Project for non-commercial use.

Electrostatic simulation FEM-BEM Magnetostatics
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Description: 

 
The use of numerical simulation techniques in the design of manufacturing processes has 
experienced a rapidly growing acceptance in industry during the past decades. The application 
of computational techniques remains however still very limited in the production phase. This 
is mainly because the production conditions are often very dynamic, where the effect of short 
term (temperature, lubrication etc.) and long term (e.g. tool wear) time dependent effects as 
well as stochastic influences (e.g. scattering material properties) can no longer be neglected. 
The mentioned effects can only be captured by substantial computational effort which is 
clearly unfeasible at production rates of 15-20 parts per minute.  
The present work aims to implement an online control system, which can detect potential 
failures in the process and adapt the manufacturing conditions in a way to avoid their 
occurrence. The response of the system to the aforementioned scattering process conditions is 
predicted numerically through stochastic FE simulations and stored into a database. In order 
to make this information instantly available for an inline control during production, the 
predicted system response is approximated with a metamodel. In the scope of the project 
advanced numerical models able to match the real manufacturing conditions, as well as 
software tools for the setup and validation of metamodels have been developed. 
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Precision industrial products, such as electronic equipment, watches and medical appliances 
require the feasible series manufacturing of very small components. An increasingly greater 
share of the latter is being produced by forming operations. Although the numerical 
computation of conventional forming processes have reached wide industrial acceptance, the 
virtual control of micro-formed products still represents a major challenge. This is mainly 
caused by the fact that the continuum mechanics assumptions lying at the base of most state 
of the art simulation tools are no longer valid at the micro-scale. 
The present work aims to develop a multi-scale approach in order to model all the phenomena 
that influence the forming and failure behavior of micro-formed components. This ranges 
from nano-level crystal-plasticity considerations such as the orientation and displacement of 
dislocations, to meso-level issues such as the behavior of the different material phases and the 
presence of micro-cracks, together with classical macroscopic techniques. 
These different approaches are combined into a simulation software by using the 
Representative Volume Element (RVE) approach, where the different levels of detail are 
crossed in a hierarchical manner depending on the required accuracy. 
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Description :

The mechanism of solvent effects on the stereoselectivity of glycosylation reactions
is investigated using quantum-mechanical (QM) calculations and molecular dynam-
ics (MD) simulations, considering a methyl-protected glucopyranoside triflate as a
glycosyl donor equivalent and the solvents acetonitrile, ether, dioxane, or toluene,
as well as gas-phase conditions (vacuum). The QM calculations on oxacarbenium-
solvent complexes do not provide support to the usual solvent-coordination hypothe-
sis, suggesting that an experimentally observed β-selectivity (α-selectivity) is caused
by the preferential coordination of a solvent molecule to the reactive cation on the
α-side (β-side) of the anomeric carbon. Instead, explicit-solvent MD simulations of
the oxacarbenium-counterion (triflate ion) complex (along with corresponding QM
calculations) are compatible with an alternative mechanism, termed here the con-
former and counterion distribution hypothesis. This new hypothesis suggests that
the stereoselectivity is dictated by two interrelated conformational properties of the
reactive complex, namely, (1) the conformational preferences of the oxacarbenium
pyranose ring, modulating the steric crowding and exposure of the anomeric carbon
toward the α or β face, and (2) the preferential coordination of the counterion to
the oxacarbenium cation on one side of the anomeric carbon, hindering a nucle-
ophilic attack from this side. For example, in acetonitrile, the calculations suggest
a dominant B2,5 conformation of the cation with preferential coordination of the
counterion on the α side, both factors leading to the experimentally observed β
selectivity. Conversely, in dioxane, they suggest a dominant 4H3 ring conformation
with preferential counterion coordination on the β side, both factors leading to the
experimentally observed α selectivity.
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Description :

The disaccharide α,α-trehalose (TRH) is known for its bioprotective action in or-
ganisms subject to stressful environmental conditions. However, the mechanisms
whereby TRH stabilizes biomolecules remains matter of debate, the five main hy-
potheses being the water replacement (WRH), headgroup bridging (HBH), vitrifi-
cation (VIH), water entrapment (WEH) and hydration forces (HFH) hypotheses.
Four hypotheses (all except HFH) are in principle compatible with a preferential
affinity of the sugar molecules (compared to water) for the biomolecular surface.
According to the recently proposed sugar-like mechanism (Pereira & Hünenberger,
Mol. Simul. 4, 403, 2008), preferential affinity would result from the entropy gain
of releasing many water molecules from the surface region to the bulk, at the cost
of immobilizing and rigidifying fewer sugar molecules. Thus, a more flexible dis-
accharide such as gentiobiose (GNT) should evidence a weaker preferential affinity,
limiting its bioprotective ability. In this work, molecular dynamics (MD) simula-
tions of a dipalmitoyl-phosphatidylcholine (DPPC) bilayer patch in the presence of
either pure water or aqueous solutions of GNT or TRH are performed in order to
assess the validity of this suggestion. At 475 K and 1.6 m (molal), TRH indeed
preserves the bilayer structure to a larger extent compared to GNT. However, the
present investigation does not unambiguously indicate which of the above mecha-
nism takes place, since the simulations reveal characteristic features of all of them.
This suggests either that multiple mechanisms may be simultaneously active or that
their definitions are not precise enough.
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Description :

A new parameter set (53A6OXY ) is developed for the GROMOS force field, that
combines reoptimized parameters for the oxygen containing chemical functions (al-
cohols, ethers, aldehydes, ketones, carboxylic acids and esters) with the current
biomolecular force field version (53A6) for all other functions. In the context of
oxygen containing functions, the 53A6OXY parameter set is obtained by optimiza-
tion of simulated pure-liquid properties, namely the density ρliq and enthalpy of
vaporization ∆Hvap, as well as solvation properties, namely the free energies of sol-
vation in water ∆Gwat and in cyclohexane ∆Gche, against experimental data for
10 selected organic compounds, and further tested for 25 other compounds. The
simultaneous refinement of atomic charges and Lennard-Jones interaction param-
eters against the four mentioned types of properties provides a single parameter
set for the simulation of both liquid and biomolecular systems. Small changes in
the covalent parameters controlling the geometry of the oxygen containing chemical
functions are also undertaken. The new 53A6OXY force-field parameters reproduce
the mentioned experimental data within root-mean-square deviations of 22.4 kg m−3

(ρliq), 3.1 kJ mol−1 (∆Hvap), 3.0 kJ mol−1 (∆Gwat) and 1.7 kJ mol−1 (∆Gche) for
the 35 compounds considered.
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Description :

Enantiospecific interactions within a monoglyceride lipid bilayer are investigated
using molecular dynamics simulations. Preferential homochiral interactions are
observed in the gel phase, whereas no detectable enantiospecificity is seen in the
liquid-crystal phase. On the basis of these results and available experimental data,
a mechanism is proposed for the formation of the coagel phase of monoglycerides.
Enantiomeric segregation in the gel phase is also discussed in terms of its possible
implications for prebiological evolution and membrane raft function.

References: B.A.C. Horta and P.H. Hünenberger
J. Am. Chem. Soc. 133 (2011) 8464-8465.
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Title: Preferential affinity of the components of liquid mixtures at a rigid
non-polar surface: Enthalpic and entropic driving forces.

Researchers: A. Choutko∗
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∗ Laboratory of Physical Chemistry

Description :

The modulation of the properties of lipid membranes by polyhydroxylated cosolutes
such as sugars is a phenomenon of considerable biological, technological and medic-
inal relevance. A few years ago, we proposed the so-called sugar-like mechanism -
binding driven by release of water molecules - as an attempt to rationalize the pref-
erential affinity of carbohydrate molecules compared to water for the surface of lipid
bilayers, presumably related to the bioprotective action of these compounds. The
goal of the present work is to gain a better understanding of the driving force under-
lying this mechanism, in terms of specific interactions or effects, as well as in terms of
energy-entropy partitioning. This is done in the simplest possible context of an apo-
lar rigid-wall model representing the membrane, and mixtures of closely related and
possibly artificial species in solution, namely monomers or dimers of Lennard-Jones
particles, water with physical or reduced charges, and hydroxymethyl groups. The
results indicate that although the sugar-like mechanism seems phenomenologically
reasonable, the main driving force underlying this mechanism is not the entropy gain
upon releasing water molecules into the bulk, as originally suggested, but rather the
hydrophobic effect. Note that the latter effect is a generic concept and may in prin-
ciple involve both a solvent release and an interaction component, depending on the
solute considered.

References: A. Choutko, W.F. van Gunsteren and P.H. Hünenberger
Chem. Phys. Chem., submitted (2011)
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Title: Reoptimized interaction parameters for the peptide-backbone
model compound N-methylacetamide in the GROMOS force field:
Influence on the folding properties of two β-peptides.

Researchers: B.A.C. Horta∗

Z. Lin∗

W.F. van Gunsteren∗

P.H. Hünenberger∗

Institute/
Group:

∗ Laboratory of Physical Chemistry

Description :

Considering N-methylacetamide (NMA) as a model compound, new interaction pa-
rameters are developed for the amide function in the GROMOS force field, that are
compatible with the recently derived 53A6OXY parameter set for oxygen-containing
chemical functions. The resulting set is referred to here as 53A6OXY+A. This new
set represents a significant improvement over the earlier GROMOS force-field ver-
sions in the context of the pure-liquid properties of NMA, including the density, heat
of vaporization, self-diffusion constant, and viscosity. The agreement with experi-
ment in terms of the hydration free energy of NMA is also improved. Since NMA
represents the simplest possible peptide-backbone model compound, 53A6OXY+A is
expected to provide an improved description of polypeptide chains. As an initial test
for the performance of 53A6OXY+A in this context, simulations are also reported for
two β-peptides characterized by very different folding properties in methanol. For
these systems, earlier force-field versions provided good agreement with experimental
NMR data, and the test shows that the improved description achieved in the context
of NMA is not accompanied with any deterioration in the representation of the con-
formational properties of these peptides. Work is currently in progress following the
same strategy to define improved interaction parameters for all nitrogen-containing,
sulfur-containing and aromatic compounds necessary for spanning the entire range
of amino-acid side chains occurring in natural polypeptides.

References: B.A.C. Horta, Z. Lin, W.F. van Gunsteren and P.H. Hünenberger
J. Chem. Theory Comput., submitted (2011).
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Title: Single-ion solvation. Experimental and theoretical approaches to
elusive thermodynamic quantities.

Researchers: P.H. Hünenberger∗
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Group:

∗ Laboratory of Physical Chemistry

Description :

This book provides an up-to-date and consistent account of a research field that has
over hundred years of history and remains nowadays largely unsettled: single-ion
solvation thermodynamics. Ions are ubiquitous in chemical, technological, ecological
and biological processes. Characterizing their role in these processes requires in
the first place the evaluation of the thermodynamic parameters associated with
the solvation of a given ion. Yet, due to the constraint of electroneutrality, the
involvement of surface effects and the ambiguous connection between microscopic
and macroscopic descriptions, the determination of single-ion solvation properties
via both experimental and theoretical approaches has turned out to be a very difficult
and highly controversial problem. By reviewing the various approaches employed
to date, establishing the relevant connections between single-ion thermodynamics
and electrochemistry, resolving conceptual ambiguities, and reporting an exhaustive
data compilation (in the context of alkali and halide hydration, along with relevant
values for the proton), this book provides a consistent synthesis of a large and
sometimes very confusing research field. It represents an essential text for in-depth
understanding and further research.

References: P. Hünenberger and M. Reif
RSC Theoretical and Computational Chemistry Series, ISBN: 978-
1-84755-187-0 (2011).
See http://www.csms.ethz.ch/single ion solvation
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Title:   Turbulent reactive flow

Researchers:  Michael Wild
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Institute/  Institute of Fluid Dynamics
Group:  Prof. Patrick Jenny

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 im-
provements, 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 func-
tion (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. 

Development of PDF solution algorithms: 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. 
Currently, with the objective to address more realistic reactive flow problems, a new hybrid 
FV/MC solution algorithm is developed and implemented in OpenFOAM.

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.
Recent developments are a new model, where reaction and mixing are treated simultaneously,  
a mixing model conditional on velocities, a model for turbulence modulation due to sprays, 
and a PDF model for premixed combustion based on flame surface density propagation.
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Title:   Flow and transport in porous and fractured media 
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Description:
Flow and transport in porous media has many applications in earth science, energy science, 
and many other areas. Examples in which we are interested are oil and gas recovery, CO2 
storage in geological sub-surface formations, geothermal power exploration, and uncertainty 
assessment of flow and transport. 

Multi-scale modeling: This is a collaboration with Dr. Seong Lee (Chevron). One of the ma-
jor 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 het-
erogeneous porous media. 
Currently it is investigated how the robustness with regard to permeability contrast and vari-
ance can be improved by an appropriate choice of the coarse cell boundaries.

Hierarchical model of fractured reservoirs: This is an interdisciplinary  collaboration with 
various earth scientists of ETH Zürich. In the context of geothermal power production, a 
modeling framework for flow and transport in fractured porous media is currently  being cre-
ated. 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.
Recent developments include consistent corrections of transmissibility values and currently 
convergence studies and comparisons with established methods are performed.

Uncertainty assessment of scalar transport in porous media: This is a collaboration with 
Prof. Christoph Schwab, Prof. Siddhartha Mishra (both SAM, ETHZ), Prof. Peter Arbenz (D-
INF, ETHZ), and Prof. Hamdi Tchelepi (Stanford University). The transport  of chemical sub-
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stances in the subsurface is relevant in many different applications. For example, for the as-
sessment of nuclear waste deposition sites or for the coordination of remediation actions after 
a contamination hazard, predictive simulation tools are required. These tools have to account 
for the uncertainty in the soil parameters, since measurements of the subsurface structure are 
typically very scarcely available. The main goal is to develop a simulation framework for 
tracer flow and transport that  provides probabilistic information about local tracer concentra-
tion evolutions. A probability density function (PDF) method was developed that is applicable 
for highly heterogeneous porous media. It  accounts for advective transport, pore-scale disper-
sion, and chemical reactions. Alternatively, polynomial chaos and Karhunen-Loève expansion 
techniques are applied to investigate and simulate the transfer of uncertainty from the soil pa-
rameters to the flow- and transport-dependent quantities.
Currently a Lagrangian approach for multi-phase flow in combination with a multi-level 
Monte-Carlo method is developed.

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 moti-
vated 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 concentra-
tion in the Earth’s atmosphere. Our research in this area is conducted in collaboration with the 
Department of Energy Resources Engineering 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 vol-
umes 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. Non-equilibrium disso-
lution 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 as-
sumptions at the moment closure level.
The current effort deals with a quantitative validation of the approach. Using reference data 
from pore-network simulations it shall be demonstrated that the stochastic model can be 
closed by extracting minimal empirical information and then allows to make predictions.
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Description:
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 sci-
entists, physicists and engineers.

Modeling the cerebral blood flow: This is a collaboration with Prof. Bruno Weber (Univer-
sity of Zürich), Prof. Alfred Buck (University  Hospital Zürich) and Prof. Marco Stampanoni 
(University  of Zürich and Paul Scherrer Institut). 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 as it  ensures that the brain's 
spatio-temporally  changing demands for glucose and oxygen are always met. Synchrotron 
radiation based X-ray tomographic microscopy (srXTM) is used to acquire 3D data of the 
cerebral angioarchitecture of macaque and rat animal models. At 700 nm resolution, the vas-
culature is fully resolved down to capillary level. A Vascular Graph (VG) model for CBF 
simulation has been developed that can operate on these vessel networks. The model allows 
for pressure and flow computations, as well as simulations of advective and diffusive trans-
port within the vasculature and surrounding tissue. Moreover, an upscaling scheme has been 
devised and tested that significantly reduces the computational cost while preserving the accu-
racy  of the simulations to a high degree. The method is based on replacing the discrete topol-
ogy of the capillary bed by a coarser representative network of similar fluid-dynamical prop-
erties. Recently, a stochastic framework for the generation of artificial but realistic vessel 
networks has been devised and implemented. The large networks that can be produced in this 
fashion help to reduce the influence of boundary-condition inaccuracies.
Currently a realistic, large network is created with a small domain in the center, where the real 
sample shall be studied.

Dynamics of flow with particles (erythrocytes) in capillary networks: This is a collabora-
tion with Dr. Dominik Obrist (Institute of Fluid Dynamics, ETH), Prof. Bruno Weber (Uni-
versity  of Zürich) and Prof. Alfred Buck (University Hospital Zürich). The rheological influ-
ence of red blood cells (RBCs) is an active field of research. While hematocrit dependent vis-
cosity  and other phenomena are well described in the literature, the dramatic impact of RBCs 
on blood flow in capillary networks has not been sufficiently appreciated. A discrete simula-
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tion framework was developed in which the erythrocytes are resolved. The number of RBCs 
in any given capillary relates linearly to the pressure drop along the vessel. At bifurcations, a 
simple but well confirmed rule is applied to determine the direction of RBC flow, namely that 
the red cells follow the path of the steepest (local) pressure gradient. The application of the 
bifurcation rule and RBC-dependent resistance has strong impact on the flow and transport 
processes within the capillary network. RBC seeded flow differs fundamentally  from pure 
blood-plasma flow (i.e. different flow patterns rather than simple rescaling). A continuum 
model was devised in which the average number of red cells in a capillary segment is treated 
as a real number. It has the advantage of being applicable to large capillary networks, where a 
discrete treatment of RBCs would be computationally too expensive. The continuum model 
has been extended to work with vascular networks that contain both capillaries and non-
capillaries. The goal was to perform blood flow simulations on large, physiological networks 
that explicitly take the rheological influence of red cells into account. This provides a unique 
opportunity to study the fascinating self-regulation of blood flow mediated by RBCs and will 
have enormous impact on our understanding of cerebral blood flow in general, and oxygen 
supply in particular.
Currently numerical experiments are performed to test a hypothesis regarding micro flow 
regulation at capillary level. 

Biomedical Optics and Salmonella dynamics: We developed an efficient Monte Carlo algo-
rithm and simulator for scattering of polarized light, which we employ ti investigate improved 
methods for biomedical optics; the same simulator is also applied to study Salmonella dynam-
ics. 
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Description:
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 sce-
narios 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 Fokker-Planck model: This project started as a collabo-
ration 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 consid-
ered. In addition, a novel integration technique allows for time steps independent of the sto-
chastic 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 ki-
netic 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 re-
gime. 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 equilib-
rium 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. By  introducing a cubic non-linear drift term, 
the model leads to the correct Prandtl number of 2/3 for monatomic gas, which is crucial to 
study heat transport  phenomena. Moreover, a highly accurate scheme to evolve the computa-
tional particles in velocity- and physical space is constructed. An important property  of this 
integration scheme is that it  ensures energy conservation and honors the tortuosity of particle 
trajectories. Especially in situations with small to moderate Knudsen numbers this allows to 
proceed with much larger time steps than with direct simulation Monte Carlo (DSMC), i.e. 
the mean collision time not necessarily  has to be resolved, and thus leads to more efficient 
simulations. 
Recent developments are a generalization for diatomic gas and a wall model, which can ac-
count for redistribution of internal energy modes.
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Description:
While large eddy simulation (LES) is a very powerful approach to model turbulent flows, it  is 
not yet widely used in industrial workflows. This is mainly due to the high computational 
cost, which is Reynolds number dependent, if wall turbulence is involved. Another difficulty 
is the choice of an appropriate computational grid. Motivated by these shortcomings, various 
hybrid LES/RANS methods have been proposed. A major challenge thereby is to determine 
the RANS and LES regions and to provide valid boundary  conditions between them. We fol-
low a new approach which is based on simultaneous LES and RANS simulations, which are 
coupled via forcing terms to ensure internal consistency. This allows to overcome most of the 
problems at RANS/LES interfaces, which are intrinsic in other hybrid methods.
Recently  it has been demonstrated that robust and consistent coupling of an LES and a RANS 
simulation, which employ different grids, can be achieved. 
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Description:
The technology of morphing wings has a high potential, since many more degrees of freedom 
can be employed to adapt and control a wing for different purposes in different environments. 
This project is a collaboration with Profs. Paolo Ermanni, Eduardo Mazza and Manfred Mo-
rari (ETH Zürich). Our role is to build predictive virtual models, which allow to design the 
required structure and control algorithms.
Recently  it was demonstrated that it is possible to extract  energy from shear flows, but  unfor-
tunately  the amount is relatively small in realistic turbulent atmospheres. Currently the aero-
dynamics of oscillating ring wings is investigated.
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Title:   Error thresholds for topological quantum computing proposals 
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Description: 
 
Sensitivity to noise makes most of the current quantum computing schemes prone to error and 
nonscalable, allowing only for small proof-of-principle devices.  Topologically-protected 
quantum computing aims at solving this problem by encoding quantum bits and gates in 
topological properties of the hardware medium that are immune to noise that does not impact the 
entire medium at once. There are different approaches to achieve topological stability or active 
error correction, ranging from quasiparticle braidings to spin models and topological color codes 
that use brane-net condensates in 3-colexes. The stability of these proposals against noise can be 
quantified by the error threshold. This figure of merit can be computed by mapping the problem 
onto complex statistical mechanical spin models with local disorder on nontrival lattices that can 
have many-body interactions or are described by lattice gauge theories. The error threshold then 
represents the point in the temperature-disorder phase diagram where a stable ferromagnetic 
phase vanishes. Using large-scale Monte Carlo simulations the stability of topological quantum 
computing proposals (topological color codes, Kitaev model) against different kinds of errors is 
studied.  The results illustrate the generic robustness of topologically-protected quantum 
computing proposals, thus paving the road towards stable and scalable systems. 
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Ruben S. Andrist, Helmut G. Katzgraber, H. Bombin, and M.-A.  Martin-Delgado, New. J. Phys, 
13, 083006 (2011) 
Helmut G. Katzgraber, H. Bombin, Ruben S. Andrist and M.-A.  Martin-Delgado, Phys. Rev. A 
81, 012319 (2010) 
Helmut G. Katzgraber, H. Bombin, and M.-A. Martin-Delgado, Phys. Rev. Lett. 103, 090501 
(2009) 
 
 
 
 

111



Title:   Three-spin spin-glass models as toy models to understand structural  
   glasses 
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   ** Theoretische Physik, ETH Zürich 
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Description: 
 
We study a p-spin spin-glass model to understand if the finite-temperature glass transition found 
in the mean-field regime of p-spin models, and used to model the behavior of structural glasses, 
persists in the nonmean-field regime. By using a three-spin spin-glass model with long-range 
power-law diluted interactions we are able to continuously tune the (effective) space dimension 
via the exponent of the interactions. Monte Carlo simulations of the spin-glass susceptibility and 
the two-point finite-size correlation length show that deep in the nonmean-field regime, the 
finite-temperature transition is lost whereas this is not the case in the mean-field regime, in 
agreement with the prediction of Moore and Drossel [Phys. Rev. Lett. 89, 217202 (2002)] that 
three-spin models are in the same universality class as an Ising spin glass in a magnetic field. 
However, slightly in the nonmean-field region, we find an apparent transition in the three-spin 
model, in contrast to results for the Ising spin glass in a field. This may indicate that even larger 
sizes are needed to probe the asymptotic behavior in this region. 
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Title:   Evidence of a theromadynamic glass transition in the 10-state non-mean- 
   field Potts glass 
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Description: 
 
Potts glasses are prototype models that have been used to understand the structural glass 
transition. However, in finite space dimensions a glass transition remains to be detected in the 10-
state Potts glass. Using a one-dimensional model with long-range power-law interactions we 
present evidence that a glass transition below the upper critical dimension can exist for short-
range systems at low enough temperatures. Gaining insights into the structural glass transition for 
short-range systems using spin models is thus potentially possible, yet difficult. 
 
References: 
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Title:   Universality in phase boundary slopes for spin glasses on self dual lattices 
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Description: 
 
We study the effects of disorder on the slope of the disorder--temperature phase boundary near 
the Onsager point (Tc = 2.269...) in spin-glass models. So far, studies have focused on marginal 
or irrelevant cases of disorder. Using duality arguments, as well as exact Pfaffian techniques we 
reproduce these analytical estimates. In addition, we obtain different estimates for spin-glass 
models on hierarchical lattices where the effects of disorder are relevant. We show that the phase-
boundary slope near the Onsager point can be used to probe for the relevance of disorder effects. 
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Description: 
 
We present zero-temperature simulations for the single-particle density of states of the Coulomb 
glass. Our results in three dimensions are consistent with the Efros and Shklovskii prediction for 
the density of states.  Finite-temperature Monte Carlo simulations show no sign of a 
thermodynamic glass transition down to low temperatures, in disagreement with mean-field 
theory. Furthermore, the random-displacement formulation of the model undergoes a transition 
into a distorted Wigner crystal for a surprisingly broad range of the disorder strength. 
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Title:   Optimizing glassy p-spin models 
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Description: 
 
Computing the ground state of Ising spin-glass models with p-spin interactions is, in general, an 
NP-hard problem. In this work we show that unlike in the case of the standard Ising spin glass 
with two-spin interactions, computing ground states with p=3 is an NP-hard problem even in two 
space dimensions. Furthermore, we present generic exact and heuristic algorithms for finding 
ground states of p-spin models with high confidence for systems of up to several thousand spins. 
Finally, we demonstrate that our heuristic optimization algorithm that combines a local search 
with triadic crossover genetic updates is capable of sampling uniformly among ground-state 
configurations in spin-glass-like Hamiltonians with p-spin interactions in d space dimensions that 
have highly degenerate ground states. Using this algorithm we probe the zero-temperature 
ferromagnet--spin-glass transition of two example models, the disordered version of the two-
dimensional three-spin Baxter-Wu model [q_c = 0.1072(1)] and the three-dimensional Edwards-
Anderson model [q_c=0.2253(7)], by computing the Binder ratio of the ground-state 
magnetization. 
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Description: 
 
Using large-scale Monte Carlo simulations that combine parallel tempering with specialized 
cluster updates, we show that Ising spin glasses with Levy-distributed interactions share the same 
universality class as Ising spin glasses with Gaussian or bimodal-distributed interactions. 
Corrections to scaling are large for Levy spin glasses. In order to overcome these and show that 
the critical exponents agree with the Gaussian case, we perform an extended scaling of the two-
point finite size correlation length and the spin glass susceptibility. Furthermore, we compute the 
critical temperature and compare its dependence on the disorder distribution width to recent 
analytical predictions [J. Stat. Mech. (2008) P04006]. 
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Description: 
 
We numerically investigate the necessary ingredients for reentrant behavior in the phase diagram 
of physical systems. Studies on the possibly simplest model that exhibits reentrance, the two-
dimensional random bond Ising model, show that reentrant behavior is generic whenever 
frustration is present. For both discrete and continuous disorder distributions, the phase diagram 
in the disorder-temperature plane is found to be reentrant, where for some disorder strengths a 
paramagnetic phase exists at both high and low temperatures, but an ordered ferromagnetic phase 
exists for intermediate temperatures. 
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Description:

The inner ear hosts the balance sense (semicircular canals and otolith organs) as well as
the sensory hearing organ (cochlea).
We study the (patho-)physiology of the semicircular canals and the cochlea with numer-
ical simulations. While the cochlea requires a careful simulation of a highly unsteady
flow with tight fluid-structure interaction (FSI), the simulation of the semicircular canals
involves the simulation of particle sedimentation. Settling particles in the semicircular
canals (SCC) 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. However, only little is known about the
mechanisms of BPPV.
Another pathologic mechanism for vertigo is known as Tullio’s phenomenon. For affected
patients, energy transfer is possible between the organs of hearing and balance. Therefore
the sensation of sound results in a misleading flow inside the SCCs which triggers abnormal
eye movement and thus vertigo. Numerical investigations are performed with the open
source software OpenFOAM and include pulse propagation and FSI on a finite-volume
grid of the SCCs.
In order to study BPPV, we chose the method of fundamental solutions (MFS) to develop
a numerical model of the flow in two- and three-dimensional semicircular canals. MFS
is a meshless method but, unlike the traditional boundary element methods, the source
points of the fundamental solutions are located outside the computational domain. An
optimal location of the collocation points on the boundary and of the source points outside
the domain yields spectral convergence. Unfortunately, this optimal configuration is not
known a priori and sub-optimal configurations may lead to numerical instability. Based
on several numerical experiments, we proposed a stable and efficient multilayer version of
MFS for the solution of Stokes problems.
The proposed MFS solver is easily extended for the simulation of BPPV and first numerical
experiments with particles have been performed. Moreover, a morphological model of the
anatomy of the inner ear labyrinth has been reconstructed from bio-images and is available
for numerical simulations.

References: See separate list.
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Description:

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.
We implemented ADM in the semi-industrial finite-volume code NSMB with full sup-
port of domain decomposition and parallel computing. We used NSMB with ADM to
investigate film cooling of turbine blades, a state-of-the-art cooling technique. First, the
dominant vortex structures (counter-rotating vortex pair, horseshoe vortex, hairpin vor-
tices) of the flow were visualized. Furthermore, the flow inside and beneath the cooling
holes, which is generally inaccessible to experimental measurements, has been analyzed.
Second, 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 turbulent versus laminar boundary layer flow on this specific
scenario. Third, we investigated the flow field and cooling performance of an arrangement
with two rows of cooling holes that are yawed. The beneficial effect of this arrangement
on the cooling performance, that has been demonstrated experimentally in the literature,
were simulated for realistic blowing ratios. Furthermore, the impact of the yaw angle on
the cooling distribution was studied by parameter variation.

References: See separate list.
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Description:

Aerodynamically generated noise plays a significant role in the development of jet engines.
The high unsteadiness of the flow during the turbulent breakdown of the jet is the major
source of sound pressure waves emitted to the far field. Time-dependent flow simulations
using high-order numerical schemes are able to accurately predict this jet noise without
empiricism and to obtain insight in the underlying noise generation mechanism.
In the work of Keiderling (Diss. ETH No. 17955, 2008) large-eddy simulations (LES)
were performed using ADM as a subgrid-scale model. Based on this and other numerical
and experimental work it became obvious that the jet nozzle itself plays an important role
in the jet noise simulations in order to bring results in closer agreement with experiments.
The present work deals with the integration of the nozzle into the existing simulation
setup. The computational expense for the simulation at relevant Reynolds numbers is
immense and will be further increased as the viscous sublayer of the flow within the nozzle
now needs to be resolved in order to obtain reliable results with the LES approach. A
massively parallel version of the existing code was developed using the Message Passing
Interface (MPI) to achieve acceptable turn-around times of the jet simulations. 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.
Furthermore, we investigate the stability and transitional behaviour of swirling jets at
medium to high swirl numbers. At sufficiently high azimuthal velocity the jets breaks
down and an elongated recirculation zone around the centerline develops. This flow state
is governed by strong helical modes dominating the conical shear layers. A single helix
instability is believed to undergo a change from a convectively to a globally unstable state
overwhelming the entire flow. The global mode then acts as a ‘wave-maker’ for the flow
field imposing a dominant frequency on the conical shear layer.
We study the influence of the nozzle on the breakdown behaviour of this swirling jet.
The nozze lip is believed to have an important impact on the mode selection in the flow
region behind the nozzle. Our investigation also includes the influence of the azimuthal
shear layers within and outside the nozzle on the mode selection mechanism. Our aim is
to get a better more insight on the swirl numbers necessary for a vortex breakdown (for
our specific setup) and to understand the hysteresis behaviour of the swirling jet at high
swirl number.
References: See separate list.
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Institute/ Institute of Fluid Dynamics
Group: Prof. L. Kleiser

Description:

The first project deals with direct and large-eddy simulations of miscible fluid flows. The
motion of such flows is partially governed by its density differences, which are either due
to different densities of the involved fluids or due to suspended particles. An appropriate
simulation code must allow for high accuracy at relatively little computational cost and
for a high scalability with the problem size on massively-parallel computers. To this end,
a high order (typically 4th or 6th order) simulation code for incompressible flows has been
developed, employing compact finite differences on staggered grids in space and a (semi-
)implicit time integration scheme. This approach permits an iterative solution for the
pressure and an efficient 3D data decomposition. The scalability with the problem size
has been demonstrated for a channel flow in a weak scaling test with up to 100 billion
grid points and 400 billion unknowns. To further increase the Reynolds number range,
we added different sub-grid scale models to perform large-eddy simulations.
To model density differences (e.g. due to salinity or suspended particles), additional trans-
port equations can be solved on the Eulerian grid. Further, a Lagrangian particle approach
has been implemented where additional momentum equations are solved for each particle.
In return, the transported concentrations and particles give an additional force term in
the Navier-Stokes equations (two-way coupling). Currently, the flow solver is applied to
different multiphase flows in oceanic environments, such as model estuaries and turbidity
currents. In model estuaries, the focus is on the mixing of freshwater with saltwater as
well as the transport of suspended sediment particles or pollutants in the fluid. In tur-
bidity currents, the Lagrangian particle description is used to gather more information on
particle-settling mechanisms due to turbulence.

The second project deals with abrasive water jet cutting. In recent years the use of
abrasive water jet technology has become increasingly popular for material cutting appli-
cations. The aim of this project is to model the abrasive water jet, more precisely the
mixing process between particles and the jet in the cutting head.
For the computations, the open source code OpenFOAM is used. High Reynolds numbers
and particle loadings require the use of the Reynolds-averaged Navier-Stokes equations
and turbulence models. Preliminary numerical studies were carried out on jets where good
agreement with analytical solutions for single-phase configurations and reasonable and
perspicuous results for two-phase flows were achieved. With OpenFOAM, wall bounded
flow simulations of single- and two-phase configurations were carried out at low Reynolds
numbers and different particle loadings. The current work focuses on accurately modeling
the turbulence of the different phases.

References: See separate list.
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Description:

During the beginning of 2011 we focused on studying the influence of nanorod inclu-
sions on structure and primitive path network of polymer nanocomposites at equilibrium
and under deformation [1], we developed a method for the smooth full field reconstruc-
tion of velocity and its gradients from noisy scattered velocimetry data [2], proposed
a method for the morphology control of hairy nanopores [3], obtained the ideal con-
tribution to the macroscopic, quasiequilibrium entropy of anisotropic fluids [4], devel-
oped a numerical method to molecularly derive a constitutive equation for low-molecular
polymer melts from thermodynamically guided simulation [5], studied the effect of sol-
vent quality on colloid-brush interactions [6], of relevance for dendronized polymers,
large synthetic structures with molecular precision [7]. We currently attempt to extend
the simulation methods towards the modeling of CNT buckypaper, systems containing
copolymers and nanoinclusions, and crosslinked polymer brushes. Details available at
http://www.complexfluids.ethz.ch

[1] G.N. Toepperwein, N.C. Karayiannis, R.A. Riggleman, M. Kröger, J.J. de Pablo, Macro-
molecules 44 (2011) 1034-1045.
[2] M. Sadati, C. Luap, M. Kröger, A.A. Gusev, H.C. Öttinger, J. Rheol. 55 (2011) 353-377.
[3] O. Peleg, M. Tagliazucchi, M. Kröger, Y. Rabin, I. Szleifer, ACS Nano 5 (2011) 4737-4747.
[4] P. Ilg, M. Hütter, M. Kröger, Phys. Rev. E 83 (2011) 061713.
[5] P. Ilg, M. Kröger, J. Rheol. 55 (2011) 69-93.
[6] A. Halperin, M. Kröger, E.B. Zhulina, Macromolecules 44 (2011) 3622-3638.
[7] B. Zhang, R. Wepf, K. Fischer, M. Schmidt, S. Besse, P. Lindner, B.T. King, R. Sigel, P.
Schurtenberger, Y. Talmon, Y. Ding, M. Kröger, A. Halperin, A.D. Schlüter, Angew. Chem. Int.
Ed. 50 (2011) 737-740.
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Description: 
Advanced numerical simulation tools can greatly accelerate the development and facilitate the 
design of novel nanoelectronic devices, provided that they contain enough physics and rapidly 
deliver reliable results. After 40 years of aggressive scaling according to Moore’s law, the di-
mensions of transistors, the active components of integrated circuits, have reached the nano-
meter scale and do not exceed a few atomic layers. Investigating the performance of such de-
vices demands for state-of-the-art computational models with an atomistic resolution of the 
simulation domain and a proper inclusion of the required quantum mechanical effects. 
We are developing and applying different parallel numerical tools in order to determine how 
transistors will look like in 10 years from now, how they can become more efficient, and how 
their power consumption can be reduced. To help experimentalists visualize the ultra-scaled 
structures they fabricate, we are also working on new numerical models to improve the resolu-
tion of images from scanning electron microscopy (SEM). One of the codes that we have de-
veloped, OMEN, a massively parallel and multi-dimensional quantum transport simulator re-
cently reached a sustained performance of more than 1 petaflop/s on 222,000 cores of the 
CRAY-XT5 Jaguar at Oak Ridge National Laboratory (ORNL) Most of the simulations are 
carried either on Jaguar or Kraken at ORNL or on Rosa at CSCS in Manno. The following 
pictures illustrate some of our research activities: 

 
Example of nanoscale devices: (a) Ultra-thin-body field-effect transistor (FET), (b) Nanowire FET, (c) Carbon 
nanotube FET, (d) Graphene Nanoribbon FET, (e) comparison between experimental (solid blue lines) and simu-
lation results (red points) for a III-V high electron mobility transistor (HEMT) fabricated at MIT (f) spectral cur-
rent through a nanowire FET illustrating the electron-phonon scattering mechanism  
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Description: We have developed a high-resolution massively parallel ro-
bust finite volume code termed SURYA to simulate the outer solar at-
mosphere (photosphere, chromosphere and corona). The code is based
on high-order finite volume schemes for the Godunov-Powell form of the
MHD equations and a well-balanced discretization to preserve magneto-
hydrostatic equilibria. Highlights include the simulation of Alfven waves
and the ability of the code to handle real data sets. Ongoing work focuses
on the inclusion of radiation by designing an efficient scheme for radiation
MHD. Further validation with observed data sets from SOHO and HIN-
ODE is ongoing.

Publications:

1. Well balanced high-order finite volumes schemes for the simulation of
wave propagation in three-dimensional non-isothermal stratified magneto-
atmospheres, F. Fuchs, A. McMurry, S. Mishra, N.H. Risebro and K.
Waagan, SAM report, 2010-27.

2. Simulating waves in the upper solar atmosphere with SURYA: A well-
balanced high-order finite volume code, F. Fuchs, A. McMurry, S.
Mishra and K. Waagan, Astrophysical Journal, To appear, SAM report
2010-47.
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Title: Arbitrarily high-order entropy stable finite volume schemes for sys-
tems of conservation laws.

Researchers: S. Mishra, U.S. Fjordholm, E. Tadmor (U. Maryland).
Institute: Seminar for Applied Mathematics (SAM), ETH Zürich.
Description: Systems of conservation laws modelling physical and engi-
neering systems are equipped with an entropy formulation that provides
stability estimates and selects the physically meaningful. We design arbi-
trarily high-order entropy stable schemes for a general system of conser-
vation laws by combining entropy conservative fluxes with high-order nu-
merical diffusion operators based on the ENO (essentially non-oscillatory)
reconstruction. The schemes are applied to the shallow water equations
and the Euler equations of gas dynamics. Ongoing work focuses on exten-
sion these high-order entropy stable schemes to unstructured grids and to
the MHD equations.
Publications:

1. U.S. Fjordholm, S. Mishra and E. Tadmor, Energy preserving and
energy stable schemes for shallow water equations with bottom topog-
raphy, Jl. Comput. Phys, 230, 2011, 5587-5609.

2. U.S. Fjordholm, S. Mishra and E. Tadmor, ENO reconstruction and
ENO interpolation are stable, Research Report 2011-38, SAM, ETH
Zürich.

3. U.S. Fjordholm, S. Mishra and E. Tadmor, Arbitrarily high order ac-
curate entropy stable essentially non-oscillatory schemes for systems of
conservation laws, Research Report 2011-39, SAM, ETH Zürich.
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Description: Arbitrarily high-order space-time (implicit) DG schemes
for systems of conservation laws are designed using the entropy variables
as the degrees of freedom. Suitable streamline diffusion and residual based
shock capturing operators are need for stability. Various theoretical esti-
mates have been obtained and implementation issues addressed. Future
work is focused on the design of efficient preconditioners for improving the
efficiency of the solution of resulting non-linear systems at every time step.

Publications:

1. Entropy stable shock capturing streamline diffusion space-time dis-
continuous Galerkin (DG) methods for multi-dimensional systems of
conservation laws, A. Hiltebrand and S. Mishra, In preparation, 2011.
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Researchers: S. Mishra, H. Kumar (U. Bordeaux).

Institute: Seminar for Applied Mathematics (SAM), ETH Zürich.

Description: The two-fluid MHD equations consist of the Euler equa-
tions for the ion and electron plasmas coupled to the Maxwell equations
of electromagnetism through the Lorentz force. The two-fluid MHD equa-
tions model finite Larmor radius effects like fast magnetic reconnection.
The current project aims at the development of a robust numerical frame-
work to discretize the two-fluid MHD equations for realistic parameters.
We have designed high-resolution entropy stable schemes for the two-fluid
MHD equations and novel IMEX time stepping algorithms to handle stiff
source terms. Ongoing research aims at the development of a fully un-
structured Discontinuous Galerkin (DG) scheme to simulate the two-fluid
MHD equations for realistic charge to mass ratios.
Publications:

1. Entropy stable numerical schemes for two-fluid MHD equations, H.
Kumar and S. Mishra, SAM report 2011-22.

2. Implicit-Explicit Runge-Kutta methods for two-fluid MHD equations,
H. Kumar, SAM report 2011-26.

128



Title: Stable numerical schemes for the Hall-MHD equations.

Researchers: S. Mishra, P. Corti.

Institute: Seminar for Applied Mathematics (SAM), ETH Zürich.

Description: . Hall-MHD equations can model finite Larmor radius ef-
fects like magnetic reconnection. In this model, the MHD equations are
augmented with a Ohm’s law that includes magnetic resistivity, electron
inertia and the Hall effect. The first phase of the project considers the Hall
induction equations and designs stable high-order finite difference schemes
to approximate them. In the second phase, we aim to develop robust pre-
conditioners for a DG discretization of the Hall induction equations. These
methods are coupled with standard MHD solvers to simulate the full Hall-
MHD equations in an efficient manner.
Publications:

1. Stable finite difference schemes for the magnetic induction equation
with Hall effect, P. Corti and S. Mishra, SAM report 2011-23.
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Title: Robust numerical approximation of small-scale dependent shock
waves.
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Institute: Seminar for Applied Mathematics (SAM), ETH Zürich.

Description: Small scale dependent shock waves arise in a number of in-
teresting hyperbolic systems where the solution depends explicitly on the
underlying small scale behavior. For non-conservative hyperbolic systems,
such as the multi-layer shallow water equations, we design a new class of
entropy conservative (ECPC) and entropy stable (ESPC) path conservative
schemes with the numerical viscosity being based on the underlying phys-
ical viscosity. Similarly for boundary value problems, we design schemes
whose equivalent equation matches the underlying PDE, to leading order.
In both cases, the schemes approximate the physically relevant solution.
Publications:

1. U. S. Fjordholm and S. Mishra, Accurate numerical discretizations
of non-conservative hyperbolic systems, M2AN Math. Model. Num.
Anal to appear. Research Report N. 2010–25, Seminar für Angewandte
Mathmatik ETH Zürich, 2010.

2. M. J. Castro, U. S. Fjordholm, S. Mishra and C. Parés, Entropy con-
servative and entropy stable schemes for non-conservative hyperbolic
systems, Research report NN. 2011-49, SAM ETH Zurich.

3. S. Mishra and L. V. Spinolo.Accurate numerical schemes for approx-
imating initial-boundary value problems for systems of conservation
laws, Research report NN. 2011-58, SAM ETH Zurich.
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Title: Multi-level Monte-Carlo (MLMC) methods for quantifying uncer-
tainty in hyperbolic PDEs

Researchers: S. Mishra, C. Schwab and J. Sukys.

Institute: Seminar for Applied Mathematics (SAM), ETH Zürich.

Description: Uncertainty quantification (UQ) is a grand challenge in nu-
merical computation of conservation laws. We develop novel MLMC meth-
ods to quantify uncertainty efficiently. These methods are far superior to
Monte Carlo methods as they have the same (asymptotic) complexity as a
single deterministic solve. Furthermore, they are superior to deterministic
methods such as stochastic Galerkin and Collocation as they are robust
with respect to the presence of very large number of sources of uncertainty
as well as when the solutions can be discontinuous wrt to the stochastic
variables (as in nonlinear hyperbolic equations). We have design a novel
load balancing strategy to efficiently parallelize the method such that is
scales on massively parallel hardware platforms.
Publications:

1. S. Mishra and C. Schwab, Sparse tensor multi-level Monte Carlo finite
volume methods for hyperbolic conservation laws with random initial
data. Math. Comput., to appear, 2011.

2. S. Mishra, Ch. Schwab and J. Sukys, Multi-level Monte carlo finite
volume methods for non-linear systems of conservation laws in multi-
dimensions, Research Report 2011-2, SAM, ETH Zürich.

3. J. Sukys, S. Mishra and Ch. Schwab Static load balancing for multi-
level Monte Carlo nite volume solvers , Research Report 2011-32, SAM,
ETH Zürich.
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Description:  

  

Proteins fold on a time scale incompatible with a mechanism of random search in conformational 
space thus indicating that somehow they are guided to the native state through a funneled 
energetic landscape. At the same time the heterogeneous kinetics suggests the existence of 
several different folding routes. Here we propose a scenario for the folding mechanism of the 
monomer of HIV–1 protease in which multiple pathways and milestone events coexist. A variety 
of computational approaches supports this picture. These include very long all-atom molecular 
dynamics simulations in explicit solvent, an analysis of the network of clusters found in multiple 
high-temperature unfolding simulations and a complete characterization of free-energy surfaces 
carried out using a structure-based potential at atomistic resolution and a combination of 
metadynamics and parallel tempering. Our results confirm that the monomer in solution is stable 
toward unfolding and show that at least two unfolding pathways exist. In our scenario, the 
formation of a hydrophobic core is a milestone in the folding process which must occur along all 
the routes that lead this protein towards its native state. Furthermore, the ensemble of folding 
pathways proposed here substantiates a rational drug design strategy based on inhibiting the 
folding of HIV–1 protease. 
 

References:  PLoS ONE, 5 (10), 13208, 2010, DOI: 10.1371/journal.pone.0013208 
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Description:  

 

The path integral molecular dynamics (PIMD) method provides a convenient way to compute the 
quantum mechanical structural and thermodynamic properties of condensed phase systems at the 
expense of introducing an additional set of high frequency normal modes on top of the physical 
vibrations of the system. Efficiently sampling such a wide range of frequencies provides a 
considerable thermostatting challenge. Here we introduce a simple stochastic path integral 
Langevin equation (PILE) thermostat which exploits an analytic knowledge of the free path 
integral normal mode frequencies. We also apply a recently developed colored noise thermostat 
based on a generalized Langevin equation (GLE), which automatically achieves a similar, 
frequency-optimized sampling. The sampling efficiencies of these thermostats are compared with 
that of the more conventional Nosé–Hoover chain (NHC) thermostat for a number of physically 
relevant properties of the liquid water and hydrogen-in-palladium systems. In nearly every case, 
the new PILE thermostat is found to perform just as well as the NHC thermostat while allowing 
for a computationally more efficient implementation. The GLE thermostat also proves to be very 
robust delivering a near-optimum sampling efficiency in all of the cases considered. We suspect 
that these simple stochastic thermostats will therefore find useful application in many future 
PIMD simulations. 
 
 
References:  J. Chem. Phys. 133, 124104, 2010, DOI: 10.1063/1.3489925  
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Description:   

 

The authors introduced a comprehensive framework to use a custom-tailored Langevin equation 
with correlated-noise in the context of molecular-dynamics simulations. Here it is established 
how such a framework can be used to selectively excite normal modes whose frequency falls 
within a prescribed, narrow range. Possible application of this technique to the diagonalization of 
large matrices is also discussed. 
 

 

References: T. Schneider and E. Stoll, Molecular-dynamics study of a three-
dimensional one-component model for distortive phase transitions,  
Phys. Rev. B 17 (3) (1978), pp. 1302–1322 

 Procedia Computer Science, 1, 1607-1614, 2010 
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Description: 

   

A new self-learning algorithm for accelerated dynamics, reconnaissance metadynamics, is 
proposed that is able to work with a very large number of collective coordinates. Acceleration of 
the dynamics is achieved by constructing a bias potential in terms of a patchwork of one-
dimensional, locally valid collective coordinates. These collective coordinates are obtained from 
trajectory analyses so that they adapt to any new features encountered during the simulation. We 
show how this methodology can be used to enhance sampling in real chemical systems citing 
examples both from the physics of clusters and from the biological sciences. 
 

 

References:  PNAS, 107 (41), 17509-17514, 2010,  
   DOI:10.1073/pnas.1011511107/-/DCSupplemental 
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Description:   

 
Based on ab-initio simulations, we propose a scenario for the decomposition pathway of Li amide 
into Li imide and ammonia ( 2 LiNH2 -> Li2NH + NH3 ) which represents the first step of the 
dehydrogenation reaction of the  LiNH2 / LiH mixture. Activation energies for formation of NH3 
in LiNH2, for diffusion of charged species (H+, Li+) in LiNH2 and Li2NH, for H+/Li+ transfer 
across the LiNH2 / Li2NH  interface and for NH3 desorption at the surface of LiNH2 and Li2NH 
have been computed from first principles. The results actually suggest that the transformation 
path depends on the surface-to-volume ratio of the LiNH2 crystallites. 
 
 
References:   J. Phys. Chem. C, 114 (35), 15174-15183, 2010,  

DOI: 10.1021/jp100723p 
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Description:   

 

Owing to their small mass, hydrogen atoms exhibit strong quantum behavior even at room 
temperature. Including these effects in first-principles calculations is challenging because of the 
huge computational effort required by conventional techniques. Here we present the first ab initio 
application of a recently developed stochastic scheme, which allows to approximate nuclear 
quantum effects inexpensively. The proton momentum distribution of lithium imide, a material of 
interest for hydrogen storage, was experimentally measured by inelastic neutron-scattering 
experiments and compared with the outcome of quantum thermostatted ab initio dynamics. We 
obtain favorable agreement between theory and experiments for this purely quantum-mechanical 
property, thereby demonstrating that it is possible to improve the modeling of complex hydrogen-
containing materials without additional computational effort. 
 

References:  Phys. Rev. B, 82, 174306, 2010, DOI: 10.1103/PhysRevB.82.174306  
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Description:   

 

Based on ab initio molecular dynamics simulations, we investigate the low-temperature crystal 
structure of Li2NH which in spite of its great interest as H-storage material is still a matter of 
debate. The dynamical simulations reveal a precise correlation in the fractional occupation of Li 
sites which leads average atomic positions in excellent agreement with diffraction data and solves 
the inconsistencies of previous proposals. 
 

References:  Phys. Rev. B, 83, 054119, 2011, DOI: 10.1103/PhysRevB.83.054119 
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Description:   

Five novel anhydrous inorganic−organic frameworks based on crystalline modifications of 
lithium tartrate (tart2− = C4H4O6

2−) have been synthesized by solvothermal means and 
investigated by single crystal X-ray and computational methods. Reactions between lithium 
acetate dihydrate and l-tartaric acid yielded three chiral compounds, LiH(l-tart) in space group 
P21 (1), Li2(l-tart), P212121 (2), and Li2(l-tart), C2221 (3), a polymorph of 2. Two achiral 
compounds, Li2(meso-tart), P21/c (4) and Li2(d,l-tart), C2/c (5), were obtained from the reaction 
of lithium acetate dihydrate with meso-tartaric acid and d,l-tartaric acid, respectively. The singly 
deprotonated tartrate 1 contains isolated LiO4 tetrahedra, while the tetrahedra in the doubly 
deprotonated tartrates 2−5 share corners to form parallel chains. The tartaric acid ligands employ 
a variety of binding modes to connect the inorganic moieties, resulting in nonporous three-
dimensional frameworks in all cases. The relative formation energies of structures 2−5 were 
calculated using density functional theory (DFT) methods and are found to be within the narrow 
range of ca. 5 kJ mol−1 when electronic energies only are considered. However, when the 
contributions of zero point vibrational energy (ZPVE) and thermal vibrational energy are 
considered, the relative energy range increases to ca. 15 kJ mol−1. Analysis of the vibrational 
modes shows that the non-negligible difference in ZPVE arises from degrees of freedom 
associated with the heavy backbone atoms rather than, for example, O−H modes. 

 
References:  Crystal Growth & Design, 11, 221 – 230, 201, DOI: 10.1021/cg101170k 
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Description:   

 

The quantum nature of nuclei plays an important role in the accurate modelling of light atoms 
such as hydrogen, but it is often neglected in simulations due to the high computational overhead 
involved. It has recently been shown that zero-point energy effects can be included comparatively 
cheaply in simulations of harmonic and quasiharmonic systems by augmenting classical 
molecular dynamics with a generalized Langevin equation (GLE). Here we describe how a 
similar approach can be used to accelerate the convergence of path integral (PI) molecular 
dynamics to the exact quantum mechanical result in more strongly anharmonic systems 
exhibiting both zero point energy and tunnelling effects. The resulting PI-GLE method is 
illustrated with applications to a double-well tunnelling problem and to liquid water. 
 

References:  J. Chem. Phys, 134, 084104, 2011, DOI: 10.1063/1.3556661 
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Description:   

 

 

On the basis of ab initio molecular dynamics simulations, we propose that the Fm m symmetry 
of the high-temperature (above 356 K) phase of Li2NH results from dynamical disorder due to 
fast diffusion of Li interstitials and a slower diffusion of Li vacancies. Still, most of the NH 
groups point tetrahedrally toward the nearest Li vacancy in a geometry reminiscent of the low-
temperature Fd m phase. Li diffusion appears at high temperature due to breaking of the 
tetrahedral clusters of Li interstitials present in our model of the low-temperature Fd m phase. 

References: J. Phys.Chem. C, 115, 7076-7080, 201, DOI: 10.1088/0952-
8984/23/26/265801  
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Description:   

 

By analyzing the momentum distribution obtained from path integral and phonon calculations we 
find that the protons in hexagonal ice experience an anisotropic quasiharmonic effective potential 
with three distinct principal frequencies that reflect molecular orientation. Due to the importance 
of anisotropy, anharmonic features of the environment cannot be extracted from existing 
experimental distributions that involve the spherical average. The full directional distribution is 
required, and we give a theoretical prediction for this quantity that could be verified in future 
experiments. Within the quasiharmonic context, anharmonicity in the ground-state dynamics of 
the proton is substantial and has quantal origin, a finding that impacts the interpretation of several 
spectroscopies. 
 

References:  Phys. Rev. B, 83, 220302, 2011, DOI: 10.1103/PhysRevB.83.220302 
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Description:  

 

We investigated the structural, electronic and vibrational properties of amorphous and cubic 
Ge2Sb2Te5 doped with N at 4.2 at.% by means of large scale ab initio simulations. Nitrogen can 
be incorporated in molecular form in both the crystalline and amorphous phases at a moderate 
energy cost. In contrast, insertion of N in the atomic form is very energetically costly in the 
crystalline phase, though it is still possible in the amorphous phase. These results support the 
suggestion that N segregates at the grain boundaries during the crystallization of the amorphous 
phase, resulting in a reduction in size of the crystalline grains and an increased crystallization 
temperature. 
 

 
References:  J. Phys. Condens. Matter, 23, 265801, 2011, DOI: 10.1021/jp200076p 
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Description: 

   

The efficiency of parallel tempering simulations is greatly influenced by the distribution of 
replica temperatures. In explicit solvent biomolecular simulations, where the total energy is 
dominated by the solvent, specific heat is usually assumed to be constant. From this, it follows 
that a geometric distribution of temperatures is optimal. We observe that for commonly used 
water models (TIP3P, SPC/E) under constant volume conditions and in the range of temperatures 
normally used, the specific heat is not a constant, consistent with experimental observations. 
Using this fact, we derive an improved temperature distribution which substantially reduces the 
round-trip times, especially when working with a small number of replicas. 
 
 
References: J. Chem. Theory Comput., 7 (7), 2025–2027, 2011,  

DOI: 10.1021/ct200208h 
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Description: 

 

We show the capability of a chirality index (Pietropaolo et al., Proteins 2008;70:667–677) to 
investigate nucleic acid structures because of its high sensitivity to helical conformations. By 
analyzing selected structures of DNA and RNA, we have found that sequences rich in cytosine 
and guanine have a tendency to left-handed chirality, in contrast to regions rich in adenine or 
thymine which show strong negative, right-handed, chirality values. We also analyze RNA 
structures, where specific loops and hairpin motifs are characterized by a well-defined chirality 
value. We find that in nucleosome the chirality is exalted, whereas in ribosome it is reduced. Our 
results illustrate the sensitivity of this descriptor for nucleic acid conformations. 
 
 
References:  Chirality, 23 (7), 534–542, 2011, DOI: 10.1002/chir.20961 
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Description:   

 

A new scheme, sketch-map, for obtaining a low-dimensional representation of the region of 
phase space explored during an enhanced dynamics simulation is proposed. We show evidence, 
from an examination of the distribution of pairwise distances between frames, that some features 
of the free-energy surface are inherently high-dimensional. This makes dimensionality reduction 
problematic because the data does not satisfy the assumptions made in conventional manifold 
learning algorithms We therefore propose that when dimensionality reduction is performed on 
trajectory data one should think of the resultant embedding as a quickly sketched set of directions 
rather than a road map. In other words, the embedding tells one about the connectivity between 
states but does not provide the vectors that correspond to the slow degrees of freedom. This 
realization informs the development of sketch-map, which endeavors to reproduce the proximity 
information from the high-dimensionality description in a space of lower dimensionality even 
when a faithful embedding is not possible. 
 
 
References: PNAS, 108 (3)13023-1302, 2011,  
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Description:   

 
Graphite and diamond have comparable free energies, yet forming diamond from graphite in the 
absence of a catalyst requires pressures that are significantly higher than those at equilibrium 
coexistence. At lower temperatures, the formation of the metastable hexagonal polymorph of 
diamond is favoured instead of the more stable cubic diamond. These phenomena cannot be 
explained by the concerted mechanism suggested in previous theoretical studies. Using an ab 
initio quality neural-network potential, we carried out a large-scale study of the graphite-to-
diamond transition assuming that it occurs through nucleation. The nucleation mechanism 
accounts for the observed phenomenology and reveals its microscopic origins. We demonstrate 
that the large lattice distortions that accompany the formation of diamond nuclei inhibit the phase 
transition at low pressure, and direct it towards the hexagonal diamond phase at higher pressure. 
The proposed nucleation mechanism should improve our understanding of structural 
transformations in a wide range of carbon-based materials. 
 
 
References:  Nature Materials 10, 693–697, 2011, DOI: 10.1038/NMAT3078 
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Description:   

 

In this work, we exploit the chirality index introduced in (Pietropaolo et al., Proteins 2008, 70, 
667) as an effective descriptor of the secondary structure of proteins to explore their complex 
free-energy landscape. We use the chirality index as an alternative metrics in the path collective 
variables (PCVs) framework and we show in the prototypical case of the C-terminal domain of 
immunoglobulin binding protein GB1 that relevant configurations can be efficiently sampled in 
combination with well-tempered metadynamics. While the projections of the configurations 
found onto a variety of different descriptors are fully consistent with previously reported 
calculations, this approach provides a unifying perspective of the folding mechanism which was 
not possible using metadynamics with the previous formulation of PC Vs. 
 

 
References:  J. of Computational Chemistry,  32 (12), 2627, 2011,  
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Description: 
 
Flood disasters are the most common natural risk and tremendous efforts are spent to improve 
their simulation and management. However, simulation-based investigation of actions that can 
be taken in case of flood emergencies is rarely done. This is in part due to the lack of a 
comprehensive framework which integrates and facilitates these efforts. In this paper, we tackle 
several problems which are related to steering a flood simulation. One issue is related to 
uncertainty. We need to account for uncertain knowledge about the environment, such as levee-
breach locations. Furthermore, the steering process has to reveal how these uncertainties in the 
boundary conditions affect the confidence in the simulation outcome. Another important problem 
is that the simulation setup is often hidden in a black-box. We expose system internals and show 
that simulation steering can be comprehensible at the same time. This is important because the 
domain expert needs to be able to modify the simulation setup in order to include local 
knowledge and experience. In the proposed solution, users steer parameter studies through the 
World Lines interface to account for input uncertainties. The transport of steering information to 
the underlying data-flow components is handled by a novel meta-flow. The meta-flow is an 
extension to a standard data-flow network, comprising additional nodes and ropes to abstract 
parameter control. The meta-flow has a visual representation to inform the user about which 
control operations happen. Finally, we present the idea to use the data-flow diagram itself for 
visualizing steering information and simulation results. We discuss a case-study in collaboration 
with a domain expert who proposes different actions to protect a virtual city from imminent 
flooding. The key to choosing the best response strategy is the ability to compare different 
regions of the parameter space while retaining an understanding of what is happening inside the 
data-flow system. 
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Description: 
 
In many scientific simulations, the temporal variation and analysis of features are important. 
Visualization and visual analysis of time series data is still a significant challenge because of the 
large volume of data. Irregular and scattered time series datasets are even more problematic to 
visualize interactively. Previous work proposed functional representation using basis functions as 
one solution for interactively visualizing scattered data by harnessing the power of modern PC 
graphics boards. In this paper, we use the functional representation approach for time-varying 
datasets and develop an efficient encoding technique utilizing temporal similarity between time 
steps. Our system utilizes a graduated approach of three methods with increasing time 
complexity based on the lack of similarity of the evolving datasets. Using this system, we are 
able to enhance the encoding performance for the time-varying datasets, reduce the data storage 
by saving only changed or additional basis functions over time, and interactively visualize the 
time-varying encoding results. Moreover, we present efficient rendering of the functional 
representations using binary space partitioning tree textures to increase the rendering 
performance. 
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Description: 
 
This three volume handbook [1] describes the state of the art of current theory and experiment 
for high-resolution spectroscopy in numerous articles by experts in the field.  
It is the first comprehensive survey of the field since the famous 3 volume textbook series by 
G. Herzberg, of which the last volume appeared in 1966. 
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Description: 
 
The basic experimental and theoretical concepts underlying molecular spectroscopy are 
presented. The equations and relations needed in practical applications of high-resolution 
spectroscopy are provided. Group theoretical tools and their use in high-resolution 
spectroscopy are introduced and illustrated by simple examples. Time-dependent processes 
and quantum dynamics are presented and discussed in relation to spectroscopic observations. 
Coherent and incoherent radiative excitation and radiationless transitions are treated in 
relation to applications in molecular spectroscopy. The importance in relation to theory 
computation is discussed.  
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Description: 
 
We provide a survey of fundamental aspects of vibration–rotation spectra. A basic 
understanding of the concepts is obtained from a detailed discussion of vibration–rotation 
spectra of diatomic molecules with only one vibrational degree of freedom. This includes 
approximate and exact separation of rotation and vibration, effective spectroscopic constants, 
the effects of nuclear spin and statistics, and transition probabilities derived from the form of 
the electric dipole moment function. The underlying assumptions and accuracy of the 
determination of molecular structure from spectra are discussed. Polyatomic molecules show 
many interacting vibrational degrees of freedom. Energy levels and spectra are discussed on 
the basis of normal coordinates and effective Hamiltonians of interacting levels in Fermi 
resonance, and in more complex resonance polyads arising from anharmonic potential 
functions. The resulting time-dependent dynamics of intramolecular energy flow is introduced 
as well. Effective Hamiltonians for interacting rotation–vibration levels are derived and 
applied to the practical treatment of complex spectra. Currently available computer programs 
aiding assignment and analysis are outlined. 
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Description: 
 
A summary of conventions, symbols, quantities, units, and constants which are important for 
high-resolution molecular spectroscopy is provided. In particular, great care is taken to 
provide definitions which are consistent with the recommendations of the IUPAC “Green 
Book”, from which large parts of this article are drawn. While the recommendations in 
general refer to the SI (Système International), the relation to other systems and 
recommendations, which are frequently used in spectroscopy, for instance atomic units, is 
also provided. A brief discussion of quantity calculus is provided as well as an up-to-date set 
of fundamental constants and conversion factors together with a discussion of conventions 
used in reporting uncertainty of experimentally derived quantities. The article thus should 
provide an ideal compendium of many quantities of practical importance in high-resolution 
spectroscopy. The importance of the use of accurate definitions in computation and theory as 
in experiment is made clear. 
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Description: 
 
Analytical representations of potential energy hypersurfaces for the nuclear motion in 
polyatomic molecules from ab initio theory and experiment are discussed in a general way. 
The qualification of potential hypersurface representations from ab initio theory regarding the 
description of experimental data from rovibrational high-resolution spectroscopy and 
chemical reaction kinetics is analyzed in more detail for a restricted group of molecules 
including methane, CH4, ammonia, NH3, H2O2, and (HF)2. Current methods for the derivation 
of analytical representations of potential energy surfaces as well as some applications are 
reviewed.  
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Description: 
 
Parity (P), together with time reversal symmetry (T) and charge conjugation (C) constitute a 
fundamental set of discrete symmetries in physics. We review the current status of molecular 
parity violation in the framework of the fundamental symmetries of physics in general and in 
relation to intramolecular quantum dynamics. Work of the last decade in electroweak 
quantum chemistry, including the weak force of the standard model of particle physics in 
quantum calculations on chiral molecules, has resulted in an increase of the predicted parity 
violating energies by one to two orders of magnitude. This results in a new outlook on 
possible experiments which are discussed. We discuss furthermore the conceptual foundations 
of molecular symmetry breaking (spontaneous, de facto, de lege) in relation to molecular 
chirality, the evolution of biomolecular homochirality and irreversibility and the origin of the 
second law of thermodynamics. It is shown that there arise closely parallel situations in the 
lack of our current understanding of the true physical origins of all three phenomena. For 
molecular chirality some of the fundamental questions have been answered quantitatively by 
recent theory. The new theoretical approaches are summarized briefly, as well as some current 
results. Recent results on a new molecular isotope effect arising from parity violation are 
reviewed as well.  
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Description: 
 
Recent developments and applications of high-resolution Fourier transform spectroscopy are 
reviewed. A short historical summary of the development of high-resolution interferometric 
Fourier transform infrared (FTIR) spectrometers is given and the possibilities of the currently 
most highly resolving FTIR spectrometers, including a current prototype built for the Zürich 
group at the Swiss Light Source SLS as a synchrotron light source, are discussed. A short 
description of the principles of FTIR spectroscopy is given and the resolution of current 
spectrometers is illustrated by FTIR spectra of CO, CO2 OCS, N2O, CS2, and CH4 and its 
isotopomers. The computational tools necessary to analyze FTIR spectra are described briefly. 
As examples of rovibrational analysis of more complex spectra, selected molecules CHCl2F, 
CDBrClF, pyridine (C6H5N) and pyrimidine (C4H4N2), and naphthalene (C10H8) are 
discussed. The spectrum of CHCl2F, a fluorochlorocarbon, is of interest for a better 
understanding of the chemistry of the Earth’s atmosphere. It also possesses an isotopically 
chiral isotopomer CH35Cl37ClF analyzed in natural abundance. CDBrClF is a chiral molecule 
and therefore the analysis of its rovibrational spectra provides the basis for carrying out 
further experiments toward the detection of molecular parity violation. The analyses of the 
pyridine, pyrimidine, and naphthalene FTIR spectra illustrate the potential of the new 
generation of FTIR spectrometers in the study of spectra and rovibrational dynamics of 
aromatic systems and molecules of potential biological interest. In particular, naphthalene is a 
prototype molecule useful in gaining an understanding of the unidentified infrared bands 
(UIBs) detected in several interstellar objects. Computations support the analysis of spectra. 
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Description: 
 
Fourier transform infrared (FTIR) spectrometers and tunable diode lasers in combination with 
a supersonic molecular beam expansion are a perfect tool for the investigation of molecules, 
ions, and radicals at low temperatures. The internal degrees of freedom of the molecules are 
adiabatically cooled to very low temperatures and thus only low-lying energy levels are 
populated. The reduction of the number of populated levels at low temperatures makes the 
assignment of the spectra much easier as compared to the congested room-temperature 
spectra. Under certain conditions, the Doppler linewidths are greatly reduced, corresponding 
to very low effective translational temperatures. Supersonic expansion also provides a suitable 
method for producing and investigating van der Waals clusters and hydrogen-bonded 
complexes. Unstable species such as radicals and ions can be efficiently produced and studied 
in a molecular beam. The low rotational temperature allows for the study of nuclear spin 
symmetry conservation or conversion between nuclear spin isomers. A molecular beam 
expansion can be obtained by expanding gas through a slit or a circular nozzle. Both 
expansion geometries can be used in combination with a multipass optical setup and with 
cavity ring down spectroscopy, which enhances the effective absorption path length. Cooling 
of the molecules can be promoted by seeding in noble gases. This article summarizes the 
general aspects of the experimental technique as well as current developments. To 
demonstrate how powerful the combination of a molecular beam expansion with tunable 
diode laser and FTIR spectroscopy can be, we report results on some important current 
examples. Computations aid the analysis of spectra. 
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Description: 
 
Recent advances in laser spectroscopic techniques make it possible to obtain mass- and 
isotope-selective infrared spectra of gas-phase species at high resolution and reduced hot-band 
spectral congestion. In these techniques, infrared excitation is coupled with ultraviolet 
multiphoton ionization and detection of the resulting ions in a mass spectrometer, which 
allows the separation of contributions of different isotopomers and, more generally, species of 
different mass in a mixture. In combination with jet cooling techniques, spectra are obtained 
for very cold molecules. These spectra can then be analyzed to extract information on 
dynamical processes such as intramolecular vibrational redistribution or tunneling and 
rearrangement processes, and on how intramolecular dynamics is influenced by vibrational 
excitation and isotope effects. In this review, we introduce isotope-selective infrared 
spectroscopic techniques and present some selected applications on isotope effects and 
intramolecular dynamics of vibrationally excited chloroform, aniline, and benzene obtained 
by isotope-selective infrared spectroscopy. Computations aid the analyses of spectra.  
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Description: 
 
We report a rotationally resolved analysis of the high resolution FTIR spectrum of 
naphthalene which can be considered as a prototypical molecule for polycyclic aromatic 
hydrocarbons (PAHs), and a similar analysis for the prototypical heterocyclic aromatic 
molecule indole. The spectra have been measured using a resolution of 0.0008 cm–1 (21 MHz) 
with the new high resolution FTIR prototype spectrometer of the Molecular Kinetics and 
Spectroscopy Group at ETH Zürich. The spectrometer is connected to the infrared port 
available at the Swiss Light Source (SLS) at the Paul-Scherrer-Institute (PSI). Due to the high 
brightness of the synchrotron radiation in the spectral region of interest, effectively up to 20 
times brighter than thermal sources, and the high resolution of the new interferometer, it was 
possible to record the rotationally resolved infrared spectra of naphthalene and indole at room 
temperature, and to analyse the ν46 c-type band ( 0ν  = 782.330949 cm–1) of naphthalene as 
well as the ν35 c-type band ( 0ν  = 738.483592 cm–1) of indole and an a-type band at 0ν  = 
790.864370 cm–1 tentatively assigned as the overtone 2ν40 of indole. The results of the 
naphthalene band analysis are discussed in relation to the Unidentified Infrared Band (UIB) 
found in interstellar spectra at 12.8 mm. The analysis of the spectra needs extensive 
computations. 
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Description: 
 
We review the frontiers of spectroscopy from a historical perspective, starting with the 
development of atomic spectroscopy about 150 years ago, followed by some comments on 
selected previous Faraday Discussions. As the spectrum of frontiers at the Faraday Discussion 
150 is very broad, we give only a brief survey providing a map of the various frontiers 
approached today. This is followed by an exemplary discussion of one particular frontier 
towards the spectroscopic detection of symmetry violations in fundamental physics. In 
particular the understanding of parity violation in chiral molecules has recently made great 
progress. We briefly describe the advances made in recent decades as well as the current 
status of theory and experiments in this exciting field of research. We conclude with an 
outlook on open questions and frontiers of the future in spectroscopy. The importance of 
relating theory and experiment by computations is made clear. 
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Description: 
 
A brief description of the current status of computing parity violating frequency shifts is 
presented. 
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Description: 
 
We report a brief analysis of the title topic. 
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Description: 
 
Computations predict parity violating effects in chiral molecules. Here we describe possible 
experiments. 
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Description: 
 
The title subject is treated [1], see also [2, 3, 4] 
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Description: 
 
We report computations of the title subject. 
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We report theory and computations of the title subject [1] (see also [2, 3]). 
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We report results on the title subject. 
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We report results on the title subject [1] (see also [2]). 
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We review the title subject in the light of current computations of parity violation in 
molecules.  
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Description:

The frozen-density embedding (FDE) scheme [ Wesolowski and Warshel, J. Phys. Chem.
97, 8050 (1993) ] relies on the use of approximations for the kinetic-energy compo-
nent vT[ρ1,ρ2] of the embedding potential. While with approximations derived from
generalized-gradient approximation kinetic-energy density functional weak interactions
between subsystems such as hydrogen bonds can be described rather accurately, these
approximations break down for bonds with a covalent character. Thus, to be able to
directly apply the FDE scheme to subsystems connected by covalent bonds, improved
approximations to vT are needed. As a first step toward this goal, we have implemented
a method for the numerical calculation of accurate references for vT. We presented accu-
rate embedding potentials for a selected set of model systems, in which the subsystems
are connected by hydrogen bonds of various strength (water dimer and F–H–F−), a co-
ordination bond (ammonia borane), and a prototypical covalent bond (ethane). These
accurate potentials are analyzed and compared to those obtained from popular kinetic-
energy density functionals.
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Description:

In this paper a detailed investigation of the basis set convergence for the calculation of
relativistic electron densities at the position of finite-sized atomic nuclei is presented.
The development of Gauss-type basis sets for such electron densities is reported and the
effect of different contraction schemes is studied. Results are then presented for picture-
change corrected calculations based on the Douglas-Kroll-Hess Hamiltonian. Moreover,
the role of electron correlation, the effect of the numerical integration accuracy in density
functional calculations, and the convergence with respect to the order of the Douglas-
Kroll-Hess Hamiltonian and the picture-change-transformed property operator are stud-
ied.
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Description:

The accurate description of spin-spin interactions in transition-metal cluster chemistry
is a mandatory step to understanding and modelling the properties and reactivities
of such systems. It cannot be achieved without a profound knowledge of the basic
theory. Therefore, we provided a survey from the most fundamental relativistic quantum
chemical concepts and subsequent approximations towards conceptual problems such as
the denition of local spin which does not emerge naturally from quantum theory. The
concept of local spins plays a central role because it allows for a rigorous interpretation
of the wave function in terms of magnetic coupling behavior of the interacting (metal)
centers. We discussed the relevance and consequences of these concepts for transiton-
metal chemistry and point to problems and pitfalls that may arise from state-of-the-art
DFT calculations on transition-metal clusters.

References: R. Podewitz, M. Reiher, Adv. Inorg. Chem., 2010, 62, 177.
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Description:

The calcium complex [(thf)4Ca(PPh2)2] is a very effective catalyst for the
hydrophosphanylation of substituted alkynes; yielding (E)-1,2-diphenyl-1-
diphenylphosphanylethene and (Z)-1-phenyl-2-diphenylphosphanyl-1-propene. The
calcium-mediated hydrophosphanylation of butadiynes proceeds less selectively and
diverse products are obtained such as 1,4-substituted 1,4-bis(diphenylphosphanyl)-1,3-
butadienes , 1,4-diphenyl-1,2-bis(diphenylphosphanyl)-1,3-butadiene, and 1,4-di(tert-
butyl)-1,4-bis(diphenylphosphanyl)buta-1,2-diene. Besides these regioisomers also
several configuration isomers with respect to the C=C double bonds [(E)/(Z) isomerism]
are obtained. A catalytic cycle can be formulated with the first addition of a Ca–P
bond of the catalyst to a C–C triple bond always leading to the formation of an
intermediate with the newly formed C-P bond in 1-position whereas the remaining
phosphanido calcium fragment binds to the carbon in 2-position. The addition of a
second diphenylphosphane is much faster and therefore, only two-fold hydrophosphany-
lated butadiynes are observed. Neither addition products with only one HPPh2 group
nor those with more than two PPh2 substituents are obtained.

References: T. M. A. Al-Shboul, V. K. Palfi, L. Yu, R. Kretschmer,
K. Wimmer, R. Fischer, H. Görls, M. Reiher, M. Westerhausen,
Organomet. Chem., 2010, 696, 216.
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Description:

We present a procedure to construct a configuration-interaction expansion containing ar-
bitrary excitations from an underlying full-configuration-interaction-type wave function
defined for a very large active space. Our procedure is based on the density-matrix renor-
malization group (DMRG) algorithm that provides the necessary information in terms
of the eigenstates of the reduced density matrices to calculate the coefficient of any basis
state in the many-particle Hilbert space. Since the dimension of the Hilbert space scales
binomially with the size of the active orbital space, a sophisticated Monte Carlo sampling
routine is employed to collect the most important configurations. This sampling algo-
rithm can also construct configuration-interaction-type wave functions from any other
type of tensor network states. The configuration-interaction information obtained serves
several purposes. It yields a qualitatively correct description of the molecule’s electronic
structure, it allows us to analyze DMRG wave functions converged for the same molec-
ular system but with different parameter sets (e.g., different numbers of active-system
(block) states), and it can be considered a balanced reference for the application of a
subsequent standard multi-reference configuration-interaction method.

References: K. Boguslawski, K. H. Marti, M. Reiher, J. Chem. Phys., 2011,
134, 224101.

176



Title: Can DFT Accurately Predict Spin Densities? Analysis of Discrep-
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Description:

Iron nitrosyl complexes are a notably challenging case for density functional theory. In
particular for the low-spin states, different exchange–correlation functionals yield dis-
parate spin density distributions [Conradie and Ghosh, J. Phys. Chem.B, 2007, 111,
12621-12624]. We investigate the origin of these differences in detail by analyzing the
Kohn–Sham molecular orbitals. Furthermore, to decide which exchange–correlation
functionals yield the most accurate spin densities, we compare to complete-active-space
self-consistent-field calculations. To ensure that the spin density distribution is converged
with respect to the dimension of the active orbital space, this comparison is performed
for the [Fe(NO)]2+ molecule as a model system. We find that none of the investigated
exchange–correlation functionals is able to reproduce the CASSCF spin densities accu-
rately.

References: K. Boguslawski, Ch. R. Jacob, M. Reiher, J. Chem. Theory
Comp., 2011, 7, 2740.
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Description:

The application of [FeFe] hydrogenases for renewable energy production is limited by
the generally high O2-sensitivity of this class of enzymes. The process of O2 induced
inhibition is still not well understood.
In this work we studied energetical differences in oxygen coordination at the active sites
of [FeFe] and monoiron (Hmd) hydrogenase as obtained from DFT calculations. Whereas
O2 addition is clearly exothermic in the case of [FeFe] hydrogenase it is endothermic for
monoiron hydrogenase. By applying a recently proposed concept [Inorg. Chem. 2010,
49, 5818] that allows us to structurally and electronically relate both active sites we
showed that we obtain an inversion in oxygen affinity when we mutually exchange the first
ligand sphere of the central iron atoms of both catalytic centers. Modified Hmd active
sites can bind O2 exothermically whereas O2 addition to the altered H-cluster variants
is less exothermic than in the wild-type configuration. Our results show that oxygen
affinity is not very strong when measured in terms of the coordination energy. Hence,
changes in the first ligand shell of the reactive iron atoms under retaining similar ligand
spheres, i.e., same type of ligands in the same positions of the coordination octahedron,
can render oxygen coordination endo- or exothermic. This observation could explain the
difference in oxygen sensitivity of Hmd and [FeFe] hydrogenases.

References: M. T. Stiebritz, A. R. Finkelmann, M. Reiher, Eur. J. Inorg.
Chem., 2011, 7, 1163.
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Description:

The theory of the electron density in quantum chemistry has been reviewed and we
studied to which extent relativistic effects on the chemistry are recovered by approximate
relativistic Hamiltonians. For this purpose, an overview on different approximations
to the fully relativistic many-electron Hamiltonian has been presented. In addition,
new results, considering correlation effects on the electron density of a transition metal
complex are presented.

References: S. Fux, M. Reiher, Struct. Bonding, 2011
DOI: 10.1007/430 2010 37.
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Description:

The electrostatic contribution to the Mössbauer isomer shift of mercury for the series
HgFn (n = 1, 2, 4) has been investigated in the framework of four- and two-component
relativistic theory. Replacing the integration of the electron density over the nuclear
volume by the contact density leads to a 10 % overestimation of the isomer shift. The
systematic nature of this error suggests that it can be incorporated into a correction
factor, thus justifying the use of the contact density for the calculation of the Mössbauer
isomer shift. The performance of several density functionals for the calculation of con-
tact densities has been assessed by comparing with finite-field four-component relativistic
CCSD(T) calculations. For the absolute contact density of the mercury atom, the Den-
sity Functional Theory (DFT) calculations are in error by about 0.5 %, a result that
must be judged against the observation that the change in contact density along the
series HgFn (n = 1, 2, 4), relevant for the isomer shift, is on the order of 50 ppm with re-
spect to absolute densities. Projection analysis shows the expected reduction of the 6s1/2
population at the mercury center with an increasing number of ligands, but also brings
into light an opposing effect, namely the increasing polarization of the 6s1/2 orbital due
to increasing effective charge of the mercury atom, which explains the nonmonotonous
behavior of the contact density along the series. The same analysis shows increasing co-
valent contributions to bonding along the series with the effective charge of the mercury
atom reaching a maximum of around +2 for HgF4 at the DFT level, far from the formal
charge +4 suggested by the oxidation state of this recently observed species.

References: S. Knecht, S. Fux, R. van Meer, L. Visscher, M. Reiher, T. Saue,
Theor. Chem. Acc., 2011, 129, 631-650.
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Description:

A method was proposed for the automated generation of potential energy surfaces in
high dimensions. It combines the existing algorithm for the definition of new energy
data points based on the interpolating moving least squares algorithm with a simulated
annealing procedure. This method was then studied in a haptic quantum chemistry
environment that requires a fast evaluation of gradients on a potential energy surface
with automatic improvement of its accuracy. As an example we investigated the nitrogen
binding pathway in the Schrock dinitrogen fixation complex with this set-up.

References: M. P. Haag, K. H. Marti, M. Reiher, ChemPhysChem, 2011, DOI:
10.1002/cphc.201100539.
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Description:

The Cartesian Tensor Transfer Method (CTTM) was proposed by Bour, Keiderling and
co-workers as an efficient way to calculate infrared, Raman, and Raman Optical Ac-
tivity (ROA) spectra for large molecules from the Hessian matrix and property tensor
derivatives calculated for smaller molecular fragments. Although this approach has been
widely used, its reliability has not been analyzed in depth yet. Especially for ROA spec-
tra, such an analysis became only recently possible because of methodological advances
that allow for the calculation of full ROA spectra of fairly large molecules with large
basis sets. In this work, we investigated an α-helical polypeptide of 20 alanine amino
acids, for which we reported the full ROA spectra earlier, in order to study the CTTM
for protein subunits. By comparing the full first-principles calculation of the vibrational
spectra with spectra reconstructed with the CTTM from different fragment sizes, we
found that infrared and Raman spectra are mostly well reproduced. However, this is not
the case for the ROA spectrum. This might have implications for peptide and protein
CTTM ROA spectra that have already been published in the literature.

References: N. S. Bieler, M. P. Haag, Ch. R. Jacob, M. Reiher, J. Chem.
Theory Comput., 2011, 7, 1867.
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Description:

Electronic structure theory faces many computational challenges in transition metal
chemistry. Usually, density functional theory is the method of choice for theoretical
studies on transition metal complexes and clusters mostly because it is the only feasible
one, although its results are not systematically improvable. By contrast, multirefer-
ence ab initio methods could provide a correct description of the electronic structure,
but are limited to small molecules because of the tremendous computational resources
required. In recent years, conceptually new ab initio methods emerged that turned
out to be promising for theoretical coordination chemistry. We discussed two efficient
parametrization schemes for the electronic wave function, the matrix product states and
the complete-graph tensor network states. Their advantages are demonstrated at the
example of transition metal complexes. Especially, tensor network states might provide
the key to accurately describe strongly correlated and magnetic molecular systems in
transition metal chemistry.

References: K. Marti, M. Reiher, Phys. Chem. Chem. Phys., 2011, 13, 6750.
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Description:

We have studied transition metal clusters from a quantum information theory perspec-
tive using the density-matrix renormalization group (DMRG) method. We demonstrated
the competition between entanglement and interaction localization and discuss the ap-
plication of the configuration interaction-based dynamically extended active space pro-
cedure, which significantly reduces the effective system size and accelerates the speed
of convergence for complicated molecular electronic structures. Our results indicate the
importance of taking entanglement among molecular orbitals into account in order to
devise an optimal DMRG orbital ordering and carry out efficient calculations on tran-
sition metal clusters. Apart from these algorithmic observations, which lead to a recipe
for black-box DMRG calculations, our work provides physical understanding of electron
correlation in molecular and cluster structures in terms of entropy measures of relevance
also to recent work on tensor-network representations of electronic states. We also iden-
tify those molecular orbitals which are highly entangled and discuss the consequences
for chemical bonding and for the structural transition from an dioxygen binding copper
cluster to an bis-oxygen-bridged system with broken O-O bond.

References: G. Barcza, Ö. Legeza, K. Marti, M. Reiher, Phys. Rev. A, 2011,
83, 012508.
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Description:

The structure of {a±, a±, b∓}-type Coulombic systems is characterized by the effective
ground-state density of the a-type particles, computed via non-relativistic quantum me-
chanics without the introduction of the Born–Oppenheimer approximation. A structural
transition is observed when varying the relative mass of the a- and b-type particles, e.g.,
between atomic H− and molecular H+

2
. The particle-density profile indicates a molecular-

type behavior for the positronium ion, Ps−.

References: E. Mátyus, J. Hutter, U. Müller-Herold, and M. Reiher,
Phys. Rev. A, 2011, 83, 052512.
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Description:

We elaborated on the state of the art in computational bioinorganic chemistry and
aim at identifying and defining the most difficult obstacles in the process of obtaining
unambiguous and predictive results from quantum chemical calculations. We proposed
and analysed well-known as well as new concepts for overcoming some of these obstacles.

References: M. Podewitz, M.T. Stiebritz, M. Reiher, Faraday Discuss., 2011,
148, 119.
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Description:

The past decades have witnessed considerable progress in the development of theoret-
ical methods and tools to calculate a large variety of properties of chemical interest—
including structural parameters, reaction energies, or spectroscopic parameters— from
the first principles of quantum mechanics. Among these methods, density functional
theory (DFT) is today the technique of choice for many applications in a wide range of
areas, and especially for the description of transition metal complexes. Unfortunately,
present-day DFT still suffers from major deficiencies which are mostly due to the ap-
proximate nature of the exchangecorrelation functionals. Recent developments in the
analysis of the shortcomings of standard density functionals have been reviewed, and
the difficulties encountered in a study of a water-splitting dinuclear ruthenium catalyst
have been studied.

References: M. Podewitz, T. Weymuth, M. Reiher, in Modeling of Molecular
Properties (Ed. P. Comba), p. 139, 2011, Wiley-VCH.
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Zürich
2Center for Functional Nanostructures, Karlsruhe Institute of
Technology, 76131 Karlsruhe

Description:

β-turns belong to the most important secondary structure elements in proteins. On the
basis of density functional calculations, vibrational Raman optical activity signatures
of different types of β-turns are established and compared as well as related to other
signatures proposed in the literature earlier. Our findings indicate that there are much
more characteristic ROA signals of β-turns than have been hitherto suggested. These
suggested signatures are, however, found to be valid for the most important type of β-
turns. Moreover, we compare the influence of different amino acid side chains on these
signatures and investigate the discrimination of β-turns from other secondary structure
elements, namely α- and 310-helices.

References: T. Weymuth, Ch. R. Jacob, M. Reiher, ChemPhysChem, 2011,
12, 1165.
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Zürich
2Department of Biotechnology and Biosciences, and Department
of Environmental Science, University of Milano-Bicocca, 20126
Milan, Italy
3Department of Theoretical Chemistry, Lund University, Chemical
Center, POB 124, Lund 22100, Sweden

Description:

We employed density functional theory to assign vibrational signatures of [FeFe]-
hydrogenase intermediates to molecular structures. For this purpose, we performed
an exhaustive analysis of structures and harmonic vibrations of a series of CN and
CO containing model clusters of the [FeFe]-hydrogenase enzyme active site considering
also different charges, counterions, and solvents. The pure density functional BP86 in
combination with a triple-ζ polarized basis set produce reliable molecular structures as
well as harmonic vibrations. Calculated CN and CO stretching vibrations are analyzed
separately. Scaled vibrational frequencies are then applied to assign intermediates in
[FeFe]-hydrogenase’s reaction cycle. The results nicely complement the previous studies
of Darensbourg and Hall, and Zilberman et al. The infrared spectrum of the Hox form is
in very good agreement with the calculated spectrum of the Fe(I)Fe(II) model complex
featuring a free coordination site at the distal Fe atom, as well as, with the calculated
spectra of the complexes in which H2 or H2O are coordinated at this site. The spectrum
of Hred measured from Desulfovibrio desulfuricans is compatible with a mixture of a
Fe(I)Fe(I) species with all terminal COs, and a Fe(I)Fe(I) species with protonated dtma
ligand, while the spectrum of Hred recently measured from Chlamydomonas reinhardtii is
compatible with a mixture of a Fe(I)Fe(I) species with a bridged CO, and a Fe(II)Fe(II)
species with a terminal hydride bound to the Fe atom.

References: L. Yu, C. Greco, M. Bruschi, U. Ryde, L. De Gioia, M. Reiher,
Inorg. Chem., 2011, 50, 3888.
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Description:  
We envision an adaptive hybrid particle-mesh method that can be efficiently implemented on 
large distributed-memory parallel computers. In this method, the particles and meshes self-
organize according to adjustable interaction potentials akin to those used in molecular 
dynamics simulations. This provides flexibility to redistribute the available resolution, even 
during a simulation. In deterministic simulations, this is achieved by consistently computing 
the particle kernels (basis functions for function and operator approximation) on the fly, at no 
additional cost. In stochastic simulations, we use van-Kampen (volume) expansions to 
factorize the Master equation, yielding algorithms of high computational efficiency, even for 
high-dimensional problems. 
 
References:  
R. Ramaswamy and I. F. Sbalzarini. A partial-propensity formulation of the stochastic 
simulation algorithm for chemical reaction networks with delays. J. Chem. Phys., 
134(1):014106, 2011.  
Also published in: Virtual Journal of Biological Physics Research 21(2), 2011. 
J. A. Helmuth, S. Reboux, and I. F. Sbalzarini. Exact stochastic simulations of intra-cellular 
transport by mechanically coupled molecular motors. J. Computational Science, in print, 
2011. 
O. Awile, F. Büyükkeçeci, S. Reboux, and I. F. Sbalzarini. Fast neighbor lists for adaptive-
resolution particle simulations. Comput. Phys. Commun., in revision, 2011. 
S. Reboux, B. Schrader, and I. F. Sbalzarini. Adaptive-resolution particle method using self-
organizing Lagrangian particles. J. Comput. Phys., in revision, 2011. 
R. Ramaswamy and I. F. Sbalzarini. Exact on-lattice stochastic reaction-diffusion simulations 
using partial-propensity methods. J. Chem. Phys., submitted, 2011. 
B. Schrader, S. Reboux, and I. F. Sbalzarini. Choosing the best kernel: performance models 
for diffusion operators in particle methods. SIAM J. Sci. Comput., submitted, 2011. 
O. Demirel, B. Schrader, and I. F. Sbalzarini. A parallel particle method for solving the EEG 
source localization forward problem. In Proc. 6th Intl. Symp. Health Informatics and 
Bioinformatics (HIBIT), pages 154–158, Izmir, Turkey, May 2011. 
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Description:  
 
While the need for supercomputing is spreading from traditional applications to all areas of 
science and engineering, programming and using multi-core distributed-memory computers 
has not become any easier. We conceive of an abstract language in which the semantics of 
parallel simulations can be specified at a high level, and then automatically translated to 
source code containing the appropriate sequence of calls to a middleware. The paradigm is 
based on a sufficient set of abstract distributed data types and operations. These abstractions 
provide a semantic view that separates computation from communication and hence enables 
predicting the parallel efficiency of a simulation from its abstract high-level description. We 
plan to implement such abstractions in a parallel middleware akin to the PPM Library we co-
developed earlier. Further, a code generator will be developed that automatically translates 
high-level descriptions of particle-mesh simulations to the corresponding source code 
containing the appropriate calls to the middleware. 
 
References: 
I. F. Sbalzarini. Abstractions and middleware for petascale computing and beyond. Intl. J. 
Distr. Systems & Technol., 1(2):40–56, 2010. 
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library. In Proc. ICNAAM, Numerical Analysis and Applied Mathematics, International 
Conference, pages 1313–1316, Rhodes, Greece, September 2010. AIP. 
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Koumoutsakos. PPM – A Highly Efficient Parallel Particle-Mesh Library for the Simulation 
of Continuum Systems, J. Comput. Phys., 215(2):566-588, 2006. 
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Description:  
 
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 develop computational methods to 
automatically analyze, quantify, and annotate biological image data from fluorescence and 
phase-contrast microscopy. The development focuses on robust and proven (validated, with 
known and guaranteed error bounds and on-line confidence estimates) methods for image 
quantification, segmentation, and tracking as they pertain to biological systems. The methods 
are rooted in the algorithmic and computational framework of particle methods.  
 
 
References: 
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2011.  
 
Oral presentations at the International Conference on Systems Biology (ICSB), Mannheim, 
Germany (invited talk); SystemsX.ch retreat, Murten, Switzerland; NCCBI annual meeting, 
Zurich, Switzerland; Bio-Image Informatics Conference, Washington D.C., USA (invited 
talk).  

192



Title:  Randomized algorithms for black-box optimization  
 
Researchers: Christian L. Müller1) 
  Grégory Paul1)  
  Sebastian Stich1)    
  Ivo F. Sbalzarini1) 
Institute/ 1)MOSAIC Group 
Group:  
 
Description:  
Evolutionary computing is a promising concept for the off-line optimization of complex 
black-box systems and for adaptive Monte Carlo sampling in high-dimensional and non-linear 
probability spaces. The lack of theoretical understanding and of higher-order information 
(e.g., about uncertainties) has, however, limited its practical application. We plan to exploit 
recently discovered connections between optimization and sampling theory to develop robust 
algorithms for optimization and uncertainty quantification in complex (multi-funnel) 
objective functions. Further, we plan to derive an unbiased sensitivity measure on arbitrary 
sampling-point distributions.  
 
References: 
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Institute/Group:  Institute for Atmospheric and Climate Science 
Group of Christoph Schär 

 
Description: 
The main objective of our group is to improve the understanding of the climate system and its 
interactions with the water cycle on time-scales from 1 day to 100 years. Our mission is to 
better understand the underlying mechanisms, trends, variations and extremes; and to improve 
the predictive capabilities and exploitation of weather and climate models. To this end we are 
using global and regional atmospheric models on a wide range of temporal and spatial scales.  
The high-resolution modeling uses the COSMO-CLM 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 will be 
conducted in the framework of IPCC-AR5 at a horizontal resolution of 12 km covering the 
period 1950-2100. Current work is addressing potential changes in heat-wave and heavy 
precipitation events, snow cover, the height dependence of the change signals and aerosol 
effects. In parallel, 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 use of the COSMO-CLM is coordinated by Dr. Daniel Lüthi. 
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 Prof. 
Martin Wild and Dr. Doris Folini, 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 time 
period under consideration covers 1870-2100. The global model simulations provide also 
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: Advanced Methods for Option
pricing beyond Black-Scholes Market Models
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Institute: Seminar for Applied Mathematics
ETH Zürich

Description: We consider the numerical solution of high-dimensional partial(-integro)
differential equations arising in option pricing problems in computational finance along
the following two axes.

Drift dominated markets We deal with the discretization of non-local degenerate
parabolic type equations. This class of equation arises in option pricing problems when
dealing with Lévy driven stochastic volatility models. Well-posedness of the arising equa-
tions is addressed. We develop and analyse stable discretization schemes.

Time-inhomogeneuos markets We analyze parabolic PDEs with certain type of
weakly singular or degenerate time-dependent coefficients and prove existence and unique-
ness of weak solutions in an appropriate sense. A localization of the PDEs to a bounded
spatial domain is justified. For the numerical solution a space-time wavelet discretization
is employed. An optimality result for the iterative solution of the arising systems can be
obtained. Finally, applications to fractional Brownian motion models in option pricing
are presented.

References
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equations of multivariate lévy processes, Tech. Rep. 17, SAM, ETH Zurich, 2011.
http://www.sam.math.ethz.ch/reports/2011/03 (accepted for M3AS).

[2] O. Reichmann, Optimal space-time adaptive wavelet methods for
degenerate parabolic PDEs, Tech. Rep. 03, SAM, ETH, 2011.
http://www.sam.math.ethz.ch/reports/2011/03 (accepted for Numer. Math.).
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Title: Numerical analysis of martingale driven stochastic evolution equations

Researchers: Andrea Barth, Annika Lang, Christoph Schwab

Institute: Seminar for Applied Mathematics (SAM)

Description: The project deals with the error analysis of approximations of different
types of stochastic partial differential equations (SPDEs) driven by square integrable
martingales. SPDEs are considered in the context of stochastic differential equations
taking values in an appropriate Hilbert space. Mean square, Lp, almost sure, and weak
errors are considered. The time discretization schemes include Euler–Maruyama and
Milstein methods in combination with backward Euler and Crank–Nicolson approaches.
Finite dimensional approximations are employed for the space discretization which can
for example be realized by Galerkin methods. The noise approximation is attached to
the space discretization by an adequate truncation of the corresponding Karhunen–Loève
expansion. For weak error approximations, computationally efficient multi-level Monte
Carlo methods are introduced.

[1] A. Barth, A Finite Element method for martingale-driven stochastic partial differential equations,
Comm. Stoch. Anal., 4 (2010), pp. 355–375.

[2] A. Barth and A. Lang, Lp and almost sure convergence of a Milstein scheme for stochastic partial
differential equations. SAM report 2011-15, June 2009.

[3] , Milstein approximation for advection-diffusion equations driven multiplicative noncontinuous
martingale noises. SAM report 2011-36, May 2011.

[4] , Simulation of stochastic partial differential equations using Finite Element methods, Stochas-
tics, (2011), pp. 1–15.

[5] A. Barth, A. Lang, and C. Schwab, Multi-level Monte Carlo Finite Element method for parabolic
stochastic partial differential equations. SAM report 2011-30, May 2011.

[6] A. Lang, Almost sure convergence of a Galerkin approximation for SPDEs of Zakai type driven by
square integrable martingales. SAM report 2011-35, June 2010.

[7] , A Lax equivalence theorem for stochastic differential equations, J. Comput. Appl. Math., 234
(2010), pp. 3387–3396.

[8] , Mean square convergence of a semidiscrete scheme for SPDEs of Zakai type driven by square
integrable martingales, Procedia Computer Science, 1 (2010), pp. 1609–1617. ICCS 2010.

[9] A. Lang, P.-L. Chow, and J. Potthoff, Almost sure convergence of a semidiscrete Milstein
scheme for SPDEs of Zakai type, Stochastics, 82 (2010), pp. 315–326.
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Description:
Wave propagation in locally periodic media is difficult when both the wave length

and the microscopic periodicity length are much smaller than the macroscopic size of
the domain. This high variation makes numerical simulations of realistic locally peri-
odic structures with many replications of the periodic pattern infeasible with standard
discretization techniques such as FDTD or h-, p- and hp-FEM.

In particular we study Photonic Crystals (PhC) structures, which is a locally periodic
dielectric metamaterial used in optical signal processing to mold the flow of light. The
macroscopic PhC device, e.g. a PhC waveguide, is many times larger than the size of
the elementary cell of the crystal. When the frequency is about the same size as the
elementary cell, an instance of high frequency scattering, interesting physical phenomena
appear. The PhC structure can guide an electromagnetic wave with minimal losses
around bends and sharp corners, slow its group velocity and reflect or transmit the wave
depending on slight variations in its frequency.

The project aims at developing a generalized FEM with non-polynomial, problem-
adapted basis functions which can efficiently simulate large PhC structures. Those prob-
lem adapted basis functions have a multiscale nature, where the microscopic part comes
from solving the limit problem of an infinitely replicated PhC, the so called Bloch modes.

References

[1] H. Brandsmeier, K. Schmidt, and C. Schwab, A multiscale hp-FEM for 2d
photonic crystal bands, Journal of Computational Physics, 230 (2011), pp. 349–374.
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Title: High order numerical methods for stochastic hyperbolic
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Institute: Seminar for Applied Mathematics (SAM)

Description:
The project encompasses the analysis and implementation of algorithms for the nu-

merical solution of hyperbolic conservation laws with stochastic coefficients, initial and
boundary data.

We study the conservation laws with Riemann initial data and show that in case of
an uncertain initial discontinuity position the statistical mean, variance, spatio-temporal
correlation functions as well as the coefficients of the gPC expansions have higher degree
of regularity compared to the solution of the deterministic Riemann problem. We study
the effects of the extra smoothness of the gPC coefficients on the convergence rates of the
Stochastic Galerkin method combined with high order finite volume WENO schemes and
demonstrate the high convergence rates in the approximation of gPC expansion terms.

The parametrization of the probability space allows to construct the Stochastic Finite
Volume method (SFV) applicable for the uncertainty quantification in stochastic hyper-
bolic conservation laws. The SFV method is potentially superior to Monte Carlo type
methods in terms of error vs work efficiency. We design the algorithm of SFV method
based on high order ENO/WENO solvers.

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

References

[1] C. Schwab and S. Tokareva, High order approximation of probabilistic shock
profiles in hyperbolic conservation laws with uncertain initial data, SAM Research
report No. 2011-53, (2011). http://www.sam.math.ethz.ch/reports/2011/53.
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Title: Sparse techniques for stochastic PDEs

Researchers: Roman Andreev, Claude Gittelson
Markus Hansen, Christoph Schwab

Institute: Seminar for Applied Mathematics (SAM)

Description: The project encompasses the analysis and implementation of algorithms
for the deterministic numerical solution of elliptic and parabolic boundary value problems
and associated eigenvalue problems with stochastic coefficients. A separation of determin-
istic and stochastic parts reduces the original stochastic problem to a high-dimensional
parametric deterministic problem. In order to overcome this high complexity we use
sparse techniques to approximate the random behavior of the solution, a priori and a
posteriori adaptivity to represent it by as few terms as possible, and computer paral-
lelism to efficiently overcome potential bottlenecks.

We apply sparse approximation techniques and adaptivity in the context of stochastic
Galerkin FEM, stochastic collocation FEM and multi level Monte Carlo methods, see
references below. All methods allow for parallelization. Numerical analysis as well as
implementation, parallelization and testing of the proposed algorithms form the major
part of this project.

[1] R. Andreev and C. Schwab, Sparse Tensor Approximation of Parametric Eigenvalue Problems,
in press, ETH Zürich, 2010. Available at http://www.sam.math.ethz.ch/reports/2010/40.

[2] A. Cohen, R. DeVore, and C. Schwab, Analytic regularity and polynomial approximation of
parametric stochastic elliptic PDEs, Tech. Rep. 2010-3, Seminar for Applied Mathematics, ETH
Zürich, 2010. In review.

[3] C. J. Gittelson, Adaptive Galerkin Methods for Parametric and Stochastic Operator Equations,
PhD thesis, ETH Zürich, 2011. ETH Dissertation No. 19533.

[4] , An adaptive stochastic Galerkin method, Tech. Rep. 2011-11, Seminar for Applied Mathe-
matics, ETH Zürich, 2011.

[5] , Adaptive stochastic Galerkin methods: Beyond the elliptic case, Tech. Rep. 2011-12, Seminar
for Applied Mathematics, ETH Zürich, 2011.

[6] , Adaptive wavelet methods for elliptic partial differential equations with random operators,
Tech. Rep. 2011-37, Seminar for Applied Mathematics, ETH Zürich, 2011.

[7] , Representation of gaussian fields in series with independent coefficients, IMA Journal of
Numerical Analysis, (2011).

[8] , Stochastic Galerkin approximation of operator equations with infinite dimensional noise,
Tech. Rep. 2011-10, Seminar for Applied Mathematics, ETH Zürich, 2011.

[9] , Uniformly convergent adaptive methods for parametric operator equations, Tech. Rep. 2011-
19, Seminar for Applied Mathematics, ETH Zürich, 2011.

[10] C. J. Gittelson, J. Könnö, C. Schwab, and R. Stenberg, The multi-level monte carlo
finite element method for a stochastic brinkman problem, Tech. Rep. 2011-31, Seminar for Applied
Mathematics, ETH Zürich, 2011.
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Description:

We investigate high dimensional transport problems such as the stationary monochro-
matic radiative transfer equation or the Boltzmann transport equation. Due to the high
dimensionality of the problems, novel methods are required to reduce the workload while
maintaining accuracy.

One direction of work are new function systems designed to efficiently capture aniso-
tropic features in two dimensions. Shearlets represent such a system forming a multireso-
lution frame. The assumed advantage of using shearlets is their suitability for capturing
spatial directional irregularities, yielding an efficient adaptive method. The disadvantages
are that shearlets lack a good refinement relation, which complicates the computational
work, and that they are not well suited to use on bounded domains. The shearlet types
investigated appear not to form a frame.

In a different direction, we succeeded in developing a discretization of the radiative
transfer equation which for the first time can be shown to converge at an optimal rate in
terms of arithmetic operations [4].

Furthermore we develop sparse tensor versions of popular solution approaches such
as the discrete ordinates method and the spherical harmonics method to overcome the
curse of dimensionality. These sparse tensor methods achieve convergence rates equal to
those of the full tensor methods up to logarithmic factors, while the number of degrees of
freedom is reduced to that of a purely spatial transport problem, again up to logarithms.
Depending on the problem size, this reduction can correspond to an order of magnitude
fewer degrees of freedom.

Numerical experiments in two physical and one angular dimension show evidence for
the theoretical estimates to hold in practice.

[1] E. Fonn, Shearlet galerkin for transport equations: implementation and stability, tech. rep., SAM,
ETH Zürich, 2011. Available at https://www.sam.math.ethz.ch/reports/2011/50.

[2] K. Grella and C. Schwab, Sparse discrete ordinates method in radiative transfer, tech. rep.,
SAM, ETH Zürich, 2011. Available at https://www.sam.math.ethz.ch/reports/2010/46.

[3] , Sparse tensor spherical harmonics approximation in radiative transfer, J. of Comput. Phys.,
(2011).

[4] P. Grohs and C. Schwab, Sparse twisted tensor frame discretizations of para-
metric transport equations, tech. rep., SAM, ETH Zürich, 2011. Available at
https://www.sam.math.ethz.ch/reports/2010/41.
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Description:  
 
In the mantle of an Earth-like planet the viscosity is strongly dependent on temperature, such 
that the cold upper boundary layer of the convecting system becomes completely stagnant, if 
no other complexity is accounted for. On Earth, however, this cold, stiff layer, named the 
lithosphere, is broken into several different plates that move relative to each other. In 
numerical models of mantle convection, this process can be approximated by introducing 
plastic yielding, which generates weak plate boundaries in the lithosphere and allows 
spreading centers and subduction zones to form. However, the simulated subduction zones are 
typically double-sided (symmetrical) whereas on Earth they are distinctly single sided. In this 
project we investigate the influence of surface boundary condition on this process, comparing 
a free-slip surface (i.e., zero vertical velocity and shear stress) with the more realistic free 
surface (zero stress but finite velocity). We find that this makes a first-order difference to the 
style of subduction zones, with single-sided subduction arising naturally (see figure). In 
continuing research, we are also investigating the  influence of a layer of hydrated sediments, 
which forms a weak layer between the subducting and overriding plates, mechanically 
decoupling them.  
 

  
Figure. Convection with strongly temperature-dependent and yield stress-dependent 
viscosity. Shown is log(viscosity). The left case has a free-slip surface and develops a 
symmetric downwelling, whereas the right case has a free surface and develops single-sided 
downwelling resembling subducting oceanic plates (slabs) on Earth.  
 
References:  A manuscript is submitted to Geophysical Research Letters 
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Title:  Reservoirs of Dense Material in the Deep Earth’s Mantle as the Source of  
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Description:  
 
A major result established by seismological observations is the existence of large scale 
compositional heterogeneities in the Earth’s deep mantle. The exact nature of these 
heterogeneities is still debated. A likely hypothesis, which is supported by rare gases 
signatures of Ocean Island Basalt, is that they consist in reservoirs of primitive material that 
differentiated early in the Earth’s history. This hypothesis is supported by. In this project, we 
demonstrate that appropriate models of thermo-chemical convection quantitatively agree with 
Ocean Island Basalt data. For this, we performed numerical experiments varying the chemical 
density contrast between the primitive and regular materials in the range 60-110 kg/m3, and 
the slope of the coexistence curve (Clapeyron) of the 660-km phase transition between -3.0 
and 0 MPa/K. Reservoirs of primitive material are forming at the bottom of the system with 
shape and stability that depend on the chemical density contrast (Figure 1). For each model, 
we determined the entrainment of primitive material by plumes generated at the top of the 
primitive reservoirs. In the most likely models, i.e. fitting tomography, the entrainment never 
exceeds 9%. Our results clearly indicate that the presence of primitive reservoirs in the deep 
mantle is dynamically feasible and satisfies both seismological and geochemical constraints. 

 
Figure. Isosurfaces of composition (left column) and residual temperature (right column) for 
two numerical experiments. (a-d) Buoyancy ratio Bc = 0.22, Γ660 = -2.5 MPa/K. (e-h) Bc = 
0.16, and Γ660 = -2.5 MPa/K. Snapshots are taken at time t = 6.3 Gyr. 
 
Reference:    Nature Geoscience (2011), in press 
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Description: 
 
The finite difference-marker-in-cell (FD-MIC) method is a popular method in 
thermomechanical modeling in geodynamics. Although no systematic study has investigated 
the numerical properties of the method, numerous applications have shown its robustness and 
flexibility for the study of large viscous deformations. The model setups used in geodynamics 
often involve large smooth variations of viscosity (e.g., temperature-dependent viscosity) as 
well large discontinuous variations in material properties (e.g., material interfaces). In this 
study, we numerically investigate the discretization errors and order of accuracy of the 
velocity and pressure solution obtained from the FD-MIC scheme using two-dimensional 
analytic solutions (Fig.3). We also introduce a stabilization algorithm that damps the potential 
oscillations that may arise from quasi free surface calculations in numerical codes that employ 
the strong form of the Stokes equations. This correction term is of particular interest for 
topographic modeling, since the surface of the Earth is generally represented by a free surface. 
Including the stabilization enables physically meaningful solutions to be obtained from our 
simulations, even in cases where the time step value exceeds the isostatic relaxation time. 

 
Figure. Absolute value of the discretization error for the primitive variables u , v , and p . 
Results are produced with the analytical solution SolCx with a viscosity jump of 106 
and a grid resolution of 101 × 101 nodes. Extrapolated and fictitious node boundary condition 
i mpleme ntations produce a similar velocity error pattern. The pressure error is dominant at 
the location of the viscosity jump. (Duretz et al., 2011). 
 
References:  
Duretz T., May D.A., Gerya T.V., Tackley, P.J. (2011) Discretization errors and free surface 

stabilization in the finite difference and marker-in-cell method for applied geodynamics: 
A numerical study. Geochemistry, Geophysics, Geosystems, 12 Article Number: Q07004.  
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Description: 
 
Various aspects of lithospheric extension processes 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:  

• Development of transform faults at mid-ocean ridges (Gerya, 2011) 
• Lithospheric extension (Fig.2) 

 

 
Figure. Different types of extensional doming (Schenker et al., in preparation) 
 
 
References:  
Gerya, T. (2011) Origin and models of oceanic transform faults. Tectonophysics, doi: 

10.1016/j.tecto.2011.07.006 
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Description: 
 
Various aspects of planetary formation processes are modelled in 2D and 3D with the use of 
the original codes I2ELVIS, I3ELVIS and STAG_YY combining finite differences on a fully 
staggered rectangular Eulerian grid and Lagrangian marker-in-cell technique for solving 
momentum, continuity and temperature equations: 

• Origin of the martian dichotomy and Tharsis (Fig. 4, Golabek et al., 2011) 
• Protocore destabilization in planetary embryos (Lin et al., 2011). The study 

highlighted in NATURE GEOSCIENCE, VOL 4, APRIL 2011.  
 

 
 
Figure. Formation of a thermal anomaly due to the sinking of the giant impactor core during 
runaway differentiation. Evolution of (a) density and (b) temperature in a Mars-sized body at 
the time of core formation (Golabek et al., 2011). 
 
References 
Golabek, G.J., Keller, T., Gerya, T.V., Zhu, G., Tackley, P.J., Connolly, J.A.D. (2011) Origin 

of the martian dichotomy and Tharsis from a giant impact causing massive magmatism. 
Icarus, 215, 346–357. 

Lin, J.-R., Gerya, T.V., Tackley, P.J., Yuen, D.A., Golabek, G.J. (2011) Protocore 
destabilization in planetary embryos formed by cold accretion: Feedbacks from non-
Newtonian rheology and energy dissipation. Icarus, 213, 24-42 . 
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Researchers:  Y. Li, F. Deschamps, P.J. Tackley 
 
Institute/Group:    Institute of Geophysics/Geophysical Fluid Dynamics 
 
Description:  
 
In this project, we performed a series of experiments of thermo-chemical convection in a 
spherical shell (located in between a core and the surface) to study the effect of the core’s size 
on the stability of reservoirs of dense material located at the bottom of the spherical shell 
(Figure 1). For this, we varied the core’s size, which is controlled by the ratio of the core 
radius to the total radius f = rc/R. The dense material is initially distributed in a layer located 
at the bottom of the shell representing 10% of the total volume of the shell. We found that the 
core’s size does not have any influence on the stability of reservoirs that form at the bottom of 
the shell. However, the detailed shape of these reservoirs is strongly affected by the core’s 
size. The number of reservoirs increases with the core’s radius, but the size of these reservoirs 
decreases. In a second series of experiments, we studied the influence of the buoyancy ratio B, 
which measures the density contrast between the dense and regular material. We found that 
the buoyancy ratio has a major influence on the stability of the dense layer. For small (< 0.18) 
values of the buoyancy ratio, the dense layer is progressively swept out and the dense and 
regular materials are well mixed. Large (> 0.30) values of the buoyancy ratio induce stable 
layering, i.e., the initial layer remains stable during the entire experiment, and only has some 
moderate topography at its surface. For intermediate values of the buoyancy ratio, we observe 
the formation of reservoirs of dense material, which remains stable until the end of the 
experiments.   

 
Figure 1. Experiments of thermo-chemical convection for three values of the buoyancy ratio 
(B), from left to right B = 0.18, B = 0.22, and B = 0.25. For each case, the top row shows an 
isosurface (with C = 0.5) of the composition, and the bottom row shows a slice of the 
temperature (see color scale). Snapshots are taken at non-dimensional time t = 0.0170 
(corresponding to 7.2 Gyr). The ratio of the core’s radius to the total radius is f = 0.55. 
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Description:	  

In	  this	  work,	  we	  focus	  on	  the	  development	  and	  comparison	  of	  several	  multilevel	  
preconditioners	   for	   solving	   problems	   in	   elasticity	   and	   Stokes	   flow	   applied	   to	  
geodynamic	   applications.	   The	   main	   barrier	   to	   developing	   robust,	   scalable	  
multilevel	   preconditioners	   for	   these	   applications	   is	   that	   the	   coefficients	   in	   the	  
differential	   operator	   (e.g	   Youngs	   modulus,	   viscosity)	   typically	   exhibit	   large	  
variations	   in	   space.	   For	   the	   applications	   we	   consider,	   we	   requiree	   that	   our	  
methods	  can	  solve	  problems	  which	  exhibit	  coefficient	  variations	  which	  are	  either	  
continuous	  or	  discontinuous.	  

When	  considering	  coupled	  partial	  differential	  equations,	  we	  have	  several	  options	  
in	  how	  to	  construct	  the	  multilevel	  preconditioner.	  For	  example	  we	  can	  (i)	  choose	  
to	   split	   the	   PDE	   into	   individual	   scalar	   components	   and	   apply	   a	   multilevel	  
precondition	   to	   each	   scalar	   sub-‐problem	   and	   couple	   the	   entire	   system	  with	   a	  
stationary	   block	   iterative	   method	   like	   Jacobi,	   or	   SOR(SSOR),	   (ii)	   generate	   the	  
multilevel	   hierarchy	   of	   the	   coupled	   problem	   and	   on	   each	   level,	   define	   the	  
smoother	  using	  a	  node	  based	  decoupling	  of	  the	  individual	  fields	  or	  (iii)	  consider	  
some	  hybrid	  method	  where	  we	  generate	  the	  multilevel	  hierarchy	  of	  the	  coupled	  
problem	  and	  define	  the	  smoother	  by	  splitting	  the	  discrete	  coarse	  grid	  PDE	  into	  
individual	  scalar	  components	  (as	  in	  (i)).	  

The	  performance	  of	  the	  three	  styles	  of	  multilevel	  preconditioners	  are	  compared	  
for	   a	   range	   of	   different	   coefficient	   structures	   associated	   with	   elasticity	   and	  
Stokes	   flow	   for	   prototypical	   geodynamic	   problems.	   The	   problems	   consist	   of	  
setups	   with	   rigid	   inclusions	   employing	   a	   range	   of	   different	   geometries	  
(dimensionality)	   and	   length	   scales.	  We	   also	   examine	   some	   cases	   in	   the	   Stokes	  
regime	  involving	  a	  von-‐Mises	  yield	  surface.	  The	  trade-‐offs	  between	  the	  different	  
strategies	  are	  compared.	  	  
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Description:	  

We	   describe	   three	   approaches	   for	   computing	   a	   gravity	   signal	   from	   a	   density	  
anomaly.	   The	   first	   approach	   consists	   of	   the	   classical	   ‘summation’	   technique,	  
while	  the	  remaining	  two	  methods	  solve	  the	  Poisson	  problem	  for	  the	  gravitational	  
potential	  using	  either	  a	  finite-‐element	  (FE)	  discretization	  employing	  a	  multilevel	  
pre-‐conditioner,	  or	  a	  Green’s	  function	  evaluated	  with	  the	  fast	  multipole	  method	  
(FMM).	  The	  methods	  using	   the	  Poisson	   formulation	  described	  here	  differ	   from	  
previously	   published	   approaches	   used	   in	   gravity	   modelling	   in	   that	   they	   are	  
optimal,	   implying	  that	  both	  the	  memory	  and	  computational	  time	  required	  scale	  
linearly	   with	   respect	   to	   the	   number	   of	   unknowns	   in	   the	   potential	   field.	  
Additionally,	  all	  of	  the	  implementations	  presented	  here	  are	  developed	  such	  that	  
the	  computations	  can	  be	  performed	  in	  a	  massively	  parallel,	  distributed	  memory-‐
computing	   environment.	   Through	   numerical	   experiments,	   we	   compare	   the	  
methods	   on	   the	   basis	   of	   their	   discretization	   error,	   CPU	   time	   and	   parallel	  
scalability.	   We	   demonstrate	   the	   parallel	   scalability	   of	   all	   these	   techniques	   by	  
running	  forward	  models	  with	  up	  to	  108	  voxels	  on	  1000s	  of	  cores.	  

	  

Reference:	  

D.	  A.	  May,	  M.	  G.	  Knepley	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Optimal,	  scalable	  forward	  models	  for	  computing	  gravity	  anomalies	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Geophysical	  Journal	  International	  187(1)	  (2011)	  161-‐177	  

209



Title:	  	   High	  Resolution,	  3-‐D	  Finite	  Element	  Modelling	  of	  
Continental	  Collision	  

Researchers:	  	   Dave	  A.	  May	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Sarah	  M.	  Lechmann	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Stefan	  M.	  Schmalholz	  

Institute/Group:	  	   Institute	  of	  Geophysics	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	  
	   	   	   Geophysical	  Fluid	  Dynamics	  

Description:	  

Various	   models	   have	   been	   proposed	   to	   explain	   tectonic	   deformations	   during	  
continent	   collision.	  A	   frequently	   applied	  model	   is	   the	   thin	  viscous	   sheet	  model	  
which	   is	   however	   not	   fully	   3-‐D	   and	   assumes	  a	   priori	   diffuse	   thickening	   as	   the	  
dominant	  deformation	  style.	  

We	  compare	  a	   fully	  3-‐D	  multilayer	  numerical	  model	  with	  a	  corresponding	   thin	  
viscous	  sheet	  numerical	  model	  for	  the	  scenario	  of	  continent	  indentation.	  In	  our	  
comparison	  we	   focus	  on	   the	   three	  basic	  viscous	  deformation	   styles	   thickening,	  
buckling	  (folding)	  and	  lateral	  crustal	  flow.	  	  

3-‐D	  multilayer	  models	  provide	  a	  more	  complete	  picture	  of	  continental	  collision	  
than	  thin-‐sheet	  models	  as	  they	  enable	  studying	  the	  timing,	   locality	  and	  relative	  
importance	  of	  different	  processes	  simultaneously	  which	   is	  especially	   important	  
for	   the	   hundreds	   of	   kilometre	   scale	   around	   the	   collision	   zone	   and	   indenter	  
corners.	   3-‐D	   models	   are,	   however,	   still	   computationally	   challenging	   and	   we,	  
therefore,	   also	   present	   results	   of	   a	   computational	   performance	   test	   of	   several	  
solution	  algorithms.	  

Work	   is	   under	  way	   to	   greatly	   increase	   the	   resolution	   used	   in	   the	   preliminary	  
study	  of	  	  Lechmann	  et	  al.,	  (2011).	  This	  is	  achieved	  by	  using	  a	  lower	  order	  finite	  
element	   (Q1-‐Q1	   stabilised)	   and	   exploiting	   a	   matrix-‐free,	   geometric	   multigrid	  
preconditioner.	  A	  careful	  study	  has	  been	  performed	  to	  verify	  that	  the	  stabilized	  
low	  order	  finite	  element	  is	  adequate	  to	  study	  continental	  collision	  processes.	  The	  
use	   of	   optimized,	   matrix-‐free	   kernels	   within	   both	   the	   Krylov	   method	   and	  
preconditioner	  allow	  us	  to	  perform	  simulations	  with	  approximately	  128	  x	  128	  x	  
128	  elements	  per	   subdomain.	  The	   strong	  and	  weak	  scalability	  of	   the	  proposed	  
continental	  collision	  models	  is	  being	  investigated.	  

	  

Reference:	  

S.	  M.	  Lechmann,	  D.	  A.	  May,	  B.	  J.	  P.	  Kaus,	  S.	  M.	  Schmalholz	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Comparing	  this-‐sheet	  models	  with	  3-‐D	  multilayer	  models	  for	  continental	  
collision	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Geophysical	  Journal	  International	  187(1)	  (2011)	  10-‐33	  
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Description:  
 
Numerical simulations of thermo‐chemical, multi‐phase mantle convection in a 3‐D spherical 
shell are performed to determine how a low viscosity of post‐perovskite affects dynamics and 
structures in the deep mantle. Low‐viscosity post‐perovskite weakens the deepest part of slabs, 
allowing them to more effectively spread over the core‐mantle boundary (CMB), and it also 
results in a greater volume of basalt segregating, both of which increase the size of dense 
chemical piles, the horizontal lengthscale of regions of pooled slab material, and the steepness 
of piles’ edges (in composition and phase), consistent with the existence of steep, sharp‐sided 
edges found in seismic analyses. CMB heat flux is strongly enhanced in regions of low‐ 
viscosity post‐perovskite (consistent with a theoretical prediction) and both CMB and surface 
heat flux are increased on average by a low‐viscosity of post‐perovskite, which could have 
important implications for the evolution of Earth’s core and mantle.  
 

          
Figure. Comparison of mantle convection simulation with regular (top row) and weak 
(bottom row) post-perovskite. Shown are isosurfaces of T (red and blue), C (green) and post-
perovskite (light blue); and cross-sections of composition (right).  
 
References: Nakagawa, T. and P. J. Tackley, Effects of low-viscosity post-perovskite on 
thermo-chemical mantle convection in a 3-D spherical shell (2011) Geophys. Res. Lett., 38, 
L04309, doi:10.1029/2010GL046494, 2011. 
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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:  

• Subduction initiation risks along American Atlantic margins (Fig. 1) (Nikolaeva et al., 
2011) http://www.ethlife.ethz.ch/archive_articles/110524_Subduktion_Atlantik_su/index_EN 

• 3-D plume patterns and melt productivity above retreating slabs (Zhu et al., 2011) 
• Subduction of young oceanic plates (Blanco-Quintero et al., 2011) 
• Defining future directions in subduction modeling (Gerya, 2011) 

 
Figure. Dynamics of subduction initiation at a passive margin (Nikolaeva et al., 2010). 

 
 
References:  
Blanco-Quintero, I.F., Gerya, T.V., García-Casco, A., Castro, A. (2011) Subduction of young 

oceanic plates: A numerical study with application to aborted thermal-chemical plumes 
Gerya, T.V. (2011) Intra-oceanic subduction zones. In: D. Brown and P.D. Ryan (Eds.) Arc-

Continent Collision , Frontiers in Earth Sciences. Springer-Verlag, Berlin Heidelberg, 
pp.23-51. 

Gerya, T. (2011) Future directions in subduction modeling. Journal of Geodynamics, 52,  
344-378.  

Nikolaeva, K., Gerya ,T.V., Marques, F.O. (2011) Numerical analysis of subduction initiation 
risk along the Atlantic American passive margins. Geology, 39, 463-466. 

Zhu, G., Gerya, T.V., Honda, S., Tackley, P.J., Yuen., D.A. (2011) Influences of the 
buoyancy of partially molten rock on 3-D plume patterns and melt productivity above 
retreating slabs. Phys. Earth Planet. Interiors, 185, 112-121. 

Zhu, G., Gerya, T.V., Yuen., D.A. (2011) Melt evolution above a spontaneously retreating 
subducting slab in a three-dimensional model. Journal of Earth Science, 22, 137-142.  
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Description:  
 
Earth’s tectonic plates have two components: oceanic and continental. Previous mantle 
convection simulations with continents have revealed that they have a first‐order influence on 
mantle convection, affecting convective wavelength and surface heat loss. In this study we 
model 3D spherical mantle convection with self‐consistent plate tectonics and a mobile, 
strong continent to gain insight into the effect of continents on plate tectonics. Long‐term 
stability of a continents can only exist if their viscosity and yield strength are sufficiently 
higher than for oceanic lithosphere. Stable continents affect the convective regime by thermal 
blanketing and stress focussing at the continental margins, which facilitates the formation of 
subduction zones by increasing convective stresses at the margins, which allows for plate 
tectonics at higher yield strength. Depending on the lateral extent of the craton the critical 
strength can be increased by a factor of 2 compared to results with a homogeneous 
lithosphere. Thus, continents make plate tectonics easier. Important parameters are the lateral 
extent of the continent and the thickness ratio of continental and oceanic plate. 

                     
Figure. Numerical simulation of plate tectonics with buoyant continents in 3-D spherical 
geometry. Plotted is effective viscosity (red=high to blue=low).  
 
References: Rolf, T., and P. J. Tackley (2011) Focussing of stress by continents in 3D 
spherical mantle convection with self-consistent plate tectonics, Geophys. Res. Lett., 38, 
L18301, doi:10.1029/2011GL048677. 
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Description:  
 
Subducted oceanic plates, known as slabs, sink to the core-mantle boundary (CMB), where 
the crustal layer, made of basalt, might peel off and segregate into a layer above the CMB, 
which could have a strong influence on the evolution of Earth’s mantle and core. Here, three-
dimensional (3-D) and two-dimensional (2-D) simulations of a compositionally-stratified slab 
reaching the CMB are performed. Slab-CMB interaction is characterised by heating up of the 
slab followed by separation of the basalt and harzburgite layers, with harzburgite rising in 
vigorous plumes. Plumes form at the edges and sides of slabs at the CMB as well as in their 
interiors with plume heads dominated by depleted harzburgitic material, while plume tails 
entrain basaltic material. Segregation of basalt depends strongly on the presence or absence of 
a preexisting dense layer at the CMB and by dimensionality. A preexisting dense layer greatly 
increases the fraction of basalt that segregates from the slab. A range of “interesting” 
structures are observed in the model CMB region, which may be useful in interpreting seismic 
observations. Structures include plumes next to vertical slab segments, inverted slab sections 
perched above the CMB and harzburgite curtains. 2-D simulations give a good first-order 
guide to the dynamics obtained in fully 3-D geometry, but inherently 3-D structures are 
missed (plumes versus sheets, fingering) and there is a quantitative difference in the fraction 
of basalt segregated. 
                     

	    
Figure. Numerical simulation of a subducted oceanic plate (slab) reaching the hot CMB. The 
slab contains basaltic (green) and harzburgitic (blue) layers. Red isosurfaces show hot 
temperature. 
 
References: Living dead slabs in 3-D: The dynamics of compositionally-stratified slabs 
entering a 'slab graveyard' above the core-mantle boundary, Phys. Earth Planet. Inter., in 
press, doi:10.1016/j.pepi.2011.04.013. 
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Description:  
 
The thermal evolution of large icy moons orbiting around giant planets (e.g., Ganymede and 
Callisto around Jupiter, and Titan around Saturn) is controlled by the heat transfer through the 
outer ice I layer of these moons. The viscosity of ice I strongly depends on the temperature, 
suggesting that convection in the ice I layer of icy moons undergoes the so-called stagnant lid 
regime. This regime has been studied in 2D and 3D-Cartesian geometry, but so far few 
numerical experiments have been carried out in spherical geometry. We started a systematic 
study of thermal convection with strongly temperature dependent viscosity in spherical 
geometry. Figure 1 shows two models with a ratio of the core to total radius equal to 0.80. We 
then use our calculations to parameterize the heat flux and the average temperature as a 
function of the Rayleigh number (Ra) and the thermal viscosity contrast (Δµ). Preliminary 
results indicate some substantial differences compared to the Cartesian cases. In particular, for 
given values of the Ra and Δµ, the stagnant lid regime is less developed in spherical geometry 
than in Cartesian geometry.  

 
Figure. Experiments of thermal convection for a top to bottom thermal viscosity ratio of 104 
(left column) and 106 (left column). For each case, the top row shows an isosurface of the 
non-dimensional temperature, and the bottom row shows a slice of the temperature. The ratio 
of the core’s radius to the total radius is f = 0.80. 
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Description:  

 
Folding and unfolding of β-peptides has been studied extensively by molecular dynamics 
(MD) simulation in the past decade. In these simulations, a non-polarizable model for the 
solvent (mostly methanol) was used. This work has investigated the effect of using a 
polarizable methanol solvent model upon the folding equilibrium of β-peptides. Thirteen MD 
simulations covering a total simulation length of 1.25 µs for three differently folding β-
peptides were analyzed. The agreement with experimental data was slightly improved by 
applying the polarizable solvent. In the polarizable solvent, helical structures, which have a 
large dipole moment, are stabilized, while no obvious effect was detected in the simulations 
of peptides that have a hairpin structure as the dominant fold. The introduction of electronic 
polarizability into the solvent model appears of importance to a proper description of folding 
equilibria if these are determined by competing solute conformations that have different 
dipole moments. 
 
 

References:  Mol. Phys. 109 (2011) 493-506 
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Description:  
 

The development of coarse-grained (CG) models that correctly represent the important 
features of compounds is essential to overcome the limitations in time scale and system size 
currently encountered in atomistic molecular dynamics simulations. Most approaches 
reported in the literature model one or several molecules into a single uncharged CG bead. 
For water, this implicit treatment of the electrostatic interactions, however, fails to mimic 
important properties, e.g., the dielectric screening. Therefore, a coarse-grained model for 
water is proposed which treats the electrostatic interactions between clusters of water 
molecules explicitly. Five water molecules are embedded in a spherical CG bead consisting 
of two oppositely charged particles which represent a dipole. The bond connecting the two 
particles in a bead is unconstrained, which makes the model polarizable. Experimental and 
all-atom simulated data of liquid water at room temperature are used for parametrization of 
the model. The experimental density and the relative static dielectric permittivity were chosen 
as primary target properties. The model properties are compared with those obtained from 
experiment, from clusters of simple-point-charge water molecules of appropriate size in the 
liquid phase, and for other CG water models if available. The comparison shows that not all 
atomistic properties can be reproduced by a CG model, so properties of key importance have 
to be selected when coarse graining is applied. Yet, the CG model reproduces the key 
characteristics of liquid water while being computationally 1-2 orders of magnitude more 
efficient than standard fine-grained atomistic water models. 
 

 

References: J. Chem. Phys. 134 (2011) 084110 
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The ability to design well-folding β-peptides with a specific biological activity requires 
detailed insight into the relationship between the β-amino acid sequence and the three-
dimensional structure of the peptide. Here, we present a molecular-dynamics (MD) study of 
the influence of a variation of a side chain on the folding equilibrium of a β-heptapeptide that 
folds into a 314-helical structure. The side chain of the 5th residue, a valine, was changed into 
five differently branched side chains of different lengths and polarity, Ala, Leu, Ile, Ser, and 
Thr. Two computational techniques, long-time MD simulations and the one-step perturbation 
method, were used to obtain free enthalpies of folding. The simulations show that all six 
peptides exhibit similar folding behavior, and that their dominant fold is the same, i.e., a 314-
helix. Despite the similarities of their structural properties, a small stabilization effect of ca. 2 
kJ mol-1on the folding equilibrium of the 314-helical structure due to a branching Cγ-atom in 
the β3-side chain is observed. These results confirm those of previous circular dichroism (CD) 
studies. The length of side chain and its polarity seem to have no apparent (de)stabilization 
effect. Application of the cost-effective one-step perturbation method to predict free-enthalpy 
differences appeared to yield an overall accuracy of about kBT, which is not sufficient to 
detect the small stabilization effect. 
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Description: 

 

A refined implicit aqueous solvation model is proposed for the simulation of biomolecules 
without the explicit inclusion of the solvent degrees of freedom. The mean force due to 
solvation is approximated by the derivative of a simple analytic function of the solvent 
accessible surface area combined with two atomic solvation parameters, as described 
previously, with the addition of a novel term to account for the interaction of the interior 
atoms of the solute with the solvent. The extended model is parametrized by comparing the 
structural properties and energies computed from simulations of six test proteins of varying 
sizes and shapes using the new solvation energy term with the corresponding values obtained 
from simulations in vacuum, using the original implicit solvent model and in explicit water, 
and from the X-ray or NMR model structures. The mean solvation model proposed here 
improves the structural properties relative to vacuum simulations and relative to the simpler 
model that neglects the volume contribution, while remaining significantly more efficient 
than simulations in explicit water. 
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Description:   
 
Three methods to enhance the configurational sampling of ions in aqueous solution, 
temperature and Hamiltonian replica exchange and adiabatic decoupling with translational 
temperature scaling, were compared for a system of CaSO4 in water. It took 11 replicas in the 
case of temperature replica exchange to make use of a diffusion coefficient that is a factor of 
1.5 larger at 350 K compared to that at 300 K. Thirty replicas were required in the 
Hamiltonian replica exchange with charge reduction to reach uncharged ions that have a 
diffusion coefficient that is 2-7 times larger than the fully charged ones. The adiabatic 
decoupling technique with translational temperature scaling yielded a diffusion coefficient 
that was 15 times larger while keeping the distribution of the water molecules around the ions 
unaltered with respect to the standard temperature simulation. This result illustrates the 
efficiency of the adiabatic decoupling technique to enhance configurational sampling 
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Description:  
 
Methodology to compute the relative static dielectric permittivity and dielectric relaxation 
time of molecular liquids is reviewed and explicit formulas are given for the external field 
method in the case of simulations using a spherical cutoff, in which the background dielectric 
permittivity (εcs) can be larger than one, in combination with a Poisson-Boltzmann reaction-
field approximation for long-range electrostatic interactions. The external field method is 
simple to implement and computationally efficient. It is particularly suitable for polarizable 
molecular models with zero permanent dipole moment and for coarse-grained molecular 
models with εcs > 1. The dielectric permittivities and relaxation times of water (H2O), 
dimethylsulfoxide (DMSO), methanol (MeOH), and chloroform (CHCl3), which range from 
2 to 80 and from 5 ps to 50 ps, respectively, were calculated as an illustration. 
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Description: 

 

The recently developed GROMOS 54A7 force field, a modification of the 53A6 force field, 
is validated by simulating the folding equilibrium of two β-peptides which show different 
dominant folds, i.e., a 314-helix and a hairpin, using three different force fields, i.e., 
GROMOS 45A3, 53A6, and 54A7. The 54A7 force field stabilizes both folds, and the 
agreement of the simulated NOE atom-atom distances with the experimental NMR data is 
slightly improved when using the 54A7 force field, while the agreement of the 3J couplings 
with experimental results remains essentially unchanged when varying the force field. The 
54A7 force field developed to improve the stability of α-helical structures in proteins can thus 
be safely used in simulations of β-peptides. 
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Description: 

 

The one-step free energy perturbation approach can be applied to obtain conformational state-
specific free energy differences (FEDs) associated with changes in force field parameters, 
and thus offers the possibility to consider conformational equilibria during force field 
parameterization. In this work, using the alanine decapeptide in explicit water solution as a 
model, the α-helical and β-hairpin state-specific FEDs associated with force field changes 
between two widely used parameter sets of the GROMOS force field, namely, 43A1 and 
53A6, were determined using one-step perturbation. The results mostly deviated by only 1 kJ 
mol-1 in absolute or a few percent in relative values from thermodynamic integration results, 
suggesting that the convergence ranges of one-step perturbation were large enough to cover 
the substantial changes in nonbonded parameters between the two parameter sets. It was also 
found that one-step perturbation may give larger errors when the changes from the reference 
state include a large decrease in van der Waals radius, as indicated by the result for the β-
hairpin state-specific free energy change going from 53A6 to 43A1. According to the free 
energy results, the α-helical state of the alanine decapeptide is destabilized by 15 kJ mol-1, 
i.e., 1.5 kJ mol-1 per residue, relative to the β-hairpin state when going from 43A1 to 53A6, in 
agreement with previous direct simulations in which native α-helices were often found to be 
unstable in simulations using 53A6, despite that the 53A6 parameters better reproduce a 
range of thermodynamic properties of small molecular systems. By applying one-step 
perturbation to analyze the effects of perturbing individual parameters, the differential 
stabilization of the two secondary structure states can be traced to the changes in van der 
Waals parameters, especially a van der Waals parameter involved in third-neighbor 
interactions. This study provides an example of the efficiency of one-step perturbation in 
force field development, reducing the computational cost by orders of magnitude 
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Description:   
 
New parameter sets of the GROMOS biomolecular force field, 54A7 and 54B7, are 
introduced. These parameter sets summarise some previously published force field 
modifications: The 53A6 helical propensities are corrected through new φ/ψ torsional angle 
terms and a modification of the N-H, C=O repulsion, a new atom type for a charged -CH3 in 
the choline moiety is added, the Na+ and Cl- ions are modified to reproduce the free energy of 
hydration, and additional improper torsional angle types for free energy calculations 
involving a chirality change are introduced. The new helical propensity modification is tested 
using the benchmark proteins hen egg-white  lysozyme, fox1 RNA binding domain, 
chorismate mutase and the GCN4-p1 peptide. The stability of the proteins is improved in 
comparison with the 53A6 force field, and good agreement with a range primary 
experimental data is obtained. 
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Description: 

 

The relative binding free energy between two ligands to a specific protein can be obtained 
using various computational methods. The more accurate and also computationally more 
demanding techniques are the so-called free energy methods which use conformational 
sampling from molecular dynamics or Monte Carlo simulations to generate thermodynamic 
averages. Two such widely applied methods are the thermodynamic integration (TI) and the 
recently introduced enveloping distribution sampling (EDS) methods. In both cases relative 
binding free energies are obtained through the alchemical perturbations of one ligand into 
another in water and inside the binding pocket of the protein. TI requires many separate 
simulations and the specification of a pathway along which the system is perturbed from one 
ligand to another. Using the EDS approach, only a single automatically derived reference 
state enveloping both end states needs to be sampled. In addition, the choice of an optimal 
pathway in TI calculations is not trivial and a poor choice may lead to poor convergence 
along the pathway. Given this, EDS is expected to be a valuable and computationally 
efficient alternative to TI. In this study, the performances of these two methods are compared 
using the binding of ten tetrahydroisoquinoline derivatives to phenylethanolamine N-
transferase as an example. The ligands involve a diverse set of functional groups leading to a 
wide range of free energy differences. In addition, two different schemes to determine 
automatically the EDS reference state parameters and two different topology approaches are 
compared. 
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Description: 

 

A method to enhance sampling of a small subset of Nh particular degrees of freedom of a 
system of Nh + Nl degrees of freedom is presented. It makes use of adiabatically decoupling 
these degrees of freedom by increasing their mass followed by either increasing their 
temperature or reducing their interaction or the force acting on them. The appropriate 
statistical-mechanical expressions for use of these methods in simulation studies are derived. 
As long as the subset of mass-increased degrees of freedom is small compared to the total 
number of degrees of freedom of the system, sampling of this subset of degrees of freedom 
can be much enhanced at the cost of a slight perturbation of the configurational distribution. 
This is illustrated for a test system of 1000 SPC, simple point charge, water molecules at 300 
K and a density of 997 kg m−3. Various fractions Nh/(Nh + Nl ) of water molecules were 
adiabatically decoupled to different degrees. The size of the diffusion coefficient of these 
decoupled water molecules was used as a measure for how much the sampling was enhanced 
and the average potential energy per water molecule was used as a measure of how much the 
configurational distribution of the system gets distorted. A variety of parameter values was 
investigated and it was found that for Nh/(Nh + Nl ) ≤ 0.1 the diffusion of the Nh molecules 
could be enhanced by factors up to 35 depending on the method, the ratio Nh/(Nh + Nl ), the 
extent of adiabatic decoupling, and the temperature or force scaling factors, at the cost of a 
slight perturbation of the configurational distribution. 
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Description: 

 

Docking algorithms for computer-aided drug discovery and design often ignore or restrain the 
flexibility of the receptor, which may lead to a loss of accuracy of the relative free enthalpies 
of binding. In order to evaluate the contribution of receptor flexibility to relative binding free 
enthalpies, two host-guest systems have been examined: inclusion complexes of α-
cyclodextrin (α-CD) with 1-chlorobenzene (ClBn), 1-bromobenzene (BrBn) and toluene 
(MeBn), and complexes of DNA with the minorgroove binding ligands netropsin (Net) and 
distamycin (Dist). Molecular dynamics simulations and free energy calculations reveal that 
restraining of the flexibility of the receptor can have a significant influence on the estimated 
relative ligand-receptor binding affinities as well as on the predicted structures of the 
biomolecular complexes. The influence is particularly pronounced in the case of flexible 
receptors such as DNA, where a 50% contribution of DNA flexibility towards the relative 
ligand-DNA binding affinities is observed. The differences in the free enthalpy of binding do 
not arise only from the changes in ligand-DNA interactions but also from changes in ligand-
solvent interactions as well as from the loss of DNA configurational entropy upon restraining. 
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Description: 

 

A method for conformational Boltzmann sampling of loops in proteins in aqueous solution is 
presented that is based on adiabatic decoupling molecular dynamics (MD) simulation with 
temperature or force scaling. To illustrate the enhanced sampling, the loop from residues 33 
to 43 in the bovine protein ribonuclease A is adiabatically decoupled from the rest of the 
protein and the solvent with a mass scaling factor sm = 1000 and the sampling is enhanced 
with a scaling of the temperature using sT = 2 or of the force using sV = 0.667. Over 5 ns of 
simulation the secondary structure of the protein remains unaltered while a combined 
dihedral-angle conformational cluster analysis shows an increase of conformations outside 
the first most populated cluster of loop conformations for adiabatic decoupling MD with 
temperature scaling using sT = 2 or force scaling using sV = 0.667 compared to the standard 
MD simulation. The atom-positional root-mean-square fluctuations of the Cα atoms of the 
loop show an increase in the movement of the loop as well, indicating that adiabatic 
decoupling MD with upscaling of the temperature or downscaling of the force is a promising 
method for conformational Boltzmann sampling. 
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Description:  

 

In this work the design of the latest version of the GROMOS software for biomolecular 
simulation, GROMOS11 is discussed. Detailed organisation and class descriptions of the 
MD++ simulation program and the GROMOS++ analysis package are given. It is shown how 
the code was documented, how it can be easily modified and extended, how debugging of it 
is carried out. Additional efficiency and parallelisation concepts are presented and 
benchmarked. 
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Description:  
 
For the understanding of cellular processes the molecular structure of biomolecules has to be 
accurately determined. Initial models can be signifcantly improved by structure refinement 
techniques. Here, we present the refinement methods and analysis techniques implemented in 
the GROMOS software for biomolecular simulation. The methodology and some 
implementation details of the computation of NMR NOE data, 3J-couplings and residual 
dipolar couplings, X-ray scattering intensities from crystals and solutions and neutron 
scattering intensities used in GROMOS is described and refinement strategies and concepts 
are discussed using example applications. The GROMOS software allows structure 
refinement combining different types of experimental data with different types of restraining 
functions, while using a variety of methods to enhance conformational searching and 
sampling and the thermodynamically calibrated GROMOS force field for biomolecular 
simulation. 
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Description:  
 
The calculation of the relative free energies of ligand-protein binding, of solvation for 
different compounds, and of different conformational states of a polypeptide is of 
considerable interest in the design or selection of potential enzyme inhibitors. Since such 
processes in aqueous solution generally comprise energetic and entropic contributions from 
many molecular configurations, adequate sampling of the relevant parts of configurational 
space is required and can be achieved through molecular dynamics simulations. Various 
techniques to obtain converged ensemble averages and their implementation in the GROMOS 
software for biomolecular simulation are discussed, and examples of their application to 
biomolecules in aqueous solution are given. 
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Description: 
 

Since the most recent description of the functionalities of the GROMOS software for 
biomolecular simulation in 2005 many new functions have been implemented. In the present 
paper the new functionalities that involve modified forces in a molecular dynamics 
simulation are described: the treatment of electronic polarisability, an implicit surface area 
and internal volume solvation term to calculate interatomic forces, functions for the 
GROMOS coarse-grained supra-molecular force field, a multiplicative switching function for 
non-bonded interactions, adiabatic decoupling of a number of degrees of freedom with 
temperature or force scaling to enhance sampling, and non-equilibrium molecular dynamics 
to calculate the dielectric permittivity or viscosity. Examples that illustrate the use of these 
functionalities are given. 
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Description: 
 

GROMOS++ is a set of C++ programs for pre- and post-processing of molecular dynamics 
simulation trajectories and as such part of the GROningen MOlecular Simulation software for 
(bio)molecular simulation. It contains more than 70 programs that can be used to prepare data 
for the production of molecular simulation trajectories and to analyse these. These programs 
are reviewed and the various structural, dynamic and thermodynamic quantities that can be 
analysed using time series, correlation functions and distributions are described together with 
technical aspects of their implementation in GROMOS. A few examples of the use of 
GROMOS++ for the analysis of MD trajectories are given. A full list of all GROMOS++ 
programs, together with an indication of their capabilities, is given in the appendix. 
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The ability to design well-folding β-peptides with a specific biological activity requires 
detailed insight into the relationship between the β-amino acid sequence and the dominant 
three-dimensional structure of such a peptide. To this end, secondary structure preferences of 
two sets of 16 β-peptides were investigated by means of one-step perturbation using 
molecular dynamics (MD) simulations. For each set of peptides, two reference-state 
simulations and one perturbed-state simulation were carried out to predict the secondary 
structure preferences for the other fifteen peptides. The results show that the substitution of a 
methyl group in the 3rd or 4th residue stabilizes the left-handed 314-helix over the right-handed 
2.710/12-helix for the set of hexa-peptides A; for the set of hepta-peptides B, having methyl 
substitutions at both β- and α-carbon positions of the 4th or 5th residue stabilizes the left-
handed 314-helix over the right-handed 2.512-helix. Not only the side-chain substitution 
pattern, but also the side-chain composition affects the relative stability of different 
secondary structures. The approach described here may be of use in peptide design with an 
eye to obtaining peptides with particular folds and biological activities. 
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Description: 
 
Simulation of the folding equilibrium of a polypeptide in solution is a computational 
challenge. Standard molecular dynamics (MD) simulations of such systems cover hundreds 
of nanoseconds, which is barely sufficient to obtain converged ensemble averages for 
properties that depend both on folded and unfolded peptide conformations. If one is not 
interested in dynamical properties of the solute, techniques to enhance the conformational 
sampling can be used to obtain the equilibrium properties more efficiently. Here the effect on 
particular equilibrium properties at 298 K of adiabatically decoupling the motion of a β-
heptapeptide from the motion of the solvent and subsequently up-scaling its temperature or 
down-scaling the forces acting on it is investigated. The ensemble averages and rate of 
convergence are compared to those for standard MD simulations at two different 
temperatures and a simulation in which the temperature of the solute is increased to 340 K 
while keeping the solvent at 298 K. Adiabatic decoupling with a solute mass scaling factor sm 
= 100 and a temperature scaling factor of sT = 1.1 seems to slightly increase the convergence 
of several properties such as enthalpy of folding, NMR NOE atom-atom distances and 3J-
couplings compared to a standard MD simulation at 298 K. Convergence is still slower than 
that observed at 340 K. The system with a temperature of 340 K for the solute and 298 K for 
the solvent without scaling of the mass converges fastest. Using a force scaling factor sV = 
0:909 perturbs the system too much and leads to a destabilisation of the folded structure. The 
sampling efficiency and possible distortive effects on the configurational distribution of the 
solute degrees of freedom due to adiabatic decoupling and temperature or force scaling are 
also analysed for a simpler model, a dichloroethane molecule in water. It appears that an 
upscaling of the mass of the solute reduces the sampling more than the subsequent up-scaling 
of the temperature or down-scaling of the force enhances it. This means that adiabatic 
decoupling the solute degrees of freedom from the solvent ones followed by an up-scaling of 
temperature of down-scaling of the forces does not lead to significantly enhanced sampling of 
the folding equilibrium. 
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The remarkable recent creation of two proteins that fold into two completely different and 
stable structures, exhibit different functions, and yet differ by only a few amino acids poses 
a conundrum to those hoping to understand how sequence encodes structure. Here, computer 
modeling uniquely allows the characterization of not only the native structure of each 
minimally-different sequence, but also systems in which each sequence was modeled onto the 
fold of the alternate sequence. The reasons for the different structural preferences of two pairs 
of highly similar sequences are explored by a combination of structure analyses, comparison 
of potential energies calculated from energy-minimized single structures and trajectories 
produced from molecular dynamics simulations, and application of a novel method for calcu- 
lating free energy differences. The sensitivity of such analyses to the choice of force field is 
also explored. Many of the hypotheses proposed on the basis of the NMR model structures of 
the 95% sequence identity proteins are supported. However each level of analysis provides 
different predictions regarding which sequence/structure combination should be most 
favored, highlighting the fact that protein structure and stability result from a complex 
combination of interdependent factors. 
 

 

References: Biochemistry (2011) submitted 
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Title:   On the effect of a variation of the force field, spatial boundary condition and 
  size of  the QM region in QM/MM MD simulations 
 
 
 
Researchers: K. Meier† 
  W. Thiel‡ 
  W. F. van Gunsteren†* 
 
 
 
Institute/ 

*Laboratory of Physical Chemistry, Swiss Federal Institute of Technology  
  ETH, 8093 Zürich, Switzerland 
  ‡Max-Planck-Institut für Kohlenforschung,D-45470 Mülheim an der Ruhr, 
  Germany 
 

 
Group: Computer-aided chemistry 
 
 
Description: 
 
During the past years, the use of combined quantum-classical, QM/MM, methods for the 
study of complex biomolecular processes, such as enzymatic reactions and photocycles, has 
increased considerably. The quality of the results obtained from QM/MM calculations is 
largely dependent on five aspects to be considered when setting up a molecular model: the 
QM Hamiltonian, the MM Hamiltonian or force field, the boundary and coupling between the 
QM and MM regions, the size of the QM region and the boundary condition for the MM 
region. In this study, we systematically investigate the influence of a variation of the 
molecular mechanics force field and the size of the QM region in QM/MM MD simulations 
on properties of the photoactive part of the blue light photoreceptor protein AppA. For 
comparison, we additionally performed classical MD simulations and studied the effect of a 
variation of the type of spatial boundary condition. The classical boundary conditions and the 
force field used in a QM/MM MD simulation are shown to have non-neglegible effects upon 
the structural and energetic properties of the protein. 
 

 

References: J. Comput. Chem. (2011) in press 
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Title:    Ester-linked hen egg white lysozyme shows a compact fold in a molecular 

  dynamics simulation: possible causes and sensitivity of experimentally 
  observable quantities to structural changes maintaining this compact fold 

 
 
 
Researchers: A. P. Eichenberger1 
  L. J. Smith2 

  W. F. van Gunsteren1* 
 
 
 
Institute/ 

1Laboratory of Physical Chemistry, Swiss Federal Institute of Technology  
  ETH, 8093 Zürich, Switzerland 
  2Department of Chemistry, University of Oxford, Inorganic Chemistry  
  Laboratory, South Parks Road, Oxford OX1 3QR, United Kingdom 
 
Group: Computer-aided chemistry 
 
 
Description: 
 
Prediction and understanding of the folding and stability of the three-dimensional structure of 
proteins is still a challenge. The different atomic interactions, such as non-polar contacts and 
hydrogen bonding, are known but their exact relative weights and roles when contributing to 
protein folding and stability are not identified. Initiated by a previous molecular dynamics 
simulation of fully ester-linked hen egg white lysozyme (HEWL), which showed a more 
compact fold of the ester-linked molecule compared to the native one, three variants of this 
protein are analysed in this work. These are 129-residue native HEWL, partly ester-linked 
HEWL, in which only 35 peptide linkages that are not involved in the helical or β-strand 
parts of native HEWL were replaced by ester linkages, and fully (126 residues) ester-linked 
HEWL. Native and partly ester-linked HEWL showed comparable behaviour while fully 
ester-linked HEWL could not maintain the native secondary structure of HEWL in the 
simulation and adopted a more compact fold. The conformational changes were analysed by 
comparing simulation averaged values of quantities that can be measured by NMR, such as 
1H-15N backbone order parameters, proton-proton NOE distances and 3J-couplings with the 
corresponding values derived from experimental NMR data for native HEWL. The 
information content of the latter appeared insufficient to detect the local conformational re- 
arrangements upon esterification of the loop regions of the protein. For fully ester-linked 
HEWL though a significantly reduced agreement was observed. Upon esterification the 
backbone-side chain and side chain- side chain hydrogen bonding pattern of HEWL changes 
such as to maintain its compactness and thus the structural stability of the ester-linked 
lysozymes. 
 

References: FEBS (2011) submitted 
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Title:    Helical content of a β3-octapeptide in methanol: Molecular dynamics  

  simulations explain a seeming discrepancy between  conclusions derived from 
  CD and NMR data 
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†Laboratory of Physical Chemistry, Swiss Federal Institute of Technology, 
  ETH, 8093 Zürich, Switzerland  
  •Laboratory of Organic Chemistry, Swiss Federal Institute of Technology,  
  ETH, 8093 Zürich, Switzerland  
  ‡School of Life Sciences and Hefei National Laboratory for Physical  
  Sciences at the Microscale, University of Science and Technology of China 
  (USTC), Hefei, Anhui 230027, People’s Republic of China 
 
Group: Computer-aided chemistry 
 
 
Description: 
 
Connecting experimental observables with the underlying conformational ensemble is a long- 
standing problem in structure determination of bio-molecules. The simulations described in 
this article attempt a resolution of a seeming discrepancy between conformational features 
derived from measured NOE intensities, 3J-coupling constants and CD spectra for two β-
peptides differing in a linker between two side-chains. While both peptides are very similar in 
terms of r-6 averaged distances between atom-pairs involved in observed NOEs, the 
molecular dynamics trajectories suggest why CD spectra show a greater 314-helical 
propensity for the linked, cyclic peptide than for the linear one, while for the latter slightly 
more NMR NOE peaks had been observed and assigned. The nine 100 ns unrestrained 
simulations show better agreement with the observed experimental data than single 
conformations derived from the published NMR structures by additional energy minimization 
with the GROMOS force field. They show why the seemingly contradictory quantities 
obtained by NMR and CD can arise from a single conformational ensemble. 
 

 

References: Chem. Eur. J. (2011) accepted 
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Title:    An improved structural characterisation of reduced french bean plastocyanin
  based on NMR data and local-elevation molecular dynamics simulation 

 
 
 
Researchers: D. Steiner 
  W. F. van Gunsteren* 
 
 
 
Institute/ Laboratory of Physical Chemistry, Swiss Federal Institute of Technology,  
  ETH, 8093 Zürich, Switzerland  
 
Group: Computer-aided chemistry 
 
 
Description: 
 
Deriving structural information on a protein from NMR experimental data is a non-trivial 
challenge to computational biochemistry. This is due to the low ratio of independent 
observables and molecular degrees of freedom, the approximations involved in the various 
relations between particular observable quantities and molecular conformation, and the 
averaged character of the experimental data. For example, 3J-coupling data on a protein is 
seldom used in structure refinement due to the multiple-valuedness and limited accuracy of 
the Karplus relation linking a 3J-coupling to a torsional angle. Moreover, sampling of the 
large conformational space is still problematic. Using the 99-residue protein plastocyanin as 
example it is investigated whether the use of a thermodynamically calibrated force field, 
inclusion of solvent degrees of freedom, and application of adaptive local-elevation sampling 
that accounts for conformational averaging is producing a more realistic representation of the 
ensemble of protein conformations than standard single-structure refinement in non-explicit 
solvent using restraints that do not account for averaging and are partly based on non-
observed data. Yielding better agreement with the observed experimental data the protein 
conformational ensemble is less restricted than when using standard single-structure 
refinement techniques, which thus are likely to yield a too rigid picture of a protein. 
 

 

References: J. Biomolecular NMR (2011) submitted 
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Title:    An effective force field for molecular dynamics simulations of dimethyl  
  sulfone 

 
 
 
Researchers: N. Hansen 
  P. Kraus 
  H. Sassmannshausen 
  T. Timmerscheidt 
  W. F. van Gunsteren* 
 
 
 
Institute/ Laboratory of Physical Chemistry, Swiss Federal Institute of Technology,  
  ETH, 8093 Zürich, Switzerland  
 
Group: Computer-aided chemistry 
 
 
Description: 
 
A rigid five-site united atom model for dimethyl sulfone (DMSO2) compatible with the 
GROMOS force field is parametrized and tested. The parameters were optimized with respect 
to experimental quantities such as liquid density heat of vaporization, shear viscosity and 
excess free energy. Good agreement with pure component properties is achieved except for 
the static dielectric permittivity which is calculated too low. Together with the SPC model for 
water the new DMSO2 model was used to study aqueous mixtures at low concentrations and 
compared to aqueous mixtures of DMSO. It is concluded that interaction parameters for 
sulfoxide oxygen are not transferable to sulfonyl oxygen unambiguously. 
 

 

References: Mol. Phys. (2011) in press 
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Title:    Coarse-grained models for the solvents dimethyl sulfoxide, chloroform and 
  methanol 

 
 
 
Researchers: J. R. Allison 
  S. Riniker 
  W. F. van Gunsteren* 
 
 
Institute/ Laboratory of Physical Chemistry, Swiss Federal Institute of Technology,  
  ETH, 8093 Zürich, Switzerland  
 
Group: Computer-aided chemistry 
 
 
Description: 
 
The time-and length-scale accessible to molecular dynamics simulations of biomolecular 
systems using atomic-level (AL) models is most limited by the calculation of the solvent-
solvent interactions, which comprise the majority of the interactions and yet are seldom of 
specific interest. Coarse-graining (CG), in which multiple solvent molecules are subsumed 
into a single particle or bead, provides a means of overcoming this limitation without 
resorting to implicit solvation models, which misrepresent the hydrophobic effect. Most 
existing CG models, however, do not explicitly include electrostatic interactions, and thus fail 
to reproduce important properties of the solvent such as dielectric screening. Moreover, CG 
models for one type of solvent molecule are seldom compatible with those for other solvents. 
Here, we develop polarizable CG models for the solvents dimethyl sulfoxide, chloroform and 
methanol that are compatible with an existing CG model for water. The inclusion of 
polarizability greatly improves the reproduction of thermodynamic data measured 
experimentally and calculated from AL simulations for both the pure liquids and binary 
mixtures. 
 

 

References: J. Chem. Phys. (2011) submitted 
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Title:    On the use of enveloping distribution sampling (EDS) to compute free  
  enthalpy differences between different conformational states of molecules: 
  application to 310-, α, and л helices 
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Group: Computer-aided chemistry 
 
Description: 
 

Enveloping distribution sampling (EDS) is a powerful method to compute relative free 
energies from simulation. So far, the EDS method has only been applied to alchemical free 
energy differences, i.e. between different Hamiltonians defining different systems, and not 
yet to obtain free energy differences between different conformations or conformational 
states of a system. In this article, we extend the EDS formalism such that it can be applied to 
compute free energy differences of different conformations, and apply it to compute the 
relative free enthalpy ΔG of 310-, α-, and π-helices of an alanine deca-peptide in explicit water 
solvent. The resulting ΔG values are compared to those obtained by standard thermodynamic 
integration (TI) and from so-called end-state simulations. A TI simulation requires the 
definition of a λ-dependent pathway which in the present case is based on hydrogen bonds of 
the different helical conformations. The values <ðVл/ðλ>λ of show a sharp change for a 
particular range of λ-values which is indicative of an energy barrier along the pathway, which 
lowers the accuracy of the resulting ΔG value. In contrast, in a two-state EDS simulation, an 
unphysical reference-state Hamiltonian which connects the parts of conformational space that 
are relevant to the different end states is constructed automatically, that is, no pathway needs 
to be defined. In the simulation using this reference state, both helices were sampled, and 
many transitions between them occurred, thus ensuring the accuracy of the resulting free 
enthalpy difference. According to the EDS simulations, the free enthalpy difference of the π-
helix and the 310-helix versus the α-helix are 5 kJ mol-1 and 47 kJ mol-1, respectively, for an 
alanine deca-peptide in explicit SPC water solvent using the GROMOS 53A6 force field. The 
EDS method is thus applicable to compute free energy differences between conformational 
states as well as between systems, and has definite advantages over the traditional TI and 
umbrella sampling methods to compute relative free energies. 
 
 

References: J. Chem. Theory. Comp. (2011) submitted 
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Title:    Assessment of enveloping distribution sampling to calculate relative free  
  enthalpies of binding for eight netropsin-DNA duplex complexes in aqueous 
  solution 
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Description: 
 

The performance of enveloping distribution sampling (EDS) simulations to estimate free 
enthalpy differences associated with seven alchemical transfor-mations of A-T into G-C base 
pairs at the netropsin binding site in the minor groove of a 13 base pair DNA duplex in 
aqueous solution is evaluated. It is demonstrated that sufficient sampling can be achieved 
with a two-state EDS Hamiltonian even for large perturbations such as the simultaneous 
transformation of up to three A-T into three G-C base pairs. The two parameters required to 
define the EDS reference state Hamiltonian are obtained automatically using a modified 
version of a scheme presented in earlier work. The sensitivity of the configurational sampling 
to a variation of these parameters is investigated in detail. While for relatively small 
perturbations, i. e. one base pair, the free enthalpy estimate depends only weakly on the EDS 
parameters, the sensitivity is stronger for the largest perturbation. Yet, EDS offers various 
convenient measures to evaluate the degree of sampling and thus the reliability of the free 
enthalpy estimate and appears to be an efficient alter-native to the conventional 
thermodynamic integration methodology to obtain free energy differences for molecular 
systems. 
 

 

References: J. Comput. Chem. (2011) submitted 
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Title: Damping of Bloch Oscillations in the Hubbard Model

Researchers: M. Eckstein
P. Werner

Institute: Theoretische Physik, ETH Zurich, 8093 Zurich

Description:

Using nonequilibrium dynamical mean-field theory, we study the isolated Hubbard model
in a static electric field in the limit of weak interactions. Linear response behavior is es-
tablished at long times, but only if the interaction exceeds a critical value, below which
the system exhibits an ac-type response with Bloch oscillations. The transition from ac
to dc response is defined in terms of the universal long-time behavior of the system, which
does not depend on the initial condition.

References: Phys. Rev. Lett. 107, 186406 (2011)
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Title: Superconductivity and Pairing Fluctuations in the Half-
Filled Two-Dimensional Hubbard Model

Researchers: M. Sentef (1)
P. Werner (2)
E. Gull (3)
A. Kampf (1)

Institute: (1) Theoretical Physics III, Center for Electronic Correla-
tions and Magnetism, Institute of Physics, University of
Augsburg, D-86135 Augsburg
(2) Theoretische Physik, ETH Zurich, 8093 Zurich
(3) Department of Physics, Columbia University, New
York, New York 10027

Description:

The two-dimensional Hubbard model exhibits superconductivity with d-wave symmetry
even at half-filling in the presence of next-nearest neighbor hopping. Using plaquette
cluster dynamical mean-field theory with a continuous-time quantum Monte Carlo im-
purity solver, we reveal the non-Fermi liquid character of the metallic phase in proximity
to the superconducting state. Specifically, the low-frequency scattering rate for momenta
near (π, 0) varies non-monotonously at low temperatures, and the dc conductivity is
T-linear at elevated temperatures with an upturn upon cooling. Evidence is provided
that pairing fluctuations dominate the normal-conducting state even considerably above
the superconducting transition temperature.

References: Phys. Rev. Lett. 107, 126401 (2011)
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Title: Low temperature properties of the infinite-dimensional at-
tractive Hubbard model

Researchers: A. Koga (1)
P. Werner (2)

Institute: (1) Department of Physics, Tokyo Institute of Technology,
Tokyo 152-8551
(2) Theoretische Physik, ETH Zurich, 8093 Zurich

Description:

We investigate the attractive Hubbard model in infinite spatial dimensions by combin-
ing dynamical mean-field theory with a strong-coupling continuous-time quantum Monte
Carlo method. By calculating the superfluid order parameter and the density of states,
we discuss the stability of the superfluid state. In the intermediate coupling region above
the critical temperature, the density of states exhibits a heavy fermion behavior with
a quasi-particle peak in the dense system, while a dip structure appears in the dilute
system. The formation of the superfluid gap is also addressed.

References: Phys. Rev. A 84, 023638 (2011)
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Title: Thermalization of a pump-excited Mott insulator

Researchers: M. Eckstein
P. Werner

Institute: Theoretische Physik, ETH Zurich, 8093 Zurich

Description:

We use nonequilibrium dynamical mean-field theory in combination with a recently imple-
mented strong-coupling impurity solver to investigate the relaxation of a Mott insulator
after a laser excitation with frequency comparable to the Hubbard gap. The time evo-
lution of the double occupancy exhibits a crossover from a strongly damped transient at
short times toward an exponential thermalization at long times. In the limit of strong
interactions, the thermalization time is consistent with the exponentially small decay rate
for artificially created doublons, which was measured in ultracold atomic gases. When the
interaction is comparable to the bandwidth, however, the double occupancy thermalizes
within a few times the inverse bandwidth along a rapid thermalization path in which the
exponential tail is absent. Similar behavior can be observed in time-resolved photoemis-
sion spectroscopy. Our results show that a simple quasi-equilibrium description of the
electronic state breaks down for pump-excited Mott insulators characterized by strong
interactions.

References: Phys. Rev. B 84, 035122 (2011)
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Title: Dynamical mean-field theory for bosons

Researchers: P. Anders (1)
E. Gull (2)
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Institute: (1) Theoretische Physik, ETH Zurich, 8093 Zurich
(2) Department of Physics, Columbia University, New
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Description:

We discuss the recently developed bosonic dynamical mean-field theory (B-DMFT) frame-
work, which maps a bosonic lattice model onto the selfconsistent solution of a bosonic
impurity model with coupling to a reservoir of normal and condensed bosons. The ef-
fective impurity action is derived in several ways: (i) as an approximation to the kinetic
energy functional of the lattice problem, (ii) using a cavity approach and (iii) using an
effective medium approach based on adding a one-loop correction to the self-consistently
defined condensate. To solve the impurity problem, we use a continuous-time Monte
Carlo algorithm based on the sampling of a perturbation expansion in the hybridiza-
tion functions and the condensate wave function. As applications of the formalism, we
present finite-temperature B-DMFT phase diagrams for the bosonic Hubbard model on
a three-dimensional (3D) cubic and a 2D square lattice, the condensate order parameter
as a function of chemical potential, critical exponents for the condensate, the approach
to the weakly interacting Bose gas regime for weak repulsions and the kinetic energy as
a function of temperature.

References: New J. Phys. 13, 075013 (2011)
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Title: Optimal ramp shapes for the fermionic Hubbard model in
infinite dimensions

Researchers: N. Eurich
M. Eckstein
P. Werner

Institute: Theoretische Physik, ETH Zurich, 8093 Zurich

Description:

We use nonequilibrium dynamical mean field theory and a real-time diagrammatic impu-
rity solver to study the heating associated with time-dependent changes of the interaction
in a fermionic Hubbard model. Optimal ramp shapes U(t) which minimize the excitation
energy are determined for a noninteracting initial state and an infinitesimal change of the
interaction strength. For ramp times of a few inverse hoppings, these optimal U(t) are
strongly oscillating with a frequency determined by the bandwidth. We show that the
scaled versions of the optimized ramps yield substantially lower temperatures than linear
ramps even for final interaction values comparable to the bandwidth. The relaxation of
the system after the ramp and its dependence on the ramp shape are also addressed.

References: Phys. Rev. B 83, 155122 (2011)
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Title: Dynamical band flipping in fermionic lattice systems: an
ac-field driven change of the interaction from repulsive to
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Researchers: N. Tsuji (1)
T. Oka (1)
P. Werner (2)
H. Aoki (1)

Institute: (1) Department of Physics, University of Tokyo, Hongo,
Tokyo 113-0033
(2) Theoretische Physik, ETH Zurich, 8093 Zurich

Description:

We show theoretically that the sudden application of an appropriate ac field to correlated
lattice fermions flips the band structure and effectively switches the interaction from re-
pulsive to attractive. The nonadiabatically driven system is characterized by a negative
temperature with a population inversion. We numerically demonstrate the converted in-
teraction in an ac-driven Hubbard model with the nonequilibrium dynamical mean-field
theory solved by the continuous-time quantum Monte Carlo method. Based on this, we
propose an efficient ramp-up protocol for ac fields that can suppress heating, which leads
to an effectively attractive Hubbard model with a temperature below the superconduct-
ing transition temperature of the equilibrium system.

References: Phys. Rev. Lett. 106, 236401 (2011)
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Title: Superfluid state in the periodic Anderson model with at-
tractive interactions

Researchers: A. Koga (1)
P. Werner (2)

Institute: (1) Department of Physics, Tokyo Institute of Technology,
Tokyo 152-8551
(2) Theoretische Physik, ETH Zurich, 8093 Zurich

Description:

We investigate the periodic Anderson model with attractive interactions by means of
dynamical mean-field theory (DMFT). Using a continuous-time quantum Monte Carlo
impurity solver, we study the competition between the superfluid state and the para-
magnetic Kondo insulating state, and determine the phase diagram. At the chemical
potential-induced phase transition from the Kondo insulating state to the superfluid
state, a low-energy peak characteristic of the superfluid state appears inside the hy-
bridization gap. We also address the effect of the confining potential in optical lattice
systems by means of real-space DMFT calculations.

References: J. Phys. Soc. Jpn. 79, 114401 (2010)
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Title: Dielectric breakdown of a Mott insulator in dynamical
mean field theory

Researchers: M. Eckstein (1)
T. Oka (2)
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Institute: (1) Theoretische Physik, ETH Zurich, 8093 Zurich
(2) Department of Physics, University of Tokyo, Hongo,
Tokyo 113-0033

Description:

Using nonequilibrium dynamical mean-field theory, we compute the time evolution of
the current in a Mott insulator after a strong electric field is turned on. We observe
the formation of a quasistationary state in which the current is almost time independent
although the system is constantly excited. At moderately strong fields this state is stable
for quite long times. The stationary current exhibits a threshold behavior as a function
of the field, in which the threshold increases with the Coulomb interaction and vanishes
as the metal-insulator transition is approached.

References: Phys. Rev. Lett. 105, 146404 (2010)
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Title: Nonequilibrium dynamical mean field calculations based on
the non-crossing approximation and its generalizations

Researchers: M. Eckstein
P. Werner

Institute: Theoretische Physik, ETH Zurich, 8093 Zurich

Description:

We solve the impurity problem which arises within nonequilibrium dynamical mean-
field theory for the Hubbard model by means of a self-consistent perturbation expansion
around the atomic limit. While the lowest order, known as the noncrossing approxima-
tion (NCA), is reliable only when the interaction U is much larger than the bandwidth,
low-order corrections to the NCA turn out to be sufficient to reproduce numerically exact
Monte Carlo results in a wide parameter range that covers the insulating phase and the
metal-insulator crossover regime at not too low temperatures. As an application of the
perturbative strong-coupling impurity solver we investigate the response of the double
occupancy in the Mott insulating phase of the Hubbard model to a dynamical change in
the interaction or the hopping, a technique which has been used as a probe of the Mott
insulating state in ultracold fermionic gases.

References: Phys. Rev. B 82, 115115 (2010)
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Title: Continuous-time Monte Carlo methods for quantum impu-
rity models

Researchers: E. Gull (1)
A. Lichtenstein (2)
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A. Rubtsov (3)
M. Troyer (4)
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Institute: (1) Department of Physics, Columbia University, New
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(2) Institute of Theoretical Physics, University of Ham-
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(3) Department of Physics, Moscow State University,
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(4) Theoretische Physik, ETH Zurich, 8093 Zurich,
Switzerland

Description:

Quantum impurity models describe an atom or molecule embedded in a host material
with which it can exchange electrons. They are basic to nanoscience as representations
of quantum dots and molecular conductors and play an increasingly important role in
the theory of correlated electron materials as auxiliary problems whose solution gives
the dynamical mean-field approximation to the self-energy and local correlation func-
tions. These applications require a method of solution which provides access to both
high and low energy scales and is effective for wide classes of physically realistic models.
The continuous-time quantum Monte Carlo algorithms reviewed in this article meet this
challenge. Derivations and descriptions of the algorithms are presented in enough detail
to allow other workers to write their own implementations, discuss the strengths and
weaknesses of the methods, summarize the problems to which the new methods have
been successfully applied, and outline prospects for future applications.

References: Rev. Mod. Phys. 83, 349 (2011)
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Title: Continuous-time Quantum Monte Carlo impurity solvers

Researchers: E. Gull (1)
P. Werner (2)
S. Fuchs (3)
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M. Troyer (1)
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(3) Georg-August-Universitt Gttingen, Gttingen, Germany

Description:

Continuous-time quantum Monte Carlo impurity solvers are algorithms that sample the
partition function of an impurity model using diagrammatic Monte Carlo techniques.
The present paper describes codes that implement the interaction expansion algorithm
originally developed by Rubtsov, Savkin, and Lichtenstein, as well as the hybridization
expansion method developed by Werner, Millis, Troyer, et al. These impurity solvers
are part of the ALPS-DMFT application package and are accompanied by an implemen-
tation of dynamical mean-field self-consistency equations for (single orbital single site)
dynamical mean-field problems with arbitrary densities of states.

References:

Computer Physics Communications 182, 1078 (2011)
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6.1 C4: The Year in Review 
 
The Competence Center for Computational Chemistry (C4) is a network of computational 
chemists of the IBM Zürich Research Laboratory, the University of Zürich, and the ETH 
Zürich. The goal of C4 is to seek new frontiers and opportunities in molecular modeling and 
simulation, to cater to the flow of know-how within this community, and to serve as a 
platform for the interaction with partners from other areas of science or from outside 
academia. C4 was launched twenty years ago as a scientific collaboration between the IBM 
Research Laboratory and ETH Zürich, and has grown considerably since. Today, the C4 
network covers a broad spectrum of research activities involving fifteen research groups from 
ten different institutes. 
 
The C4 Steering Committee 
The Steering Committee consists of Prof. Alessandro Curioni, head of computational sciences 
at IBM Zürich Research, Profs. Jürg Hutter (University of Zürich), Wilfred F. van Gunsteren, 
and PD Dr. Hans P. Lüthi (both ETH Zürich). 
 
C4 Seminar  
The actual “backbone” of C4 is its Seminar Program. During the 2010 Fall- and 2011 Spring-
Term the C4 Seminar Program covered 14 lectures, again some of them presented by leaders 
in the field of computational chemistry. The seminar, which takes place every second 
Thursday during the semester, enjoys a remarkable popularity bringing together between forty 
and sixty students and researchers.  
 
One C4 seminar was hosted by the IBM Research Laboratory, and two seminars were held 
jointly with the ETH Physical Chemistry Colloquium, and the Seminar for Theory, 
Spectroscopy and Dynamics, respectively.  
 
C4 Workshop 
On January 13, the 2011 C4 Workshop entitled “Advancing the Frontiers of Modeling and 
Simulation in Chemistry and Materials Science” was hosted by the IBM Research Laboratory 
in Rüschlikon. There were forty scientific presentations given (33 posters, 7 lectures), and 
there was also the opportunity to visit the Nanotech Center shortly before its inauguration in 
May 2011. This was the fourth time a C4 Workshop was held jointly with another institution, 
and the second time the event was held out-of-town. 
 
Compute Resource 
The C4 compute-cluster Obélix, a 32 node IBM Opteron cluster operated by the ETH 
Informatikdienste was decommissioned in May of 2011 after five years of nearly 
uninterrupted service. At the same time the existing C4 Brutus share was extended by 10 
standard and 5 fat nodes, i.e. a total of 720 cores, based on an infrastructure-grant of ETH and 
a financial contribution of the ETH Department of Chemistry. 
 
Many of the members of the C4 community are also users of the resources of the Centro 
Svizzero die Calcolo Scientifico (CSCS), i.e. were awarded computing time based on 
proposals they had submitted.  These three resources respond to a specific demand, and the 
results and achievements reported in this report typically involve “machine cycles” drawn 
from more than just one of these resources.   
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C4 Tutorials 
With CECAM being established in Switzerland, the offering for tutorials and workshops has 
increased considerably, both, in number and in the spectrum of topics covered. The CECAM 
Zurich node is lead by our colleague Prof. Matthias Troyer of the Institute of Theoretical 
Physics. C4 did not offer its own tutorials. However, in order to respond to the demand of the 
local community, C4 will offer tutorials again. 
 
The IBM Research Award 
In 2007, the ETH Schulleitung approved the “IBM Research Forschungspreis”, an award for 
outstanding MSc and PhD theses sponsored by the IBM Zürich Research Laboratory. This 
year, the prize was awarded to Michele Ceriotti for his thesis entitled “A novel framework for 
enhanced molecular dynamics based on the generalized Langevin equation“.  
 
The 2010 Award Ceremony, for the first time, took place at the ETH Tag with the Rector, 
Prof. Heidi Wunderli-Allenspach, handing out the award to the winner.  Michele Ceriotti also 
presented his research at the occasion of a regular C4 Seminar held at the IBM Research 
Laboratory in Rüschlikon. 
 
Outlook 
Computational chemistry “made in Zurich” is still growing and a network such as C4 plays an 
important role when it comes to the exchange of information and know-how within the field 
or with similar networks such as the CS&E community. Also in the next year we will make 
sure that C4 is a valuable platform for its stakeholders. 
 
 
Hans P. Lüthi, Leiter C4 
October 27, 2011 
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6.2 Information Technology Services 
 
The following resource is available: 
 
The Information Technology Services operates a Linux Cluster co-owned with the 
departments Biology, Environmental Sciences, Earth Sciences, Physics, Mathematics, 
Material Sciences, Mechanical and Process Engineering, Civil, Environmental and Geomatic 
Engineering, Management, Technology and Economics and Computer Science.  
This cluster consists of the following node types: 
 

o 8 x eight processor dual-core AMD Opteron 8220 and 64-128 GB memory 
o 324 x two processor AMD Opteron 250 systems with 8 GB memory 
o 272 x two processor dual-core AMD Opteron 2220 systems with 16 GB memory 
o and Ethernet network 
o 4 x two processor six-core AMD Opteron 2435 CPUs and 32 GB memory 
o 10 x four processor quad-core AMD Opteron 8380 CPUs and 128 GB memory 
o 410 x four processor quad-core AMD Opteron 8380 systems with 32 GB memory 
o 80 x four processor quad-core AMD Opteron 8384 systems with 32 GB memory 
o 18 x two processor 12-core AMD Opteron 6174 systems with 32 GB memory and two 

NVIDIA Tesla M2050 (Fermi) GPUs with 2.6 GB memory 
o 24 x two processor 12-core AMD Opteron 6174 systems with 32 GB memory 

 
 
All nodes are connected to the cluster’s internal Gigabit Ethernet backbone. Up to 272 nodes 
are connected to a high speed/low latency Quadrics QsNetII network. 512 nodes are 
connected to a high speed/low latency InfiniBand QDR network.  
 
The peak performance of the cluster is more than 90 teraflops. 
 
A Lustre parallel filesystem with a capacity of 250 TB is available as work storage for data 
and I/O intensive computations. 
 
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 cluster nodes connected through the Quadrics QsNetII and the InfiniBand network are 
intended for parallel code (typically MPI based) needing high bandwidth and low latency 
communications, but not a globally shared memory. The Ethernet connected part of the 
cluster is intended for single node throughput computing and not communication intensive 
parallel jobs. The eight processor dual core nodes as well as the four processor quad core 
nodes are suited well for up to 16-way symmetric multiprocessing jobs. 
 
Starting 1st April 2011, this system and the team were transferred back to the Information 
Technology Services department after they were transferred to the Swiss National 
Supercomputing Center CSCS the year before, at 1st October 2010. 
 
The Hewlett Packard Superdome Cluster has been decommissioned on 17. January 2011 after 
10 years of successful operation. 
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 in refereed journals 
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Group of P. Arbenz

C. Flaig, P. Arbenz: A scalable memory efficient multigrid solver for micro-finite element

analyses based on CT images. Parallel Computing (2011), doi:10.1016/j.parco.2011.
08.001.

C. Flaig, P. Arbenz: A highly scalable matrix-free multigrid solver for µFE analysis based

on a pointer-less octree. Accepted for publication in the proceedings of LSSC 2011,
Sozopol, Bulgaria, June 6-10, 2011.

A.J. Wirth, J. Goldhahn, C. Flaig, P. Arbenz, R. Müller, G.H. van Lenthe: Implant

stability is affected by local bone microstructural quality. Bone 49 (3): 473–478 (2011).

C. Bekas, A. Curioni, P. Arbenz, C. Flaig, G.H. van Lenthe, R. Müller, A.J. Wirth:
Extreme scalability challenges in micro-finite element simulations of human bone. Con-
currency and Computation: Practice and Experience 22 (16): 2282–2296 (2010).

A.J. Wirth, Th.L. Mueller, W. Vereecken, C. Flaig, P. Arbenz, R. Müller, G.H. van
Lenthe: Mechanical competence of bone-implant systems can accurately be determined by

image-based micro-finite element analyses. Arch. Appl. Mech. 80 (5): 513–525, 2010.

A. Adelmann, P. Arbenz, Y. Ineichen: A Fast Parallel Poisson Solver on Irregular Do-

mains Applied to Beam Dynamic Simulations, J. Comp. Phys. 229 (12): 4554–4566
(2010)

A. Adelmann, P. Arbenz, Y. Ineichen: ”Improvements of a fast parallel Poisson solver
on irregular domains”. Accepted for publication in the proceedings of PARA2010, Reyk-
javik, Iceland, June 6-9, 2010.

H. Guo, A. Adelmann, P. Arbenz, A. Falone, C. Kraus, and B. Oswald: Computation

of Electromagnetic Modes in the Transverse Deflecting Cavity. Proceedings of the 2010
International Particle Accelerator Conference (IPAC), Kyoto, Japan, May 23-28, 2010.

C. Kraus, A. Adelmann, P. Arbenz: Perfectly matched layers in a divergence preserving

ADI scheme for electromagnetics. J. Comput. Phys. 231 (1): 39–44 (2012).

H. Guo, B. Oswald, P. Arbenz: 3-dimensional eigenmodal analysis of plasmonic nanos-

tructures. 2011. Submitted for publication.

D. Obrist, R. Henniger, P. Arbenz: Parallelization of the time integration for time-

periodic flow problems. Proc. Appl. Math. Mech. 10 (1): 567–568 (2010).

P. Arbenz, A. Hiltebrand, D. Obrist: A parallel space-time finite difference solver for peri-

odic solutions of the shallow-water equation. Accepted for publication in the proceedings
of PPAM 2011, Torun, Poland, September 11-14, 2011.
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Group of Sebastian Bonhoeffer 
 
 
von Wyl, V, Kouyos, RD, Yerly, S, Boni, J, Shah, C, Burgisser, P, Klimkait, T, Weber, R, 
Hirschel, B, Cavassini, M, Staehelin, C, Battegay, M, Vernazza, PL, Bernasconi, E, 
Ledergerber, B, Bonhoeffer, S, Gunthard, HF  
The Role of Migration and Domestic Transmission in the Spread of HIV-1 Non-B Subtypes 
in Switzerland  
JOURNAL OF INFECTIOUS DISEASES (2011) 204:1095-1103  
 
Hinkley, T, Martins, J, Chappey, C, Haddad, M, Stawiski, E, Whitcomb, JM, Petropoulos, 
CJ, Bonhoeffer, S  
A systems analysis of mutational effects in HIV-1 protease and reverse transcriptase  
NATURE GENETICS (2011) 43:487-+  
 
Kouyos, RD, zur Wiesch, PA, Bonhoeffer, S  
On Being the Right Size: The Impact of Population Size and Stochastic Effects on the 
Evolution of Drug Resistance in Hospitals and the Community  
PLOS PATHOGENS (2011) 7:-  
 
Kouyos, RD, zur Wiesch, PA, Bonhoeffer, S  
Informed Switching Strongly Decreases the Prevalence of Antibiotic Resistance in Hospital 
Wards  
PLOS COMPUTATIONAL BIOLOGY (2011) 7:-  
 
zur Wiesch, PA, Kouyos, R, Engelstadter, J, Regoes, RR, Bonhoeffer, S  
Population biological principles of drug-resistance evolution in infectious diseases  
LANCET INFECTIOUS DISEASES (2011) 11:236-247  
 
Mostowy, R, Kouyos, RD, Fouchet, D, Bonhoeffer, S  
The Role of Recombination for the Coevolutionary Dynamics of HIV and the Immune 
Response  
PLOS ONE (2011) 6:-  
 
Takizawa, H, Regoes, RR, Boddupalli, CS, Bonhoeffer, S, Manz, MG  
Dynamic variation in cycling of hematopoietic stem cells in steady state and inflammation  
JOURNAL OF EXPERIMENTAL MEDICINE (2011) 208:273-284  
 
Kouyos, RD, von Wyl, V, Yerly, S, Boni, J, Rieder, P, Joos, B, Taffe, P, Shah, C, Burgisser, 
P, Klimkait, T, Weber, R, Hirschel, B, Cavassini, M, Rauch, A, Battegay, M, Vernazza, PL, 
Bernasconi, E, Ledergerber, B, Bonhoeffer, S, Gunthard, HF  
Ambiguous Nucleotide Calls From Population-based Sequencing of HIV-1 are a Marker for 
Viral Diversity and the Age of Infection  
CLINICAL INFECTIOUS DISEASES (2011) 52:532-539  
 
Takizawa, H, Boddupalli, CS, Regoes, RR, Bonhoeffer, S, Manz, MG  
Hematopoietic Stem Cell Cycling Dynamics In Steady State and Upon Hematopoietic 
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Challenge  
BLOOD (2010) 116:253-253 
 
Bonhoeffer, S, zur Wiesch, PA, Kouyos, RD  
ROTATING ANTIBIOTICS DOES NOT MINIMIZE SELECTION FOR RESISTANCE  
MATHEMATICAL BIOSCIENCES AND ENGINEERING (2010) 7:919-922  
 
Alizon, S, von Wyl, V, Stadler, T, Kouyos, RD, Yerly, S, Hirschel, B, Boni, J, Shah, C, 
Klimkait, T, Furrer, H, Rauch, A, Vernazza, PL, Bernasconi, E, Battegay, M, Burgisser, P, 
Telenti, A, Gunthard, HF, Bonhoeffer, S  
Phylogenetic Approach Reveals That Virus Genotype Largely Determines HIV Set-Point 
Viral Load  
PLOS PATHOGENS (2010) 6:-  
 
Mostowy, R, Salathe, M, Kouyos, RD, Bonhoeffer, S  
ON THE EVOLUTION OF SEXUAL REPRODUCTION IN HOSTS COEVOLVING 
WITH MULTIPLE PARASITES  
EVOLUTION (2010) 64:1644-1656  
 
Kouyos, RD, von Wyl, V, Yerly, S, Boni, J, Taffe, P, Shah, C, Burgisser, P, Klimkait, T, 
Weber, R, Hirschel, B, Cavassini, M, Furrer, H, Battegay, M, Vernazza, PL, Bernasconi, E, 
Rickenbach, M, Ledergerber, B, Bonhoeffer, S, Gunthard, HF  
Molecular Epidemiology Reveals Long-Term Changes in HIV Type 1 Subtype B 
Transmission in Switzerland  
JOURNAL OF INFECTIOUS DISEASES (2010) 201:1488-1497  
 
zur Wiesch, PS, Engelstadter, J, Bonhoeffer, S  
Compensation of Fitness Costs and Reversibility of Antibiotic Resistance Mutations  
ANTIMICROBIAL AGENTS AND CHEMOTHERAPY (2010) 54:2085-2095  
 
Kouyos, RD, von Wyl, V, Yerly, S, Boni, J, Rieder, P, Joos, B, Taffe, P, Shah, C, Burgisser, 
P, Klimkait, T, Weber, R, Hirschel, B, Cavassini, M, Rauch, A, Battegay, M, Vernazza, PL, 
Bernasconi, E, Ledergerber, B, Bonhoeffer, S, Gunthard, HF  
Ambiguity in population-based sequencing of HIV-1 as a marker for the age of HIV infection  
ANTIVIRAL THERAPY (2010) 15:A158-A158 
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Group of K. Boulouchos publications

1. G. Pizza, C.E. Frouzakis, J. Mantzaras, Chaotic dynamics in premixed hydrogen/air chan-
nel flow combustion, Combust. Theory Modeling, (in press).

2. C. Altantzis, C.E. Frouzakis, A.G. Tomboulides, M. Matalon, K. Boulouchos, Hydro-
dynamic and thermal-diffusive instability effects on the evolution of laminar planar lean
premixed hydrogen flames, J. Fluid Mech., (submitted).

3. E. Chiavazzo and I. Karlin, Adaptive simplification of complex multiscale systems, Phys.
Rev. E 83, 036706 (2011).

4. D. Lycett-Brown, I. Karlin and K. H. Luo, Droplet Collision Simulation by a Multi-Speed
Lattice Boltzmann Method, Commun. Comput. Phys. 9, 1219-1234 (2011).

5. I.V. Karlin, P. Asinari and S. Succi, Matrix lattice Boltzmann reloaded, Phil. Trans. R.
Soc. A 369, 2202-2210 (2011).
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Group of Domenico Giardini 
 
J. F. Schaefer, L. Boschi, E. Kissling 
Adaptively parametrized surface wave tomography: methodology and a new model of the 
European upper mantle.  
Geophysical Journal International (2011), 186: 1431–1453. doi: 10.1111/j.1365-
246X.2011.05135.x. 
 
D. Peter, D. Komatitsch, Y. Luo, R. Martin, N. Le Goff, E. Casarotti, P. Le Loher, F. 
Magnoni, Q. Liu, C. Blitz, T. Nissen-Meyer, P. Basini, J. Tromp 
Forward and adjoint simulations of seismic wave propagation on fully unstructured 
hexahedral meshes 
Geophysical Journal International (2011), doi: 10.1111/j.1365- 246X.2011.05044.x 
 
P. M. Mai, W. Imperatori and K. B. Olsen 
Hybrid Broadband Ground-Motion Simulations: Combining Long-Period Deterministic 
Synthetics with High-Frequency Multiple S-to-S Backscattering 
Bulletin of the Seismological Society of America (2010), Vol. 100, No. 5A, pp. 2124–
2142, doi: 10.1785/0120080194 
 
R.A. Harris, M. Barall, D.J. Andrews, B. Duan, S. Ma, E. Dunham, A. Gabriel, Y. 
Kaneko, Y. Kase, B. Aagaard, D.D. Oglesby, T.C. Hanks, and N. Abrahamson 
Verifying a computational method for predicting extreme groundmotion at the proposed 
Yucca Mountain repository 
Seismological Research Letters (2011); 82: 638-644. 
 
Colombi, T. Nissen-Meyer, L. Boschi, D. Giardini 
Seismic sensitivity to boundary topography 
To be submitted to Geoph. J. Int. (2011) 
 
J. F. Schaefer, L. Boschi, L., T. Becker, E. Kissling 
Radial Anisotropy in the European Mantle: Tomographic Studies Explored in Terms of 
Mantle Flow 
Submitted to Geophysical Research Letters (2011) 
 
S. Della Mora, L. Boschi, T. W. Becker and D. Giardini 
Can the Earth's harmonic spectrum be derived directly from the stochastic inversion of 
global travel-time data?  
Submitted to Geophys. J. Int., (2011) 
 
T. Nissen-Meyer, A. Fournier 
Time-frequency sensitivity in global tomography 
Submitted to Geoph. J. Int. (2011) 
 
G. S. O'Brien, T. Nissen-Meyer, C. Bean 
A lattice Boltzmann method for elastic wave propagation 
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subject to minor revision, Bull. Seis. Soc. America (2011) 
 
A. Gabriel J. P. Ampuero, L. A. Dalguer, P. M. Mai 
The Transition of Dynamic Rupture Styles in Elastic 1 Media Under Velocity-Weakening 
Friction 
To be submitted to J. Geophys. Res. (2011) 
 
D. Fäh, J. R. Moore, J. Burjanek, I. Iosifescu, L. Dalguer, et al 
Coupled seismogenic geohazards in alpine regions 
Bollettino di Geofisica Teorica e Applicada, in press (2011) 
 
B. Mena, L.A. Dalguer, P.M. Mai 
Pseudo Dynamic Source Characterization Incorporating Effects of Super-shear Rupture 
and Stress Heterogeneity for Strong Ground Motion Prediction 
Bull. Seismol. Soc. Am, in review (2011) 
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Group of Markus Gross

B. Solenthaler and M. Gross
Two-Scale Particle Simulation
ACM Transaction on Graphics (Proceedings SIGGRAPH), vol. 30, no. 4, 2011, pp. 81:1–81:8.

S. Martin, B. Thomaszewski, E. Grinspun, M. Gross
Example-based Elastic Materials
ACM Transaction on Graphics (Proceedings SIGGRAPH), vol. 30, no. 4, 2011, pp. 72:1-72:8
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Group of Ch. Hafner 
 
Reviewed Journals 
 
1. T. Sannomiya, H. Dermutz, Ch. Hafner, J. Vörös, A. Dahlin, Electrochemistry on 

localized surface plasmon sensor, Langmuir, Vol. 26, Issue 10, pp.Langmuir, October 2010. 
2. C. Engström, M. Wang, Complex dispersion relation calculations with the symmetric 

interior penalty method, Int. J. Numer. Methods Eng., Vol. 84, Issue 7, pp.849-863, November 
2010. 

3. T. Kaufmann, C. Engström, C. Fumeaux, R. Vahldieck, Eigenvalue Analysis and 
Longtime Stability of Resonant Structures for the Meshless Radial Point Interpolation Method 
in Time Domain, IEEE Trans. Microwave Theory Tech., Vol. 58, Issue 12, pp.3399-3408, 
December 2010. 

4. V. Lotito, U. Sennhauser, Ch. Hafner, Numerical analysis of novel asymmetric SNOM tips, 
PIERS Online, Vol. 7, Issue 4, pp.394-400, 2011. 

5. V. Lotito, U. Sennhauser, Ch. Hafner, G.-L. Bona, Fully Metal-Coated Scanning Near-
Field Optical Microscopy Probes with Spiral Corrugations for Superfocusing under Arbitrarily 
Oriented Linearly Polarised Excitation, Plasmonics, Vol. 6, pp.327-336, 2011. 

6. Ch. Hafner, J. Smajic, Eigenvalue analysis of lossy dispersive waveguides, J. of Modern 
Optics, Vol. 58, Issue 5-6, pp.467-479, March 2011. 

7. A. Alparslan, Ch. Hafner, Using Layered Geometry Green's Functions in the Multiple 
Multipole Program, J. Comput. Theor. Nanosci., Issue 8, pp.1600-1608, Aug. 2011. 

8. M. Wang, Ch. Engström, K. Schmidt, Ch. Hafner, On High-Order FEM Applied to 
Canonical Scattering Problems in Plasmonics, J. Comput. Theor. Nanosci., Vol. 8, Issue 8, 
pp.1564-1572, August 2011. 
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Group of D. Helbing  
C. P. Roca and D. Helbing  
Emergence of social cohesion in a model society of greedy, mobile individuals.  
Proceedings of the National Academy of Sciences USA (PNAS) 108(28) (2011) 11370-11374. 
DOI 10.1073/pnas.1101044108 

J. Lorenz, H. Rauhut, F. Schweitzer, and D. Helbing 
How social influence can undermine the wisdom of crowd effect. 
Proceedings of the National Academy of Sciences USA (PNAS) 108(28) (2011) 9020-9025. DOI 
10.1073/pnas.1008636108 
 
J. Wu, S. Lozano, and D. Helbing 
Empirical study of the growth dynamics in real career h-index sequences. 
Journal of Informetrics 5(4) (2011) 489-497. DOI 10.1016/j.joi.2011.02.003 
 
D. Helbing and S. Balietti 
From social data mining to forecasting socio-economic crises 
Eur. Phys. J. Special Topics 195 (2011) 3-68. DOI 10.1140/epjst/e2011-01401-8 
 
D. Helbing and S. Balietti 
From social simulation to integrative system design. 
Eur. Phys. J. Special Topics 195 (2011) 69-100. DOI 10.1140/epjst/e2011-01402-7 
 
D. Helbing and S. Balietti 
How to create an innovation accelerator. 
Eur. Phys. J. Special Topics 195 (2011) 101-136. DOI 10.1140/epjst/e2011-01403-6 
 
D. Helbing, S. Balietti, S. Bishop, and P. Lukowicz 
Understanding, creating, and managing complex techno-socio-economic systems: Challenges and 
perspectives. 
Eur. Phys. J. Special Topics 195 (2011) 165-186. DOI 10.1140/epjst/e2011-01410-7 
 
A. Mazloumian, Y-H. Eom, D. Helbing, S. Lozano, and S. Fortunato 
How citation boosts promote scientific paradigm shifts and Nobel Prizes. 
PLoS ONE 6(5) (2011) e18975. DOI 10.1371/journal.pone.0018975 
 
D. Helbing, W. Yu, and H. Rauhut 
Self-organization and emergence in social systems: Modeling the coevolution of social 
environments and cooperative behavior. 
Journal of Mathematical Sociology 35 (2011) 177-208. DOI 10.1080/0022250X.2010.532258 
 
M. Moussaïd, D. Helbing, and G. Theraulaz 
How simple rules determine pedestrian behavior and crowd disasters. 
PNAS 108(17) (2011) 6884-6888. DOI 10.1073/pnas.1016507108 
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D. Roggen, M. Wirz,  G. Tröster, and D. Helbing 
Recognition of crowd behavior from mobile sensors with pattern analysis and graph clustering 
methods. 
Networks and Heterogeneous Media (NHM) 6(3) (2011) 521-544. DOI 10.3934/nhm.2011.6.521 
 
K. Trantopoulos, M. Schlaepfer, and D. Helbing 
Toward Sustainability of Complex Urban Systems through Techno-Social Reality Mining. 
Environ. Sci. Technol. 45(15) (2011) 6231–6232. DOI 10.1021/es2020988 
 
T. Becker, M. E. Beber, K. Windt, M-T. Hütt, and D. Helbing 
Flow control by periodic devices: a unifying language for the description of traffic, production, 
and metabolic systems. 
Journal of Statistical Mechanics: Theory and Experiment (2011) P05004. DOI 10.1088/1742-
5468/2011/05/P05004 
 
D. Helbing and W. Yu 
The future of social experimenting. 
Proceedings of the National Academy of Sciences USA (PNAS) 107(12) (2010) 5265-5266. DOI 
10.1073/pnas.1000140107 
 
D. Helbing 
Pluralistic modeling of complex systems. 
Science and Culture 76(9-10) (2010) 315-329. 
 
M. Mäs, A. Flache, and D. Helbing 
Individualization as driving force of clustering phenomena in humans. 
PLoS Comput Biol 6(10) (2010) e1000959. DOI 10.1371/journal.pcbi.1000959 
 
D. Helbing and A. Johansson 
Cooperation, norms, and revolutions: A unified game-theoretical approach. 
PLoS ONE 5(10) (2010) e12530. DOI 10.1371/journal.pone.0012530 
 
D. Helbing, A. Szolnoki, M. Perc, and G. Szabó 
Evolutionary establishment of moral and double moral standards through spatial interactions. 
PLoS Computational Biology 6(4) (2010) e1000758. DOI 10.1371/journal.pcbi.1000758 
 
W. Yu and D. Helbing 
Game theoretical interactions of moving agents. 
Understanding Complex Systems 0/2010 (2010) 219-239. DOI 10.1007/978-3-642-12203-3_10 
 
D. Helbing 
Quantitative Sociodynamics.  
Stochastic Methods and Models of Social Interaction Processes (2010) (Springer, Berlin). 
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Proceedings of the National Academy of Sciences USA (PNAS) 107(12) (2010) 5265-5266. DOI 
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D. Helbing and A. Johansson 
Cooperation, norms, and revolutions: A unified game-theoretical approach. 
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T. Chadefaux and D. Helbing 
How wealth accumulation can promote cooperation. 
PLoS ONE 5(10) (2010) e13471. DOI 10.1371/journal.pone.0013471 
 
D. Helbing, A. Szolnoki, M. Perc, and G. Szabó 
Punish, but not too hard: how costly punishment spreads in the spatial public goods game. 
New J. Phys. 12 (2010) 083005. DOI 10.1088/1367-2630/12/8/083005 
 
D. Helbing, A. Szolnoki, M. Perc, and G. Szabó 
Defector-accelerated cooperativeness and punishment in public goods games with mutations. 
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Sensitivity analysis of permeability parameters for flows on Barcelona networks. 
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R. Donner, K. Padberg, J. Höfener, and D. Helbing 
Dynamics of supply chains under mixed production strategies. 
Progress in Industrial Mathematics at ECMI 2008, Mathematics in Industry 15(2) (2010) 527-
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Group of H.J. Herrmann

M.L. Eggersdorfer, D. Kadau, H.J. Herrmann, S.E. Pratsinis
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N.A.M. Araújo, J.S. Andrade Jr., R.M. Ziff, and H.J. Herrmann
Tricritical point in explosive percolation
Phys. Rev. Lett. 106 (2011) 095703.

H.J. Herrmann and N.A.M. Araújo
Watersheds and explosive percolation
Phys. Proc. 15 (2011) 37.
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at http://www.sam.math.ethz.ch/reports/2011/29.

2

303



[22] Annika Lang. Almost sure convergence of a Galerkin approximation
for SPDEs of Zakai type driven by square integrable martingales. SAM
report 2011-35, June 2010.

[23] Annika Lang. A Lax equivalence theorem for stochastic differential
equations. J. Comput. Appl. Math., 234(12):3387–3396, October 2010.

[24] Annika Lang. Mean square convergence of a semidiscrete scheme for
SPDEs of Zakai type driven by square integrable martingales. Procedia
Computer Science, 1(1):1609–1617, 2010. ICCS 2010.

[25] Annika Lang, Pao-Liu Chow, and Jürgen Potthoff. Almost sure con-
vergence of a semidiscrete Milstein scheme for SPDEs of Zakai type.
Stochastics, 82(3):315–326, June 2010.

[26] D. Marazzina, O. Reichmann, and C. Schwab. hp-dgfem for kolmogorov
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