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The ETH computational science and engineering community proudly presents this over-
view of its activities. A broad variety of projects is covered, which have their root in
different disciplines, but share a reliance on computer simulation as a means of scientific
investigation. Different rationales are behind this: experiments may just not be possible,
like in astrophysics, or much too slow and expensive, like in many areas of engineering, or
the phenomena may elude measurement, as in many nano-scale systems, or the computer
is used as probe to test conjectures and supplement theory, like in numerical analysi

For whatever reason numerical simulation is employed, its judicious use requires skill.
The mathematical model has to be chosen judiciously, accessibility and uncertainty of
parameters has to be assessed, often faithful discretization has to be pondered carefully,
and an efficient solution method has to be found. All this is genuine scientific challenge
and cannot be dismissed as a sideshow.

Therefore one message that this report intends to send is that computer simulation is a
key part of modern science that ETH has to nurture well, if it intends to remain a leader
in basic research.

Zürich, November 8, 2010
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 2009, 28 new students started their CSE Bachelor studies, 18 in the first 
semester and 10 in the third semester. From outside ETH 8 students entered the CSE Master 
curriculum. 
 
The total number of CSE students enrolled at the end of the academic year 2009/2010 was 95 
(54 in the BSc program and 41 in the MSc program). 
 
 
In the past academic year 25 students have successfully finished a CSE curriculum, Bachelor 
and Master, respectively, and have received a CSE degree, some with very good scores. In the 
following list we give the name of the student, the title of the Bachelor/Master thesis and, in 
parentheses, the name and the department/institute of the advisor. 

 
Bachelor Theses 
 
A. Arteaga Implementation of a Ctr Library for Data Exchange with MATLAB 
 (R. Hiptmair, Seminar für Angewandte Mathematik) 
 
F. Bösch Human Computer Interface for Microrobotic Manipulation 
 (B. Nelson, Micro and Nano Science Platform) 
 
G. Chirico Implementation of the Immerse-Boundary Proceedure for Infinately 
 Thin Membranes 
 (P. Jenny, Institut für Fluiddynamik) 
 
F. Kulman Computer assisted design for folding robots 
 (M. Pollefeys, Institut für Visual Computing) 
 
J. Lee Drag Reduction for the Laminar Flow Around a Circular Cylinder by 
 Steady Suction and Blowing 
 (P. Jenny, Institut für Fluiddynamik) 
 
S. Mani A controller for a surfboard on hydrofoils 
 (M. Morari, Institut für Automatik) 
 
P. Merz Molecular Dynamics Simulation in artificial Ensembles 
 (P. Hünenberger, Lab. für Physikalische Chemie) 
 
G. Moll Numerical Simulation of Iron Core Formation 
 (T. Gerya, Institut für Geophysik, D-ERDW) 
 
M. Nescher Collapse of Snow under Gravity 
 (H. Herrmann, Institut für Baustoffe (IfB)) 
 
M. Obrecht Collapse of Snow under Gravity 
 (H. Herrmann, Institut für Baustoffe (IfB)) 
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A. Pande HFN (High Precision Floating Point) port from IBM CELL  
 to Intel SSE 
 (W. Petersen, Departement Mathematik) 
 
S. Pintarelli Duality Based Error Estimation for Electrostatic Force Computation 
 (R. Hiptmair, Seminar für Angewandte Mathematik) 
 
A. Rosero Marcial Option Pricing with the CEV Model Using FEM 
 (C. Schwab, Departement Mathematik) 
 
R. Schärer Fast Poisson Solver for Complex Geometries 
 (P. Koumoutsakos, Professur f. Computational Science) 
 
S. Scherer Knochensimulationen speichereffizient implementiert mit Hilfe von 
 raumfüllenden Kurven 
 (P. Arbenz, Professur für Computational Science) 
 
A. Steiner Growing robust networks 
 (H. Herrmann, Institut für Baustoffe) 
 
T. Setz HFN (High Precision Floating Point) port from IBM CELL  
 to Intel  SSE 
 (W. Petersen, Departement Mathematik) 
 
 
Master Theses 
 
M. Gloor Direct numerical simulation for single-phase and two-phase-flows 
 with phase-change 
 (P. Jenny, Insitut für Fluiddynamik) 
 
J. Engel GPh Accelerated Molecular Dynamics of the Elastic Lennard-Jones 
 System 
 (M. Kröger, Institut für Polymere ) 
 
K. Müller Computing Rarefied External Flows Using Extended Fluid Dynmics 
 (M. Torrilhon, Seminar für Angewandte Mathematik) 
 
S. Pauli Fast Solvers for HSS Representations via Sparse Matrices 
 (P. Arbenz, Departement Informatik) 
 
T. Riday The Influence of Valley Geometry on the Diurnal Valley Winds 
 (C. Schär, Institut für Atmosphäre und Klima) 
 
S. Siebenmann Scalable Eddy-Current Solver for ANSYS 
 (R. Hiptmair, Seminar für Angewandte Mathematik) 
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M. Spreng Resolution of Skin Layers in EM Simulation 
 (R. Hiptmair, Seminar für Angewandte Mathematik) 
 
A. Stein Turbomachinery with OpenFOAM: Implementation and Validation  
 of a Mixing-Plane Interface 
 (P. Jenny, Insitut für Fluiddynamik) 
 
 
Listed below are the term papers written by the CSE Master students in the past two 
semesters. 
 
Term Papers 
 
M. Amundadottir Numerical Optimization of the Social Force Model 
 (A. Johansson, Professur für Soziologie) 
 
N. Bedziuk Parallel Implementation of MLMC 
 (C. Schwab, Seminar für Angewandte Mathematik) 
 
R. Das Gupta Vectorized random number generation for C++ 
 (M. Troyer, Theoretische Physik) 
 
J. Engel Soft Solid Model 
 (M. Kröger, Institut für Polymere) 
 
A. Hiltebrand Fast solvers for Eulerian convection schemes 
 (R. Hiptmair, Seminar für Angewandte Mathematik) 
 
M. König FEM for Nonlinear Elasticity 
 (M. Gross, Institut für Visual Computing) 
 
S. Lee DNS and PDF-modeling of density-driven flow  
 in subsurface formations 
 (P. Jenny, Institut für Fluiddynamik) 
 
S. Pauli Numerical Solution of Matrix Equations in HSS Arithmetics 
 (D. Kressner, Seminar für Angewandte Mathematik) 
 
S. Perez Saaibi Factors of Cuccess and Failure in Open Source Projects 
 (D. Sornette, Institut für Entrepreneurial Risks) 
 
Y. Salathé Entanglement distillation without communication 
 (S. Wolf, Inst. f. Theoretische Informatik) 
 
S. Sigg Simulation of the elastic Lennard-Jones 
 (M. Kröger, Institut für Polymere ) 
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M. Spreng Real space Green function solver for nanodevices 
 (A. Schenk, Institut für Integrierte Systeme) 
 
A. Stein Extended Set of Basis Functions for the Interactive MSFV-Method 
 (P. Jenny, Institut für Fluiddynamik) 
 
R. Vetter Can the Worm Algorithm Accelerate the CPN-1 Model? 
 (D. Philippe, Institut für Theoretische Physik) 
 
S. Wettstein Simulating Flow in Fracture Networks 
 (H. Herrmann, Institut für Baustoffe) 
 
Z. Zhu Constraint Handling in Evolutionary Multi-Objective Optimization 
 (L. Thiele, Institut für Technische Informatik) 
 
 
 
Each semester on Thursdays, 15 - 17 hours, the CSE Case Studies Seminar takes place. 
Speakers from ETH, from other universities as well as from industry are invited to give a 
2x45 minutes talk on an applied topic. The seminar talks of the past academic year are listed 
in Chapter 3 of the report. Beside the scientific talks the CSE students are asked to give short 
presentations (10 minutes) on their Bachelor theses or on published papers out of a list 
(containing articles from, e.g., Nature, Science, Scientific American, etc.). These 
presentations help the students to practise giving talks. Students are also asked to give talks 
on their term papers and voluntarily on their Master theses (if there are free time slots). 
 
Zürich, October 29, 2010 
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 HS09 
 
24.09.09  R. Hiptmair, Seminar for Applied Mathematics 
   Auxiliary Space Preconditioning for Edge Elements 
 
01.10.09    S. Mishra, Seminar for Applied Mathematics 
   Simulating waves in the sun 
 
22.10.09  T. Schulthess, Computational Physics and Director CSCS Manno 
   Petaflops-scale simulations: a case study of algorithmic   
   reengineering to  improve computational efficiency at scale 
  
29.10.09    M. Holtz, Bâloise-Holding, Basel 
   Asset Liability Management in Life Insurance: Modelling and  
   Numerical Simulation 
 
05.11.09     D. Helbing, Sociology 
   Pedestrian, Crowd, and Evacuation Dynamics 
 
12.11.09  A. Glättli, BASF, Ludwigshafen 
   Computational methods in crop protection research 
 
19.11.09  C. Hafner, Electromagnetic Fields and Microwave Electronics 
   Optimal design of photonic crystal structures 
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  Case Studies Seminar FS10 
 
26.02.09 B. Ruhstaller, Computational Physics, ZHAW Winterthur 
 Optoelectronic simulation of organic semiconductor devices for 
 displays, lighting and photovoltaics 
 
04.03.10  D. Folini, Atmospheric and Climate Science 
  Global climate simulations: an exact science? 
 
18.03.10      A. Busetto, Informatik 
  Experimental Design for Nonlinear Dynamical Systems 
  
25.03.10  A. Jackson, Geophysik 
  Methods for hydrodynamic and magnetohydrodynamic modelling  
  in a spherical geometry 
 
15.04.10  S. Billeter, Swiss Re, Zürich 
  Where reinsurance business meets epistemology and  
  computational biology 
 
27.05.10  S. Keller, P. Arend, ALSTOM Turbogenerator R&D, Birr 
  Finite Elemente Simulations of Eddy Current Phenomena  
  in Large Turbogenerators 
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ROBUST FINITE VOLUME SCHEMES FOR
SIMULATING WAVES IN THE SOLAR

ATMOSPHERE

S. MISHRA

Abstract. We present well-balanced high-resolution finite volume schemes for simulating
waves in the outer solar atmosphere. The schemes approximate the stratified MHD equations
with an upwind discretization of the Godunov-Powell source term and a locally hydrostatic
pressure reconstruction that preserves discrete steady states. The paper summarizes recent
articles [4, 5, 6].

1. Introduction

The study of the sun is of paramount importance. In particular, the solar climate is a key
determinant of climate on earth. Solar weather impacts us directly in the form of magnetic
storms that affect the electrical grid and indirectly through solar flares and prominences that
pose a hazard for satellites and space vehicles. The sun (see figure 1) consists of the following
parts: an inner core where most of the solar energy is generated, a radiative zone, a convective
zone and the outer solar atmosphere. In turn, the solar atmosphere consists of the photosphere
(the visible part of the sun), the chromosphere and the corona. It is well known that there is
a considerable variation in the temperature of the outer solar atmosphere. The temperature of
the photosphere is around 6000 K and the chromosphere is almost isothermal at about 10000 K.
However, the temperature in the corona is about 106 K (see figure 1). This massive variation in
temperature takes place in a very narrow layer (as compared to the typical solar length scale)
termed as the transition region.

Many interesting questions about the solar atmosphere remain unanswered. Examples in-
clude how the solar energy is transferred to the overlaying chromospheric and coronal plasmas
and heats them. The above issues are related to the role played by waves and oscillations in
the solar atmosphere. It is well known ([1]) that waves carry energy from the base of the solar
atmosphere (in the convection zone) upto the chromosphere and the corona. While traveling
up the atmosphere, these waves interact with the magnetic field of the sun. This complex inter-
action between waves and the magnetic field is a possible candidate for explaining the intricate
dynamics of the solar atmosphere [1].

1.1. Models of the outer solar atmosphere. Matter in the sun exists in the form of plasma
i.e., magnetized fluid. The outer solar atmosphere can be modeled by the equations of stratified

The results reported here are obtained jointly with F. G. Fuchs, A. D. McMurry, N. H. Risebro (University
of Oslo, Norway) and K . Waagan (University of Maryland, College park, U. S. A).

1
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2 S. MISHRA

(a) Parts of the sun (b) Temperature distribution

Magnetohydrodynamics (sMHD):

(1.1)

ρt + div (ρu) = 0,

(ρu)t + div

(
ρu⊗ u +

(
p+

1

2

∣∣B∣∣2) I −B⊗B

)
= −ρge3,

Bt + div
(
u⊗B−B⊗ u

)
= 0

Et + div

((
E + p+

1

2

∣∣B∣∣2)u−
(
u ·B

)
B

)
= −ρg (u · e3) ,

div(B) = 0,

where ρ is the density, u = {u1, u2, u3} and B = {B1, B2, B3} are the velocity and magnetic
fields respectively, p is the thermal pressure, g is the constant acceleration due to gravity , e3
represents the unit vector in the vertical (z-) direction. E is the total energy, for simplicity
determined by the ideal gas equation of state:

(1.2) E =
p

γ − 1
+

1

2
ρ |u|2 +

1

2

∣∣B∣∣2 ,
where γ > 1 is the adiabatic gas constant. The above equations need to be augmented with
suitable initial and boundary conditions.

Our primary objective is to simulate waves in the solar atmosphere. We will present robust
and highly efficient numerical schemes to simulate waves in the outer solar atmosphere in this
paper. We summarize some recent results ([4],[5],[6]) in this direction.

2. The ideal MHD equations

The first step in designing efficient schemes for the stratified MHD equations is to discretize
the ideal MHD equations obtained from (1.1) by setting the gravity g = 0. The resulting
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SIMULATING WAVES IN THE SUN 3

equations are a system of conservation laws of the form,

(2.1) Ut + Fx + Gy + Hz = 0.

Here U = {ρ,u,B, E} and the fluxes F,G,H can be read from (1.1). The MHD equations are
hyperbolic but not strictly hyperbolic. Furthermore, the shock structure of MHD equations
is quite complicated on account of the non-strict hyperbolicity and the non-convexity of these
equations.

The absence of explicit solution formulas or theoretical results implies that numerical sim-
ulations are the main tools for studying MHD and related equations. Finite volume methods
([9]) are among the most popular frameworks for approximating conservation laws like (2.1).
We consider (2.1) in x = (x, y, z) ∈ [Xl, Xr] × [Yl, Yr] × [Zb, Zt] and discretize it by a uni-
form grid in all directions with the grid spacing ∆x,∆y and ∆z. We set xi = Xl + i∆x
, yj = Yl + j∆y and zk = Zb + k∆z. The indices are 0 ≤ i ≤ Nx, 0 ≤ j ≤ Ny and
0 ≤ k ≤ Nz. Set xi+1/2 = xi + ∆x/2, yj+1/2 = yj + ∆y/2 and zk+1/2 = zk + ∆z/2, and let
Ci,j,k = [xi−1/2, xi+1/2)× [yj−1/2, yj+1/2)× [zk−1/2, zk+1/2) denote a typical cell. The cell average
of the unknown state vector W (approximating U) over Ci,j,k at time tn is denoted Wn

i,j,k.

By integrating the conservation law over the cell Ci,j,k and the time interval [tn, tn+1) with
tn+1 = tn + ∆tn, where the time-step ∆tn is determined by a suitable CFL condition results in
a standard (first-order in space and time) finite volume scheme written down as

(2.2)
Wn+1

i,j,k = Wn
i,j,k −∆tn

(
Fn
i+1/2,j,k − Fn

i−1/2,j,k

∆x
+

Gn
i,j+1/2,k −Gn

i,j−1/2,k

∆y

)
− ∆tn

∆z
(Hn

i,j,k+1/2 −Hn
i,j,k−1/2).

The numerical fluxes F, G and H are determined in terms of (approximate) Riemann solvers.
A wide variety of approximate Riemann solvers are available for the MHD system; see [8, 3]
and references therein.

A crucial issue that arises in approximating the MHD equations is a discretization of the
divergence constraint in (1.1). The standard finite volume scheme (2.2) will not preserve a
discrete version of the constraint, leading to numerical instabilities and oscillations, see [11].
Recipes for treating the divergence constraint include the projection method [2] and methods
based on staggering [11] (and references therein).

An alternative involves adding the Godunov-Powell source term to the MHD equations re-
sulting in the balance law,

(2.3)
Ut + Fx + Gy + Hz = s.

s = {−B(divB),−u(divB),−(u ·B)(divB)}.

The above equations are (formally) equivalent to the standard form of MHD equations (1.1)
without gravity. The added advantages of the Godunov-Powell form (2.3) are its Galilean in-
variance and symmetrizability. Furthermore, the magnetic field in (2.3) satisfies the divergence
transport equation:

(2.4) (divB)t + div(u(divB)) = 0.

24



4 S. MISHRA

Hence, initial divergence errors are transported out of the domain enabling us to treat the
divergence constraint approximately in a stable manner. The method was proposed in [10]
but recent papers ([3]) show that the additional source terms in (2.3) need to discretized in a
suitable manner for numerical stability.

2.1. HLL three wave solvers and upwind discretizations of the Godunov-Powell
source terms. Following [4], we present a judicious combination of an approximate Riemann
solver and upwind source discretization for the Godunov-Powell MHD system. For simplicity,
we consider (2.3) in one space dimension and write the resulting system as,

(2.5) Ut + Fx = s1.

Here, the source s1 = s1(U, (B1)x) involves a non-conservative product and needs to be dis-
cretized carefully. The corresponding first-order finite volume scheme for (2.3) is

(2.6) Wn+1
i = Wn

i −
∆tn

∆x
(Fn

i+1/2 − Fn
i−1/2) + ∆tnS1,n

i .

We will approximate the eight waves in the MHD Riemann problem with three waves, i.e, two
representing the outermost fast waves and a middle wave approximating the material contact
discontinuity. The approximate solution and fluxes are given by

(2.7) WH3 =


WL if x

t
≤ sL,

W∗
L if sL <

x
t
< sM ,

W∗
R if sM < x

t
< sR,

WR if sR ≤ x
t
,

FH3 =


FL if x

t
≤ sL,

F∗
L if sL <

x
t
< sM ,

F∗
R if sM < x

t
< sR,

FR if sR ≤ x
t
.

We set π1 = p+ B
2
2+B

2
3

2
. The outer wave speeds sL and sR model the fast magneto-sonic waves

and are defined as in [8]. In order to describe the solver, we need to determine the speed of
the middle wave sM and the intermediate states W∗

L,W
∗
R. The middle wave models a material

contact discontinuity. Hence, the velocity field and the tangential magnetic fields are assumed
to be constant across the middle wave. This allows us to define u∗ = u∗

L = u∗
R, B

∗
2 = B

∗
2L = B

∗
2R

and B
∗
3 = B

∗
3L = B

∗
3R. The normal magnetic field B1 is not assumed to be constant but jumps

only across the middle wave (modeling the linear degenerate “divergence wave” implied by
(2.4)), and B1 is constant across the outer waves. The intermediate states are determined by
local conservation across the two outermost waves and the middle wave resulting in,

(2.8) sσW
∗
σ − F∗

σ = sσWσ − Fσ, sMW∗
R − sMW∗

L = F∗
R − F∗

L + s1,∗

where σ ∈ {L,R} and

(2.9) s1,∗ =



0

−B
2
1R−B

2
1L

2
)

−
(
B

∗
2

) (
B1R −B1L

)
−
(
B

∗
3

) (
B1R −B1L

)
−u∗ (B1R −B1L

)
−u∗1

B
2
1R−B

2
1L

2
−
(
u∗2B

∗
2 + u∗3B

∗
3

) (
B1R −B1L

)


.
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SIMULATING WAVES IN THE SUN 5

This amounts to integrating the source s1 across the wave fan.
Applying the conservation relations, we obtain (check [5], section 3.1.2 for details) the fol-

lowing intermediate states,

ρ∗θ = ρθ
u1θ − sθ
sM − sθ

, π∗
1θ = π1θ + ρθ(u1θ − sθ)(u1θ − sM), θ ∈ {L,R},

sM = u∗1 =
π1R − π1L + ρRu1R(u1R − sR)− ρLu1L(u1L − sL)

ρR(u1R − sR)− ρL(u1L − sL)
,

u∗σ =
ζcσ − ξdσ
αζ + ξ2

, B
∗
σ =
−αdσ − ξcσ
αζ + ξ2

, σ ∈ {2, 3}

E∗
θ =

1

sM − sθ

(
Eθ (u1θ − sθ) + π1θu1θ − π∗

1θsM +
B

2

1θ

2
(u1θ − sM)

+
(
B1θ

) (
B2θu2θ +B3θu3θ −B

∗
2θu

∗
2θ −B

∗
3θu

∗
3θ

))
, θ ∈ {L,R},

cσ = ρRuσR (u1R − sR)− ρLuσL (u1L − sL)−
(
B1RBσR −B1LBσL

)
,

dσ = BσR (u1R − sR)−BσL (u1L − sL)−
(
B1LuσL −B1RuσR

)
,

α = ρR (u1R − sR)− ρL (u1L − sL) , ζ = sR − sL, ξ = B1R −B1L.

.
The intermediate fluxes are obtained in terms of the intermediate states by local conservation

(2.8),

F∗
L = FL + sL(W∗

L −WL), F∗
R = FR + sR(W∗

R −WR).

The discrete source term takes the form,

(2.10) S1,n
i = s1,∗i−1/2χ(sM,i−1/2≥0) + s1,∗i+1/2χ(sM,i+1/2<0),

where s1,∗i±1/2 is defined in analogy to (2.9).

For the three dimensional form of the equations, the fluxes G,H and the sources S2 and S3

can be defined analogously to obtain the following finite volume scheme:

(2.11)

Wn+1
i,j,k = Wn

i,j,k −∆tn
(
Fn
i+1/2,j,k − Fn

i−1/2,j,k

∆x
+

Gn
i,j+1/2,k −Gn

i,j−1/2,k

∆y

)
−∆tn

(
Hn
i,j,k+1/2 −Hn

i,j,k−1/2

∆z
− S1,n

i,j,k − S2,n
i,j,k − S3,n

i,j,k

)
,

for the three dimensional version of the MHD equations with Godunov-Powell source term
(2.3).

The above scheme (2.11) is first-order accurate in both space and time. Second-order of
accuracy in space is obtained by using non-oscillatory piecewise linear reconstructions using
minmod, ENO and WENO limiters. Second-order accuracy in time is obtained using strong
stability preserving Runge-Kutta methods. Details of how these procedures are adapted for
the MHD equations are described in [4].
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6 S. MISHRA

2.2. Code. The above schemes are implemented in the form a publicly available code called
ALSVID [7]. The implementation involves a modular C++ based code with Python scripts at
both the front and back ends. The plotting routines in one and two dimensions use Matplotlib
and in three dimensions, we use Mayavi 2 for the graphics. The code is parallelized using scaled
MPI and can handle very large number of parallel cores. ALSVID is adapted to perform solar
simulations and the resulting code is termed SURYA.

2.3. Numerical experiment: Orszag-Tang Vortex. This well-known test case (see [11]
for details of the initial data and computational domain) is computed with the second-order
version of the scheme and the computed pressure on two different mesh sizes, i.e, 200 × 200
and 4000× 4000 mesh points is shown in figure 1. The figure shows that the shocks as well as
the vortices are resolved very well. In particular, the 4000 × 4000 plot shows the impressive
stability of the scheme on ultra fine meshes.

2.4. Numerical experiment: Cloud-Shock interaction. The interaction of a fast shock
with a high density bubble (see [11] for details) is computed with a second-order version of the
scheme and the total energy and magnetic pressure are shown in figure 2.

2.5. Numerical experiment: isothermal blast wave. This standard test case easily ex-
hibits spurious behavior if the equations are not properly discretized. The equation of state is
isothermal in this case, i.e, p = ρ, the computational domain is [0, 1]× [0, 1] and the initial data
are

{u, B1, B2,3}t=0 = {0, 5√
π
, 0}, ρ0 =

{
100 if |(x, y)− (0.5, 0.5)| ≤ (0.05),

0. otherwise

In order to illustrate the necessity of the upwinded Godunov-Powell source term, we also
considered the central source discretisation of [10] and schemes with the Godunov-Powell source
set to zero. The results with three schemes: no source, central source and upwind source (2.11),
with a second-order discretization, are presented in figure 3. They clearly illustrate the necessity
of using the Godunov-Powell source term as well as discretizing it in the correct manner.

3. Schemes for Stratified MHD.

We model the outer solar atmosphere in terms of the following modified stratified MHD
equations :

(3.1)

ρt + div(ρu) = 0,

(ρu)t + div

(
ρu⊗ u +

(
p+

1

2
|B|2 + B̃ ·B

)
I −B⊗B− B̃⊗B−B⊗ B̃

)
= −

(
B + B̃

)
(divB)− ρge3,

Bt + div
(
u⊗B−B⊗ u + u⊗ B̃− B̃⊗ u

)
= −u(divB),

Et + div

((
E + p+

1

2
|B|2 + B · B̃

)
u− (u ·B)B−

(
u · B̃

)
B

)
= −(u ·B)(divB)− ρg (u · e3) ,
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(c) 2002 mesh (d) 40002 mesh

Figure 1. Pressure for the Orszag-Tang vortex at time t = 1

(a) Total energy (b) Magnetic energy

Figure 2. Cloud-shock interaction at time t = 0.06 on a 16002 mesh.

Here, we assume that there exist a potential magnetic field B̃ satisfying the following assump-
tions,

(3.2) B̃t = 0, div(B̃) = 0, and Curl(B̃) = 0.

and solve for the perturbation B = B− B̃.
Waves in the solar atmosphere are modeled as perturbations of the steady state:

(3.3) u ≡ 0, B ≡ 0 ρ(z) =
ρ0T0
T (z)

e−
α(z)
H , p(z) = p0e

−α(z)
H .
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Here,

(3.4) α(x, y, z) = α(z) =

∫ z

0

1

T (s)
ds,

with T = T (z) being a given temperature distribution. An example for temperature distribu-
tions in the solar atmosphere is shown in figure 1. Here, ρ0, p0, H are constants.

Writing (3.1) in the condensed form, we obtain the balance law:

(3.5) Ut + f(U, B̃)x + g(U, B̃)y + h(U, B̃)z =
3∑
l=1

sl(U, B̃) + sg(U),

The unknowns U, fluxes f, g, h, co-efficient B̃, Godunov-Powell source s1,2,3 and gravity source
sg can be read from (3.1). A first-order finite volume scheme for (3.5) is given by,

(3.6)

Wn+1
i,j,k = Wn

i,j,k −∆tn
(
Fn
i+1/2,j,k − Fn

i−1/2,j,k

∆x
+

Gn
i,j+1/2,k −Gn

i,j−1/2,k

∆y

)
−∆tn

(
Hn
i,j,k+1/2 −Hn

i,j,k−1/2

∆z
− S1,n

i,j,k − S2,n
i,j,k − S3,n

i,j,k − Sg,ni,j,k

)
.

The fluxes F,G and sources S1,2 in the x- and y-directions are computed using the procedure
outlined in section 2.

3.1. Fluxes and sources in the z-direction. The numerical flux H and discrete Godunov-
Powell source term S3 in (3.6) are described in terms of the following Riemann problem,

Wt + h(W, B̃m)z = s3(W, B̃m,Wz), W(z, 0) =

{
WT z < 0,

WB z > 0.

The natural way to specify initial data WT,B in the above problem is to use the states WB =
Wn

i,j,k and WT = Wn
i,j,k+1. However, this approach leads to a scheme that does not preserve

discrete versions of the interesting steady states (3.3). Therefore we must design suitable fluxes
in order to design well-balanced schemes.

3.1.1. Local Hydrostatic pressure reconstructions. Instead of just using the cell averages below
and above the interface as data in the Riemann problem, we follow [5, 6] and utilize the special
structure of the steady states (3.3) to perform a local hydrostatic reconstruction of the pressure
inside the cell and use the local primitive variables,

VB = {ρni.j,k,uni,j,k,Bn
i,j,k, p

n,−
i,j,k+1/2}

VT = {ρni,j,k+1,u
n
i,j,k+1,B

n
i,j,k+1, p

n,+
i,j+1/2},

where the reconstructed pressure is given in terms of extrapolated cell averages by first defining
the local temperature,

(3.7) T ni,j,k =
pni,j,k

gHρni,j,k
.
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The piecewise constant temperature defines the scaling function α by (3.4). We can compute
the differences in α and use it to define the reconstructed local pressure,

(3.8) pn,−i,j,k+1/2 = pni,j,ke
−∆z

2HTn
i,j,k , pn,+i,j,k+1/2 = pni,j,k+1e

∆z
2HTn

i,j,k+1 ,

(a) No source (b) Central source (c) Upwind source

Figure 3. Density in the isothermal blast wave problem.

(a) Weak field (b) Strong field

Figure 4. Velocity in the direction of the magnetic field, computed with a
second-order well-balanced scheme for the lower chromosphere.

The data WB and WT (in terms of conservative variables) are easily obtained from the

primitive variables VB, VT . The coefficient B̃m is given by the average,

(3.9) B̃m = B̃i,j,k+1/2 =
B̃i,j,k + B̃i,j,k+1

2
.

The HLL three wave solver of the previous section is easily obtained for the z-direction by
repeating the approach of describing the solver in the x- direction.

We discretize the gravitational source term as

(3.10) Sg,ni,j,k =

{
0, 0,

pn,−i,j,k+1/2 − p
n,+
i,j,k−1/2

∆z
, 0, 0, 0, 0,−ρni,j,k(un3 )i,j,k g

}
.

where pn,−i,j,k+1/2, p
n,+
i,j,k−1/2 are defined in (3.8).
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(a) Weak field (b) Strong field

Figure 5. Velocity in the direction of the magnetic field, computed with a
second-order well-balanced scheme for both the chromosphere-corona.

(a) t=0.6 (b) t=1.2 (c) t=1.8

Figure 6. Velocity in the direction of the magnetic field, computed with a
second-order well-balanced scheme for the lower chromosphere with realistic mag-
netic field and velocity forcing.
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Periodic boundary conditions are used in the x and y directions and we use the following
non-reflecting Neumann type boundary conditions in the vertical direction:

(3.11) Wn
i,j,0 = Wn

i,j,1e
∆z

Ti,j,1H , Wn
i,j,Nz+1 = Wn

i,j,Nze
− ∆z
Ti,j,Nz

H .

The resulting scheme satisfies the following properties.

Theorem 3.1. Consider the scheme (3.6) approximating the system (3.5). This scheme has
the following properties,

(i.) The scheme (3.6) is consistent with (3.5), and it is first order accurate in both space
and time (for smooth solutions).

(ii.) The scheme (3.6) is well-balanced and preserves discrete versions of the steady states
(3.3),

The proof of the above theorem is presented in [6].

Remark 3.2. The finite volume scheme (3.6) is first-order accurate. For second-order accu-
racy, we need to employ locally hydrostatic piecewise linear non-oscillatory reconstructions as
designed in [5, 6].

3.2. Numerical experiments.

3.2.1. Waves in a two dimensional model solar atmosphere. We consider a synthetic potential

magnetic field B̃ given in [4] and plot the velocity (in the direction of the magnetic field) in two
cases: first, with an isothermal atmosphere (modeling the lower chromosphere) and then with
a realistic temperature distribution similar to the one shown in figure 1. Two magnetic field
configurations are shown: one is a weak magnetic field and the other is a stronger magnetic
field.

In figure 4, we plot the results for the lower chromosphere and in figure 5, we plot the
results for the whole atmosphere, including the transition region and the corona. Both are
computed with the second-order version of the well-balanced scheme (3.6). The results show
the effectiveness of the schemes in resolving complex physical phenomena, in particular, the
focusing of waves due to the magnetic field and the wave acceleration at the transition layer.

3.3. Waves in a realistic solar chromosphere. Finally, we consider a background magnetic
field measured from the MDI instrument on SOHO and bottom velocity measurements, also
from SOHO and present the velocity (in the direction of magnetic field) in figure 6. The results
demonstrate how the well-balanced schemes are robust and effective in simulating realistic
scenarios in the solar atmosphere.
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Title: Multi-level µ-Finite Element Analysis for Human
Bone Structures

Researchers: Peter Arbenz⋆

Cyril Flaig⋆

Yves Ineichen⋆

G. Harry van Lenthe†

Ralph Müller†

Erhan Turan⋆

Andreas Wirth†

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

Description:

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

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

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

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

References:

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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P. Arbenz and R. Müller: Microstructural Finite Element Analysis of Human Bone

Structures. ERCIM News 74, pp. 31–32, July 2008.

P. Arbenz, G. H. van Lenthe, U. Mennel, R. Müller, and M. Sala: A Scalable Multi-

level Preconditioner for Matrix-Free µ-Finite Element Analysis of Human Bone Struc-

tures. Internat. J. Numer. Methods Engrg. 73(7):927–947, 2008.

P. Arbenz and C. Flaig. On smoothing surfaces in voxel based finite element analysis

of trabecular bone. In: I. Lirkov, S. Margenov, and J. Waśniewski, editors, Large Scale
Scientific Computing (LSSC 2007), pages 69–77, Berlin, 2008. Springer. (Lecture Notes
in Computer Science, 4818).

C. Bekas, A. Curioni, P. Arbenz, C. Flaig, G. H. van Lenthe, R. Müller, and A.J.
Wirth: Extreme scalability challenges in micro-finite element simulations of human bone.

Concurrency and Computation: Practice and Experience, 22 (16): 2282–2296, 2010 (Spe-
cial Issue: International Supercomputing Conference 2008)

S. Kirmani, D. Christen, G.H. van Lenthe, P.R. Fischer, M.L. Bouxsein, L.K. Mc-
Cready, L.J. Melton, B.L. Riggs, S. Amin, R. Müller, and S. Khosla. Bone Structure

at the Distal Radius During Adolescent Growth. Journal of Bone and Mineral Research
24(6): 1033–1042, 2009.

T.L. Mueller, M. Stauber, T. Kohler, F. Eckstein, R. Müller, and G. H. van Lenthe.
Non-invasive bone monitoring by high-resolution pQCT: A reproducibility study on struc-

tural and mechanical properties at the human radius. Bone 44(2): 364–371, 2009.

D.J. Webster, P. Morley, G. H. van Lenthe, and R. Müller. A novel in vivo model for

mechanically stimulated bone adaptation - a combined experimental and computational

study. Comp. Meth. Biomech. and Biomed. Eng., 11(5):435–441, 2008.

A. J. Wirth, T. L. Mueller, R. Müller, P. Arbenz, G. H. van Lenthe. Fast and au-

tomated analyses of bone-implant function from medical images using high-performance

computing. Journal of Biomechanics 41, p. S100, July 2008, doi:10.1016/S0021-9290(08)
70100-3.
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Title: A Self Consistent Particle-in-Cell Finite Element
Time Domain Solver for Large Accelerator Struc-
tures

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 will be developed in collaboration with
Prof. Peter Arbenz from the Institute of Computational Science (ETHZ), using recent
developed knowledge on parallelization, numerical methods and accelerator modeling
from previous projects. Particle-In-Cell (PIC) methods combined with novel finite ele-
ment 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 international 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, and Y. Ineichen: A Fast Parallel Poisson Solver on Irregular

Domains Applied to Beam Dynamic Simulations, J. Comp. Phys. 229 (12): 4554-4566
(2010)
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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 Institut, 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
Institut, is no exception and will consist of a large variety of radio frequency (RF) struc-
tures for guiding and accelerating electrons from the photo-cathode through the linear
accelerator section.

The numerical computation of eigenfrequencies and corresponding eigenmodal fields
of large accelerator cavities, based on full-wave, three-dimensional models, has attracted
considerable interest in the recent past.

Much work has been invested to compute electromagnetic eigenmodes. In many cases
the eigenproblem has been modeled without electromagnetic loss mechanisms. This is
a justifiable approximation, especially when saving computational expense is an issue or
when the cavity becomes large in terms of the dominant wavelength.

However, the eigenmodal solution is affected considerably by loss. Traditionally, loss
has been integrated into the model by computing the quality factor Q. The electromag-
netic power dissipated in the cavity boundary is calculated with a perturbation approach
using the magnetic field B after the eigenmodes have been computed. While this allows
for estimating that important cavity parameter it does not model the effect of loss onto
the resonance frequency which is one of the most important cavity parameters. Only if
losses are integrated into the eigenvalue problem a priori can we extract thereby affected
resonance frequencies from the eigensolution.

We intend to model different loss mechanisms:

1. Lossy dielectric and/or magnetic materials;

2. Larger or smaller apertures in the boundary of the resonating structure. These
significantly change the character of the eigenvalue problem by introducing loss
caused by electromagnetic fields radiating away part of the energy stored in the
field;

3. Finite conductivity cavity wall by the inclusion of a surface impedance boundary
condition.

We intend to used the finite element (FE) method because modern cavity designs
typically exhibit delicate and detailed geometrical features that must be considered for
obtaining accurate results.
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There is some work into this direction. We note that often the approaches are rel-
atively small with only a few thousand unknowns, or, losses, introduced either by holes
in the aperture or cavity walls with a finite conductivity, are not addressed. Today’s
accelerator cavities require a computational mesh with tens of millions of unknowns and,
ultimately, in the region of 108 unknowns.

We are in the processof extending an available parallel Jacobi–Davidson-type solver
for large-scale real symmetric eigenvalue problems, into a solver of complex symmetric
eigenvalue problems.

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.

P. Arbenz and O. Chinellato: On solving complex-symmetric eigenvalue problems

arising in the design of axisymmetric VCSEL devices. Appl. Numer. Math. 58 (4):
381-394 (2008), doi:10.1016/j.apnum.2007.01.019
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Title: Autoignition of a hydrogen jet in a hot, turbulent co-flowing air
stream

Researchers: S. G. Kerkemeier1, C.E. Frouzakis1, K. Boulouchos1

Institute/
Group:

1Aerothermochemistry and Combustion Systems Laboratory, ETHZ

Aiming to extend our understanding of the coupling between the chemical and turbulent
mixing processes, direct numerical simulations were performed of the autoignition of a N2-
diluted hydrogen jet in a turbulent co-flowing stream of preheated air with detailed chemistry
and transport. The jet was formed by releasing the fuel with equal velocity as that of the co-
flow. In the ensuing random spots regime, autoignition appeared randomly in space and time
in the form of scattered localized spots from which post-ignition flamelets propagated outwards
in the presence of strong convection. Autoignition was found to occur at a favorable mixture
fraction closely related to the most reactive mixture fraction calculated a priori from consider-
ations of homogeneous mixtures. The actual value of the favorable mixture fraction evolved in
the domain subject to the effect of the scalar dissipation rate. Flamelets propagated from the
ignition kernels in all directions, without anchoring or forming a continuous flame sheet. These
observations are consistent with experimental data. An attempt is made to understand the key
processes that control the mean axial and radial locations of the spots, and are responsible for
the observed scatter. The advection of most reactive mixture through the domain, and hence the
history of evolution of the developing radical pools were considered to this effect.

References:
• S. G. Kerkemeier, Direct Numerical Simulation of Combustion on Petascale Platforms: Ap-
plication to Turbulent Non-Premixed Hydrogen Autoignition Dynamics of premixed flames in
a narrow channel with a step-wise wall temperature, PhD thesis, Swiss Federal Institute of
Technology, Zurich, 2010.
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Title: Detailed numerical simulations of intrinsically unstable two-
dimensional planar lean premixed hydrogen/air flames

Researchers: Christos Altantzis1, Christos E. Frouzakis1, Ananias G.
Tomboulides2, Konstantinos Boulouchos1

Institute/
Group:

1Aerothermochemistry and Combustion Systems Laboratory, ETH
2University of Western Macedonia, Kozani, Greece

Lean premixed hydrogen/air flames are characterized by subunity Lewis numbers resulting
in the strong influence of thermal-diffusive instability in addition to the hydrodynamic insta-
bility caused by thermal expansion. Such intrinsically unstable flames acquire cellular struc-
tures that modify significantly their propagation dynamics. Numerical simulations with detailed
chemistry and transport were used to investigate lean premixed hydrogen/air flames in 2D rect-
angular domains. The initial growth of perturbations superimposed on the planar front as well
as the long-time nonlinear evolution are studied as a function of the domain height, which af-
fects the relative importance of hydrodynamic and thermodiffusive effects on the evolution of
the flame front. Flame propagation in narrow domains is strongly affected by thermodiffusive
effects, while in wide domains a cascade of transitions of the flame shape occurs. Further in-
crease of the domain height, enhances hydrodynamic effects and the flame shape is dominated
by the single-cusp structure predicted by the hydrodynamic theory.

Figure 1: Isocontours of OH mass fraction in a domain with height equal to eighty flame thick-
nesses at different times during flame propagation.

References:
• C. Altantzis, C.E. Frouzakis, A.G. Tomboulides, S.G. Kerkemeier, K. Boulouchos, Detailed
numerical simulations of intrinsically unstable two-dimensional planar lean premixed hydro-
gen/air flames, Proc. Combust. Inst., doi:10.1016/j.proci.2010.06.082, (in press).

42



Title: Lattice Boltzmann method for direct numerical simulation of turbu-
lent flows

Researchers: S. S. Chikatamarla, C.E. Frouzakis, I. V. Karlin, A.G. Tomboulides,
K. Boulouchos

Institute/
Group:

Aerothermochemistry and Combustion Systems Laboratory, IET, D-
MAVT, ETH Zurich

We present three-dimensional direct numerical simulations (DNS) of the Kida vortex flow, a
prototypical turbulent flow, using a novel high-order lattice Boltzmann (LB) model. Extensive
comparisons of various global and local statistical quantities obtained with an incompressible-
flow spectral element solver are reported. It is demonstrated that the LB method is a promising
alternative for DNS as it quantitatively captures all the computed statistics of fluid turbulence.

References:
S. S. Chikatamarla, C.E. Frouzakis, I. V. Karlin, A.G. Tomboulides, K. Boulouchos, J. Fluid
Mech. 656, 298-308 (2010).
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Title: Quasiequilibrium lattice Boltzmann models with tunable bulk vis-
cosity for enhancing stability

Researchers: I.V. Karlin1and P. Asinari2

Institute/
Group:

1Aerothermochemistry and Combustion Systems Laboratory, IET,
D-MAVT, ETH Zurich
2Politecnico di Torino, Italy

Taking advantage of a closed-form generalized Maxwell distribution function [P. Asinari
and I. V. Karlin, Phys. Rev. E 79, 036703 (2009)] and splitting the relaxation to the equilibrium
in two steps, an entropic quasiequilibrium (EQE) kinetic model is proposed for the simulation
of low Mach number flows, which enjoys both the H theorem and a free-tunable parameter for
controlling the bulk viscosity in such a way as to enhance numerical stability in the incom-
pressible flow limit. Moreover, the proposed model admits a simplification based on a proper
expansion in the low Mach number limit (LQE model). The lattice Boltzmann implementation
of both the EQE and LQE is as simple as that of the standard lattice Bhatnagar-Gross-Krook
(LBGK) method, and practical details are reported. Extensive numerical testing with the lid
driven cavity flow in two dimensions is presented in order to verify the enhancement of the
stability region. The proposed models achieve the same accuracy as the LBGK method with
much rougher meshes, leading to an effective computational speed-up of almost three times for
EQE and of more than four times for the LQE. Three-dimensional extension of EQE and LQE
is also discussed.

References:
P. Asinari and I.V. Karlin, Phys. Rev. E 81, 016702 (2010).
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Title: Coupling of the model reduction technique with the lattice Boltz-
mann method for combustion simulations

Researchers: E. Chiavazzo1, I.V. Karlin1, A.N. Gorban2 and K. Boulouchos2

Institute/
Group:

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

In this work, we present and validate a methodology for coupling reduced models of de-
tailed combustion mechanisms within the lattice Boltzmann framework. A detailed mechanism
(9 species, 21 elementary reactions) for modeling reacting mixtures of air and hydrogen is
considered and reduced using the method of invariant grids (MIG). In particular, a 2D quasi-
equilibrium grid is constructed, further refined via the MIG method, stored in the form of tables
and used to simulate a 1D flame propagating freely through a homogeneous premixed mix-
ture. Comparisons between the detailed and reduced models show that the technique presented
enables one to achieve a remarkable speedup in the computations with excellent accuracy.

References:
E. Chiavazzo, I.V. Karlin, A.N. Gorban and K. Boulouchos Combustion and Flame 157, 1833-
1849 (2010).
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Title:  Experimental Design and Model Identification for Complex Biological Systems 

Researchers:  A.G. Busetto, M. Sunnaker, S. Dimopoulos, A. Hauser, C.S. Ong, J. Stelling, 
J.M. Buhmann  

Institute/Group:   

Department of Computer Science, Department of Biosystems Science and Engineering, 
Competence Center for Systems Physiology and Metabolic Diseases  
 
Machine Learning Laboratory, Computational Systems Biology Group  

Description:  

In systems biology, the understanding of complex mechanisms plays a key role for the 
development of predictive dynamical models. In this project, we consider the complementary 
tasks of optimal experimental design and structure identification subject to data scarcity and 
low signal-to-noise ratio. The issue of uncertainty reduction is considered both at the 
parametric and functional level. We propose a learning framework which specifies active 
interventions and subsets of maximally informative variables. Our approach generalizes 
alphabetical design techniques and augments the expected information gain. At the same time, 
we introduce a novel approximate inference technique to estimate parameters of biochemical 
systems with efficiency and stability. The approximation is based upon sequential Monte 
Carlo resampling of belief states according to particle clusters. The approach is applied to a 
model selection problem with biochemical models of the TOR and of the Ras/cAMP/PKA 
pathways in budding yeast. This project is part of YeastX, the large Research, Technology 
and Development collaboration for the quantitative understanding of nutrient signaling and 
metabolic operation. YeastX is supported by SystemsX.ch - The Swiss Initiative in Systems 
Biology. By integrating model identification and experimental design in an iterative 
framework, our approach closes the loop between modeling, computation and 
experimentation. 

References:   
A.G. Busetto, J. Buhmann,  
"Stable Bayesian Parameter Estimation for Biological Dynamical Systems",  
IEEE Computer Society Press Proc. of the 12th IEEE Int. Conf. on Computational Science 
and Engineering, pp.148-157 (2009)  
(Best Paper Award)  
 
A.G. Busetto, C.S. Ong, J. Buhmann,  
"Optimized Expected Information Gain for Nonlinear Dynamical Systems",  
ACM Int. Conf. Proc. Series 382 Proc. of the 26th Int. Conf. on Machine Learning, pp.97-104 
(2009)  
 
A.G. Busetto, J. Buhmann,  
"Structure Identification by Optimized Interventions",  
Journal of Machine Learning Research Proc. of the 12th Int. Conf. on Artificial Intelligence 
and Statistics, pp.57-64 (2009)  
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Title:   Real-time Simulation and Control of Physical Systems Based on State 
Quantization 

 

Researchers:  X. Floros 
  F.E. Cellier 
  J.M. Buhmann  

Institute/  Department of Computer Science / Machine Learning Laboratory 
Group:  Modeling and Simulation Research Group 

Description:  

The research seeks to develop a new class of numerical ODE, DAE, and DDE solvers that are 
better geared toward real-time simulation of physical processes on massively parallel processor 
architectures than classical solvers.  To this end, a series of new solvers are being developed that 
are based on state quantization instead of time slicing.  Such solvers of orders 1..3 have already 
been developed for non-stiff and for stiff ODE systems.  Also already available is a first-order 
algorithm for marginally stable ODE systems.  Enhancements have been implemented for the 
simulation of DAE systems as well as DDE systems, and also for the efficient treatment of 
discontinuities in the models.  An interface is currently being designed that will allow these 
solvers to be used as backend of the OpenModelica object-oriented modeling environment. 

References: R. Castro, E. Kofman, F.E. Cellier 
  Quantization-based Integration Methods for Delay-differential Equations 
  Simulation Modelling Practice and Theory (2010) online 

doi:10.1016/j.simpat.2010.07.003 
 

G. Migoni, E. Kofman, F.E. Cellier 
  Quantization-based Integration Methods for Stiff Ordinary Differential Equations 
  Simulation: Trans. Society for Modeling and Simulation Intl. (2010) in press 
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Title:    Computational Neuroanatomy 

 

Researchers:   V. Kaynig 

   J.M. Buhmann 

Institute/ 

Group:  Department of Computer Science 

 

Description: This project investigates image processing and machine learning 
methods and algorithms to detect, classify, and reconstruct 
neuroanatomical structures like neurons, dendrites and synapses from 
transmission electron microscopy images. Recent advancements in the 
field of electron microscopy enable fast acquisition of large image 
datasets, leaving the image processing pipeline as a serious bottleneck 
in gaining new insights in the functional structure of the brain. The 
proposed pipeline segments membranes of neuronal processes by 
combining the output of trained random forest classifiers with 
perceptual grouping constraints, leading to a sub modular optimization 
problem. The enclosed regions are then grouped to 3d representations 
of neuronal processes, taking the geometrical consistency across the 
whole section into account. Current work focuses on the detection of 
synapses. 

We work in close cooperation with the Institute of Neuroinformatics 
UniZH | ETH Zurich (INI) and electron microscopy ETH Zurich 
(EMEZ).  

 

References:  V. Kaynig, T. Fuchs, J.M. Buhmann 
Geometrical Consistent 3D Tracing of Neuronal Processes in ssTEM 
Data  
Lecture Notes in Computer Science 6362 (2010) 209-216 
  
V. Kaynig, B. Fischer, E. Müller, J.M. Buhmann 
Fully Automatic Stitching and Distortion Correction of Transmission 
Electron Microscope Images  
Journal of Structural Biology, 171(2) (2010) 163-173 
  
V. Kaynig, T. Fuchs, J.M. Buhmann  
Neuron Geometry Extraction by Perceptual Grouping in ssTEM Images 
Computer Vision and Pattern Recognition (CVPR) (2010),  
Doi: 10.1109/CVPR.2010.5540029 
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Title: Computational Solid State Electronics 

Researchers: Wolfgang Fichtner 
 Andreas Schenk 
 Alex Koschik 
 Mauro Ciappa 
 Kilian Vollenweider 
 Dölf Aemmer 

Institute/ Integrated Systems Laboratory/ 
Group: Technology TCAD and Physical Characterization Groups 

Description: 
For the development of novel nano-electronic processes and devices, the use of advanced 
numerical simulation tools has become indispensable. With the continuing advances in semi-
conductor technology, and the trend to further scaling of the active device dimensions, com-
putational solid state electronics has reached an extremely high level of physical and numeri-
cal sophistication. For nanoscale dimensions (devices in the range of 15 nm with structures 
down to 1 nm) effects at the atomistic or quantum-mechanical level are becoming dominant. 
We are performing research in a variety of fields in the computational solid state electronics 
domain. Current projects include the development and utilization of new simulation tools for 
molecular dynamics studies in material diffusion, electron beams for metrology and lithogra-
phy, novel devices such as nanowire transistors, and quantum devices. For all of our projects, 
the main emphasis lies in the exploration how accurate physical models can be combined with 
advanced numerical algorithms including massive parallelization. These simulations were 
carried out on high-end compute-servers of our laboratory and on the Cray XT5 at CSCS 
Manno in a large Production Project. The following pictures illustrate some of our activities: 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Ab-Initio calculations of defect clustering with co-dopants in 
silicon. The atomic configurations of four clusters from the 
investigated defect families BFI, BCI, BF2I and B2CI.  
Atoms: Si (blue), B (green), F (orange) and C (red). 

 
First-principle simulations of gate leakage in fu-
ture FET (Field Effect Transistor) architectures. 
Top: Examples of FETs. LSTP=Low Standby 
Power, HP=High Performance, SOI=Silicon On 
Insulator, DG=Double Gate, CNW=Cylindrical 
Nano Wire. Bottom: Direct gate current densities. 

 
Modeling and simulation of the electrostatic field due to 
charging effects in Scanning Electron Microscopy (SEM). 
Electrostatic field produced by the charging effects in three 
adjacent SiO2 lines on silicon 
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Title: Structure and anisotropy the Earth’s mantle constrained from a comprehensive set of 
global seismic data 
 
Researchers: Dr. Lapo Boschi (ETHZ) 
  Prof. Thorsten Becker (University of Southern California) 
 
Institute/Group: Institute of Geophysics, Group of Seismology and Geodynamics 
 
Description: 
Building on the work of several research groups across the globe, we are assembling an 
increasingly large, diverse global seismic database, which we invert linearly to determine global 
maps of the Earth's internal structure, with high resolution over a depth range as wide as 
possible. The database includes millions of P-wave travel time observations, tens of thousands S-
wave observations, tens of thousands observations of surface-wave dispersion (Love and 
Rayleigh). These data have never been inverted jointly in the past. Combining surface-wave 
fondamental modes and overtones with body waves allows us to map the Earth's radially 
anisotropic structure over a depth range wider than previously possible. Combining P-wave and 
S-wave sensitive data, we shall also be able to evaluate the origin of seismic heterogeneity: 
elastic vs. compositional. The computationally intensive aspect of this project resides in the 
linear inversion of the large, relatively dense tomographic matrix resulting from this large 
database. The relative sparsity of the matrix allows inversion via an iterative least-squares 
scheme (LSQR), yet its size requires between 10-20 Gbytes RAM. Importantly, this type of 
inversion algorithms require this memory to be shared--not distributed. A single inversion 
typically takes a few hours on a single CPU, but numerous inversions are needed to identify the 
appropriate parameterization/regularization scheme, and to verify the stability of the linearized 
solution. 
 
Reference:  
Boschi, L., T. W. Becker, G. Ekström, H. J. van Heijst, N. A. Simmons, J. Trampert, Vertical 
coherency in the Earth’s mantle constrained from a comprehensive set of global seismic data, 
AGU fall meeting, 2009. 
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Title: Global finite-frequency, adjoint tomography of the Earth's core-mantle boundary region 
Researchers: PhD Student Andrea Colombi (ETHZ) 
   Dr. Tarje Nissen-Meyer (ETHZ) 

Dr. Lapo Boschi (ETHZ) 
 
Institute/Group: Institute of Geophysics, Group of Seismology and Geodynamics 
 
Description: 
The goal of this project is to determine the sensitivity of global sets of seismic observations to 
lateral structure in the core-mantle boundary region. The presumed complexity of this part of our 
planet suggests that the ray-theory, infinite-frequency approximation might be insufficient for 
seismic imaging. Therefore, for the first time we are tackling the problem in the finite-frequency 
approach. This is by nature computationally intensive because, by virtue of the adjoint approach, 
several simulations of the wavefront have to be performed, for each source-station couple in our 
database, to calculate the sensitivity 3-D kernels needed for a finite-frequency, linearized 
inversion. In this project we tackle the reconstruction of 3-D sensitivity kernels in two ways. (i) 
The first and most computationally cheap exploits the axially symmetric methodology of Tarje 
Nissen-Meyer and co-workers, which collapses the computational domain to a 2-D semi-disk. 
While the numerical integration is conducted in 2-D, a full 3-D wavefront (see figure) can be 
derived algebraically from it, in the assumption of a spherically symmetric reference model. To 
capture finer details during the inversion the discretization must be sufficiently dense to resolve 
the high frequency (up to 1 Hz) content of the wave-field. With increasing frequency, the 
number of degrees of freedom grows very quickly: even in this very efficient computational 
approach, a massive parallelization of the code is necessary and considerable amount of 
computing time must be available on the cluster. (ii) In the case of full 3-D waveform modeling, 
no reduced formulations are available and a 3-D mesh of the earth must be constructed. Even If 
we limit ourselves to just 0.1 Hz as maximum period, the number of degrees of freedom is such 
that thousands of processors are required to integrate in time the wave equation. In the near 
future, new computational techniques will be available, and applications on GPU hardware can 
be envisaged, in view of the high floating point performance of this new technology. 
The storage of the output is also a non-trivial matter. The calculation of 3-D sensitivity kernels 
requires knowledge of the time-dependent strain, displacement and velocity fields. Those 
quantities are to be stored on disk space at runtime. The usage of the binary format reduces the 
amount of disk space and CPU overheads to some extent, but at this point the only effective 
solution seems to be purchasing faster, safer and bigger storage facility. Even if the amount of 
necessary I/O does not allow for big margins of improvement, much can be done to optimize the 
access to the wavefield files while calculating the kernels; a wise ordering strategy and a reduced 
number of access can speed up the total computing time and reduce the CPU load. We am 
currently committed in this latter task. 
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Title: European upper-mantle tomography: adaptively parameterized models 
Researchers: PhD Student Julia Schäfer (ETHZ) 

Dr. Lapo Boschi (ETHZ) 
Dr. Edi Kissling (ETHZ) 

Institute/Group: Institute of Geophysics, Group of Seismology and Geodynamics 
 
Description: 
Observations of seismic surface waves are a very powerful tool to constrain the lateral structure 
of the Earth's upper mantle, including its anisotropy, because they sample this region with an 
almost constant sensitivity along the raypath. Like all global seismic databases, the set of 
surface-wave data available to us has a geographically inhomogeneous coverage, which leads to 
difficulties, particularly in the appropriate choice of model parameterization. On a global scale 
most tomography models today are still parameterized uniformly. No consideration is given to 
the inhomogeneous data coverage and resulting inhomogeneous model resolution due to under- 
or overparameterization of many areas. If the local resolving power of seismic data is not taken 
into account when parameterizing the model, features will be smeared in the final model, with 
subsequent misinterpretation. Parameterization density has to change locally, for models to be 
robustly constrained without losing any of the 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 resolution is achieved in regions with dense data 
coverage, while lower resolution is kept in regions where data coverage is poorer. This way, 
parameterization is everywhere tuned to optimal resolution, minmizing both the computational 
costs of the inversion, and the nonuniqueness of the solution. The spacing of our global grid is 
locally as small as ~50 km. The computationally most intensive part of this work is the 
preparation of the coefficient matrix. We first define the matrix for a parameterization assuming 
only the smallest pixel. Each matrix than has do be projected to take the adaptive 
parameterization into account. This takes some days for the whole dataset, depending on the 
number of voxels, but can also be done in parallel. In the same step the contribution to the 
product of the matrix with its transversed is calculated. This is necessary since we invert by 
using cholesky factorization. The resulting matrix has a dimension of the number of voxels, due 
to symmetry just the upper triangle has to be stored. Still the amount of disc space necessary if 
we store the matrix several times reaches the limit on Brutus. Thus we have to do the projection 
in two shifts of 8 hours. A second computationally intensive exercise is the computation of the 
roughness damping operator. For each pixel a description in spherical harmonic coefficients has 
to be calculated. In parallel this is another 8 hours shift. From this the roughness damping 
operator can be calculated, in parallel this results in the last 8 hours shift. The inversion itself is 
done in parallel by using the MKL library. We apply our method to the derivation of a global 
model, with resolution particularly enhanced in the european lithosphere and upper mantle. Our 
results are in agreement with large-scale features which have already been observed in earlier 
studies. 
 
References: 
Schäfer, J., L. Boschi, and E. Kissling, Adaptively parameterized surface wave tomography: 
Methodology and a global model of the upper mantle, AGU fall meeting, 2010, 
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Title: Towards multi-resolution adjoint tomography of the European crust and upper mantle 
Researchers: Dr. Piero Basini (ETHZ) 
   Dr. Tarje Nissen-Meyer (ETHZ) 

Dr. Lapo Boschi (ETHZ) 
 
Institute/Group: Institute of Geophysics, Group of Seismology and Geodynamics 
 
Description: 
Thanks to continuously improved instrument coverage, and the growth of high-performance 
computational infrastructure, it is now possible to enhance the resolution at which seismologists 
image the Earth's interior. While most algorithms in global seismic tomography today are 
grounded on the ray-theory approximation, however, resolution and model complexity can 
effectively be enhanced only through the application of more advanced techniques accounting 
for the many complexities of the partial derivatives relating seismic data and Earth structure. 
These include full-wave forward modelling methods and adjoint algorithms, which together set a 
framework for iterative, nonlinear inversion upon complex 3D structures. We take advantage of 
these methodological improvements using a newly developed, flexible spectral-element method 
(SPECFEM3D (1)) with embedded adjoint capabilities to devise new tomographic models of the 
European crust and upper mantle. We chose a two-scale strategy, in which we use global surface 
wave data to first constrain the large-scale structures, and simultaneously invert for high-
resolution, regional structures based on measurements of ambient noise in central and southern 
Europe. By its very nature, and as a result of the dense station coverage over the continent, the 
ambient-noise method affords us a particularly uniform seismic coverage. To define surface-
wave sensitivity kernels, we construct a flexible, global mesh of the upper mantle only (i.e., a 
spherical shell) honouring all global discontinuities, and include 3D starting models down to 
periods of 30 seconds. The noise data are cross-correlated to obtain station-to-station Green's 
functions. We will present examples of sensitivity kernels computed for these noise-based 
Green's functions and discuss the data-specific validity of the underlying assumptions to extract 
Green's functions. The local setup, which is constructed using the same software as in the global 
case, needs to honour internal and external topography and is based upon a refined 3D starting 
model. 
Brief description of technical aspects concerning our simulations: For our simulations we use the 
Brutus cluster, simulations are parallels and make use of MPI communication protocol. We have 
created a mesh for the PREM model of the Earth using the CUBIT geometry and mesh 
generation toolkit (2); this mesh contains approximately 2.5 million of hexahedral elements and 
is decomposed into 100 slices using SCOTCH (3), each of these slices is then assigned to a 
processor of Brutus. To obtain 10 minutes of synthetic seismograms using 100 processors the 
length of the simulations is about 13 hours, and the static memory required by each process is 
nearly 0.5 Gb. 
 
References: 
Basini, P., Nissen-Meyer, T., Boschi, L., Schenk, O., Verbeke, J., Hanasoge, S., Giardini, D., 
Towards multi-resolution adjoint tomography of the European crust and upper mantle, AGU Fall 
meeting, 2010. 
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Title: The Earth's spectrum constrained directly from global seismic data: an evolutionary-
algorithm approach 
Researchers: PhD student Steve Della Mora (ETHZ) 

Dr. Lapo Boschi (ETHZ) 
Prof. Thorsten Becker (University of Southern California) 
Prof. Domenico Giardini (ETHZ) 

 
Institute/Group: Institute of Geophysics, Group of Seismology and Geodynamics 
 
Description: 
The mantle structure and dynamics are constrained only on its large scale features, while the 
small scale details are still poorly known. The wavelength of its heterogeneity distribution 
reflects the nature of the planet’s dynamics, and a direct inversion of it can be a powerful tool to 
evaluate different proposed models of mantle connection. If the geographic distribution of the 
heterogeneities is neglected, the spectrum of the Earth can be directly inverted from global 
delay-time data. Inverting for the spectrum is in principle (fewer unknowns) cheaper and robust 
than inverting for the three-dimensional (3D) structure of a planet: this should allow us to 
constrain the planetary structure at smaller scales than the current 3D models. Based on the work 
of Gudmundsson and coworkers in the early 1990s, we have developed a linear algorithm for 
surface waves. The inverted spectrum are in qualitative agreement with the 3D models inverted 
with tomography, but the resolving power is generally lower, due to the simplifications required 
to linearise the problem. To overcome this problem, we performed full linear inversions of 
synthetically generated and real datasets, and compare the obtained spectra with the input and 
tomographic models respectively. The inversions are calculated on a distributed memory parallel 
nodes cluster, employing the MPI package. An evolutionary strategy approach is used to explore 
the parameter space, using the PIKAIA software: random but bounded spectra are generated, and 
the fit with real data is evaluated for each of them. Is important to use a parallel nodes cluster for 
us because the problem to solve is structured as a loosely coupled problem: an enormous number 
of small operation has to be performed, thus the algorithm is suitable to a parallel formulation. A 
time profiling of the code shows how the duration of each calculation scales with the inverse of 
the number of processors. Thus, a complete simulation with 1000 different generations, a 
population size of 100 members, is long about 19 hours, for a total CPU time of approximately 
1900 hours. 
 
References: 
-Della Mora, S., L. Boschi, T. W. Becker,  and D. Giardini, The Earth's spectrum constrained 
directly from global seismic data: an evolutionary-algorithm approach, AGU fall meeting, 2010. 
-Della Mora, S., L. Boschi, T. W. Becker and D. Giardini, 2010. Heterogeneity spectrum 
inversion from a stochastic analysis of global surface-wave delay-time data. submitted to 
Geophys. J. Int., first revision completed. 
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Title: Lowermost mantle tomography using core-diffracted waves 
Researchers: Dr. Tarje Nissen-Meyer (ETHZ) 

Dr. Karin Sigloch (LMU Munich) 
 
Institute/Group: Institute of Geophysics, Group of Seismology and Geodynamics 
 
Description: 
We combine cross-correlation measurements in multiple-frequency bands with full-wave based 
calculations of seismic sensitivity kernels to utilize large amounts of diffracted waves up to 
arbitrarily high resolution (3 second dominant period). This will warrant an unprecedented 
coverage of the lowermost mantle region which is fundamental in understanding the dynamics of 
both mantle and core. The crux of the method relies upon a spectral-element method that 
simulates 3D seismic wavefields at the cost of a 2D domain, thus allowing for the explicit 
calculation of all source-receiver geometries at high resolution. We compared data to synthetics 
to verify that misfits are well posed, and analyzed data coverage especially in terms of frequency 
bands ranging from 3 seconds to 30 seconds. This approach is unique in its combined power of 
using massive amounts of data while honoring the true physical nature of wave propagation. The 
numerical code runs on ETH's Brutus cluster on 4-16 cores, but hundreds of such calculations 
are needed to compile a solid waveform database. 
 
References: to be submitted 
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Title: SPECFEM3D: A flexible spectral-element solver for complex 3D geometries 
Researchers: Dr. D. Peter (Princeton University) 
  PhD student P. Le Loyer (Universite de Pau) 
  Dr. E. Cassarrotti (INGV Rome) 

Dr. Tarje Nissen-Meyer (ETHZ) 
PhD student Y. Luo (Princeton University) 
Prof. J. Tromp (Princeton University) 

 
Institute/Group: Institute of Geophysics, Group of Seismology and Geodynamics 
 
Description: 
The spectral-element method has gained popularity in the seismological community at all scales 
over the last 10 years. One of the most crucial and tedious issues is the meshing process, i.e. the 
problem of "honoring" complex surfaces in 3D. This is exacerbated by the fact that most 
spectral-element solvers rely on hexahedral elements, for which meshing is specifically 
challenging. In a long-term joint effort, we rewrote a previous implementation which has been 
successfully used at local scales to allow for external, irregular meshing (e.g. using CUBIT), and 
automated domain decomposition (using SCOTCH). This opens the door to applications in 
exploration seismics, strong topography, and even global scale, and should ultimately become 
the basic open-source community code, succeeding its two separate predecessors for global and 
local scale. We show several examples for salt domes, volcanoes, and continental scale. 
Computations undertaken at various infrastructures, including Brutus at ETH. 
 
References:  to be submitted 
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Title: A community-available database of sensitivity kernels at the global scale 
Researchers: Dr. Tarje Nissen-Meyer (ETHZ) 
 
Institute/Group: Institute of Geophysics, Group of Seismology and Geodynamics 
 
Description: 
The aim of this project is to compute, store and make available a complete database of 
waveforms that constitute the crux for efficient calculation of seismic sensitivity kernels for any 
source-receiver geometry and frequency. This is done upon a recently developed spectral-
element method for global seismic wave propagation which collapses the computational problem 
to 2D while solving the 3D wave equation. Still, it is a massive computational effort, resulting in 
a few hundred simulations, each of which run on 8-16 processors and take up to 10 hours each, 
with an output of several tens of Terabytes. Eventually, this database to be located at ETH, will 
be made available to the community and constitutes a unique, complementary resource to efforts 
on the data front such as IRIS. This will allow seismologists to understand seismograms in terms 
of their quantitative relation to structural variations of the subsurface, and ultimately present a 
generic basis for inversions upon any data choices. 
 
References: to be submitted 
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Title: Spectral-element and adjoint methods in exploration seismology 
Researchers: PhD student Zhu, H. (Princeton University) 

PhD student Y. Luo (Princeton University) 
Dr. Tarje Nissen-Meyer (ETHZ) 
Dr. Morency, C. (Princeton University) 
J. Tromp (Princeton University) 

 
Institute/Group: Institute of Geophysics, Group of Seismology and Geodynamics 
 
Description: 
Traditional exploration seismology uses various levels of complexity to migrate reflected and 
refracted seismic data; for example, material properties are assumed acoustic or elastic, solving 
the one-way or two-way wave equation, high-frequency ray theory or full-wavefield imaging. 
Unfortunately, some of these approximations can not allow for an accurate description of 
physical phenomena appearing in complex geological settings. In this paper, we take full 
advantage of modern numerical methods and computers to address seismic imaging problems. 
To model full-wave propagation, we use a spectral-element method which is recognized for its 
high level of accuracy and flexibility for simulation of acoustic, (an)elastic and poroelastic wave 
propagation. Finite-frequency sensitivity kernels which relate differences between data and 
predictions to model perturbations are derived based upon an adjoint method. We then draw 
connections between the traditional ‘imaging principle’ in exploration seismol- ogy, the adjoint 
method, finite-frequency tomography and the related ‘banana-doughnut’ sensitivity kernels. In 
doing so, we demonstrate that the density sensitivity kernel in ‘adjoint tomography’ is closely 
related to the ‘imaging principle’ in exploration seismology. Moreo- ever, in elastic imaging, we 
advocate that the use of the impedance kernel is a better choice for reflector identification than 
the density kernel. Land and marine surveys are mimicked to illustrate this view by using a 2D 
cross-section of the 3D SEG/EAGE salt-dome model. Finally, time-lapse migration is also 
investigated, further highlighting the importance of the impedance kernel. 
 
References:   
Zhu, H., Luo, Y., Nissen-Meyer, T., Morency, C., Tromp, J., 2009. Elastic Imaging and Time-
Lapse Migration Based Upon Adjoint Methods. Geophysics, 74, WCA167-WCA177. 
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Title: Impact of deep mantle structural heterogeneities on core-diffracted traveltimes: 
constraints on full-wave Born sensitivity kernel tomography 
Researchers: Dr. Eric Beucler (Universite de Nantes) 

Dr. Tarje Nissen-Meyer (ETHZ) 
Dr. Alexandre Fournier (IPG Paris) 
Dr. Yann Capdeville (Universite de Nantes) 

 
Institute/Group: Institute of Geophysics, Group of Seismology and Geodynamics 
 
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. 
 
References: AGU abstract 2010 (pending acceptance) 
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Title: Sensitivity analysis for low-frequency, multi-component acquisition & elastic solvers 
Researchers: Dr. Tarje Nissen-Meyer (ETHZ) 

Dr. Brad Artman (Spectraseis) 
 
Institute/Group: Institute of Geophysics, Group of Seismology and Geodynamics 
 
Description: 
The presentation of velocity inversion results in the April First Break issue are truly spectacular. 
Anisotropic parameterization has been implemented by some companies, but the elastic problem 
is still largely relegated to the realm of academic seismology. However, the acquisition hardware 
and processing tools to address the elastic land data experiment exist within that community to 
answer the obvious questions about the limitations of single component geophone acquisition 
and acoustic P-wave processing. We propose the use of spectral element elastic propagation and 
time-domain solvers to investigate the potential benefits of augmenting the current industry state-
of-the-art with sparse lines of broadband seismometers and fully elastic inversion. The 
computations were undertaken on Brutus at ETH in 2D, and are soon to be extended to 3D. 
 
References: to be submitted 
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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: Vertical component of ground motions for an explosive point source 
 
References: 
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, Vol. 100, No. 5A, pp. 2124–
2142, October 2010, doi: 10.1785/0120080194 
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Title: Studying the variability of earthquake seismicity in geodynamic numerical simulations of 
a subduction zone 
Researchers: PhD student Ylona van Dinther (ETHZ) 

Prof. Taras Gerya (ETHZ), 
Dr. Luis Dalguer, (ETHZ) 
Prof. Martin P. Mai (King Abdullah University of Science and Technology) 
 Dr. Gabriele Morra (University of Sydney, Australia) 

Institute/Group: Swiss Seismological Service, Computational Seismology Group 
 
Description: 
The main objective of this project year was to develop a methodology on how to analyze 
seismicity or slipping patterns in geodynamic numerical simulations of a convergent margin. 
This increases our understanding of the link between subduction kinematics, long-term 
deformation, and seismicity, and prepares for a coupling of this code to dynamic rupture models 
in order to study the full seismic cycle.  
The developed methodology focuses on energy analysis of different areas with plastic strain 
localizations, with emphasis on their link and periodicity, and a quantitative way to automatically 
pick ‘seismic’ events. The results from this picking algorithm show a heterogeneous distribution 
of slip within the weakest basaltic crustal layer, focused at its thinnest, most coupled section 
(Figure 1). Observed events reach lengths up to 45 km, and show a Gutenberg-Richter 
relationship for the smallest length sizes.  
This work covers a large range of time and space scales, which requires a lot of computational 
power and storage. 

 

 
Figure 1: Rock compositions, isotherms (red lines), and iso-viscosity surface at 1e24 Pa s (white 
lines) after 6 My, overlain by white circles depicting the location of the slipping/seismogenic 
zone. Size of the circles represents the amount of times a cell slipped over 200 thousand years.  
 
References: 
van Dinther, Y., Gerya, T., Dalguer, L. A., Mai, P. M., and Morra, G. (2010). Subduction thrust 
seismicity in geodynamic numerical simulations compared to observations. Geophys. Res. Abs. 
12, EGU2010-8193.  
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Title: The physics of dynamic rupture modes and macroscopic source properties in elastic and 
plastic media: observational, numerical and analytical  investigations 
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: 
Seismic inversions of earthquake sources show dominantly pulse-like rupture behavior, i.e. the 
fault heals shortly behind the rupture front leading to short rise times. In numerical simulations 
with strong velocity-weakening friction, pulse-like ruptures occur under certain initial 
conditions. However, a complete picture of the dynamics of rupture pulses remains elusive: what 
controls their rupture speed and their rise time? 
We apply the 2D spectral element method (SEM2DPACK of Ampuero, 2008) to model 
spontaneous dynamic rupture under strong velocity-and-state-dependent friction in a 2D in-plane 
model with and without Coulomb off-fault plasticity. 
Depending on initial stresses and nucleation procedure, the generated ruptures approach distinct 
regimes of stable self-similar behavior: decaying, steady-state and growing pulse-like, crack-like 
and super-shear ruptures, bordered by sensitive transitional zones. The asymptotic behavior of 
the self-similar ruptures is independent of the nucleation details, unlike the transient approach to 
that asymptotic solution. 
We characterize these general rupture modes as a function of background shear stress, angle of 
maximum compressive initial stress and nucleation procedure in elastic and plastic media. 
Interestingly, the pulse-crack transition involves re-activation of the former healed rupture due to 
gradual stress build-up near the hypocenter. 
The introduction of off-fault inelasticity quantitatively modifies the conditions to obtain each 
rupture mode. Furthermore, the considerable amount of induced off-fault energy dissipation 
alters macroscopic source properties, e.g. leads to slower rupture velocities, lower peak slip rates 
and lower shear stress levels on the fault compared to the elastic case. Our simulations provide 
quantitative relations between off-fault energy dissipation, seismic moment rate and the speed of 
rupture and healing fronts. These relations provide a self-consistent theoretical framework for the 
study of the earthquake energy balance based on observable earthquake. 
Above dynamic rupture simulations will be extended to state-of-the art 3D spectral element code. 
The gained insights will be used to parameterize off-fault yielding in a pseudo-dynamic source 
characterization and rise-time parameterization. 
 
Reference: 
Alice-Agnes Gabriel, Jean-Paul Ampuero,  P. Martin Mai, Luis A. Dalguer (2010), Self-similar 
Behavior of Pulse-like Dynamic Rupture in Elastic and Plastic Media. In proceeding of 
workshop on Earthquake Source Dynamic: Data and Data-constrained Numerical Modeling, 
June 27-July 1, Smolenice Castle, Slovak Republic. 
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Title: 3d rupture dynamics with unstructured spectral elements and flux-based fault solvers 
Researchers: PhD student Alice-Agnes Gabriel (ETHZ) 

Dr. Jean-Paul Ampuero (Caltech, USA) 
Dr. Tarje Nissen-Meyer (ETHZ)  
Dr. Luis Dalguer, (ETHZ) 

 
Institute/Group: Swiss Seismological Service, Computational Seismology Group 
 
Description: 
An important goal of computational seismology is to simulate earthquake dynamics and strong 
ground motion in realistic models that include crustal heterogeneities and complicated fault 
geometries. The goal of this work is to integrate rupture fault dynamics into the 3D open source 
spectral element (SEM) code SPECFEM3D-SESAME, the latest version of SPECFEM3D, 
which provides high flexibility in meshing complex media. Unstructured meshes of hexahedral 
elements are generated by CUBIT, a general purpose state-of-the-art mesh generation software. 
Our implementation follows the principles introduced by Ampuero (2002) and Kaneko et al. 
(2008). 
 Numerical methods for earthquake dynamics are prone to high frequency spurious oscillations 
that can contaminate the rupture propagation in low resolution simulations. This issue is 
exacerbated in SEM because the method has no intrinsic damping. A usual technique to 
overcome this problem is the introduction of artificial Kelvin-Voigt damping in the bulk. 
However, this degrades stability and implies very small time steps in simulations with 
complicated geometries. Recently, De La Puente et al (2009) introduced a dynamic fault solver 
in a Discontinuous Garlekin method (ADER-DG). Their results show very low spurious artifacts. 
We attribute this to the intrinsic, 
high-order damping emerging 
from the space discretization 
with fluxes. We will present a 
hybrid formulation in which we 
treat the fault boundary 
conditions with numerical 
fluxes but solve the wave 
propagation in the bulk with the 
more computationally efficient 
SEM 

 Figure. Meshing of a dipping fault with a splay fault.   
 
Reference: 
Percy Galvez; Tarje Nissen-Meyer; Jean Paul Ampuero and Luis A. Dalguer (2010), 3D Rupture 
Dynamic with Unstructured Spectral Element and a Flux-based Fault Solver, In proceeding of 
workshop on Earthquake Source Dynamic: Data and Data-constrained Numerical Modeling, 
June 27-July 1, Smolenice Castle, Slovak Republic. 
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Title: The Effects of Stress Heterogeneity in Dynamic Rupture Propagation with Rate and State 
Friction  
Researchers: PhD student Cyrill Baumann (ETHZ)  

Dr. Luis Dalguer, (ETHZ) 
 
Institute/Group: Swiss Seismological Service, Computational Seismology Group 
 
Description:  
Recent high-speed friction experiments and theoretical studies (e.g. Beeler et al., 2008; Rice, 2006) 
suggest strong velocity weakening, with dramatic reduction of the dynamic friction coefficient. These 
studies are associated to thermal weakening mechanisms that may prevail in nature (Rice 2006). In 
addition, it is expected that initial stress on faults prior to rupture is highly heterogeneous in nature, as 
suggested by source images resulted from kinematic inversion of real earthquakes. Therefore it is relevat 
to study earthquake under these conditions. 
In the present work we asses the role of stress heterogeneity on rupture dynamic governed by a rate and 
state friction law with strong velocity weakeing. The problem is tackled in a 2D in plane mode using the 
staggered grid split node (SGSN) finite differences (FD) testing code developed by Day, (2009).  
Our model strategy consists first on the development of rupture simulations under differents uniform pre-
stresses that produces, respectively, cracklike, pulselike and dying rupture propagation. Then, these three 
ruptures mode are perturbed incorporating stress heterogeneity, enhancing and reducing the pre-stress at 
localized patches in which the rupture mode is well defined. We evaluate the sensitivity of the 
macroscopic parameters (rise time, rupture speed, peak slip rate and final slip) to the level and patch 
length of the perturbed pre-stress.. 
 
Reference: 
Cyrill Baumann and Luis A. Dalguer (2010), Stress Hetrogeneity in a Dynamic Rupture 
Propagation with Strong Velocity Weakening Friction, In proceeding of workshop on 
Earthquake Source Dynamic: Data and Data-constrained Numerical Modeling, June 27-July 1, 
Smolenice Castle, Slovak Republic. 
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Title: 3d rupture dynamics in Large Aspect-ratio Faults (L>>W) 
Researchers: Dr. Luis Dalguer, (ETHZ) 

Dr. Jean-Paul Ampuero (Caltech, USA) 
Institute/Group: Swiss Seismological Service, Computational Seismology Group 
 
Description: 
Large earthquakes, such as the 2002 Mw 7.9 Denali and the 2008 Mw 8.0 Wenchuan earthquake in 
China, both with fault length about 300km, rupture the entire seismogenic thickness. These large events 
are originated in large aspect-ratio faults, L>>W, in which L and W are respectively the length and width 
of the fault. Previous studies shows that this kind of fault initially ruptures as a crack-like (a simply-
connected patch) around the hypocenter, but subsequently, at a time greater than that required for the 
rupture to cross the fault width, the rupture bifurcates into two separate pulses traveling in opposite 
directions due to the stopping phases coming from the top and bottom of the fault. When this process 
occurs in the bi-material case (Dalguer and Day, 2009), it evolves interacting with the normal stress 
perturbation and under very limited conditions it can lead to unilateral rupture, in which rupture is 
arrested in the non-preferred direction and rupture propagates indefinitely in the preferred direction. Here 
we continue the investigation to further understand the W effect on rupture propagation. Our numerical 
investigation in homogeneous fault shows that W takes an important role on rupture arresting and the 
generation of steady-state pulse-like rupture in strike slip as well as dipping faults due to the arrival of the 
stopping phases at the rupture front. Rupture velocity depends. At distance L>>W, the rupture propagates 
with a steady-state velocity pulse, suggesting that the cohesive zone length in the rupture front remains 
constant. In a bimaterial fault, for the same problems, rupture never stops. These results suggest that the 
bimaterial effects promote 
rupture and W effects promote 
rupture arresting. When 
combining W and bimaterial 
effects, both are competing, and 
only under some limited 
conditions (as shown by Dalguer 
and Day, 2009) unilateral rupture 
originates. In these cases, the W 
effects successfully arrest the 
rupture in the non-preferred 
direction, while in the preferred 
direction the bimaterial effect is 
stronger enhancing rupture 
propagation. Computation were 
done in the Cray XT5 Rosa Super 
Computer of CSCS 

Figure:  Space and rupture time of a set of models with different W. 
 
Reference: 
L. A. Dalguer, J.-P. Ampuero (2010), Numerical modeling of earthquake rupture in large aspect-
ratio faults, In proceeding of workshop on Earthquake Source Dynamic: Data and Data-
constrained Numerical Modeling, June 27-July 1, Smolenice Castle, Slovak Republic. 
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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.  
Reference: 
-Dalguer L. A. and Mai M (2009), The dynamic rupture and near source ground motion 
characteristics of thrust, normal and vertical strike slip faults under different tectonic loading 
regimes, Eos Trans. AGU, 90(52), Fall Meet. Suppl., Abstract S42B-06. 

-Dalguer L. A. and P. M. Mai (2010), Heterogeneous Initial Stress Parameterization for Dynamic 
Rupture Simulation Considering Style-of-Faulting and Loading Characteristics, SCEC 
Heterogeneous Initial Conditions Dynamic Rupture Workshop, May 21, 2010. 
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Title: Enrichment Textures for Detailed Cutting of Shells
Researchers: Peter Kaufmann1, Sebastian Martin1, Mario Botsch2, Eitan Grinspun3, Markus
Gross1

Institutes:
1) Computer Graphics Laboratory, Institute of Visual Computing, ETH Zurich
2) Bielefeld Graphics and Geometry Group, Bielefeld University
2) Columbia Computer Graphics Group, Columbia University

Description:
We present a method for simulating highly detailed cutting and fracturing of thin shells using
low-resolution simulation meshes. Instead of refining or remeshing the underlying simulation
domain to resolve complex cut paths, we adapt the extended finite element method (XFEM) and
enrich our approximation by custom-designed basis functions, while keeping the simulation mesh
unchanged. The enrichment functions are stored in enrichment textures, which allows for fracture
and cutting discontinuities at a resolution much finer than the underlying mesh, similar to image
textures for increased visual resolution. Furthermore, we propose harmonic enrichment functions
to handle multiple, intersecting, arbitrarily shaped, progressive cuts per element in a simple and
unified framework. Our underlying shell simulation is based on discontinuous Galerkin (DG)
FEM, which relaxes the restrictive requirement of C1 continuous basis functions and thus allows
for simpler, C0 continuous XFEM enrichment functions.
Defining the enrichment function via a texture map has two important advantages. First, compared
to analytic descriptions, it is better suited for modeling complex cutting paths, since the complexity
of cuts is only limited by the texture resolution. Second, when dealing with progressive cuts, partial
cuts, or multiple, intersecting cuts—required for cutting and fracturing simulations—it allows to
handle the generation of the associated enrichment functions in a straightforward and uniform
manner.

In this project, we extend the current body of work on XFEM toward the goals of graphical sim-
ulation. We introduce recent developments in XFEM treatments of thin shells, and we describe
several developments novel to both the graphics and engineering literature.

References: P. Kaufmann, S. Martin, M. Botsch, E. Grinspun, M. Gross, Enrichment Textures for
Detailed Cutting of Shells. ACM Transaction on Graphics (Proceedings SIGGRAPH), vol. 28, no.
3, 2009, pp. 50:1-50:10.
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Title: Unified Simulation of Elastic Rods, Shells, and Solids
Researchers: Sebastian Martin1, Peter Kaufmann1, Mario Botsch2, Eitan Grinspun3, Markus
Gross1

Institutes:
1) Computer Graphics Laboratory, Institute of Visual Computing, ETH Zurich
2) Bielefeld Graphics and Geometry Group, Bielefeld University
2) Columbia Computer Graphics Group, Columbia University

Description:
Elastic bodies take many forms, from long and slender rods, to flat and wide shells, to thick and
bulky solids. Over the past decades specialized methods have emerged for the efficient and com-
pelling simulation of each of these forms. But this specialization has opened a Pandoras box: we
must debug, extend, and interface between multiple specialized codes. We struggle both with the
software interface as well as with the mathematical, or physical model of the interface. And how
do we model the physics of objects that do not neatly fit into one of the categories? Junctions, for
example, are outside the scope of most specialized models, and are treated as an afterthought.
Some shapes transition smoothly (either along their spatial dimension, or as they evolve tempo-
rally) between one form and another - must we make a binary decision in categorizing them? If
two specialized methods use a different geometric representation (points, triangles, tetrahedra), the
question of how to transition is doubly complicated. We argue that a simple, unified treatment
spanning rods, shells, and solids is possible and desirable. By unified, we mean that the code does
not distinguish between forms. We draw motivation from previous unification efforts, but are set
apart by our emphasis on physical correctness, specifically convergence to the continuum model.

We develop an accurate, unified treatment of elastica. Following the method of resultant-based
formulation to its logical extreme, we derive a higher-order integration rule, or elaston, measuring
stretching, shearing, bending, and twisting along any axis. The theory and accompanying im-
plementation do not distinguish between forms of different dimension (solids, shells, rods), nor
between manifold regions and non-manifold junctions. Consequently, a single code accurately
models a diverse range of elastoplastic behaviors, including buckling, writhing, cutting and merg-
ing. Emphasis on convergence to the continuum sets us apart from early unification efforts.

References: S. Martin, P. Kaufmann, M. Botsch, E. Grinspun, M. Gross, Unified Simulation of
Elastic Rods, Shells, and Solids. ACM Transaction on Graphics (Proceedings SIGGRAPH), vol.
29, no. 3, 2010, pp. 39:1-39:10.
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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 
 Arya Fallahi 
 Sonja Huclova 
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Patrick Leidenberger 
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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), 
Boundary Integral Equations (BIEM), 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 (FDTD), 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 2009 till fall 2010, twelve papers on various topics of computational electromagnetics 
were published in reviewed journals. 
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Title:             Q-Lectives (Socially Intelligent ICT Systems for Quality) 

Researchers: Dirk Helbing 

Institute:        Chair of Sociology, in particular of Modeling and Simulation 

Description: 

QLectives is a project bringing together top social modelers, peer-to-peer engineers and 
physicists to design and deploy next generation self-organising socially intelligent 
information systems. The project aims to combine three recent trends within 
information systems:  

Social networks - in which people link to others over the Internet to gain value and 
facilitate collaboration (think of Facebook)  

Peer production - in which people collectively produce informational products and 
experiences without traditional hierarchies or market incentives (think Wikipedia)  

Peer-to-Peer systems - in which software clients running on user machines distribute 
media and other information without a central server or administrative control (think 
of BitTorrent)  

QLectives aims to bring these together to form Quality Collectives, i.e. functional 
decentralised communities that self-organise and self-maintain for the benefit of the 
people who comprise them.  

References: 

Helbing, D. and Lozano, S. (2010) Phase transitions to cooperation in the prisoner’s 
dilemma. Physical Review E, 81 

Helbing, D., Szolnoki, A., Perc, M. and Szabó, G. (2010) Evolutionary establishment of 
moral and double moral standards through spatial interactions. PLoS Computational 
Biology, 6(4) 

Helbing, D., Szolnoki, A., Perc, M., Szabó, G. (2010) Defector-accelerated 
cooperativeness and punishment in public goods games with mutations. Physical Review 
E, 81 

Helbing, D. and Johansson, A. (2010) Evolutionary dynamics of populations with 
conflicting interactions: Classification and analytical treatment considering asymmetry 
and power. Physical Review E, 81 
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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 play an important role in a variety of different appli-

cations. The influence of the intrinsic velocity fluctuations in fully developed turbulence

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 pipe flow. With this model we investigate the mixing

properties of two species of particles flowing through the channel. We find a linear increase

of the mixing zone with the length of the pipe. Flows at different Reynolds number 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.
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Title: Anisotropic growth of thin discs

Researchers: Norbert Stoop
Falk K. Wittel
Hans J. Herrmann

Institute: Computational Physics for Engineering Materials
Institute for Building Materials
ETH Zürich

Description:

Shell structures are nature’s reply to optimizing shape and function. In biology, a
rich variety of shapes arises from different couplings of growth laws with initial geometry,
if we think of shells, flowers, algae, funghi, jellyfish etc. We study the growth of initially
flat discs, using an implementation of subdivision surface based finite elements (FE) that
support large deformations and various growth laws. We find that analytical solutions of
the problem loose stability for sufficiently large amounts of growth due to self-contact, and
energetically favored skewed solutions emerge. Paper models agree with our numerical
predictions and identical behavior is also found for growing rings. Apart from discovering
stable growth shapes, the system serves as a verification example for the simulation of
constrained membrane growth via subdivision surface FE with self-contact and adaptive
refinement (ARC).

Finite element solution (left) and paper model (right) for a circumferentially growing
disc.

References:

[2] N. Stoop, F. K. Wittel, H. Herrmann, Self-Contact and Instabilities in the Anisotropic
Growth of Elastic Membranes, Phys. Rev. Lett. 105, 068101 (2010)
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Title: Probing Supercooled Water with Molecular Dynamics
Looking for a Probable Liquid-Liquid-Critical-Point.

Researchers: Tobias Kesselring
Prof. Dr. Hans Herrmann

Institute: Institute for Building Materials
ETH Zürich

Description:

Several experimental and computational evidences for a critical point in supercooled wa-
ter exist. Since water crystallizes before entering into the assumed area of the critical
point it is nearly impossible to do experiments to verify the hypothesis. For computer
simulations crystallization is no problem, because their runtimes (nanoseconds) are to
short for crystallization processes. Anyhow for several molecular dynamics water po-
tentials a glassy phase occurs, which inhibits the system from equilibration. Therefore
the well known ST2 potential is used since it has a critical point like behavior outside
this glassy phase. The region of this critical point is investigated, specially the response
functions.
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Title: Mitigation of Malicious Attacks on Networks

Researchers: Christian Schneider
Prof. Hans Hermann

Institute: Institute for Building Materials
ETH Zürich

Description:

Terrorist attacks on transportation networks have traumatized modern societies. With
a single blast, it has become possible to paralyze airline traffic, electric power supply,
ground transportation or Internet communication. How and at which cost can one re-
structure the network such that it will become more robust against a malicious attack?
We introduce a new measure for robustness and use it to devise a method to mitigate
economically and efficiently this risk. We demonstrate its efficiency on the European elec-
tricity system and on the Internet as well as on complex networks models. We show that
with small changes in the network structure (low cost) the robustness of diverse networks
can be improved dramatically while their functionality remains unchanged. Our results
are useful not only for improving significantly with low cost the robustness of existing
infrastructures but also for designing economically robust network systems.

References:

[1] C. M. Schneider, A. A. Moreira, J. S. Andrade Jr., S. Havlin and H. J. Herrmann,
Mitigation of Malicious Attacks on Networks, submitted
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Title: Modeling the evolution of protein interaction networks

Researchers: Christian Schneider
Prof. Hans Hermann

Institute: Institute for Building Materials
ETH Zürich

Description:

A major issue in biology is the understanding of the interactions between proteins. These
interactions can be described by a network, where the proteins are modelled by nodes and
the interactions by edges. The origin of these protein networks is not well understood
yet. Here we present a novel two-step model, which generates clusters with the same
topological properties as networks for protein-protein interactions, namely, the same de-
gree distribution, cluster size distribution, clustering coefficient and shortest path length.
The biological and model networks are not scale free but exhibit small world features.
The model allows to fit different biological systems by one tuning of a single parameter.

References:

[1] C. M. Schneider, L. de Arcangelis and H. J. Herrmann, Modeling the evolution of
protein interaction networks, submitted
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Title: Inverse targeting - an effective immunization strategy

Researchers: Christian Schneider
Dr. Tamara Mihaljev
Prof. Hans Hermann

Institute: Institute for Building Materials
ETH Zürich

Description:

We propose a new method to immunize populations or computer networks against epi-
demics which is more efficient than any method considered before. The novelty of our
method resides in the way of determining the immunization targets. First we identify
those individuals or computers that contributre the least to the disease spreading meas-
sured through their contribution to the size of the largest connected cluster in the social
or a computer network. The immunization process follows the list of identified individu-
als or computers in inverse order, immunizing first those which are most relevant for the
epidemic spreading. We have applied our immunization strategy to several model net-
works and two real networks, the Internet and the collaboration network of high energy
physicists. We find that our new immunization strategy is in the case of model networks
up to 12%, and for real networks up to 33% more efficient than immunizing dynamically
the most connected nodes in a network. Our strategy is also numerically efficient and
can therefore be applied to large systems.

References:

[1] C. M. Schneider, T. Mihaljev and H. J. Herrmann, Inverse targeting - an effective
immunization strategy, submitted
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Title: Impact of Perturbations on Watersheds

Researchers: Eric Fehr
Dr. Dirk Kadau
Prof. José S. Andrade
Prof. Hans J. Herrmann

Institute: Computational Physics for Engineering Materials, IfB, ETH Zürich

Description:

In the past, border disputes between countries have shown that it is important to fully
understand the subtle dynamical properties of watersheds. This concept arises naturally
from Geomorphology, where it plays a fundamental role in e.g. water management,
landslides and flood prevention. Moreover, identical problems also appear in other areas
such as Image Processing and Medicine. But how sensitive are they to slight modifications
of the landscapes at sensitive places? Can they produce large, non-local changes in
the watershed? Although geographers and geomorphologists have studied watersheds
extensively in the past, no detailed numerical or theoretical study has yet been performed
on the impact of such small, localized perturbations, despite the tremendous consequences
of scaling properties on the hydrological and political issues connected to watersheds or
on image recognition.

We investigate numerically and analyt-
ically the effects of catastrophic events
like landslides or tectonic motion onto
the watershed. We show that these
events can indeed trigger nonlocal ef-
fects and follow power-laws with the
distance, obtaining even quite dramatic
changes of the watershed, as shown
in the figure. After a local height
change of less than 2 m at a single
spot (cross), close to the Kashabowie
Provincial Park some kilometers North
of the US-Canadian border, the orig-
inal watershed (red) is displaced, such
that the area A ∼ 3730 km2 in between
it and the new watershed (blue). An
artificial model is developed to provide
a qualitative and quantitative descrip-
tion of the phenomenon.

Example of the watershed between US and
Canada, close to the big lakes (red). The
resulting change in the watershed (blue)
due to a perturbation of < 2 m at a spot
(cross) close to the border, near Thun-
der Bay is shown. It encloses an area
of ∼ 3730 km2. The dot marks the new
outlet of the area after the perturbation.
The inset shows the same area on a larger
scale.
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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 we present a mul-
tiscale approach incorporat-
ing nano-ultra and micro scale
up to a small section of around
8x8 cells. Some properties of
the nanoscopic constituents
(mainly cellulose, hemicellu-
lose, and lignin) are already
known from research in pa-
per industry. We use a mi-
cromechanical model for de-
scribing 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. This model is compared to 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.
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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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Despite the ubiquitous appearance of quicksand in ad-
venture books and movies, its origin and physico-
chemical behavior still represent controversial scientific
issues in the fields of soil and fluid mechanics. It has been
argued repeatedly that, because the density of sludge is
typically larger than that of water, a person cannot fully
submerge, and therefore cannot be really “swallowed” by
any quick-sand. We investigate the “quicksand” behav-
ior of a collapsing suspension/soil material. A 2D contact
dynamics model is proposed as a microscopic description
to capture the essential physical processes underlying the
dynamics of generation and collapse of the system. Our
physical model is validated with real data obtained from
in situ measurements performed with a natural quick-
sand. We show that the shear strength behavior of our
collapsing suspension/soil model is consistent with the
behavior of this quicksand, for both the unperturbed and
the collapsed phases of the material.

Computer model of ex-
perimentally investigated
quicksand, unperturbed
(left) and the collapsed
phases (right).
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Description:

A class of reptiles known as sand swimmers adapts to hot environments by submerging
beneath desert sands during the day and so provide a unique probe into the dynamics of
intruders in granular beds. To understand the mechanism for swimming in an otherwise
solid bed, we study a simple model of periodic contraction and extension of large intruders
in a granular bed. Using an event-driven simulation, we find optimal conditions that
idealized swimmers must use to critically fluidize a sand bed so that it is rigid enough to
support a load when needed, but fluid enough to permit motion with minimal resistance.
Swimmersor other intrudersthat agitate the bed too rapidly produce large voids that
prevent traction from being achieved, while swimmers that move too slowly cannot travel
before the bed resolidifies around them, i.e., the swimmers locally probe the fundamental
time scale in a granular packing.

Geometry of the swimmer (left) and its shapes at the end of each cycle of the swimming
stroke (right).
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Description:

Soft-agglomerate restructuring, break-up (or fragmentation) and relaxation are studied
in a simple shear flow by a discrete element method (DEM). The agglomerates, held
together by van der Waals forces, are stretched and rotate in the shear flow until they
fracture at their weakest point resulting in lognormally-shaped fragment size distribu-
tions asymptotically. The evolution of the average number of particles per fragment is
described by generalized scaling laws between shear rate, onset (time-lag) of fragmen-
tation, asymptotic fragment mass and size consistent with experimental and theoretical
studies in the literature. Individual fragments relax in the flow towards more compact
agglomerates and the initial effective fractal dimension of the agglomerates determines
the final one of the fragments.

Snapshots of soft-agglomerate break-up in a linear shear profile with constant shear rate.
a) The initial parent agglomerate (t = 0s). b) The agglomerate rotates and is stretched

in the flow field until it breaks at the weakest point (t = 2.05 · 10−5s). c) The final
fragment distribution where fragments rotate like rigid agglomerates (t = 8.18 · 10−2s).
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Description:

In past work the physics of isothermal meta-
morphism of snow were investigated, mod-
eled and simulated. Doing so, the effect of
gravity on collapsing snow was mostly ne-
glected or strongly simplified. In this work
an existing Monte Carlo simulation code is
extended by a gravitational compaction. The
new approach is based on purely geomet-
ric considerations and does not involve any
forces. It is implemented, tested and com-
pared to experimental data. The algorithms
properties are investigated in detail to decide
whether it reproduces any physically mean-
ingful behavior. Despite all rather crude sim-
plifications and unphysical effects observed,
it is found to fit the experiment rather well.

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

Snapshots of the simulated
aging process.
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Percolation is one of the most often applied models in Statistical Physics. Based on
random connectivity, this model is characterized by a second-order transition, at the
percolation threshold, between a percolative and a nonpercolative state. The recent work
by Achlioptas, D’Souza, and Spence open up the possibility of obtaining a first-order
(explosive) percolation transition by changing the stochastic rule of bonds occupation.
Despite the active research in this subject, several questions still open about the leading
mechanism and the properties of the system.

In our work we shed some light on how to obtain a first-order transition by showing
that is solely necessary to control the size of the largest cluster, demoting the growth of a
cluster differing significantly, in size, from the average one. As expected for a first-order
transition, with the disclosed stochastic rule, a Gaussian cluster-size distribution and
compact clusters are obtained. These properties were reported for the first time in our
work.

To identify the order of the transition, a finite-size study have been performed. This
requires several simulations for different system sizes and averages over many samples.
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Description:

In this project we will develop the first computationally efficient simulation for under
water dune formation including free surface effects. We expect to detect significant dif-
ferences to aeolian dunes due to the influence of water depths and because the saturation
length of our model, describing the spatial lag between water flow and sand motion, will
have a very different behavior compared to models for aeolian land dunes according to
our preliminary investigations. We will also simulate antidune formation, what has never
been done before. Our computed simulation outputs will be experimentally validated by
a first comprehensive study of underwater barchan topologies and dynamics. Our mor-
phodynamic model can be extended to real situations. It will predict sand motion driven
by water flow as it occurs in coastal rivers and fluvial landforms. This sand motion leads
to changes of the coastal landscape, what in turn alters the water flow. All these aspects
will be predicted by our model.
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Grains in desert sandstorms spontaneously generate strong electrical charges; likewise
volcanic dust plumes produce spectacular lightning displays. Charged particle clouds
also cause devastating explosions in food, drug and coal processing industries. Despite
the wide-ranging importance of granular charging in both nature and industry, even
the simplest aspects of its causes remain elusive, because it is difficult to understand
how inert grains in contact with little more than other inert grains can generate the
large charges observed. In our project, we present a simple yet predictive explanation
for the charging of granular materials in collisional flows. We argue from very basic
considerations that charge transfer can be expected in collisions of identical dielectric
grains in the presence of an electric field, and we confirm the model’s predictions using
discrete-element simulations and a tabletop granular experiment.
We further argue that the required electric field is present at the edge of the particle
cloud and we will develop a model and show simulations that explain the charging of a
particle cloud, without the necessity of having an electric field from external sources.
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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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Skin layers are a typical feature of time-varying electromagnetic fields in the presence of
good conductors. Resolving the exponential decay of the fields inside the layer in finite element
computations entails using aligned and graded meshes, which are usually a challenge for au-
tomated mesh generation in the case of complicated geometries. As an alternative Trefftz-type
approaches,cf. [1], seek to incorporate the layer behavior into the trial spaces, but conforming
approximation may be rendered difficult. This suggests combination with the discontinuous
Galerkin idea, which dispenses with any interelement continuity requirements.

Trefftz-DG for layer approximation was implemented in 2D and demonstrated to achieve
excellent accuracy on meshes that utterly failed to resolve the layer. A prioriadaptive choice
of local Trefftz spaces achieves another substantial gain in accuracy and it easily realized in the
DG framework
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Description: The stabilization approach developed in [1,2] was extended to time-domain

formulations of Maxwell’s equations. This leads to a discretization, which allows the stable

computation of the electric field even when large timesteps are used in the framework

of an A-stable implicit timestepping method. This is achieved by using a splitting of

the scalar potential unknown in an A − Φ-formulation, which leads to a singular but

consistent linear systems of equations. These can be tackled by preconditioned iterative

solvers, e.g. BiCGStab.

The scheme was implemented in an in-house finite element package of ABB using

standard lowest order finite elements.

Figure: Electric field in [V/m] after 100µs in the center between the capacitor plates

for different timestep sizes. The upper row shows the solutions for the non-stabilized

Maxwell system, the lower row displays the solutions obtained after stabilization. Please

note the different color-scales due to the different visualization software. The expected

value is 1.05 V/m. A mesh of 200.000 elements was used in both cases.
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Description:

Scattering of linear waves at composite penetrable objects is modelled by means of trans-
mission problems for the Helmholtz equation (TE/TM case, acoustics) or Maxwell’s equations.
Corresponding boundary integral equations (BIE) are set on the skeleton, that is, the union of
boundaries of chunks of homogeneous material (subdomainsΩi). BIE come in many differ-
ent variants, for instance, in the form of a single trace formulation (STF ), which relies on
Dirichlet- and Neumann-traces on the skeleton. However, after Galerkin discretization it leads
to ill-conditioned linear systems, which, for want of Calderón identities on skeleton spaces, do
not allow operator preconditioning.

We developed an alternative multiple trace formulation (MTF) for the Helmholtz transmis-
sion problem, which employs local Cauchy data on subdomain boundaries∂Ωi as unknowns.
It can be stated as a integral operator matrix, whose diagonal comprises the standard inte-
gral operators associated with subdomains. It gives rise to a variational formulation set in⊗

iH
1/2(∂Ωi) × H−1/2(∂Ωi). Therefore, the MTF becomes amenable to Calderón precon-

ditioning, which is a crucial advantage compared to STF. Moreover, its boundary element dis-
cretization only involves standard discrete boundary integral operators.

Implementation was done in 2D . Numerical tests confirmed competitive efficiency of the
MTF vs. the STF. Preliminary block-diagonal preconditioning turned out to lead to a significant
acceleration of the iterative solver.
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Description: 

Blanking processes are characterized by a strongly localized deformation zone around the 

cutting edges. Furthermore the material flow is strongly anisotropic, meaning that the velocity 

components perpendicular to the cutting contour are much larger than the ones along it. 

Standard 3D Updated Lagrange FE codes fall short from simulating these processes 

efficiently, as the cutting edge geometry can only be accurately represented with a prohibiting 

amount of degrees of freedom, thus failing to exploit the intrinsic anisotropy of the problem. 

A mesh management strategy in direct dependence to the blanking tool geometry, developed 

in the context of ALE Finite Elements, allows for substantially bigger geometrical accuracy 

found in [1].  

A crucial point in an ALE implementation is the convection of the history variables due to the 

relative motion of the material with respect to the mesh. First order accurate methods, often 

used in literature for hexahedral meshes, tend to cause excessive cross-wind diffusion of the 

convected quantities. This is an important source of error especially when elastic-plastic 

constitutive relations are used to describe the material behavior, which requires the stress 

tensor to be convected. Higher order methods have been developed for unstructured 

hexahedral meshes based on the approach used in [2] for planar triangles. Substantial 

improvement with respect to equivalent first order methods could be achieved.  
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Press hardening is a manufacturing process in the automotive industry for the production of 

body in white parts with ultra high strength properties. Parts produced by this process are 

lighter and at the same time offer a higher structural resistance than parts manufactured by 

classical cold forming processes. Within the press hardening process sheet metal is heated up 

to its austenite temperature and subsequently quenched between an upper and a lower tool. 

The material used is boron alloyed steel (22MnB5). In order to correctly predict the behavior 

during quenching and simultaneous forming of the part, thermo-mechanically coupled 

simulations have to be conducted.  For the coupled initial boundary value problem one has to 

define not only mechanical and thermal initial and boundary conditions but also the 

temperature dependency of the mechanical parameters, as e.g. the friction between part and 

tools and the yield stress of the material. Furthermore the heat conductance between the hot 

part and the cold tools is a function of contact pressure and gap distance. For the 

determination of all the necessary parameters various experiments have been conducted. 

Since the input parameters for the simulation can in general not be extracted directly from the 

experimental data, inverse approaches have been applied. After setting up a valid simulation 

model of the experiment, the unknown parameters are identified by applying iterative 

optimization strategies. During the optimization the variables, i.e. the unknown parameters, 

are altered until the simulated results fit the measured data. 

  

Undeformed specimen and deformed simulation model of a stacked ring compression test. 
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Description: 

 

Cross roll straightening is a process aiming at reducing the undesirable curvature of drawn 

bright steel bars by simultaneous bending and stamping between two rotating rolls. The 

present study aims predicting the detrimental cyclic softening effect that occurs during the 

process. Two types of approaches to the description of the problem are to be found in the 

literature: analytical approaches (e.g. [1]) and FE approaches (e.g. [2]). The main drawback of 

the former lies in the necessary over-simplification of the problem: the deformation is reduced 

to a pure alternate bending phenomenon. Whereas the latter is surely promising, it is still 

associated with very large computation times (several weeks) and limited accuracy. 

Assuming that the strain distribution in the bar is relatively independent of the constitutive 

relations chosen, the strain distribution and the movement of material points during 

straightening are treated separately (see left figure). The paths of material points of the bar as 

they pass through the rolls are computed analytically. The strains of the elements lying on a 

given path are considered as successive deformation states and are integrated using the 

constitutive relations mentioned above. The results obtained for a section are mapped back to 

the bar (see right figure), on which a virtual tensile test is then conducted. The results 

obtained with the present approach are in good agreement with the experimental values and 

the computation time does not exceed eight hours. 

 
Distribution of strains in the bar and path of a material point during straightening (left). 

Accumulated plastic strain mapped back to a bar after straightening (right). 
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Description :

Explicit-solvent molecular dynamics (MD) simulations of the monoglyceride glycerol-
1-monopalmitin (GMP; bilayer patch of 2×6×6 lipids) at different hydration levels
(full, half or quarter hydration) and at different temperatures (318 to 338 K) are
reported. The 40 ns simulations (some extended to 200 ns) are initiated from struc-
tures appropriate for the gel (GL) or liquid-crystal (LC) phases, with the goal of
investigating whether atomistic MD simulations on this timescale can be used to
monitor GL ↔ LC transitions in lipid bilayers, and to evaluate the corresponding
transition temperatures Tm (as well as the influence of hydration on Tm) in a reliable
fashion. The main conclusions are that : (i) the GL → LC transition of GMP can
be observed on the 40 ns timescale; (ii) the LC → GL transition is comparatively
slower, requiring simulations on the 200 ns timescale; (iii) a set of simulations ini-
tiated from a structure appropriate for the GL phase and carried out at slightly
different temperatures permits to determine a reliable value for Tm; (iv) the calcu-
lated Tm values reproduce the experimentally observed increase in this transition
temperature upon decreasing the bilayer hydration; (v) the Tm values calculated at
the three hydration levels considered are in essentially quantitative agreement with
the experimental phase diagram of GMP. To our knowledge, this study represents
the first accurate determination of the Tm of a lipid via atomistic simulations of the
(reversible) GL ↔ LC phase transition, as well as the first direct simulation evidence
for the increase in the transition temperature upon dehydration. The possible di-
rect determination of Tm and the characterization of environmental effects on this
quantity by simulation opens up promising perspectives in the contexts of force field
refinement and of the investigation of dehydration-induced damages in living cells
(and bioprotection by cosolutes).

References: B.A.C. Horta, A.H. de Vries and P.H. Hünenberger
J. Chem. Theor. Comput. 6, 2488-2500 (2010).
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Description :

The raw ionic solvation free energies computed from atomistic (explicit-solvent)
simulations are extremely sensitive to the boundary conditions (finite or periodic
system, system or box size) and treatment of electrostatic interactions (Coulombic,
lattice-sum or cutoff-based) used during these simulations. However, as shown by
Kastenholz & Hünenberger [J. Chem. Phys. 124, 224501 (2006)], correction terms
can be derived for the effects of : (A) an incorrect solvent polarization around the ion
and an incomplete or/and inexact interaction of the ion with the polarized solvent
due to the use of an approximate (not strictly Coulombic) electrostatic scheme; (B)
the finite size or artificial periodicity of the simulated system; (C) an improper sum-
mation scheme to evaluate the potential at the ion site, and the possible presence of
a polarized air-liquid interface or of a constraint of vanishing average electrostatic
potential in the simulated system; (D) an inaccurate dielectric permittivity of the
employed solvent model. Comparison with standard experimental data also requires
the inclusion of an appropriate standard-state correction term. In the present study,
this correction scheme is extended by: (i) providing simple approximate analytical
expressions (empirically-fitted) for the correction terms that were evaluated nu-
merically (continuum-electrostatics calculations); (ii) providing correction terms for
derivative thermodynamic single-ion solvation properties (and corresponding partial
molar variables in solution), namely the enthalpy, entropy, isobaric heat capacity,
volume, isothermal compressibility and isobaric expansivity (including appropriate
standard-state correction terms). The ability of the correction scheme to produce
methodology-independent single-ion solvation free energies based on atomistic sim-
ulations is tested in the case of Na+ hydration, and the nature and magnitude of the
correction terms for derivative thermodynamic properties is assessed numerically.

References: M.M. Reif and P.H. Hünenberger
J. Chem. Phys., in press (2010).
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Description :

The raw ionic solvation free energies computed from atomistic (explicit-solvent)
simulations are extremely sensitive to the boundary conditions and treatment of
electrostatic interactions used during these simulations. However, as shown recently
[Kastenholz & Hünenberger, J. Chem. Phys. 124, 224501 (2006)], the application
of appropriate correction terms permits to obtain methodology-independent results.
The corrected values are then exclusively characteristic of the underlying molecular
model, including in particular the ion-solvent van der Waals interaction parameters,
determining the effective ion size and the magnitude of its dispersion interactions. In
the present study, the comparison of calculated (corrected) hydration free energies
with experimental data (along with the consideration of ionic polarizabilities) is used
to calibrate new sets of ion-solvent van der Waals (Lennard-Jones) interaction pa-
rameters for the alkali (Li+, Na+, K+, Rb+, Cs+) and halide (F−, Cl−, Br−, I−) ions
along with either the SPC or the SPC/E water models. The experimental dataset
is defined by conventional single-ion hydration free energies [Tissandier et al., J.
Phys. Chem. A 102, 7787 (1998); Fawcett, J. Phys. Chem. B 103, 11181] along
with three plausible choices for the (experimentally elusive) value of the absolute

(intrinsic) hydration free energy of the proton, namely ∆G◦−

hyd[H
+] = −1100, -1075

or -1050 kJ·mol−1, resulting in three sets L, M and H for the SPC water model
and three sets LE, ME and HE for the SPC/E water model (alternative sets can

easily be interpolated to intermediate ∆G◦−

hyd[H
+] values). The residual sensitivity

of the calculated (corrected) hydration free energies on the volume-pressure bound-
ary conditions and on the effective ionic radius entering into the calculation of the
correction terms is also evaluated, and found to be very limited. Ultimately, it is
expected that comparison with other experimental ionic properties (e.g. derivative
single-ion solvation properties, as well as data concerning ionic crystals, melts, solu-
tions at finite concentrations, or non-aqueous s olutions) will permit to validate one

specific set and thus, the associated ∆G◦−

hyd[H
+] value (atomistic consistency assump-

tion). Preliminary results (first-peak positions in the ion-water radial distribution
functions, partial molar volumes of ionic salts in water, and structural properties of

ionic crystals) support a value of ∆G◦−

hyd[H
+] close to -1100 kJ·mol−1.

References: M.M. Reif and P.H. Hünenberger
J. Chem. Phys., in press (2010).
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Description :

A new method, fragment-based local elevation umbrella sampling (FB-LEUS), is
proposed to enhance the conformational sampling in explicit-solvent molecular dy-
namics (MD) simulations of solvated polymers. The method is derived from the local
elevation umbrella sampling (LEUS) method [Hansen & Hünenberger, J. Comput.
Chem. 31, 1-23, 2010], which combines the local elevation (LE) conformational
searching and the umbrella sampling (US) conformational sampling approaches into
a single scheme. In LEUS, an initial (relatively short) LE build-up (searching) phase
is used to construct an optimized (grid-based) biasing potential within a subspace of
conformationally relevant degrees of freedom, that is then frozen and used in a (com-
paratively longer) US sampling phase. This combination dramatically enhances the
sampling power of MD simulations but, due to computational and memory costs,
is only applicable to relevant subspaces of low dimensionalities. As an attempt to
expand the scope of the LEUS approach to solvated polymers with more than a few
relevant degrees of freedom, the FB-LEUS scheme involves an US sampling phase
that relies on a superposition of low-dimensionality biasing potentials optimized us-
ing LEUS at the fragment level. The feasibility of this approach is tested using
polyalanine (poly-Ala) and polyvaline (poly-Val) oligopeptides. Two-dimensional
biasing potentials are preoptimized at the monopeptide level, and subsequently ap-
plied to all dihedral-angle pairs within oligopeptides of 4, 6, 8 or 10 residues. Two
types of fragment-based biasing potentials are distinguished: (i) the basin-filling
(BF) potentials act so as to “fill” free-energy basins up to a prescribed free-energy
level above the global minimum; (ii) the valley-digging (VD) potentials act so as to
“dig” valleys between the (four) free-energy minima of the two-dimensional maps,
preserving barriers (relative to linearly interpolated free-energy changes) of a pre-
scribed magnitude. The application of these biasing potentials may lead to an
impressive enhancement of the searching power (volume of conformational space
visited in a given amount of simulation time). However, this increase is largely off-
set by a deterioration of the statistical efficiency (representativeness of the biased
ensemble in terms of the conformational distribution appropriate for the physical
ensemble). As a result, it appears difficult to engineer FB-LEUS schemes represent-
ing a significant improvement over plain MD, at least for the systems considered
here.

References: H.S. Hansen, X. Daura and P.H. Hünenberger
J. Chem. Theor. Comput., in press (2010).
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Description :

A new method, ball-and-stick local elevation umbrella sampling (B&S-LEUS) is pro-
posed to enhance the sampling in computer simulations of (bio)molecular systems.
It enables the calculation of conformational free-energy differences between states
(or alchemical free-energy differences between molecules), even in situations where
the definition of these states relies on a conformational subspace involving more than
a few degrees of freedom. The B&S-LEUS method consists of the following steps :
(A) choice of a reduced conformational subspace; (B) representation of the relevant
states by means of spheres (”balls”), each associated with a biasing potential involv-
ing a one-dimensional radial memory-based term and a radial confinement term; (C)
definition of a set of lines (”sticks”) connecting these spheres, each associated with
a biasing potential involving a one-dimensional longitudinal memory-based term
and a transverse confinement term; (D) unification of the biasing potentials corre-
sponding to the union of all the spheres and lines (active subspace) into a single
biasing potential according to the enveloping distribution sampling (EDS) scheme;
(E) build-up of the memory using the local elevation (LE) procedure, leading to a
biasing potential enabling a nearly uniform sampling (radially within the spheres,
longitudinally within the lines) of the active subspace; (F ) generation of a biased
ensemble of configurations using this preoptimized biasing potential, following an
umbrella sampling (US) approach; (G) calculation of the relative free energies of
the states via reweighting and state assignment. The main characteristics of this
approach are : (i) a low internal dimensionality, i.e. the memory only involves
one-dimensional grids (acceptable memory requirements); (ii) a minimal irrelevant
volume, i.e. the conformational volume opened to sampling includes a minimal
fraction of irrelevant regions in terms of the free energy of the physical system or
of user-specified metastable states (acceptable build-up duration requirements, high
statistical efficiency); (iii) a problem-adapted geometry (a priori specification of the
conformational regions considered as relevant or irrelevant). As an illustration, the
B&S-LEUS method is applied here to three test systems : (i) a solvated (blocked)
alanine monopeptide (two-dimensional conformational subspace), used as a toy sys-
tem to illustrate the versatility of the method in promoting the sampling of arbri-
trary regions of the Ramachandran map; (ii) a solvated polyalanine decapeptide
(nine-dimensional conformational subspace), to evaluate the relative free energies
of three different types of helices (π, α and 310) based on a single simulation; (iii)
a solvated artifical hexopyranose, termed the ”mother” of all D-hexopyranoses and
constructed as a hybrid of all D-hexopyranose stereoisomers, where the method is
applied (seven-dimensional mixed alchemical and conformational subspace) to cal-
culate the relative free energies of the corresponding 32 isomers, anomers and chair
conformers, based on a single simulation.

References: H.S. Hansen and P.H. Hünenberger
J. Chem. Theor. Comput., in press (2010).
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Description :

The GROMOS 53A6 force field for hexopyranose-based carbohydrates (nearly equiv-
alent to 45A4 for pure carbohydrate systems) is reoptimized into a new version
56ACARBO (nearly equivalent to 53A6 for non-carbohydrate systems). This reopti-
mization was found necessary in order to repair a number of shortcomings of the
53A6 (45A4) parameter set, and to extend the scope of the force field to properties
that had not been included previously into the parameterization procedure. The
new 56ACARBO force field is characterized by : (i) the formulation of systematic
build-up rules for the automatic generation of force-field topologies over a large
class of compounds including (but not restricted to) unfunctionalized polyhexopy-
ranoses with arbritrary connectivities; (ii) the systematic use of enhanced-sampling
methods for inclusion of experimental thermodynamic data concerning slow or un-
physical processes into the parameterization procedure; (iii) an extensive validation
against available experimental data in solution and, to a limited extent, theoretical
(quantum-mechanical) data in the gas phase. At present, the 56ACARBO force field is
restricted to compounds of the elements C, O and H presenting single bonds only, no
oxygen functions other than alcohol, ether, hemiacetal or acetal, and no cyclic seg-
ments other than six-membered rings (separated by at least one intermediate atom).
After calibration, this force field is shown to reproduce well the relative free ener-
gies of ring conformers, anomers, epimers, hydroxymethyl rotamers and glycosidic
linkage conformers. As a result, the 56ACARBO force field should be suitable for :
(i) the characterization of the dynamics of pyranose ring conformational transitions
(in simulations on the µs timescale); (ii) the investigation of systems where alter-
native ring conformations become significantly populated; (iii) the investigation of
anomerization or epimerization in terms of free-energy differences; (iv) the design of
simulation approaches accelerating the anomerization process along an unphysical
pathway.

References: H.S. Hansen and P.H. Hünenberger
J. Chem. Theor. Comput., in press (2010).
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Description:

In the Earth’s dynamo system, the magnetic field is generated by buoyancy-driven con-
vecting flows of molten iron, confined to the spherical shell between the Earth’s inner
core and overlying solid mantle. The system is governed by the magnetohydrodynamics
(MHD) equations. The Earth’s magnetic field is recorded in rocks, lavas and sediments
and also observed by observatories and satellites. These observed data provide informa-
tion on the dynamo system, and help us to deduce the magnetic and velocity fields via
inverse theory. In this study, we use the the variational method. It is widely used in seis-
mology and meteorology. However, the application of this method to the Earth’s dynamo
system just began recently. Thus this study involves understanding and implementing
the mathematics behind the variational inversion problem, testing new basis functions
for the magnetic field (devised P. Livermore) and in the end developing our own spectral
model for a simplified version of the MHD system and its adjoint. So far we have finished
the testing of the new basis functions used for the magnetic field, the mathematical study
of adjoint systems and also its application to kinematic dynamo models. The ongoing
and the future work will focus on testing the inversion of kinematic dynamo system and
developing the model of MHD system and its adjoint.

References:
Li, K, Livermore, P. W., and Jackson, A. An optimal Galerkin scheme to solve the kine-
matic dynamo eigenvalue problem in a full sphere. Journal of Computational Physics, in
press.
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Description:

Understanding the dynamo equations in a full sphere domain is of relevance in quite
a few fields. The acquired knowledge will, for example, help to better understand the
early earth or to study other planets. The artificial singularity appearing at the origin of
the spherical domain has to be treated carefully. For this purpose, a new fully spectral
simulation has been developed. It uses a standard spherical harmonics expansion for the
angular behavior. Due to the domain the radial dependence of the harmonic coefficients
has to be of the form a

m

l
(r) ∝ r

l(ξ0 + ξ1r
2 + ξ2r

4 + . . .). In many simulations, this
condition is only satisfied in an approximative way. We choose to use a basis of Worland
polynomials, defined as Wn(r) = r

l
P

(α,β)

n
(2r2

− 1), which satisfy this condition exactly.
To be able to reach a parameter regime that is as earth-like as possible, computations
have to performed at high resolution. Hence, the code has been parallelised with the help
of the MPI library. The code scales well to more than 1000 CPUs. The ongoing work is
now to get a better understanding of dynamo action in a full sphere geometry. One of the
goals will be to find a set of parameters that lead to a stable and “simple” dynamo that
can be used as benchmark for full sphere computations. Such a benchmark is currently
not available.
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For a better understanding of the Earth’s core dynamics, especially the so-called magne-
tostrophic regime where the pressure, the Coriolis force and the Lorentz force are balanced,
an experiment will be soon carried out in the EPM group of ETH. In the experimental
setup the flow of liquid sodium filled in a gap of two concentric spheres will be driven by
an externally imposed Lorentz force which arises from the interaction of an imposed elec-
tric current and an imposed magnetic field, and in the meanwhile the two spheres rotate
at either the same rate or the different rates. To understand the flows in this experiment
the large scale 3D simulations are inevitable. In our group we have a good parallel code
to do this job. In the simulations we will solve both the Navier-Stokes equation governing
the fluid flow and the Maxwell’s equations governing the induced magnetic field due to
the motion of the conducting fluid. We investigate numerically both the axisymmetric
basic states and the non-axisymmetric instabilities of flows. We also capture all various
waves in the flow, i.e. Alfvén wave due to the imposed magnetic field, Rossby wave due
to the imposed rotation and the magnetic Rossby waves due to the both effects. We
test different parameters which measure the imposed rotation, the imposed field, imposed
current and imposed differential rotation to study the effects of these ingredients on the
flow. In addition we test different magnetic boundary conditions to study this effect on
the flow, and various aspect ratios of the two radii to study the so-called β plane effect
(the slope of the boundary of fluid columns) on the Rossby waves. Through these large
scale simulations with a systematic study we hope to deeply and thoroughly understand
the flows in the experiment and hence in the Earth’s core.

References:
Wei, X. and Hollerbach, R. Magnetic spherical Couette flow in linear combinations of
axial and dipolar fields. 2010 Acta Mechanica DOI 10.1007/s00707-010-0299-4.
Wei, X., Hollerbach, R. and Jackson, A. Spherical rotating MHD driven by an imposed
Lorentz force. submitted to Phys. Fluids.
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ETH Zürich

Description: The two-fluid ideal MHD

Figure 1: Profile of current in z-
direction(|Jz|) for GEM-Magnetic Re-
connection with 800 × 400 mesh points and
HLLE solver using Two-Fluid model.

equations are a generalized form of the
ideal MHD equations in which the elec-
trons and ions are considered as separate
species. The electromagnetic components
are modeled by the perfectly hyperbolic
form of the Maxwell’s equations to en-
able divergence free evolution of magnetic
field. The two fluids are coupled with the
electromagnetic field through the Lorentz
force as an explicit source term.

The design of efficient numerical schemes
for the two-fluid MHD equations is com-
plicated on account of the non-linearities
and the presence of a stiff source term,
particularly for realistic charge to mass ra-
tios. In this project, we design novel finite volume schemes based on an implicit-explicit
(IMEX) time stepping routine. The special structure of the two-fluid MHD equations
enables us to split the source term carefully in-order to ensure that only local (in each
cell) linear equations are solved at each time step. Furthermore we present a class of
entropy stable numerical fluxes for ideal two-fluid equations based on [2].

References:

[1] H. Kumar and S. Mishra, Finite Volume Methods for Two-Fluid MHD, In Preper-
ation

[2] U. S. Fjordholm, S. Mishra, E. Tadmor, Entropy Stable Essentially Non-Oscillatory
Schemes for Systems of Conservation Laws, In Preperation

105



Title:   Turbulent reactive flow

Researchers:  Michael Hegetschweiler
Gaurav Anand
Michael Wild
Mathias Hack
Benjamin Zoller
Patrick Jenny

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 improvements, however, 
the capability of accurately  predicting the governing physical processes (which involve turbulence-
reaction interaction) is essential. A modeling approach, which proved to be very general and 
powerful, is based on solving a joint probability density  function (PDF) transport equation. 
Opposed to other approaches, such PDF methods require no model for turbulent convection and 
there exist no closure issues with averaging the  reaction source terms. 

PDF solution algorithm: Compared with Reynolds-averaged Navier-Stokes (RANS) models, PDF 
methods are computationally more expensive and challenging. Due to its high dimensionality, the 
PDF transport equation is solved by a particle method. 

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.

References:

M. Hegetschweiler, B.T. Zoller, P. Jenny, Reactive Parametrized Scalar Profile (R-PSP) Mixing 
Model for Partially Premixed Combustion. Submitted to Combustion and Flame.

M. Hegetschweiler, C. Handwerk, and P. Jenny. Partially  premixed turbulent combustion model 
based on joint statistics of progress variable, mixture fraction, and scalar dissipation rate. Combust. 
Sci. and Tech.

M. Hegetschweiler. Hybrid PDF Algorithm and PDF Modeling of Partially  Premixed Turbulent 
Combustion. PhD thesis, ETH Zurich.

B.T. Zoller, J.M. Allegrini, P. Jenny, PDF model for NO calculations with radiation and consistent 
NO-NO2 chemistry in non-premixed turbulent flames. Submitted to Combustion and Flame.
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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 automotive filters. 

Multi-scale modeling: This is a collaboration with Dr. Seong Lee (Chevron). One of the major 
challenges in macroscopic simulations is the correct treatment of complex permeability 
distributions with strong variations and many length scales. To deal with this issue, various 
upscaling and multi-scale methods have been developed. In collaboration with the company 
Chevron we devised and developed a new multi-scale finite-volume (MSFV) algorithm, which has 
several advantageous properties compared with previous multi-scale methods. The MSFV method 
allows for very  efficient studies of realistic multi-phase flow scenarios in heterogeneous porous 
media. Recently, we devised a general well model in this context and an iterative procedure, which 
allows to converge to the corresponding fine scale solutions, was developed. Moreover, a more 
rigorous treatment of compressibility effects was introduced. Currently, the MSFV method is used 
for  a multi-physics framework, where Navier-Stokes and Darcy govern different regions of a 
domain. All contributions are relevant for the practical use of the MSFV method; not  only for 
subsurface simulations, but e.g. also for computational fluid dynamics. 

Hierarchical model of fractured reservoirs: This is an interdisciplinary  collaboration with various 
earth scientists of ETH Zürich and Prof. Stephan Matthai (Mining University Leoben). In the 
context of geothermal power production, a modeling framework for flow and transport in fractured 
porous media is currently being created. It has proper interfaces which allow to interfere with rock 
mechanics and rock chemistry models. Moreover, everything is coupled with heat conduction in the 
rock. Due to the very large number of fractures, only the large ones will be resolved. The cloud of 
small fractures will be homogenized and treated by effective permeabilities.

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 substances in 
the subsurface is relevant in many different applications. For example, for the assessment 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 
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probabilistic information about local tracer concentration evolutions. A probability density function 
(PDF) method was developed that is applicable for highly heterogeneous porous media. It accounts 
for advective transport, pore-scale dispersion, and chemical reactions. Alternatively, polynomial 
chaos and Karhunen-Loève expansion techniques are applied to investigate and simulate the 
transfer of uncertainty from the soil parameters to the flow- and transport-dependent quantities.

Stochastic particle method for non-equilibrium multi-phase flow: This is a collaboration with 
Prof. Hamdi Tchelepi (Stanford University). A related topic with high relevance is motivated by 
CO2 sequestration. Currently, storing CO2 in geological sub-surface formations seems to be one of 
the most promising feasible technologies to stabilize the CO2 concentration in the Earth’s 
atmosphere. Our research in this area is conducted in collaboration with the Petroleum Engineering 
Department at Stanford University. The prime objective is to improve our understanding of how the 
physics and dynamics at the pore scales is linked to the macroscopic equations, which deal with 
average values. Therefore we developed a PDF modeling framework. A stochastic particle method 
(SPM), in which individual (infinitesimal) fluid volumes are modeled, is employed to solve the 
PDF transport equation. These fluid volumes are represented by computational particles, whose 
evolution depends on their phase, composition and other properties including memory. Such a 
Lagrangian approach offers an alternative viewpoint and allows to describe various complex non-
equilibrium processes in a more general and natural way than in a classical Eulerian framework. 
Recently, a non-equilibrium dissolution and trapping model was incorporated and it was 
demonstrated that it is possible to treat complex processes in a very natural and intuitive way, which 
would lead to additional assumptions at the moment closure level.

References:

H. Hajibeygi and P. Jenny: Adaptive iterative multiscale finite volume method. To appear in Journal 
of Computational Physics, 2010.

H. Hajibeygi, I. Lunati and S.H. Lee: Error estimate and control in the MSFV method for 
multiphase flow in porous media. CMWR XVIII, Barcelona,  June 21-24, 2010.

Meyer, D.W., P. Jenny, and H.A. Tchelepi, A Joint Velocity-Concentration PDF Method for Tracer 
Flow in Heterogeneous Porous Media. To appear in Water Resources Research, 2010.

Meyer, D.W., H.A. Tchelepi, and P. Jenny, A new Markovian velocity process model for tracer 
dispersion in highly heterogeneous porous media. AGU Fall Meeting, San Francisco, California.

M. Tyagi, P. Jenny. Probability  Density Function Modeling of Multi-Phase Flow in Porous Media. 
Submitted to Journal of Computational Physics.

M. Tyagi, P. Jenny. Probability  density function framework for modeling multi-phase ganglia flow 
in porous media. Submitted to Journal of Fluid Mechanics.
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Media. PhD thesis, ETH Zurich.

109



Title:   Radiation and light scattering in turbid media

Researchers:  Milos Sormaz
   Patrick Jenny

Institute/  Institute of Fluid Dynamics
Group:  Prof. Patrick Jenny

Description:
Radiation and scattering of electromagnetic waves are crucial for many research areas, including 
energy sciences. Two fundamentally different approaches are employed to model the governing 
phenomena: the first one, the analytic theory, is based on solving Maxwell's equations; the second 
one, the transport theory, considers transport of photons. Although less rigorous, the transport 
theory  is the basis for most modeling efforts, which is due to major mathematical difficulties with 
the analytic theory. 

PDF method to compute photon statistics: This is a collaboration with Tobias Stamm and Dr. 
Safer Mourad (EMPA). Based on the transport  theory, we developed a modeled evolution equation 
for the photon number density and the joint PDF of photon propagation direction (and additional 
properties in the future). Compared with other models, which simply assume diffusion of the 
scattered photon concentration in the medium, the level of closure is much higher and the solutions 
contain more relevant statistical information. The algorithm was implemented and validated. In the 
course of this work, its value for color investigations related to halftone printing could be 
demonstrated. 
Recently, the algorithm was extended for transport of polarized light. It is equally accurate and 
general as classical Monte Carlo methods, while being computationally much more efficient. A 
speed up  factor of 10 has been observed with respect to established methods for the computation of 
back-scattering Mueller matrices for turbid media. Different scattering phase functions as well as 
the Lorenz-Mie theory can be used within the new framework. Finally, two applications of a code 
extended for scattering of vector waves were considered. First, the  influence of linear birefringence 
in the computation of scattering phase functions based on Lorenz-Mie theory  was evaluated. 
Second the contrast in sub-surface imaging was improved by selecting ballistic-photons using a 
polarization gating technique.
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Title:   Fluid dynamics in biological systems

Researchers:  Johannes Reichold
Prof. Patrick Jenny

Institute/  Institute of Fluid Dynamics
Group:  Prof. Patrick Jenny

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 scientists, 
physicists and engineers.

Modeling the cerebral blood flow: This is a collaboration with Prof. Bruno Weber (University 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 
vasculature 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 transport within 
the vasculature and surrounding tissue. Moreover, an upscaling scheme has been devised and tested 
that significantly reduces the computational cost while preserving the accuracy of the simulations to 
a high degree. The method is based on replacing the discrete topology of the capillary bed by a 
coarser representative network of similar fluid-dynamical properties. 
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. 

Dynamics of flow with particles (erythrocytes) in capillary networks: This is a collaboration 
with Dr. Dominik Obrist (Institute of Fluid Dynamics, ETH), Prof. Bruno Weber (University  of 
Zürich) and Prof. Alfred Buck (University Hospital Zürich).
The rheological influence of red blood cells (RBCs) is an active field of research. While hematocrit 
dependent viscosity 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 simulation 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.
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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. 
Currently, the continuum model is being extended to work with vascular networks that contain both 
capillaries and non-capillaries. The goal is to perform blood flow simulations on large, 
physiological networks that explicitly take the rheological influence of red cells into account. This 
will provide 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.
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Title:   Development of numerical schemes and solution algorithms

Researchers:  Giuseppe Bonfigli
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Institute/  Institute of Fluid Dynamics
Group:  Prof. Patrick Jenny

Description:
The numerical integration of the Navier-Stokes equations for incompressible flows has always been 
a central topic of numerical fluid mechanics. One possible approach consists in computing the 
pressure and the velocity  vector at discrete grid points by solving a system of algebraic equations 
obtained by discretization of the momentum and continuity  equations. Easy  analytical 
manipulations provide then an independent Poisson equation for the pressure. In terms of 
computational efficiency, the solution of the elliptic pressure equation is the bottle neck in most 
cases and much effort has been made to improve the computational efficiency  for this step. In terms 
of discretization, a Cartesian grid is favored and in order to deal with complex geometries, 
immersed boundary  techniques have been developed. So far, however, it  was not possible to 
preserve high spatial accuracy at immersed boundaries. Moreover, within the context of immersed 
boundaries, the efficient solution of the pressure Poisson equation becomes more involved, e.g. if a 
multi-grid technique is applied, an upscaling step is required.

Multi-scale finite-volume method for incompressible flows: The multi-scale finite-volume 
(MSFV) method, which we originally developed for multi-phase flow in porous media, was 
extended and modified to solve the Poisson equation for pressure arising in incompressible Navier-
Stokes simulations. It was shown that  especially  in combination with the immersed boundary 
technique the performance of this new iterative linear solver, which can be interpreted as a domain 
decomposition or multigrid method, is excellent.

High order immersed boundary method: A novel immersed boundary technique was developed 
to treat complex geometries with Cartesian grids. It was shown that 4th order spatial accuracy can 
be maintained at the boundary. Recently  the method was extended for moving boundaries and will 
be generalized for fluid structure interaction problems.
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Title:   PDF modeling of  non-equilibrium gas flow

Researchers:  Hossein Gorji
   Patrick Jenny

Institute/  Institute of Fluid Dynamics
Group:  Prof. Patrick Jenny

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 scenarios can 
occur e.g. in nano-scale devices, at re-entry of a space vehicle, in plasma flows and in the presence 
of very strong shocks.

Stochastic particle method based Focker-Planck model: This is a collaboration with Prof. 
Manuel Torrilhon (ETH Zürich) and Prof. Stefan Heinz (University of Wyoming). A stochastic 
model and a solution algorithm to simulate the flow of gases, which are not in thermodynamic 
equilibrium was developed. For the interaction of a particle with others, statistical moments of the 
local ensemble have to be evaluated, but unlike in molecular dynamics simulations or DSMC, no 
collisions between computational particles are considered. In addition, a novel integration technique 
allows for time steps independent of the stochastic time scale. The stochastic model represents a 
Fokker-Planck equation in the kinetic description, which can be viewed as an approximation to the 
Boltzmann equation. This allows for a rigorous investigation of the relation between the new model 
and classical fluid and kinetic equations. The fluid dynamic equations of Navier-Stokes and Fourier 
are fully recovered for small relaxation times, while for larger values the new model extents into the 
kinetic regime. It could be demonstrated that the stochastic model is consistent with Navier- Stokes 
in that limit, but also that the results become significantly different, if the conditions for equilibrium 
are invalid. It could also be shown that the mass flow rate through a channel is correctly predicted 
as a function of the Knudsen number. 
Recently, a non-linear extension of the model do achieve consistency with respect to the Prandtl 
number has been devised. 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 computational 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.
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Title:   Hybrid LES/RANS modeling framework

Researchers:  Heng Xiao
   Patrick Jenny

Institute/  Institute of Fluid Dynamics
Group:  Prof. Patrick Jenny

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. Recently  we started a project dealing with 
this topic in collaboration with Prof. Leonhard Kleiser (Institute of Fluid Dynamics).
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Title:   Morphing wing aerodynamics

Researchers:  Vitali Dmitriev
   Patrick Jenny

Institute/  Institute of Fluid Dynamics
Group:  Prof. Patrick Jenny

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 started recently and is a collaboration with Profs. Paolo Ermanni, Eduardo Mazza and 
Manfred Morari (ETH Zürich). Our role is to build predictive virtual models, which allow to design 
the required structure and control algorithms.
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Title:   Error thresholds for topological quantum computing proposals 
 
Researchers:  H. G. Katzgraber* 
   R. Andrist* 
   H. Bombin** 
   M.-A. Martin Delgado*** 
 
Institute/Group: *Theoretische Physik, ETH Zürich 
   **Perimeter Institute for Theoretical Physics, Canada 
   ***Universidad Complutense de Madrid, Spain 
 
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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Title:   Three-spin spin-glass models as toy models to understand structural  
   glasses 
 
Researchers: D. Larson* 
 Helmut Katzgraber** 

M. A. Moore***  
 A. Peter Young* 

 
Institute/Group: * Department of Physics, University of California Santa Cruz, USA 
   ** Theoretische Physik, ETH Zürich 
   ***Department of Physics, University of Manchester, UK 
 
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:   Ground-state statistics for annealing algorithms: Quantum vs Classical 
 
Researchers:  Y. Matsuda* 
   H. Nishimori* 
   H. G. Katzgraber**   

 
Institute/Group: **Tokyo Institute of Technology, Japan 
   *Theoretische Physik, ETH Zürich       
 
Description: 
 
We study the performance of quantum annealing for systems with ground-state degeneracy by 
directly solving the Schroedinger equation for small systems and quantum Monte Carlo 
simulations for larger systems. The results indicate that naive quantum annealing using a 
transverse field may not be well suited to identify all degenerate ground-state configurations, 
although the value of the ground-state energy is often efficiently estimated. An introduction of 
quantum transitions to all states with equal weights is shown to greatly improve the situation but 
with a sacrifice in the annealing time. We also clarify the relation between the spin configurations 
in the degenerate ground states and the probabilities that those states are obtained by quantum 
annealing. The strengths and weaknesses of quantum annealing for problems with degenerate 
ground states are discussed in comparison with classical simulated annealing. 
 
References: 
 
Yoshiki Matsuda, Hidetoshi Nishimori, and H. G. Katzgraber, New J. Phys. 11 (2009) 073021

119



Title:   Analysis of evolutionary algorithms    
 
Researchers:  Helmut G. Katzgraber* 
   Martin Pelikan** 
 
Institute/Group: * Theoretische Physik, ETH Zürich 
   ** University of Missouri at St. Louis, USA 
 
Description: 
 
This project provides an in-depth empirical analysis of several evolutionary algorithms on the 
one-dimensional spin glass model with power-law interactions. The considered spin glass model 
provides a mechanism for tuning the effective range of interactions, what makes the problem 
interesting as an algorithm benchmark. As algorithms, the paper considers the genetic algorithm 
(GA) with twopoint and uniform crossover, and the hierarchical Bayesian optimization algorithm 
(hBOA). hBOA is shown to outperform both variants of GA, whereas GA with uniform 
crossover is shown to perform worst. The differences between the compared algorithms become 
more significant as the problem size grows and as the range of interactions decreases. Unlike for 
GA with uniform crossover, for hBOA and GA with twopoint crossover, instances with short-
range interactions are shown to be easier. 
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Title:   Density of States and Critical Behavior of the Coulomb Glass 
 
Researchers:  B. Surer* 
   H. G. Katzgraber* 
   G. Blatter* 
   A. Glatz** 
   G. T. Zimanyi*** 
   B. A. Allgood**** 
 
Institute/Group: * Theoretische Physik, ETH Zürich 

   ** Argonne National Lab, USA 
   *** University of California Davis, USA 
   ****Numerate Inc., USA 
 
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:   Spin glasses in a field: Strong evidence for the absence of a 
    de Almeida-Thouless line using one-dimensional models with dilution 
 
Researchers:  H. G. Katzgraber* 
   D. Larson** 
   A. P. Young** 

 
Institute/Group: *Theoretische Physik, ETH Zürich 
   **Department of Physics, University of California Santa Cruz, USA 
 
Description: 
 
We test for the existence of a spin-glass phase transition, the de Almeida-Thouless line, in an 
externally- applied (random) magnetic field by performing Monte Carlo simulations on a power-
law diluted one-dimensional Ising spin glass for very large system sizes. We find that an 
Almeida-Thouless line only occurs in the mean field regime, which corresponds, for a short-
range spin glass, to dimension d larger than 6. 
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Title:   ENCORE: An Extended Contractor Renormalization Algorithm 
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   Helmut G. Katzgraber* 
   Matthias Troyer* 

 
Institute/Group: *Theoretische Physik, ETH Zürich 
 
Description: 
 
Contractor renormalization (CORE) is a real-space renormalization-group method to derive 
effective Hamiltionians for microscopic models. The original CORE method is based on a real-
space decomposition of the lattice into small blocks and the effective degrees of freedom on the 
lattice are tensor products of those on the small blocks. We present an extension of the CORE 
method that overcomes this restriction. Our generalization allows the application of CORE to 
derive arbitrary effective models whose Hilbert space is not just a tensor product of local degrees 
of freedom. The method is especially well suited to search for microscopic models to emulate 
low-energy exotic models and can guide the design of quantum devices. 
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Title:   Determination of thermal radiative properties of packed-bed media  
   containing a mixture of polydisperse particles 
 
Researchers:  K. Jaeger* 
   W. Lipinsky* 
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   A. Steinfeld* 
 
Institute/Group: *Department of Mechanical and Process Engineering, ETH Zürich  
   **Theoretische Physik, ETH Zürich 
 
Description: 
 
Radiative characteristics of packed beds containing a mixture of polydispersed SiO2, ZnO and C 
particles are determined numerically by employing the Monte Carlo technique, which is validated 
with the experimentally measured overall transmittance. A radiative heat transfer model is 
formulated for a pseudo-continuum multi-component medium of Mie-scattering particles. 
However, good agreement is achieved by incorporating approximate phase functions that 
reproduce the experimentally observed preference for forward scattering. 
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Title:   Ultrametricity and clustering of states in spin glasses 
 
Researchers:  H. G. Katzgraber* 
   A. K. Hartmann** 

 
Institute/Group: *Theoretische Physik, ETH Zürich 
   **Physics Department, Oldenburg University, Germany 
 
Description: 
 
We present results from Monte Carlo simulations to test for ultrametricity and clustering 
properties in spin-glass models. By using a one-dimensional Ising spin glass with random power-
law interactions where the universality class of the model can be tuned by changing the power-
law exponent, we find signatures of ultrametric behavior both in the mean-field and non-mean-
field universality classes for large linear system sizes. Furthermore, we confirm the existence of 
nontrivial connected components in phase space via a clustering analysis of configurations. 
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Title: Large-Eddy Simulation of Transitional and Turbulent Wall-Bounded
Flows

Researchers: Lars Gräf and Leonhard Kleiser

Institute/ Institute of Fluid Dynamics
Group: Prof. L. Kleiser

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.
In one project, we implemented ADM in the semi-industrial finite-volume code NSMB
with full support of domain decomposition and parallel computing. We used NSMB with
ADM to investigate film cooling of turbine blades, a state-of-the-art cooling technique.
The dominant vortex structures (counter-rotating vortex pair, horseshoe vortex, hairpin
vortices) of the flow were visualized and the flow inside and beneath the cooling holes
has been analyzed. Using a recent technique for turbulent inflow generation which uses
randomly distributed synthetic eddies of deterministic size, we have been able to demon-
strate the effect of turbulent versus laminar boundary layer flow on this specific scenario.
Furthermore, we varied the geometry (multiple holes tilted in two coordinate directions)
as well as the flow parameters (coolant temperature and massflux) to get the simula-
tion closer to industrial configurations. These simulations compare well with physical
experiments.

References: See separate list.
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Title: Prediction of Jet Flows and Aeroacoustic Jet Noise using
Large-Eddy Simulation

Researchers: Stefan Bühler, Leonhard Kleiser, Tobias Luginsland, Do-
minik Obrist

Institute/ Institute of Fluid Dynamics
Group: Prof. L. Kleiser

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 simula-
tions using high-order numerical schemes are able to predict this jet noise accurately and
without empiricism. These results give us insight into the underlying noise generation
mechanisms.
In the work of Keiderling (Diss. ETH No. 17955, 2008) large-eddy simulations (LES)
were performed using ADM as a subgrid-scale model. In order to trigger the turbulent
breakdown of the jet, controlled disturbances were added to the initially laminar shear
layer. These disturbances were derived from a linear stability analysis of the base flow
configuration. Based on this and other numerical and experimental work it became obvi-
ous that the jet nozzle itself plays an important role in the jet noise simulations.
A massively-parallel code version has been developed which allows us to complete the jet
noise simulations within acceptable turn-around times. Optimization of the most time
consuming communication routines was achieved by applying efficient data-transposition
algorithms. Furthermore, the high-order numerical discretization schemes have been
adapted to account for the solid nozzle boundary inside the simulation domain. Success-
ful validations of the code on different massively parallel systems have been performed.
Revealing the physical influence of the jet nozzle on the fluid flow, in general, and the
emitted sound, in particular, is the main focus of current investigations.

In addition to the investigation of aeroacoustic jet noise, we continue our research in the
field of stability and transition of swirling jets. In the work of Müller (Diss. ETH No.
17375, 2007) linear and non-linear stability analysis was used to identify the mechanisms
responsible for the occurrence of transition to turbulence and finally the breakdown of
swirling jets. Large-eddy simulations were performed showing that the numerical frame-
work used is capable of capturing the fundamental physics of highly swirling jets undergo-
ing vortex breakdown. With a jet nozzle included into the simulation domain, we are now
able to investigate the mechanisms of vortex breakdown in a more realistic set-up. Our
main interest lies in the investigation of vortex breakdown of swirling jets perturbed with
unstable eigenmodes. We expect to get more insight into the control of vortex breakdown
and the determining parameters which are critical for vortex breakdown to occur.

References: See separate list.
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Title: Simulation of Particle-Laden Flows

Researchers: Rolf Henniger, Leonhard Kleiser, Anna Kubik and Yvonne Reinhardt

Institute/ Institute of Fluid Dynamics
Group: Prof. L. Kleiser

Description:

The motion of miscible fluid flows is at least partially governed by its density differ-
ences. They can be caused either by different densities of the involved fluids or differ-
ential loadings of small suspended particles. The density differences are described either
as concentration fields in an Eulerian framework or as Lagrangian particles. Accordingly,
additional transport equations have to be solved. To this purpose, a high-order accurate
simulation code for the incompressible Navier-Stokes equations has been developed which
is able to simulate flows with relatively high Reynolds numbers. High order (typically
fourth or sixth order) implies that high accuracy of the solution is reached at relatively
little computational cost. In addition, the simulation code must be highly scalable with
respect to the problem size on massively-parallel computers. To this end, compact finite
differences on staggered grids in space and a (semi-)implicit time integration scheme are
employed to minimize the required number of grid points and time steps at a prescribed
accuracy. This approach allows an iterative solution for the pressure and an efficient 3D
data decomposition. The scalability with respect to the problem size has been demon-
strated for a channel flow in a weak scaling test with up to 150 billion grid points and 600
billion unknowns. To further increase the Reynolds number, we added different sub-grid
scale models to the simulation code to enable large-eddy simulations.
The solver is mainly applied to the simulation of particle transport and settling in idealized
model estuaries. Field observations of real rivers reveal that suspended sediment settles
significantly faster than predicted by Stokes’ theory. Therefore, the aim of this project is
to understand and to explain these increased settling speeds.

Another project aims at modeling abrasive water jets. In recent years, the use of abrasive
water jet technology has become increasingly popular for material cutting applications.
Abrasives are added to a pressurized water stream and surrounding air is getting entrained.
This slurry is then focused through a nozzle to form the cutting jet. Preliminary numerical
studies were carried out on jets where good agreement with analytical solutions for single-
phase configurations and reasonable and clear results for two-phase flows were achieved.
To simulate the mixing chamber, wall bounded flow simulations of one- and two-phase
configurations were carried out at different Reynolds numbers. Underlying physical effects
and differences between various models are studied. In the next step, the simulation code
will be extended to model three phases. For the computations, the open source code
OpenFOAM is used. High Reynolds numbers and high mass and volume loadings, implicit
to the problem at hand, require the use of Reynolds averaged Navier-Stokes equations and
turbulence models.

References: See separate list.
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Description:

The inner ear holds 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 numerical simulations. While the cochlea requires a careful
simulation of a highly unsteady flow with tight fluid-structure interaction, the simulation
of the semicircular canals involves the simulation of particle settling.
The fluid movements in the cochlea lead to the perception of sound. The transient non-
linear viscous fluid flow in the cochlea is studied by means of a high-order solver of the
incompressible Navier-Stokes equations which has been developed at the Institute of Fluid
Dynamics. Simulations were carried out in order to study the physiological relevance of
different stimulation conditions of the cochlea. We will include a fluid-structure interac-
tion in the solver to gain further insight into the function of our hearing organ.
Settling particles in the semicircular canals of the inner ear are suspected to be the most
common cause the benign paroxysmal positional vertigo (BPPV) which affects almost
10% of all elderly people. In order to study BPPV, we chose the method of fundamental
solutions (MFS) to develop a numerical model of the flow in a two- and three-dimensional
semicircular canal. In the meshless MFS, 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 con-
vergence. 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. This 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:

During the beginning of 2010 we focused on flow effects on the entanglement network of
linear polymer melts and presented results from a nonequilibrium molecular dynamics simula-
tion study of a polyethylene melt in steady shear [1], we developed the Rubik cylinder model
for dendronized polymers [2], proposed and validated a model which allows to investigate the
phase behavior and confocal microscopy of biopolymer mixtures in confined geometries [3],
developed a scaling theory for dendrimers and dendronized polymers and forests, and we dis-
cussed its limitations in detail [4], quantified chain reptation in entangled polymer melts via
topological and dynamical mapping of atomistic simulation results onto the tube model [5].
More recently we considered the influence of nanorod inclusions on structure and primitive
path network of polymer nanocomposites at equilibrium and under deformation [6], the smooth
full field reconstruction of velocity and its gradients from noisy scattered velocimetry data in
a cross-slot flow [7], developed a multiple–purpose software (under Mathematica) which per-
forms symbolic calculations in nonequilibrium thermodynamics [8], and obtained molecularly
derived constitutive equation for low-molecular polymer melts from thermodynamically guided
simulation [9]. We made a new attempt to understand the dynamics in binary mixtures of en-
tangled polymer melts at the level of primitive path segments by mapping atomistic simulation
data onto the tube model [10]. Details available at http://www.complexfluids.ethz.ch

[1] C. Baig, V.G. Mavrantzas, M. Kröger, Macromolecules 43 (2010) 6886-6902.
[2] Y. Ding, M. Kröger, J. Comput. Theor. Nanosci. 7 (2010) 661-674.
[3] S. Fransson, O. Peleg, N. Loren, A.-M. Hermansson, M. Kröger, Soft Matter 6 (2010) 2713-2722.
[4] M. Kröger, O. Peleg, A. Halperin, Macromolecules 43 (2010) 6213-6224.
[5] P.S. Stephanou et al., J. Chem. Phys. 132 (2010) 124904.
[6] G.N. Topperwein, N.C. Karayiannis, R.A. Riggleman, J.J. de Pablo, M. Kröger, Preprint.
[7] M. Sadati, C. Luap, M. Kröger, A.A. Gusev, H.C. Öttinger, J. Rheol. (2010) submitted.
[8] M. Kröger, M. Hütter, Comput. Phys. Commun. (2010) in press.
[9] P. Ilg, M. Kröger, J. Rheol. (2010) submitted.
[10] C. Baig, P.S. Stephanou, G. Tsolou, V.G. Mavrantzas, M. Kröger, Macromolecules (2010) in press.
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Description: 

In  carbohydrate  chemistry,  the  mechanism  of  glycoside  cleavage  is  a  fundamental  issue. 
Glycosides  with  an  N-benzyl-2,3-trans-oxazolidinone  group,  a  glycosyl  donor  for  1,2-cis 
stereoselective  glycosylation,  easily  anomerize  under  mild  acidic  conditions.[1]  Experimental 
evidence  that  the  anomerization is  caused  by  endo-cleavage  rather  than by  exo-cleavage  was 
obtained (Scheme below). Endo-cleavage in glycosides is rather uncommon, however.
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Based on quantum chemical calculations, we found pronounced differences in the transition state 
energies between pyranosides with and without oxazolidinone groups attached.[2] This observation 
was confirmed by experiment. It was also shown that there is a strong correlation between the 
strain in the oxazolidinone group and the energy of the transition state.[3]  Based on these studies, 
we are now exploring the reaction mechanism at greater detail  performing  ab initio molecular 
dynamics studies

References:
[1] Manabe, S.; Ishii, K.; Ito, Y. J. Am. Chem. Soc. 2006, 128, 10666
[2] Satoh, H.; Hutter J.; Lüthi H.P.; Manabe S.; Ishii K.; Ito Y. Eur. J. Org. Chem., 2009, 1127
[3] Satoh, H.; Manabe, S.; Ito, Y.; Lüthi, H.P.; Laino, T.; Hutter, J. submitted for publication
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Description: 

For the design of donor/acceptor functionalized π-conjugated compounds, electron delocalization is 
a widely used concept to make structure-property predictions. We deveoloped a various schemes 
based on the Natural  Bond Orbital  (NBO) analysis  to “measure”  electron delocalization in  π-
conjugated compounds.[1] The method maps rather complex information obtained from quantum 
chemical calculations onto simple concepts used by the general  chemist,  and has been proven 
useful in a number of applications. For example, we were able to address the issues of efficiency of 
cross (geminal) versus through (cis/trans) conjugation.[2]

More recently, the method was extended towards the study of the conjugation efficiency, i.e. the 
ability  of  a  conjugation  path  to  support  the  interaction of  donors and acceptors.[3]  Different 
protocols were suggested and aplied towards the study of the conjugation efficiency in various 
polyactylenes.  The study shows that the incorporation of triple bonds in a polyacetylene (PA) 
chain, to give polydiacetylene (PDA) or polytriacetylene (PTA), increases the total amount of π-
delocalization, but, on the other hand, reduces the efficiency with which π-delocalization extends 
along the  chain.  This  observation can be  explained  by  means of  the  (donor-acceptor-)orbital- 
interaction patterns along the polymer chain. Whereas the interactions between like orbitals (double 
with double,  triple with triple bonds) leads to smooth energy profiles,  the interaction between 
unlike orbitals  is usually  smaller.  The relatively  weaker  interaction between double and triple 
bonds results in a more limited flow of charge, i.e. a lesser degree of charge delocalization.[3] 

References:
[1] M.G. Giuffreda, M. Bruschi, and H.P. Lüthi, Chemistry Eur. J., 2004, 10, 5671-5680.
[2] M. Bruschi, M.G. Giuffreda, and H.P. Lüthi, Chimia, 2005, 59, 1-6.
[3] M. Bruschi, P.A. Limacher, J. Hutter, and H.P. Lüthi,
      J. Chem. Theory Comput., 2009, 5, 506–514.
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Description:

Although electron delocalization is a concept rather than a physical observable, it is used to explain 
a plethora of properties  in  π conjugated systems such as the polyacetylenes.  Its presence and 
strength  can  be  estimated  by  inspection  of  the  carbon-carbon  bond  distances,  especially  the 
difference  in  length  of  a  single  and a  double  bond.  Electronic  properties  such  as  the  dipole 
polarizability and hyperpolarizabilities are also expected to depend strongly on the amount of  π 
conjugation present in the system.[1]

However, it is known that standard density functional theory fails in predicting accurate geometries 
and, more importantly, severely overestimates  hyperpolarizabilities for polymers of extended size 
due  to  an  incorrect  electric  field  dependence  modeled  by  the  the  commonly  used  exchange 
functionals. This led to the development of long-range corrected density functionals containing 
range dependent contributions of DFT and HF exchange. We could show that the CAM-B3LYP 
functional delivers accurate geometries for polyacetylenic systems and removes the overestimation 
of  hyperpolarizabilities  to  large  parts.[2]  Recent  CCSD  investigations  on  elongated  oligomer 
chains show that the second hyperpolarizability might be calculated accurately even at the HF level 
of theory.[3]

References: 
[1] M. Bruschi, P.A. Limacher, J. Hutter, and H.P. Lüthi,
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Description: 

We performed a systematic investigation on all-trans  polyacetylene chains of different lengths, 
end-capped with moieties of different donor or acceptor natures and different strengths, to infer 
useful structure/property relationship rules and behavioral patterns. The values  for bond length 
alternation (BLA), longitudinal polarizability, and first and second hyperpolarizabilities have been 
computed by means of density functional theory with the Coulomb-attenuating B3LYP functional, 
using response theory.  A comparison of the relative effect  that each end-capping combination 
contributes to BLA, linear, and nonlinear optical coefficients has been performed. This results in 
useful  insights  and  general  rules  to  ad  hoc  tailoring  the  molecular  response  for  a  specific 
characteristic.[1]

The  inspection  of  the  optimized  structures  revealed  that  the  donor-acceptor  substituted  poly-
acetylene chains are not perfectly  linear,  but take a slight bow- or S-shape,  depending on the 
chosen substitution (bow shape for heteropolar- and S-shape for homopolar substitution).[2]

References:
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Description: 

Cross conjugation, even though very common in chemistry,  has only sparsely been visited by 
experiment  or  by  theory.  Until  very  recently,  this  form of  conjugation,  where  two  separate 
conjugated branches are linked to the same carbon atom which is part of a (shared) double bond, 
was considered to be much less able to promote electron delocalization than through‐conjugation. 
Therefore, exploiting cross conjugation to design new materials was considered difficult and not 
very promising.

We showed recently that view, at least for neutral molecules in their electronic ground state, is 
essentially  correct.[1]  For  cross conjugated  radical  ions  the  situation  is  different:  there  is 
appreciable  charge  delocalization  across  the  bifurcation  point,  i.e.  the  point  where  the  two 
conjugated  branches  meet.  Simple  Hückel  molecular  orbital  considerations  show  that  the 
connectivity pattern encountered in cross conjugation will lead to enhanced electron delocalization 
effects.  This  observation,  confirmed  by  density  functional  calculations,  also  applies  for 
electronically excited species. Therefore, cross‐conjugation may be exploited to build molecular 
switches or may be used to design devices such as molecular transistors.
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Description: 

 

Within this project we have been mostly interested in two different problems. First, Nitrido-

alumino-silicates constitute a rather new family of compound. Though their synthesis requires 

special conditions, they promise a large diversity of new geometries owing to the many bridging 

possibilities of nitrogen.  Due to the similar bonding distances and form factors of tetrahedrally-

coordinated silicon and aluminum, their positions cannot be differentiated in a clear-cut way by 

XRD. The simultaneous replacement in equal amounts of nitrogen by oxygen and silicon by 

aluminum -which keeps the charge neutrality-, cannot be ruled out for similar reasons. We used 

DFT-based first-principles calculations of electronic structures and properties, for the 

discrimination of appropriate structure models for recently obtained novel compounds CaAlSiN3 

and Ca5Si2Al2N8 [1]. Second, we have performed SCF-calculations based on first-principles, as 

well as using phenomenological models, aiming to understand the unexpected physical 

properties of alkaline earth mono-silicides, otherwise classical Zintl compounds [2].  
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Description:   
 
Based on the new ab initio molecular dynamics method by Kühne et al. [Phys. Rev. Lett. 98, 
066401 (2007)], we studied the mechanism of superionic conduction in substoichiometric Li-
poor Li1+xAl alloys by performing simulations at different temperatures for an overall simulation 
time of about 1 ns. The dynamical simulations revealed the microscopic path for the diffusion of 
Li vacancies. The calculated activation energy (0.11 eV) and the prefactor (D0=6.9×10-4 cm2/s) 
for Li diffusivity via a vacancy-mediated mechanism are in good agreement with experimental 
NMR data. The calculation of the formation energies of different defects—Li and Al Frenkel pair 
and Li antisites—revealed that only Li+ vacancies and LiAl antisites are present in the stability 
range of the Zintl phase -0.1<x<0.2. 
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Description:  
 
The cis−trans isomerization of N-methylacetamide (NMA), a model peptidic fragment, is studied 
theoretically in vacuo and in explicit water solvent at 300 K using the metadynamics technique. 
The computed cis−trans free energy difference is very similar for NMA(g) and NMA(aq), in 
agreement with experimental measurements of population ratios and theoretical studies at 0 K. 
By exploiting the flexibility in the definition of a pair of recently introduced collective variables 
(Branduardi, D.; Gervasio, F. L.; Parrinello, M. J. Chem. Phys. 2007, 126, 054103), an ensemble 
of transition state structures is generated at finite temperature for both NMA(g) and NMA(aq), as 
verified by computing committor distribution functions. Ensemble members of NMA(g) are 
shown to have correlated values of the backbone dihedral angle and a second dihedral angle 
involving the amide hydrogen atom. The dynamical character of these structures is preserved in 
the presence of solvent, whose influence on the committor functions can be modeled using 
effective friction/noise terms.  
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Description:   
 
Here we present a program aimed at free-energy calculations in molecular systems. It consists of 
a series of routines that can be interfaced with the most popular classical molecular dynamics 
(MD) codes through a simple patching procedure. This leaves the possibility for the user to 
exploit many different MD engines depending on the system simulated and on the computational 
resources available. Free-energy calculations can be performed as a function of many collective 
variables, with a particular focus on biological problems, and using state-of-the-art methods such 
as metadynamics, umbrella sampling and Jarzynski-equation based steered MD. The present 
software, written in ANSI-C language, can be easily interfaced with both Fortran and C/C++ 
codes. 
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Description:   
 
The hydrothermal reactions of calcium, strontium, and barium with l-, meso-, and d,l-tartaric acid 
were examined from room temperature to 220 °C. We report the synthesis of 13 new phases and 
crystal structures of 11 alkaline earth tartrates, including an unusual I3O0 framework, [Ba(d,l-
Tar)] (Tar = C4H4O6

2−), with 3-D inorganic connectivity. Each alkaline earth exhibits different 
phase behavior in the reactions with the three forms of tartaric acid. Calcium forms unique l-, 
meso-, and d,l-tartrate phases which persist to 220 °C. Strontium forms three unique phases at 
lower temperatures, but above 180 °C reactions with l- and d,l-tartaric acid yield the meso phase. 
Likewise, Ba forms three unique low-temperature phases, but above 200 °C reactions with l- and 
meso-tartaric acid yield the d,l phase. Computational and calorimetric studies of the anhydrous 
calcium phases, [Ca(l-Tar)] and [Ca(meso-Tar)], strontium phases, [Sr(l-Tar)] and [Sr(meso-
Tar)], and barium phases, [Ba(l-Tar)] and [Ba(d,l-Tar)], were performed to determine relative 
phase stabilities and elucidate the role of thermodynamic and kinetic factors in controlling phase 
behavior. The computational and calorimetric results were in excellent agreement. The [Ca(meso-
Tar)] phase was found to be 9.1 kJ/mol more stable than the [Ca(l-Tar)] phase by computation 
(total electronic energies) and 2.9 ± 1.6 kJ/mol more stable by calorimetry (enthalpies of 
solution). The [Sr(meso-Tar)] phase was found to be 13.4 and 8.1 ± 1.4 kJ/mol more stable than 
[Sr(l-Tar)] by computation and calorimetry, respectively. Finally, the [Ba(l-Tar)] phase was 
found to be 6.4 and 7.0 ± 1.0 kJ/mol more stable than the [Ba(d,l-Tar)] phase. Our results suggest 
that the calcium and strontium meso phases are the most thermodynamically stable phases in their 
systems over the temperature range studied. The phase transitions are controlled by relative 
thermodynamic stabilities but also by a kinetic factor, likely the barrier to 
isomerization/racemization of the tartaric acid, which is hypothesized to preclude phase 
transformations at lower temperatures. In the barium system we find the [Ba(l-Tar)] phase to be 
the most thermodynamically stable phase at low temperatures, while the [Ba(d,l-Tar)] phase 
becomes the thermodynamic product at high temperatures, due to a larger entropic contribution. 
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Description:   
 
We computed the Raman spectrum of amorphous GeTe by ab initio simulations and empirical 
bond polarizability models. The calculated spectrum is in very good agreement with experimental 
data and contains the signatures of all the peculiar local structures of the amorphous phase 
revealed by recent ab initio simulations, namely, tetrahedral Ge and defective octahedral sites for 
a fraction of Ge (mostly 4-coordinated) and for all Te (mostly 3-coordinated) atoms. In particular, 
the spectrum above 190 cm-1 is dominated by tetrahedral structures, while the most prominent 
peaks around 120 and 165 cm-1 are mainly due to vibrations of atoms in defective octahedral 
sites. Finally, the peak around 75 cm-1, which dominates the spectrum in HV scattering geometry, 
is mostly due to vibrational modes involving threefold coordinated Te atoms. 
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Description:   
 
Based on ab initio molecular-dynamics simulations, we generated models of liquid and 
amorphous Sb2Te3 of interest for applications as phase change material in optical and electronic 
data storage. The local geometries of Sb and Te atoms in a-Sb2Te3 are similar to that found in the 
extensively studied Ge2Sb2Te5 and GeTe phase change materials already exploited for 
nonvolatile memory applications. Analysis of the vibrational properties and electronic structure 
of a-Sb2Te3 is presented and compared to the crystalline counterparts. 
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Description:   
 
The widely used nonsteroidal anti-inflammatory drugs block the cyclooxygenase enzymes 
(COXs) and are clinically used for the treatment of inflammation, pain, and cancers. A selective 
inhibition of the different isoforms, particularly COX-2, is desirable, and consequently a deeper 
understanding of the molecular basis of selective inhibition is of great demand. Using an 
advanced computational technique we have simulated the full dissociation process of a highly 
potent and selective inhibitor, SC-558, in both COX-1 and COX-2. We have found a previously 
unreported alternative binding mode in COX-2 explaining the time-dependent inhibition 
exhibited by this class of inhibitors and consequently their long residence time inside this 
isoform. Our metadynamics-based approach allows us to illuminate the highly dynamical 
character of the ligand/protein recognition process, thus explaining a wealth of experimental data 
and paving the way to an innovative strategy for designing new COX inhibitors with tuned 
selectivity. 
 
 
References:  PNAS, 107 (12), 5411-5416 (2010) 
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Description:   
 
An interatomic potential for the diamond and graphite phases of carbon has been created using a 
neural-network (NN) representation of the ab initio potential energy surface. The NN potential 
combines the accuracy of a first-principles description of both phases with the efficiency of 
empirical force fields and allows one to perform a molecular-dynamics study, of ab initio quality, 
of the thermodynamics of graphite-diamond coexistence. Good agreement between the 
experimental and calculated coexistence curves is achieved if nuclear quantum effects are 
included in the simulation. 
 

References:  Phys. Rev. B, 81 (10), 100103(R) (2010) 
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Description:   
 
Recently, we have shown how a colored-noise Langevin equation can be used in the context of 
molecular dynamics as a tool to obtain dynamical trajectories whose properties are tailored to 
display desired sampling features. In the present paper, after having reviewed some analytical 
results for the stochastic differential equations forming the basis of our approach, we describe in 
detail the implementation of the generalized Langevin equation thermostat and the fitting 
procedure used to obtain optimal parameters. We also discuss the simulation of nuclear quantum 
effects and demonstrate that by carefully choosing parameters one can successfully model 
strongly anharmonic solids such as neon. For the reader’s convenience, a library of thermostat 
parameters and some demonstrative code can be downloaded from an online repository. 
 
 
References:  J. Chem. Theory Comput., 6 (4), pp 1170–1180 (2010)  
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Description:   
 
An interatomic potential for high-pressure high-temperature (HPHT) crystalline and liquid phases 
of sodium is created using a neural-network (NN) representation of the ab initio potential-energy 
surface. It is demonstrated that the NN potential provides an ab initio quality description of 
multiple properties of liquid sodium and bcc, fcc, and cI16 crystal phases in the P-T region up to 
120 GPa and 1200 K. The unique combination of computational efficiency of the NN potential 
and its ability to reproduce quantitatively experimental properties of sodium in the wide P-T 
range enables molecular-dynamics simulations of physicochemical processes in HPHT sodium of 
unprecedented quality. 
 

References:  Phys. Rev. B, 81 (18), 184107 [8 pages] (2010) 
  
 
 
 
 
 
 
 
 
 
 
 

146



Title:   Enhanced Sampling in the Well-Tempered Ensemble 

 
Researchers:  M. Bonomi 
   M. Parrinello 

 
 
Institute/Group: ETH Zurich, Computational Science, Department of Chemistry and 

Applied Biosciences, USI Campus, Via Giuseppe Buffi 13, CH-6900 
Lugano, Switzerland  

  
 
Description:  
 
We introduce the well-tempered ensemble (WTE) which is the biased ensemble sampled by well-
tempered metadynamics when the energy is used as collective variable. WTE can be designed so 
as to have approximately the same average energy as the canonical ensemble but much larger 
fluctuations. These two properties lead to an extremely fast exploration of phase space. An even 
greater efficiency is obtained when WTE is combined with parallel tempering. Unbiased 
Boltzmann averages are computed on the fly by a recently developed reweighting method. We 
apply WTE and its parallel tempering variant to the 2d Ising model and to a Gō model of HIV 
protease, demonstrating in these two representative cases that convergence is accelerated by 
orders of magnitude.  
 
 
References:  J. Comput. Chem., 30, 1615 (2009) M. Bonomi et al., 
   Phys. Rev. Lett., 104 (19), 190601 [4 pages] (2010) 
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Description:   
 
Linking experiments with the atomistic resolution provided by molecular dynamics simulations 
can shed light on the structure and dynamics of protein-disordered states. The sampling 
limitations of classical molecular dynamics can be overcome using metadynamics, which is based 
on the introduction of a history-dependent bias on a small number of suitably chosen collective 
variables. Even if such bias distorts the probability distribution of the other degrees of freedom, 
the equilibrium Boltzmann distribution can be reconstructed using a recently developed 
reweighting algorithm. Quantitative comparison with experimental data is thus possible. Here we 
show the potential of this combined approach by characterizing the conformational ensemble 
explored by a 13-residue helix-forming peptide by means of a well-tempered 
metadynamics/parallel tempering approach and comparing the reconstructed nuclear magnetic 
resonance scalar couplings with experimental data. 
 
 
References:  Biophysical Journal, 10 L44-L46 (2010) 
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Description:   
 
Metadynamics calculations allow investigating structure, plasticity, and energetics in a variety of 
biological processes spanning from molecular docking to protein folding. Recent theoretical 
developments have led to applications to increasingly complex systems and processes stepping 
up the biological relevance of the problem solved. Here, after summarizing recent technical 
advances and applications, we give a perspective of the method as a tool for enzymology and for 
the prediction of NMR and other spectroscopic data. 
 
 
References:  Structure Biology, 18 (2) 148-154 (2010) 
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Description:  
 
One of the key steps in the infection of the cell by dengue virus is a pH-induced conformational 
change of the viral envelope proteins. These envelope proteins undergo a rearrangement from a 
dimer to a trimer, with large conformational changes in the monomeric unit. In this article, 
metadynamics simulations were used to enable us to understand the mechanism of these large-
scale changes in the monomer. By using all-atom, explicit solvent simulations of the monomers, 
the stability of the protein structure is studied under low and high pH conditions. Free energy 
profiles obtained along appropriate collective coordinates demonstrate that pH affects the domain 
interface in both the conformations of E monomer, stabilizing one and destabilizing the other. 
These simulations suggest a mechanism with an intermediate detached state between the two 
monomeric structures. Using further analysis, we comment on the key residue interactions 
responsible for the instability and the pH-sensing role of a histidine that could not otherwise be 
studied experimentally. The insights gained from this study and methodology can be extended for 
studying similar mechanisms in the E proteins of the other members of class II flavivirus family.
  
 
References:  Biophysical Journal, 99 (2), 588-594 (2010)  
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Description:   
 
We study from first principles the optical properties of the phase change materials Ge2Sb2Te5 
(GST), GeTe and Sb2Te3 in the crystalline phase and in realistic models of the amorphous phase 
generated by quenching from the melt in ab initio molecular dynamics simulations. The 
calculations reproduce the strong optical contrast between the crystalline and amorphous phases 
measured experimentally and exploited in optical data storage. It is demonstrated that the optical 
contrast is due to a change in the optical matrix elements across the phase change in all the 
compounds. It is concluded that the reduction of the optical matrix elements in the amorphous 
phases is due to angular disorder in p-bonding which dominates the amorphous network in 
agreement with previous proposals (Huang and Robertson 2010 Phys. Rev. B 81 081204) based 
on calculations on crystalline models. 
 
 
References:   Phys. Rev. B, 81, 081204 (2010) Huang and Robertson 
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Description: 

 
 
 

 

Elastic anisotropy in hybrids: First-principles DFT calculations and single-crystal 
nanoindentation experiments reveal the anisotropic mechanical behavior of a novel hybrid 
framework material that is akin to ZnO (see picture). Possible causes of discrepancies between 
the existing theories and experiments are discussed. 

 

References:  ChemPhysChem, 11 (11), 2332-2336 (2010)  
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Description:   
 
We have developed a new series of potent Adenosine Deaminase inhibitors containing the 
pyrazolo[1,5-a]pyrimidin-7-one ring and revealed their mechanism of binding both 
experimentally and theoretically. We have first performed a large number of docking calculations 
which are the most economical way of obtaining molecular information on ligand/protein 
interaction. Unfortunately these calculations failed to yield reliable results due to the dynamical 
character of the enzyme and the complex role of the solvent. Thus, we have used an extensive 
computational protocol based on the recently developed well-tempered metadynamics, which 
allows dealing with protein flexibility and solvation during ligand binding in an affordable 
computational time. This approach overcomes the major hurdles of the classic docking methods 
representing a valuable methodology which complements the experiments. This has allowed 
identifying with confidence the lowest energy binding modes of the most promising compound, 
4-decyl-pyrazolo[1,5-a]pyrimidin-7-one, an important first step towards lead optimization and 
structure-based drug design.  
 
 
References:   Submitted to Nature Chemistry, August 2010 
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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:   Submitted 2010 
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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 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 
inconsistencies of previous proposals. 
 
 
References:   Submitted 2010 
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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:   Submitted 2010 
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Description:   
 
In this work we exploit the chirality index introduced in [A. Pietropaolo et al. Proteins (2008) 70, 
667-677] as an effective descriptor of the secondary structure to explore the complex free-energy 
landscape of proteins. We introduce 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 show full 
consistency with previously reported calculations, this approach provides a unifying perspective 
of the folding mechanism which was not possible with the previous formulation of PCVs. 
 
 
References:   Submitted 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:   In press PNAS 2010 
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Description: 
 
In this paper we present an extended critical point concept which allows us to apply vector field 
topology in the case of unsteady flow.We propose a measure for unsteadiness which describes 
the rate of change of the velocities in a fluid element over time. This measure allows us to select 
particles for which topological properties remain intact inside a finite spatio-temporal 
neighborhood. One benefit of this approach is that the classification of critical points based on 
the eigenvalues of the Jacobian remains meaningful. In the steady case the proposed criterion 
reduces to the classical definition of critical points. As a first step we show that finding an 
optimal Galilean frame of reference can be obtained implicitly by analyzing the acceleration 
field. In a second step we show that this can be extended by switching to the Lagrangian frame 
of reference. This way the criterion can detect critical points moving along intricate trajectories. 
We analyze the behavior of the proposed criterion based on two analytical vector fields for 
which a correct solution is defined by their inherent symmetries and present results for numerical 
vector fields. 
 
 
References: 
Computer Graphics Forum, 29(3), pp. 1163-1172, 2010. 
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Description: 
 
In this paper we present World Lines as a novel interactive visualization that provides complete 
control over multiple heterogeneous simulation runs. In many application areas, decisions can 
only be made by exploring alternative scenarios. The goal of the suggested approach is to 
support users in this decision making process. In this setting, the data domain is extended to a set 
of alternative worlds where only one outcome will actually happen. World Lines integrates 
simulation, visualization and computational steering into a single unified system that is capable 
of dealing with the extended solution space. World Lines represents simulation runs as causally 
connected tracks that share a common time axis. This setup enables users to interfere and add 
new information quickly. A World Line is introduced as a visual combination of user events and 
their effects in order to present a possible future. To quickly find the most attractive outcome, we 
suggest World Lines as the governing component in a system of multiple linked views and a 
simulation component. World Lines employs linking and brushing to enable comparative visual 
analysis of multiple simulations in linked views. Analysis results can be mapped to various 
visual variables that World Lines provides in order to highlight the most compelling solutions. 
To demonstrate this technique we present a flooding scenario and show the usefulness of the 
integrated approach to support informed decision making. 
 
 
References: 
IEEE Transactions on Visualization and Computer Graphics, 16(6), (to appear), 2010. 
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Description: 
 
Simulation and computation in chemistry studies have improved as computational 
power has increased over recent decades. Many types of chemistry 
simulation results are available, from atomic level bonding to volumetric 
representations of electron density. However, tools for the visualization of the 
results from quantum-chemistry computations are still limited to showing 
atomic bonds and isosurfaces or isocontours corresponding to certain isovalues. 
In this work, we study the volumetric representations of the results from 
quantum-chemistry computations, and evaluate and visualize the representations 
directly on a modern graphics processing unit without resampling the 
result in grid structures. Our visualization tool handles the direct evaluation of 
the approximated wavefunctions described as a combination of Gaussian-like 
primitive basis functions. For visualizations, we use a slice-based volumerendering 
technique with a two-dimensional transfer function, volume clipping 
and illustrative rendering in order to reveal and enhance the quantum-chemistry 
structure. Since there is no need to resample the volume from the functional 
representations for the volume rendering, two issues, data transfer and 
resampling resolution, can be ignored; therefore, it is possible to explore 
interactively a large amount of different information in the computation results. 
 
 
References: 
Acta Crystallographica Section A: Foundations of Crystallography, Vol. 66, Part 5, pp. 542-552, 
September, 2010. 
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Description:

Simulations of complex stochastic differential equations can be very unstable. Even in
linear problems with complex diffusion coefficients, the variance of resulting simulated
paths typically grows exponentially. Hence, long-time simulations can give poor results.
Regularization, stable integrators, and carefull extraction of desired functionals are neces-
sary. In fact, reasonably short time simulations can yield enough information to compute
longer time periodic structures of some functionals. This PhD project was quite difficult
and many techniques were tried to stabilize the results for long enough times to give ar-
bitrarily long periodic structures. From these experiments using projections onto stable
stochastic flows and artificial boundary conditions, quite good results were obtained for
the Bose-Einstein Hamiltonian. Dr. Perret’s thesis was presented in January, 2010. His
dissertation is ETH Nr. 18868.
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Description:

In two recent papers, Pierre Vuillermot and his collaborators (W.F. Wreszinski and V.A.
Zagrebnov) have generalized Trotter-Kato formulas for complex cases. In particular,
Pierre has extended Chernoff’s variant for time dependent potentials. They have shown
that such Chernoff/Kato/Trotter product formulas do converge for the Schrödinger case.
However, as a practical procedure, the methods have forward Euler convergence rates.
Numerical procedures can show much better convergence rates and stability by using
resolvents (basically backward Euler), Baker-Campbell-Hausdorf methods (2nd order ac-
curate but not time-symmetric), and Yoshida splittings (2nd order accurate and time-
symmetric). We now have good spectra for the anharmonic oscillator eigenstates without
time dependence, and good integration methods when the anharmonic term is time-
dependent. In summary: Yoshida beats everything.
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Description:

Adamos Kyriakou, working under Prof. Gabor Szekely, has parallelized an acoustics
solver using NVIDIA GPUs (Tesla C1060 and the Quadro FX 560). This was included
as a project for my Parallel Numerics course and is part of Mr Kyriakou’s PhD thesis
in Elektrotechnik (vision.ee.ethz.ch). Acoustical probes of human tissure are replacing
X-ray and other optical methods in many situations.
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Description:

Stochastic differential equation simulations are normally easily parallelizable. Desired
functionals of the sampled paths are usually computed with relatively large samples if
high accuracy is desired. Multi-level methods can improve the cost/accuracy ratio. Ms.
Beziuk’s semester project was a parallel implementation of such a scheme. Her project
was supervised by Prof. Schwab, Sohrab Kehtari, and was implemented in part using
techniques from my PNC course. Her presentation was on 27 July, 2010 as part of that
course. Her Semesterarbeit thesis was submitted on 13 Aug. 2010.
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Description:

A vector versions of the Ornstein-Uhlenbeck process may be used to compute the approx-
imate inverse of the matrix in the drift. All that is required is that the matrix be strictly
positive (eigenvalues are all in the right-half plane), but not necessarily symmetric. In
non-symmetric cases, two parallel simulations are required but both use the same driv-
ing Brownian motion. Because the convergence of the correlations between stochastic
vector elements is slow (proportional to 1/sqrt(T)), this mechanism seems only useful
for preconditioners. However, because the relaxation mechanism is global, one sees quick
convergence to a then slowly converging stationary state. This is a quick and dirty pre-
conditioner. It has some interesting advantages because we may compute selected matrix
elements of the approximate inverse, so although the resulting pre-conditioner is incom-
plete, it may be selected for desired sparsity. This project was for my PNC course and
Mr. John’s paper is dated 31 July 2010.

166



Title: High Resolution Infrared Spectroscopy and Global Vibrational Analysis 
for the CH3D and CHD3 Isotopomers of Methane. 

 
Researchers: O. N. Ulenikov* 
  E. S. Bekhtereva* 

  S. Albert** 
  S. Bauerecker*** 
  H. Hollenstein** 
  M. Quack** 
   
Institute/Group: * Laboratory of Molecular Spectroscopy, Physics Department, Tomsk 

State University, RU-634050 Tomsk,  
** Group for Molecular Kinetics and Spectroscopy, Physical Chemistry, 

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

Universität Braunschweig, D-38106 Braunschweig 
 
 
Description: 
 
We report infrared spectra of CH3D and CHD3 in the range 2900 to 9000 cm–1 measured with 
the Zürich high resolution Fourier transform infrared (FTIR) interferometer Bruker IFS 125 
prototype (ZP 2001) at 80K in a collisional-cooling cell with optical paths ranging from 5 to 
10 m. In all, 57 new ro-vibrational bands of CH3D and 40 for CHD3 were assigned and 
analysed. Using a strategy of the direct assignment of the J = 0 states of excited vibrational 
levels, precise experimental values of the band centres with uncertainties in the range of about 
0.0001 to 0.0003 cm–1 were obtained. Including 15 previously known band centres of CH3D 
and 12 previously known band centres of CHD3, these data were used as the initial 
information for the determination of the harmonic frequencies, anharmonic coefficients, and 
vibrational resonance interaction parameters in an effective hamiltonian. A joint set of 64 
parameters reproduces the 124 experimental vibrational energies of both molecules up to 
6500 cm–1 with a root mean deviation of drms = 0.73 cm–1. The results are discussed in relation 
to intramolecular dynamics on a global potential hypersurface of methane, intramolecular 
vibrational redistribution, and the spectroscopy of the atmospheres of the earth and planetary 
systems. Computations are used to analyse the spectra. 
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Description: 
 
With the long-term aim of understanding the detailed mechanism of intramolecular 
vibrational redistribution (IVR) from the CH-stretching mode to the low-frequency modes of 
the heavy atom framework, we have studied the infrared spectrum of CHD2I below 3100 cm–1 
and around 6000 cm–1 using high-resolution Fourier transform infrared spectroscopy. A 
detailed analysis of the ν1 fundamental based on 1349 assigned transitions results in an 
accurate band centre 0

1ν 3029.67904(5)=  cm–1 and further spectroscopic parameters are 
summarised in Table 3. Numerous local perturbations are observed in the analysis. The results 
are discussed in relation to previous spectroscopic work on this molecule and to IVR 
processes observed previously by fs pump-probe spectroscopy in our group. Computations are 
used to analyse the spectra. 
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Description: 
 
We report a rotationally resolved analysis of the high resolution FTIR spectrum of the 
simplest Polycyclic Aromatic Hydrocarbon (PAH), naphthalene. The spectrum has been 
measured with a new high resolution FTIR spectrometer connected to 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 and the high resolution of the new interferometer, it 
was possible to record the rotationally resolved infrared spectrum of naphthalene and to 
analyse the ν46 band (ν0 = 782.330753 cm–1). The results are discussed in relation to the 
Unidentified Infrared Band (UIB) found in interstellar spectra at 11.25 μm. Computations are 
used to simulate and analyse the complex spectra.  
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Description: 
 
Quite often a line by line analysis of measured infrared (IR)-spectra is complicated due to the 
congestion of overlapping lines and resolution being limited by the Doppler widths. If only a 
few lines are overlapped, a line shape analysis for overlapping lines can result in reliable line 
positions. But the method will fail if the lines are too close or if too many lines are 
overlapped. Then sub-Doppler methods have to be applied in order to reveal the exact line 
positions. We applied cavity enhanced saturation spectroscopy to determine the line positions 
of congested parts of the near-IR spectrum of NH3 around 6600 cm–1. The measured dip 
positions are compared to line positions obtained from a multiline fit of measured Fourier 
transform infrared (FTIR) spectra recorded with an instrumental bandwidth significantly 
smaller than the Doppler width. Computations are used to analyse the spectra. 
 
References:   
P. Dietiker, M. Quack, A. Schneider, G. Seyfang, F. Ünlü, in Proc. of the 17th SASP 2010 
(Eds.: I. Milewski, A. Kendl, P. Scheier), Innsbruck University Press (IUP), Innsbruck 
(2010), 161-164, and manuscript in preparation. 
 

170



Title: Supersonic Jet Isotope Selective Infrared Spectroscopy of the Second 
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Description: 
 
We report the spectra of the second NH-stretching overtone (polyad with N=3) of rotationally 
cold C6H5NH2, C6D5NH2 and C5H5NHD isotopomers of aniline measured by mass and 
isotope selective overtone spectroscopy (ISOS) in a molecular beam. Comparison of the 
assignments for C6D5NH2 and normal aniline C6H5NH2 confirmed the applicability of the 
normal mode model to the NH2-infrared-chromophore in aniline. To extract the tunnelling 
splitting the second NH-stretching overtone spectrum in the C5H5NHD has been measured at 
different rovibrational temperatures. The further decrease of the tunneling splitting in 
C6H5NHD with higher NH-stretching excitation demonstrates the inhibiting nature of the NH-
stretching mode. Computations are used to analyse the spectra. 
 
References:   
E. Miloglyadov, A. Kulik, M. Quack, G. Seyfang, in Proceedings of the 17th Symposium on 
Atomic, Cluster and Surface Physics 2010 (SASP 2010), Obergurgl Austria, 24 to 29 January 
2010 (Eds.: I. Milewski, A. Kendl, P. Scheier), Innsbruck University Press (IUP), Innsbruck 
(2010), 216-219. 
 

171



Title: CH Stretching Overtone Spectra of 12CH3I and 12CHD2I Measured by 
NIR-Pump UV -Probe Experiments. 

 
Researchers: E. Miloglyadov 
  V. Krylov 
  A. Kushnarenko 

  M. Quack 
  G. Seyfang 
   
Institute/Group: Group for Molecular Kinetics and Spectroscopy, Physical Chemistry, 

ETH Zürich 
 
 
Description: 
We report the vibrational spectra of the first CH-stretching overtone of rotationally cold 
12CH3I and CHD2I, measured by isotope selective overtone spectroscopy (ISOS) in a 
molecular beam. The action spectra of 12CH3I measured at a rotational temperature of 5 K 
differ significantly from the room temperature FTIR spectrum, which may be indicative of 
incomplete redistribution of vibrational energy (IVR) at a delay time of about 100 ns. The 
observed vibrational structure is attributed to the combination bands of sets of the CI-
stretching vibrations with levels strongly coupled to the overtone of the CH-stretching 
vibration. Computations are used to analyse the experimental results. 
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Description: 
 
We extend our earlier theoretical studies on spectroscopic signatures of molecular parity 
violation [1] by investigating the influence on rotational spectra. Therefore, we determine 
vibrationally averaged moment of inertia tensors with anharmonic vibrational wavefunctions 
including effects from parity violating potentials. This approach goes beyond the calculation 
of the influence on rotational constants via changes in the geometry and therefore also in the 
moment of inertia tensor [2]. It turns out that the rotational constants are very strongly 
influenced by parity violation when including excitation in bending modes. These 
investigations help our understanding of fundamental symmetry violation in nature. 
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Description: 
 
We have studied the N = ν1 + v3 + 0.5(v2 + v4) = 2.5 polyad of 12CH4 [1], composed of 20 
overtone and combination bands. The CRD measurements performed in our group some years 
ago [2] were the first using supersonic expansions; they provided first high resolution 
analyses and an accurate location of the vibrational level v2 + 2v3 at 7510.3378 cm–1. Since 
these measurements, we have devoted a large effort to improve the supersonic expansion 
itself. We reinvestigate this spectral region at lower temperatures. In a first approach, we use 
the assignment of the v2 + 2v3 band already known in our group to better estimate the 
rotational temperature of the expansion. As we obtain spectra at very low temperatures, these 
measurements can also be considered as a further investigation of nuclear spin symmetry 
conservation in CH4 in a supersonic expansion at temperatures below 40 K. Computations are 
used to analyze the spectra. 
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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.  
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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. 
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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 presented the calculated vibrational Raman optical activity (ROA) spectrum of the
β domain of rat metallothionein, which is the by far largest molecule for which full ab
initio ROA calculations were performed up to date with more than 400 atoms. While
ROA signatures of regular secondary structure elements like β-sheets and α-helices can be
conveniently studied in terms of small model structures, this is no longer possible for more
irregular proteins like metallothionein. The only secondary structure elements occurring
in the molecule are turns, in particular β turns. Our calculations revealed that especially
bands in the wavenumber range from about 1100 to 1400 cm−1 may be employed as
signatures of such β turns. This was also found in comparison to experimental data. In
addition, good agreement between calculated and experimental spectra was found.
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Alkaline earth metals (Ae) are regarded as redox-inactive, and their chemistry is domi-
nated by the oxidation state +2. Nevertheless, in recent years several compound classes
with alkaline earth metals in low oxidation states were investigated. Various concepts
proved to be valid for the stabilization of such compounds and are discussed in this re-
view. In the solid state, subvalency can be achieved by offering a matrix that takes over
the excess electrons as, for example, in subnitrides. This fact leads to normal-valent al-
kaline earth metals with electrons free to move between alkaline-earth-metal-containing
cages with or without a metal matrix. Another concept focuses on the synthesis of
[Ae2]

2+ cations with adequate substituents. The homodinuclear Ae–Ae bonds exhibit
binding energies that should allow the synthesis of molecules such as R–Ae–Ae–R. The
synthesis of magnesium derivatives succeeded by use of extremely bulky bidentate lig-
ands with a delocalized anionic charge. The heavier alkaline earth metal derivatives
are investigated by quantum chemical methods. Another possibility takes advantage
of the fact that the first and second ionization potentials of the alkaline earth metals
are clearly separated. Therefore, an arene with an extended π-system having an energy
level between the two ionization potentials should be able to overtake only one electron,
which leads to Ae+ cations. Sophisticated procedures allowed the synthesis of a cal-
cium(I) derivative, [(thf)3Ca(η6-η6,η6-C6H3-1,3,5-Ph3)Ca(thf)3], and such structures are
investigated by quantum chemical methods also for the other alkaline earth metals.
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Description:

In this study, we investigated interference between several excited electronic states in
resonance enhanced vibrational Raman optical activity (RROA) spectra. A gradient
Franck-Condon model for the excited-state potential energy surface was applied in order
to include vibronic effects in the description of the RROA intensities. Both sum-over-
states and time-dependent expressions for the RROA intensities in case of close-lying ex-
cited states were given. As an example, we compared the calculated RROA and resonance
Raman spectra of (S)-(+)-naproxen-OCD3 to the experimental ones. Subsequently, we
examined the excitation profiles of (S)-(+)-naproxen and studied the vibration at 1611
cm−1 in more detail in order to demonstrate how the consideration of a second excited
electronic state can lead to significant changes in the RROA intensities.
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Description:

The extent of relativistic effects on the Fukui function, which describes local reactivity
trends within conceptual density functional theory (DFT), and frontier orbital densities
was analysed on the basis of three benchmark molecules containing the heavy elements:
Au, Pb, and Bi. Various approximate relativistic approaches were tested and compared
with the four-component fully relativistic reference. Scalar relativistic effects, as de-
scribed by the scalar zeroth-order regular approximation methodology and effective core
potential calculations, already provided a large part of the relativistic corrections. Inclu-
sion of spin-orbit coupling effects improved the results, especially for the heavy p-block
compounds. We thus expected that future conceptual DFT-based reactivity studies on
heavy-element molecules could rely on one of the approximate relativistic methodologies.
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Description:

We examined calculated vibrational Raman optical activity (ROA) spectra of octa-
hedral cobalt complexes containing different combinations of acetylacetonato and 3-
acetylcamphorato ligands. Starting from the ∆-tris(acetylacetonato)cobalt(III) complex,
the ROA spectra of isomers generated by successive replacement of acetylacetonato lig-
ands by chiral (+)- or (−)-3-acetylcamphorato ligands were investigated. In this way,
it was possible to assess the influence of the degree of ligand substitution, ligand chi-
rality, and geometrical isomerism on the ROA spectra. In addition, the effect of the
Λ-configuration was studied. It was found that the ROA spectra contain features that
make it possible to identify each of the isomers, demonstrating the great sensitivity of
ROA spectroscopy to the chiral nature of the various complexes.

References: S. Luber, M. Reiher, ChemPhysChem, 2010, 11, 1876.
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Description:

In a previous study [Lamparska, E.; Liégeois, V.; Quinet, O.; Champagne, B.
ChemPhysChem, 2006, 7, 2366], signatures associated to the helical structure of a small
oligomer of a polypropylene chain were highlighted in the vibrational Raman optical
activity (VROA) spectra. Nevertheless, it was difficult to pursue the analysis of longer
chains. Indeed, the number of normal modes is becoming large and they are delocalized
over the whole chain, increasing the complexity of their analysis. With a new tool de-
veloped to analyze the vibrational spectra [Jacob, Ch. R.; Reiher, M. J. Chem. Phys.,
2009, 130, 084106], one can understand the normal modes, the VROA intensity of the
bands, and the band shapes of long polymer chains by investigating the vibrational cou-
pling matrices and the intensity coupling matrices. The VROA couplet at around 1100
cm−1 (previously evidenced as a signature of the (TG)N helical pitch) could now be thor-
oughly analyzed and compared to the corresponding signature in the (GG)N conformer.
The mode localization approach showed that for both conformations this couplet arised
from a phase difference within the localized modes of both peaks, leading to the inversion
of the sign of the total VROA intensity. Comparing the (TG)N and (GG)N conformers,
the vibrational and intensity coupling matrices completely changed with the modifica-
tion of the structure. This led for the (TG)19 conformer to a negative-positive couplet,
whereas for the (GG)19 conformation, a characteristic positive-negative-positive pattern
was found.

References: V. Liégeois, C.R. Jacob, B. Champagne, M. Reiher, J. Phys.
Chem. A, 2010, 114, 7198.
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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 present 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.

References: S. Fux, C. R. Jacob, J. Neugebauer, L. Visscher, M. Reiher, J.
Chem. Phys., 2010, 132, 164101.
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3Fakultät der Physik, Universität Wien, A-1090 Wien

Description:

We present a class of tensor network states specifically designed to capture the electron
correlation within a molecule of arbitrary structure. In this ansatz, the electronic wave
function is represented by a Complete-Graph Tensor Network (CGTN) ansatz which
implements an efficient reduction of the number of variational parameters by breaking
down the complexity of the high-dimensional coefficient tensor of a full-configuration-
interaction (FCI) wave function. This ansatz applied to molecules is new and based on
a tensor network wave function recently studied in lattice problems. We demonstrate
that CGTN states approximate ground states of molecules accurately by comparison of
the CGTN and FCI expansion coefficients. The CGTN parametrization is not biased
towards any reference configuration in contrast to many standard quantum chemical
methods. This feature allows one to obtain accurate relative energies between CGTN
states which is central to molecular physics and chemistry. We discuss the implications
for quantum chemistry and focus on the spin-state problem. Our CGTN approach is
applied to the energy splitting of states of different spin for methylene and the strongly
correlated ozone molecule at a transition state structure. The parameters of the tensor
network ansatz are variationally optimized by means of a parallel-tempering Monte Carlo
algorithm.

References: K. H. Marti, B. Bauer, M. Reiher, M. Troyer, F. Verstraete, New
J. Phys., 2010, 12, 103008, arXiv:1004.5303v1 [physics.chem-ph].
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Description:

The density matrix renormalization group (DMRG) algorithm solves the many-particle
electronic Schrödinger equation as accurately as possible in a full-configuration-
interaction (FCI) sense for a given one-electron basis. The FCI limit is approached
by increasing the number of many-particle DMRG states which span the Hilbert space
of interest. In this work we investigate an automated DMRG error protocol which ex-
trapolates the electronic energy using Richardson’s deferred approach to the limit. The
key idea is to consider the result of a DMRG algorithm as an analytical function of an
adjustable parameter like the number of DMRG states. We can then probe this ana-
lytical function by performing calculations for different set sizes of renormalized DMRG
basis states. None of these calculations has to actually provide the desired accuracy
but after we have collected enough information about the function’s behaviour, we can
represent it by an analytic rational function that may then be used to extrapolate to the
converged energy. The advantage of this approach is that it delivers an error estimate for
the electronic energy which can be used for accuracy control and as a convergence crite-
rion. In addition, one may detect convergence to local energy minima by automatically
increasing the analytic parameter (i.e., the number of renormalized DMRG states). The
error estimates also allows us to aim at relative energies from extrapolated total energies
of similar accuracy that is then independent of the number of renormalized DMRG states
or of the truncation error of the reduced density matrix.

References: K. H. Marti and M. Reiher, Mol. Phys., 2010, 108, 3, 501–512.
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Description:

In this work, we derive the density matrix renormalization group (DMRG) algorithm in
the language of configuration interaction. Furthermore, the development of DMRG in
quantum chemistry is reviewed and DMRG-specific peculiarities are discussed. Finally,
we present new results for a dinuclear µ-oxo bridged copper cluster, which is an important
active-site structure in transition-metal chemistry, an area in which we pioneered the
application of DMRG.

References: K. H. Marti and M. Reiher, Z. Phys. Chem., 2010, 224, 583–599.
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Description:

Whereas nature successfully fixes dinitrogen, converting one dinitrogen molecule into
to two of ammonia, via the nitrogenase enzymes, attempts to mimic nature, creating
a synthetic nitrogen fixation cycle, have proven highly challenging. The current indus-
trial method involves both high pressures and temperatures in the Haber-Bosch process.
Schrock et al. reported in 2003 a catalyst system which converts dinitrogen to am-
monia in the presence of reducing agent and a proton source at ambient temperature
and pressure. However, this catalyst system is destroyed under reaction conditions after
approximately six cycles, rendering the process unfit for industrial application.
Theoretical studies within this group have provided fundamental insight into the Schrock
catalyst, and we now report further work in the search for new catalyst systems that can
fix dinitrogen just as the Schrock catalyst, but show improved catalyst stability.
Promising experimental systems by the Peters group, specifically the [Si(o-C6H4-
PiPr3)3]

− (SiP3) ligand system, are described with the BP86 functional and mixed
TZVP/SVP basis set. We study the performance of the [Fe(SiP3)] and [Mo(SiP3)] cat-
alysts in key steps of the Schrock-cycle such as the first protonation/reduction step and
NH3/N2 ligand exchange, comparing them to the Schrock catalyst itself. We also look
in greater detail at the NH3/N2 ligand exchange process and perform a full analysis of
the possible pathways and determine the barrier to this process.

References: S. M. A. Donald, M. Reiher, in preparation.
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Description:

The hydrogenases [FeFe] and Hmd feature at first sight rather different active sites. A
closer inspection reveals striking similarities, which allow us to define swapped ligand
spheres in such a way that the single active iron center of Hmd functions in a first-
shell ligand environment resembling the reacting iron atom in [FeFe] hydrogenase and
vice versa. These redesigned ligand environments can be conveniently studied with
quantum chemical methods and point to general reactivity principles for iron centers
with hydrogenase activity.

References: M. T. Stiebritz, M. Reiher, Inorg. Chem., 2010, 49, 5818.
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Description:

The extended amide III region in vibrational spectra of polypeptides and proteins is
particularly sensitive to changes in secondary structure. To investigate this structural
sensitivity, we have performed density-functional calculations on the small model com-
pound N-acetyl-l-alanine-N-methylamide, which are analyzed using the recently devel-
oped analysis in terms of localized modes [J. Chem. Phys. 2009, 130, 084106]. We find
that the local modes obtained for different backbone conformations are actually rather
similar. To probe the secondary structure sensitivity, we investigate the dependence of
the local-mode frequencies and coupling constants on the torsional angles φ and ψ. This
enables us to set up a local-mode model of the extended amide III region for better
understanding its structural sensitivity.

References: T. Weymuth, C. R. Jacob, M. Reiher, J. Phys. Chem. B, 2010,
114, 10649.
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Description:

Bioinorganic Chemistry is a very complex and diverse field. Structures with different
types of ligands, varying number of interacting (transition) metals provide the stage
for the most complex chemical transformations and for intricate reaction mechanisms.
examples are the dioxygen evolution at the water-oxidizing complex of Photosystem II
or reductions at the active centers of Hydrogenases.
The optimum way to understand the function of such systems is to accomplish a perfect
structural and time resolution of their catalytic chemical reactions to obtain results
that explain experimental studies but also to provide complementary information not
accessible in experiment. Exactly this is at least in principle possible by a quantum
mechanical description. However, the mono- and polynuclear transition-metal active
sites demand highly accurate electronic structure methods.
Reliability and predictability of calculations on such systems depend crucially on the
accuracy of these necessarily approximate electronic structure methods. Unfortunately,
up to date there still does not exist a universal and well-established methodology for
the study of bioinorganic reaction mechanisms in proteins and enzymes. Because of
the method-inherent errors and the large set of parameters to cope within an electronic
structure method—for example in Density Functional Theory: structural model, spin
state, charge, solvation, choice of the density functional etc.—that could hardly be in-
vestigated systematically for every system only different protocols of various schools exist
that feature a somewhat heuristic character.
One challenge has to be to develop universally valid concepts that allow us to assess
the chemical significance of calculated results despite the method-inherent errors. These
concepts must be transferable to different systems beyond the consideration of individual
case studies.
In this study we elaborate on how new concepts of this type may be developed. We
discuss new concepts to address structure and reactivity of an active site in metalloen-
zymes and demonstrate this at the example at the dioxygen activation reaction at model
clusters as well as for oxygen inhibition processes in [FeFe]- and [Fe]-Hydrogenases. We
will focus on structure–reactivity correlations and investigate the flexibility of the active
sites, which should be designed such that the chemical conclusions do not suffer from
method-inherent errors and are persistent.

Reference: M. Podewitz, M. T. Stiebritz, M. Reiher, Faraday Discuss., 2010,
148, DOI: 10.1039/c004195e.
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The transamination of 8-(tert-butyldimethylsilylamino)quinoline with (thf)2Cr-
[N(SiMe3)2]2 yields monomeric bis[8-(tert-butyldimethylsilylamido)quinoline]
chromium(II)(1). Similar reactions of M[N(SiMe3)2]2 (M=Mn,Fe,Co) with
8-(trialkylsilylamino)quinoline lead to the formation of monomeric bis[8-
(trialkylsilylamido)quinoline] metal(II) [M=Mn, SiR3=SiMe2tBu(2a), SiiPr3(2b);
M=Fe, SiR3=SiMe2tBu(3a), SiiPr3(3b); M=Co, SiR3=SiMe2tBu(4a), SiiPr3(4b)]. The
transamination of 8-aminoquinoline with M[N(SiMe3)2]2 (M=Mn,Fe,Co) allows the
isolation of the heteroleptic 1:1 and homoleptic 2:1 products. The 1:1 complexes bis[8-
amidoquinoline metal(II) bis(trimethylsilyl)amide] [M=Mn(5),Fe(6),Co(7)] are dimeric
with bridging 8-amidoquinoline moieties. The 2:1 complexes of Mn and Fe, bis(8-
amidoquinoline) manganese(II)(8) and bis(8-amidoquinoline) iron(II)(9), form hexamers
with wheel-like molecular structures consisting of metal-centered nitrogen octahedra
interconnected by common N· · ·N edges. The cobalt complex, bis(8-amidoquinoline)
cobalt(II)(10), precipitates as a microcrystalline powder. Investigations of the magnetic
properties by DFT corroborate the experimental data for the Mn derivative 8, where
an antiferomagnetic coupling is observed. By contrast, calculations on the Fe6-wheel 9

yield very close lying ferromagnetically and antiferromagnetically coupled states.

Reference: A. Malassa, C. Agthe, H. Görls, M. Podewitz, L. Yu, C. Herrmann,
M. Reiher, M. Westerhausen , Eur. J. Inorg. Chem., 2010, 1777-
1790.
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Institute/Group: 1 Laboratorium für Physikalische Chemie, ETH Zürich, 8093
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Cage it: A central PH−
2

ion is encapsulated within a container of twelve tert-butoxides
in an icosahedral arrangement. The twelve or thirteen sodium countercations are dy-
namically disordered over the twenty corners of a regular dodecahedron. X-ray diffrac-
tion, solid-state NMR, and DFT calculations demonstrate that the crystalline forms of
[Na13(PH2)(OtBu)12] and [Na(DME)3]+[Na12(PH2)(OtBu)12]

− contain interlocked ionic
cages of near-icosahedral symmetry with PH−

2
in the center of an inner sodium cage. At

room temperature the sodium ions show fast dynamics with a correlation time of up to
7.5×10−10s for [Na13(PH2)(OtBu)12] within the alkoxide cage. One sodium cation may be
reversibly removed or added from the aggregates. Quantum-chemical calculations high-
light that such onion-like arrangements of ions of opposite charge are energetically stable
regardless of whether the PH−

2
is present inside the cage or not. A purely electrostatic

model is able to account for all structural features of the complexes.

Reference: M. Podewitz, J. D. van Beek, M. Wörle, T. Ott, D. Stein,
H. Rüegger, B .H Meier, M. Reiher, H. Grützmacher , Angew.
Chem. Int. Ed., 2010, 49, 7465-7469.
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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:  
B. Schrader, S. Reboux, and I. F. Sbalzarini. Discretization-Corrected PSE Operators for 
Particle Methods. In Proc. 8th Euromech Fluid Mechanics Conference (EFMC8), Bad 
Reichenhall, Germany, September 2010. 
M. Bergdorf, I. F. Sbalzarini, and P. Koumoutsakos. A Lagrangian particle method for 
reaction-diffusion systems on deforming surfaces. J. Math. Biol., 61:649–663, 2010. 
B. Schrader, S. Reboux, and I. F. Sbalzarini. Discretization correction of general integral PSE 
operators in particle methods. J. Comput. Phys., 229:4159–4182, 2010. 
R. Ramaswamy and I. F. Sbalzarini. Fast exact stochastic simulation algorithms using partial 
propensities. In Proc. ICNAAM, Numerical Analysis and Applied Mathematics, International 
Conference, pages 1338–1341, Rhodes, Greece, September 2010. AIP. 
R. Ramaswamy and I. F. Sbalzarini. A partial-propensity variant of the composition-rejection 
stochastic simulation algorithm for chemical reaction networks. J. Chem. Phys., 
132(4):044102, 2010.  
R. Ramaswamy, N. González-Segredo, and I. F. Sbalzarini. A new class of highly efficient 
exact stochastic simulation algorithms for chemical reaction networks. J. Chem. Phys., 
130(24):244104, 2009.  
Oral presentations at the 8th Euromech Fluid Mechanics Conference (EFMC8), Bad 
Reichenhall, Germany, 2010; Department of Mathematics, University of Fribourg, Fribourg, 
Switzerland, 2010 (invited talk); International Conference on Numerical Analysis and 
Applied Mathematics (ICNAAM), Rhodes, Greece, 2010; Basel Computational Biology 
Conference (BC2), Basel, Switzerland, 2010 (invited award talk). 
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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. 

O. Awile, O. Demirel, and I. F. Sbalzarini. Toward an object-oriented core of the PPM 
library. In Proc. ICNAAM, Numerical Analysis and Applied Mathematics, International 
Conference, pages 1313–1316, Rhodes, Greece, September 2010. AIP. 

J. H. Walther and I. F. Sbalzarini. Large-scale parallel discrete element simulations of 
granular flow. Engineering Computations, 26(6):688–697, 2009. 

I. F. Sbalzarini, J. H. Walther, M. Bergdorf, S. E. Hieber, E. M. Kotsalis, and P. 
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 
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. 
 
 
References: 
J. A. Helmuth, G. Paul, and I. F. Sbalzarini. Beyond co-localization: inferring spatial 
interactions between sub-cellular structures from microscopy images. BMC Bioinformatics, 
11:372, 2010. 
J. A. Helmuth, C. J. Burckhardt, U. F. Greber, and I. F. Sbalzarini. Shape reconstruction of 
subcellular structures from live cell fluorescence microscopy images. Journal of Structural 
Biology, 167:1–10, 2009.  
J. A. Helmuth and I. F. Sbalzarini. Deconvolving active contours for fluorescence microscopy 
images. In Proc. Intl. Symp. Visual Computing (ISVC), volume 5875 of Lecture Notes in 
Computer Science, pages 544–553, Las Vegas, USA, November 2009. Springer. 
J. Cardinale, A. Rauch, Y. Barral, G. Székely, and I. F. Sbalzarini. Bayesian image analysis 
with on-line confidence estimates and its application to microtubule tracking. In Proc. IEEE 
Intl. Symposium Biomedical Imaging (ISBI), pages 1091-1094, Boston, USA, June 2009. 
 
Oral presentations at the IEEE International Symposium on Biomedical Imaging (ISBI), 
Boston, USA, 2009; International Symposium on Visual Computing (ISVC), Las Vegas, 
USA, 2009; Janelia Farm Conference on Turning Images to Knowledge, Ashburn (VA), 
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Description:  
Bio-inspired 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. Exploring the maximum-entropy principle as the common basis of these 
algorithms leads to a unified framework for optimization, sensitivity analysis, and sampling 
of arbitrary target distributions. Further, we plan to derive an unbiased sensitivity measure on 
arbitrary sampling-point distributions. Such a measure would allow directly re-using the 
samples collected during optimization, not requiring additional evaluations of the potentially 
costly objective function. 
 
References: 
C. L. Müller and I. F. Sbalzarini. Gaussian adaptation revisited — an entropic view on 
covariance matrix adaptation. In Proc. EvoStar, volume 6024 of Lecture Notes in Computer 
Science, pages 432–441, Istanbul, Turkey, April 2010. Springer. 
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Congress on Evolutionary Computation (CEC), pages 2594–2601, Barcelona, Spain, July 
2010. 
C. L. Müller and I. F. Sbalzarini. A tunable real-world multi-funnel benchmark problem for 
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ES on it). In Proc. Intl. Conf. Evolutionary Computation (ICEC), Madeira, Portugal, October 
2009. 
C. L. Müller, B. Baumgartner, G. Ofenbeck, B. Schrader, and I. F. Sbalzarini. pCMALib: a 
parallel FORTRAN 90 library for the evolution strategy with covariance matrix adaptation. In 
Proc. ACM Genetic and Evolutionary Computation Conference (GECCO’09), Montreal, 
Canada, July 2009. 
Oral presentations at the ACM Genetic and Evolutionary Computation Conference 
(GECCO’09), Montreal, Canada, 2009; International Conference on Evolutionary 
Computation (ICEC), Madeira, Portugal, 2009; IEEE Congress on Evolutionary Computation 
(CEC), Barcelona, Spain, 2010; EvoStar, Istanbul, Turkey, 2010; Theory of Randomized 
Search Heuristics (TRSH), Birmingham, UK, 2009.  
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Title:  Climate change and the water cycle: processes and scenarios 
Researchers:  Omar Bellprat, Adeline Bichet, Thomas Bosshard, Peter Brockhaus, Marc 

Chiacchio, Erich Fischer, Doris Folini, Sven Kotlarski, Wolfgang 
Langhans, Daniel Lüthi, Knut Makowski, Pardeep Pall, Christoph Schär, 
Linda Schlemmer, Jürg Schmidli, Martin Wild, Elias Zubler.  

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

 
Description: 
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 Dr. Martin 
Wild, and it also exploits collaborations with the group of Prof. Ulrike Lohmann. The model 
contains sophisticated aerosol and cloud microphysics schemes. These are essential for 
realistic simulations of radiation and precipitation processes in the atmosphere. This model is 
used to study the link between anthropogenic and natural perturbations of the radiation 
balance and the intensity of the hydrological cycle. The 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: Pricing Electricity Derivatives and Forwards

Researchers: Dr. A. Barth
Prof. F.E. Benth (University of Oslo)
Prof. N. Branger (WWU Münster)
Oleg Reichmann
Dr. M. Wobben (WWU Münster)

Institute: Seminar for Applied Mathematics
ETH Zürich

Description: The purpose of this project is to develop a framework for pricing electricity
derivatives and forwards. Two main aspects are addressed.
Hourly spot derivatives We do not, in contrast to most current approaches, focus
exclusively on spot models which primarily reflect empirical spot price dynamics. This
ensures a straightforward applicability to the valuation of electricity derivatives. We
show that a model with a jump and a spike component can be calibrated to both the
time series of hourly spot prices and the cross section of futures prices, once we have
allowed for time-dependent jump and spike parameters. Furthermore, we illustrate the
importance of option pricing in electricity markets and present some examples of options
on futures and hourly spot options, such as operating reserves and physical transmission
rights.
Infinite dimensional approach to Forward markets Similar to the Heath-Jarrow-
Morton framework in interest rate modeling, a first order hyperbolic stochastic partial
differential equation models the dynamics for the forward price curves. We analyse these
equations, and study in particular regularity and no-arbitrage conditions in the general
situation of stochastic partial differential equations driven by an infinite dimensional
martingale process. Both arithmetic and geometric forward price dynamics are studied,
as well as accounting for the delivery period of electricity forward contracts. A finite
element method for hyperbolic stochastic partial differential equations is introduced and
applied to some example.

References:

[1] N. Branger and O. Reichmann and M. Wobben, Pricing Electricity Derivatives on
an Hourly Basis, The Journal of Energy Markets, Risk, 3, 2 (2010).

[2] A. Barth and F.E. Benth, The Forward dynamics in energy markets – infinite
dimensional modeling and simulation, in preparation.
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Title: Computational Finance: Advanced Methods for Option
pricing beyond Black-Scholes Market Models

Researchers: Dr. A. Barth, Dr. N. Hilber, S. Kehtari, Prof. D. Marazzina
(Politecnico di Milano), O. Reichmann, Prof. Ch. Schwab,
Dr. Ch. Winter

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 three axes.

High dimensional diffusion markets We reduce the complexity in the number of
degrees of freedom by applying sparse tensor product spaces for Galerkin discretization
in log-price space. Using this technique we are able to price multi-asset options with
up to eight underlying assets for the Black-Scholes framework and stochastic volatility
models.

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.

Feller-Lévy type markets We review the design and analysis of multiresolution
(wavelet) methods for the numerical solution of the Kolmogoroff equations arising, among
others, in financial engineering when Lévy and Feller or additive processes are used to
model the dynamics of the risky assets. In particular, the Dirichlet and free boundary
problems connected to barrier and American style contracts are specified and solution
algorithms based on wavelet representations of the Feller Processes’ Dirichlet Forms are
presented.

References:

[1] N. Hilber, S. Kehtari, Ch. Schwab and Ch. Winter, Wavelet finite element method
for option pricing in highdimensional diffusion market models, SAM-Report, 2010-
01, http://www.sam.math.ethz.ch/reports/2010/01.

[2] D. Marazzina and O. Reichmann and Ch. Schwab, hp-DGFEM for Kolmogorov-
Fokker-Plank Equations of Multivariate Lévy Processes, in preparation.

[3] O. Reichmann and Ch. Schwab, Numerical analysis of additive, Lévy and Feller
processes with applications to option pricing, Lévy matters I, Lecture Notes in
Mathematics, Springer, Heidelberg, 2010.

[4] Ch. Winter, Wavelet Galerkin Schemes for Multidimensional Anisotropic Integrod-
ifferential Operators, SIAM J. Sci. Comput., 32, 3, pp. 1545-1566, (2010).
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Title: Multiscale FEM for Photonic Crystal Structures

Researchers: Prof. C. Schwab
Prof. D. Kressner
Holger Brandsmeier
Dr. Kersten Schmidt

Institute: Seminar for Applied Mathematics
ETH Zürich

Description:
Photonic Crystals (PhC) are dielectric materials used in optical signal processing to

mold the flow of light. PhCs can guide an electromagnetic wave around bends, slow
its group velocity and reflect or transmit the wave depending on its frequency. From a
mathematical perspective PhCs are challenging, as they are described by a locally periodic
dielectricity. This high variation makes numerical simulations of realistic PhC structures
with many replications of the periodic pattern infeasible with standard discretization
techniques such as FDTD or h-, p- and hp-FEM. On the other hand the solutions for
a globally periodic PhC can be computed numerically and are known to be the Bloch-
(and Floquet-) modes.

The project aims at developing a Multiscale FEM based on the microscopic Bloch
modes and macroscopic piecewise polynomials to efficiently simulate large PhC structures.
References:

[1] H. Brandsmeier, K. Schmidt, Ch. Schwab A Multiscale hp-FEM for 2D Photonic
Crystal Bands, SAM Research Report 2010-12,
http://www.sam.math.ethz.ch/reports/2010/12.

[2] H. Brandsmeier, K. Schmidt, Ch. Schwab A Multiscale hp-FEM for 2D Photonic
Crystal Bands, Journal of Computational Physics, Elsevier Inc. 2010, in press

207



Title: Sparse techniques for stochastic PDEs

Researchers: Roman Andreev, Andrea Barth, Claude Gittelson
Markus Hansen, Siddhartha Mishra, 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] M. Bieri, R. Andreev and C. Schwab. Sparse tensor discretization of elliptic sPDEs. SIAM Journal
on Scientific Computing 31 (2009).

[2] M. Bieri. A sparse composite collocation finite element method for elliptic sPDEs. SAM report
2009-08, http://www.sam.math.ethz.ch/reports/2009/08. to appear in SINUM.

[3] C.J. Gittelson. Stochastic Galerkin discretization of the lognormal isotropic diffusion problem. M3AS
20 (2010).

[4] C.J. Gittelson. Representation of Gaussian fields in series with independent coefficients. SAM report
2010-15, http://www.sam.math.ethz.ch/reports/2010/15.

[5] C.J. Gittelson. Adaptive Galerkin Methods for Parametric and Stochastic Operator Equations. ETH
Diss., in preparation.

[6] R. Andreev and C. Schwab. Sparse tensor approximation of parametric eigenvalue problems, in
preparation.

[7] R. Andreev. Space-time FEM for parabolic equations. SAM report 2010-20,
http://www.sam.math.ethz.ch/reports/2010/20.

[8] M. Hansen. On tensor products of quasi-Banach spaces. SAM report 2010-31,
http://www.sam.math.ethz.ch/reports/2010/31.

[9] A. Barth, C. Schwab and N. Zollinger. Multi-Level Monte Carlo Finite Ele-
ment method for elliptic PDE’s with stochastic coefficients. SAM report 2010-18,
http://www.sam.math.ethz.ch/reports/2010/18.

[10] S. Mishra and C. Schwab. Sparse tensor multi-level Monte Carlo finite volume meth-
ods for hyperbolic conservation laws with random intitial data. SAM report 2010-24,
http://www.sam.math.ethz.ch/reports/2010/24.
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Title: Sparse Tensor Approximation Methods for
High-Dimensional Transport Problems

Researchers: Prof. Ralf Hiptmair
Prof. Christoph Schwab
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Konstantin Grella
Dr. Philipp Grohs

Institute: Seminar for Applied Mathematics
ETH Zürich

Description:

We investigate the stationary monochromatic radiative transfer equation as an example
for high dimensional transport problems. Due to the 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 multires-
olution frame, they can thus be used as spatial functions in the solution of the radiative
transfer equation.

The assumed advantage of using shearlets over isotropic bases is their suitability for
capturing spatial directional irregularities. The disadvantages are that shearlets lack a
good refinement relation which complicates the construction of Galerkin matrices and
load vectors.

Furthermore we apply the sparse tensor product method to a spectral discretization
of the radiative transfer equation. Here we discretize the angular domain using spherical
harmonics and combine with hierarchic bases in physical space to form function spaces
that can be tensorized sparsely.

Neglecting boundary conditions estimates for the convergence rates of the sparse ten-
sor product method show rates equal to the full tensor product method up to logarithmic
factors, while the number of degrees of freedom is reduced by about an order of mag-
nitude. For the case with boundary conditions, we propose a splitting of the physical
function space and a conforming tensorization.

Numerical experiments in two physical and one angular dimension show evidence for
the theoretical estimates to hold in the case with boundary conditions as well.

References:

[1] K. Grella and C. Schwab. Sparse tensor spherical harmonics approximation in
radiative transfer. Technical report, SAM, ETH Zürich, 2010, available at
https://www.sam.math.ethz.ch/reports/2010/33
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Title:  	   Spherical	  Modelling	  of	  the	  Thermo-‐Chemical	  Evolution	  of	  Venus’	  Mantle	  
 
Researchers:  M. Armann 
  P. J. Tackley 
 
Institute/Group: Institute of Geophysics/Geophysical Fluid Dynamics, D-ERDW 
 
Description:  
 
Venus, although similar in size and composition to Earth, is quite different to Earth in its 
surface appearance, and hence also in the dynamics of its mantle, lithosphere and crust. We 
are performing integrated thermo-chemical convection modelling of Venus’ evolution over 
4.5 billion years in 3-D spherical geometry as well as 2-D spherical annulus geometry. These 
models include realistic (“laboratory”) rheological parameters for viscous creep, which are 
also composition-dependent, and plastic yielding, which might cause changes in tectonic 
regime (e.g., episodic plate tectonics). Crustal formation and the resulting differentiation of 
the crust and mantle are modelled using a self-consistent melting criterion. Solid-solid phase 
transitions are included. Heat-producing elements decay with time, and cooling of the core is 
tracked. The gravitational field and surface topography are calculated using a self-gravitating 
formulation. Simulations are performed using StagYY by P. Tackley, which uses a finite 
volume multigrid solver on the Yin-Yang spherical grid. Simulations in which the lithosphere 
remains stagnant over the entire history indicate that over time the crust becomes as thick as 
the mechanical lithosphere, with delamination occuring from its base and magmatism being 
the dominant heat transport mechanism. A thick crust is a robust feature of these calculations. 
Higher mantle viscosity results in larger topographic variations, thicker crust and lithosphere 
and higher admittance ratios: to match those of Venus, the upper mantle reference viscosity is 
about 1020 Pa s and internal convection is quite vigorous. Several large plumes persist 
throughout the model history, as the core does not cool as much as in Earth. The most 
successful results in matching observations are those in which the evolution is episodic, being 
in stagnant lid mode for most of the evolution but with 2-3 bursts of activity caused by 
lithospheric overturn. In ongoing work we are examining the effect of crustal rheology and a 
more accurate melting treatment.  

    
    Figure. Composition (left) and temperature (right) for an episodic evolution simulation. 
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Title:   Free surface influence on plate tectonics and mantle convection 
 
Researchers:  F. Crameri 
  P. J. Tackley 
  B. Kaus 
  T. Gerya 
 
Institute/Group: Institute of Geophysics/Geophysical Fluid Dynamics, D-ERDW 
 
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.  
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Title:   Modelling planetary differentiation 
 
Researchers:  G. Golabek 
  T. Gerya 
  P. J. Tackley 
 
Institute/Group: Institute of Geophysics/Geophysical Fluid Dynamics, D-ERDW 
 
Description:  
 
A key process during the formation of a terrestrial planet is differentiation, i.e., the sinking of 
iron to make a metallic core overlain by a rocky mantle. In this project we are performing a 
systematic study of this process, in three steps. (i) Modelling the sinking of an individual 
metal diapir. This stage has already been completed. (ii) Modelling the collective behaviour 
of many metal diapirs distributed through the proto-planet (see Figure). Our models are in 2-
D cylindrical geometry and include complex rheology, viscous dissipation and self-
gravitation. Results indicate that four possible modes of differentiation are possible, with the 
mode dependent on the proto-planet's radial viscosity structure and the effective yield stress. 
The figure shows one possible evolution. (iii) Modelling simultaneous accretion and 
differentiation. In this scenario, growth of the planet by impacts (with growth history obtained 
by N-body simulations is modelled simultaneously with internal differentiation, resulting in a 
consistent dynamics. This stage is under investigation at the present time.  

   
Figure. Core formation in a protoplanet. In the top row, which shows composition, an initial 
distribution of metal diapirs exhibit collective behaviour and sink towards the centre forming 
a core. This causes intense viscous dissipation (temperature: bottom row).   
 
References: Golabek, G., T. V. Gerya, R. Ziethe, B. J. P. Kaus, and P. J. Tackley. 
Rheological controls on the terrestrial core formation mechanism, Geochem. Geophys. 
Geosyst., 10, Q11007, doi:10.1029/2009GC002552. 
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Title:   Coupled	  Models	  of	  Mantle	  Geochemical	  Evolution,	  Plate	  Tectonics,	  	  
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	   	   Mineralogy	  
  
Researchers: T. Nakagawa, P. J. Tackley, F. Deschamps, J.A.D. Connolly 
 
Institute/Group: Institute of Geophysics/Geophysical Fluid Dynamics, D-ERDW 
 
Description:  
In the mantle, many different mineral phases exist as a function of pressure, temperature and 
composition, and these have a first-order influence on properties such as density, which has a 
large effect on the dynamics. Numerical models of thermo-chemical mantle convection have 
typically used a simple approximation to treat these complex variations in material properties, 
such as the extended Boussinesq approximation. In order to get closer to a realistic 
mineralogy, we here calculate composition-dependent mineral assemblages and their physical 
properties using the code Perple_X by J. Connolly, which minimizes free energy for a given 
combination of oxides as a function of temperature and pressure, and use this in a numerical 
model of thermo-chemical mantle convection in a three-dimensional spherical shell, to 
calculate three-dimensionally-varying physical proporties. The numerical models treat the 
evolution of a planet over billions of years, including self-consistent plate tectonics arising 
from plastic yielding, melting-induced differentiation, and a parameterised model of core 
evolution based on heat extracted by mantle convection.  

  
Figure. Example simulation with PERPLEX-calculated mineralogy and physical properties.  
 
References: Nakagawa, T., P. J. Tackley, F. Deschamps and J. A. D. Connolly, The Influence 
of MORB and Harzburgite Composition on Thermo-Chemical Mantle Convection in a 3-D 
Spherical Shell With Self-Consistently Calculated Mineral Physics, Earth Planet. Sci. Lett., 
296, 403-412, doi:10.1016/j.epsl.2010.05.026. 
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Title:   Self-Consistent Generation of Plate Tectonics in Spherical Mantle Convection 
 
Researchers:  H. van Heck 
  P. J. Tackley 
 
Institute/Group: Institute of Geophysics/Geophysical Fluid Dynamics, D-ERDW 
 
Description:  
 
In convection with strongly temperature-dependent viscosity appropriate to rocks, the cold 
upper thermal boundary layer becomes so stiff that it forms a stagnant lid around the planet. 
This is similar to Venus or Mars, but on Earth the lid is broken into several plates that move 
around, with deformation taking place at narrow plate boundaries. Various simulations have 
shown that introducing plastic yielding to model brittle or semi-brittle failure of the rock, 
breaks the stagnant lid and leads to plate tectonic-like behaviour. In this project we investigate 
self-consistent plate tectonics using simulations in a 3-D spherical shell using the code 
StagYY by P. Tackley. In an initial study (listed below) we found two new modes of 
convection in this geometry, including "great circle" subduction with weak spreading centers 
at low yield stress, and a two-plate solution at higher yield stress. We are now systematically 
investigating the behaviour as a function of heating mode (internal, basal or a combination), 
Rayleigh number and yield stress. This leads to scaling laws that can then be applied to 
understand the evolution of Earth and other terrestrial planets, including "super-Earths". 

  
Figure. Surface viscosity (left 2 columns) and cold temperatures (right 2 columns) showing 
'great circle subduction' mode (top), two-plate solution (middle) and stagnant lid (bottom).  
 
References: van Heck, H. and P. J. Tackley, Planforms of self-consistently generated plate 
tectonics in 3-D spherical geometry, Geophys. Res. Lett. 35, L19312, 
doi:10.1029/2008GL035190. 
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Title:   Numerical modelling of subduction zones 
 
Researchers: Manuele Faccenda, Ksenia Nikolaeva, Guizhi Zhu, Katharina Vogt,  
  Taras Gerya, Boris Kaus, Diana Dymkova 
 
Institute:  Institute of Geophysics, D-ERDW, ETH-Zurich 
Group:  Geophysical Fluid Dynamics 
 
Description: 
Various aspects of subduction zone dynamics are modelled in 2D and 3D with the use of the 
original codes I2ELVIS and I3ELVIS combining finite differences on a fully staggered 
rectangular Eulerian grid and Lagrangian marker-in-cell technique for solving momentum, 
continuity and temperature equations:  

• Subduction initiation at passive margins (Fig. 1) (Nikolaeva et al., 2010) 
• 3D patterns of mantle wedge structures (Honda et al., 2010) 
• Magmatic consequences of hydrous plumes in subduction zones (Castro et al., 2010) 
• Geodynamics regimes of subduction (Gerya and Meilick, 2010) 
• Transition to plate tectonics in the early Earth (Fig. 2) (Sizova et al., 2010) 
• Large-scale circulation in subduction channels (Blanco-Quintero et al., 2010) 

 
Fig. 1. Dynamics of subduction initiation at a passive margin (Nikolaeva et al., 2010). 
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Fig. 2. Changes in terrestrial geodynamics regimes depending on mantle temperature 
difference (ΔT) with present day values (Sizova et al., 2010) 
 
References:  
Blanco-Quintero, I.F., García-Casco, A., Gerya, T.V. (2010) Tectonic blocks in serpentinite 

mélange (eastern Cuba)  reveal large-scale convective flow of the subduction channel. 
Geology, (in press). 

Castro, A., Gerya, T., Casco, A.G., Fernandez, C., Diaz-Alvarado, J., Moreno-Ventas, I., 
Low, I. (2010) Melting relations of MORB-sediment melanges in underplated 
mantlewedge plumes; implications for the origin of cordilleran-type batholiths. Journal of 
Petrology, 51, 1267-1295. 

Gerya, T.V., Meilick, F.I. (2010) Geodynamic regimes of subduction under an active margin: 
effects of rheological weakening by fluids and melts. Journal of Metamorphic Geology, 
doi:10.1111/j.1525-1314.2010.00904.x 

Honda, S., Gerya, T., Zhu, G. (2010) A simple three-dimensional model of thermo–chemical 
convection in the mantle wedge. Earth and Planetary Science Letters, 290, 311–318.  

Nikolaeva, K., T.V. Gerya, and F.O. Marques (2010), Subduction initiation at passive 
margins: numerical modeling, J. Geophys. Res., 115, Article Number: B03406 .  

Sizova, E., Gerya, T., Brown, M., Perchuk, L.L. (2010) Subduction styles in the Precambrian: 
Insight from numerical experiments, Lithos, 116, 209-229.  
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Title:   Numerical modelling of sedimentary basins and mid-ocean ridges 
Researchers:  Taras Gerya 
 
Institute:  Institute of Geophysics, D-ERDW, ETH-Zurich 
Group:  Geophysical Fluid Dynamics 
 
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 (Fig. 4) (Gerya, 2010) 
• Influences of small-scale convection for development of sedimentary sequences 

(Petersen et al., 2010) 
 

 
Fig. 3. East Pacific Rise structure (left) compared to the 3D numerical model of transform 
faults (right) (Gerya, 2010) 
 
 
References:  
Gerya, T. (2010) Dynamical instability produces transform faults at mid-ocean ridges. 

Science, 329, 1047-1050. 
Petersen, K.D., Nielsen, S.B., Clausen, O.R., Stephenson, R., Gerya, T. (2010) Small-scale 

mantle convection produces stratigraphic sequences in sedimentary basins. Science, 329, 
827-830. 
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Title:   Numerical modelling of continental collision zones 
 
Researchers:  Thibault Duretz, Zhonghai Li, Taras Gerya 
 
Institute:  Institute of Geophysics, D-ERDW, ETH-Zurich 
Group:  Geophysical Fluid Dynamics 
 
Description: 
Various aspects of continental collision and slab breakoff and related ultrahigh-pressure 
metamorphism are modelled in 2D with the use of the I2ELVIS code combining finite 
differences on a fully staggered rectangular Eulerian grid and Lagrangian marker-in-cell 
technique for solving momentum, continuity and temperature equations:  

• Slab breakoff processes during continental collision (Fig.3) (Baumann et al., 2010; 
Duretz et al., 2010) 

• Formation and exhumation of ultrahigh-pressure rocks during continental collision  
and influence of tectonic overpressure for metamorphic P-T paths (Li et al., 2010a,b) 

 

 
Fig. 4. Numerical models of slallow and deep slab breakoff (Duretz et al., 2010). 
 
References:  
Baumann, C., Gerya, T., Connolly, J.A.D. (2010) Numerical modelling of spontaneous slab 

breakoff dynamics during continental collision. In: Spalla, M.I., Marotta, A.M., Gosso, G. 
(eds), Advances in Interpretation of Geological Processes. Geological Society, London, 
Special Publications, 332, 99–114.  

Duretz, T., Gerya, T.V., May, D.A. (2010) Numerical modelling of spontaneous slab breakoff 
and subsequent topographic response. Tectonophysics, doi:10.1016/j.tecto.2010.05.024. 

Li, Z., Gerya, T.V., Burg, J.P. (2010a) Influence of tectonic overpressure on P-T paths of HP-
UHP rocks in continental collision zones: Thermomechanical modelling. J. Metamorphic 
Geol., 28, 227-247.  

Li, Z.H., Xu, Z.Q., Gerya,  T.V. (2010b) Flat versus steep subduction: contrasting modes for 
the formation and exhumation of high- to ultrahigh-pressure rocks in continental collision 
zones, Earth and Planetary Science Letters, (in press). 
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Title: Parameters that control lithospheric-scale thermal localization on terrestrial 
planets. 

 
Researchers: F. Crameri 
 B. J. P. Kaus 
 
 
Institute/ Institute of Geophysics 
Group: Geophysical Fluid Dynamics 
 
 
Description: Shear‐heating induced localization has been suggested as a potentially important 

mechanism for breaking the lithosphere. Yet, the physical parameters that control  
the onset of this instability remain unclear. We therefore performed systematic 
2‐D simulations of visco‐elasto‐ plastic lithospheric deformation in which we 
addressed the effects of various parameters and we found that a sharp transition 
exists between localizing and non‐localizing regimes. In a next step we develop a 
semi‐analytical model that combines scaling laws with a 1‐D lithospheric 
deformation model. We show that the 1‐D model successfully predicts the 
occurrence of shear localization in 2‐D models, if the thickness of the plastically 
deforming part of the (lower) lithosphere is employed as characteristic 
length‐scale. An application of the 1‐D model to the terrestrial planets shows that 
this type of shear‐localization is expected to occur most readily on Earth. 

 
 
References: Crameri F., Kaus B.J.P. (2010). Parameters that control lithospheric-scale thermal 
localization on terrestrial planets. Geophysical Research Letters. Vol. 37, L09308, 
doi:10.1029/2010GL042921 
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Description:  
 
Geodynamic processes are in many cases coupled to surface processes such as erosion of 
mountains or deposition of sediments in basins. Numerical models that study the effect of such 
surface processes on the dynamics of the lithosphere use either a self-consistent free surface 
approach or approximate it by adding a weak, low density “air” layer on top of the model 
domain. A main problem with such setups, however, is that they are numerically unstable, which 
is caused by the fact that the density difference that drives geodynamic processes (∼30–100 
kg/m3) is much smaller than the density difference between rocks and air (∼3000 kg/m3 ). In 
order to retain isostatic balance, one should thus employ a time step that is at least 30 times 
smaller than in models with a free slip upper boundary condition, which makes such models 
computationally very expensive. 
Here we describe a new free surface stabilization approach (FSSA) that largely overcomes this 
time step restriction. In this work, we apply the stabilization technique to consistent free surface 
models utilizing a finite element discretization. The approach is based on the observation that 
most geodynamical simulations perform time-dependent simulations by solving the static Stokes 
equations and then updating the material or temperature fields in a separate step. If, however, the 
time-dependency of these quantities is taken into account during the discretization of the 
momentum equations, additional surface traction terms appear in the weak form of the FE 
formulation. These terms, which depend on the employed time step and velocity, essentially 
correct for the change of forces in an element due to advection or distortion of every element. By 
time-discretizing them, they act as a stabilizing term that largely increases the time steps that can 
be employed (by a factor 20–100 depending on the time stepping criteria that is used). 
We illustrate the accuracy and power of this method with examples of a free surface Rayleigh 
Taylor instability and with a free subduction experiment. 
 
 
References: Kaus B.J.P, Mühlhaus H., May D.A. (2010). A stabilization algorithm  for 
geodynamic numerical simulations with a free surface. Physics of the Earth and Planetary 
Interiors. Vol. 181, p. 12-20. 
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Description:  
 
We analyze the mechanical behavior of a two-phase system consisting of rigid grains and an 
interconnected pore fluid. For this purpose we use 2D direct numerical simulations on the spatial 
scale of individual grains for Newtonian and non-Newtonian fluid rheology. By using the stress–
strain rate relation we derive scaling laws for effective viscosity of two-phase particle 
suspensions. We demonstrate that the effective rheology of the assemblage is non-Newtonian 
only if the fluid has a non-Newtonian rheology. At small fluid fraction, inter-granular strain rates 
are up to 3 orders of magnitude higher than the applied background strain rate. We suggest that 
this effect explains the experimentally observed change at higher strain rates in rheology, from 
Newtonian to non-Newtonian aggregate rheology. 
To establish the conditions at which the fluid–solid aggregate deforms coherently as a 
consequence of Rayleigh–Taylor instabilities we studied flow patterns of particle suspensions 
and characterized them as a function of fluid fraction, viscosity, density, shape and size of the 
grains. From initial conditions with homogeneously distributed grains and interstitial fluid above 
a layer of pure fluid, our results show that the Rayleigh–Taylor instability dominates for 
moderate to large fluid fractions. At large fluid fractions, we observed a transition to a Stokes 
suspension mode, in which grains do not interact but sink independently. An analytical 
expression is derived that predicts the transition from Rayleigh–Taylor instability to Stokes 
suspension mode. The transition is a function of fluid fraction, radius of the grains, height of the 
interface and initial amplitude. Systematic numerical simulations are in good agreement with the 
analytical predictions. 
 
References: Deubelbeiss Y., Kaus B.J.P., Connolly J.A.D. (2010). Direct numerical simulation 
of two-phase  flow: Effective rheology and flow patterns of particle suspensions. Earth and 
Planetary Science Letters. Vol. 290 (1-2), p. 1-12. 
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Description: 
 
We investigate the behaviour of a two-phase system that involves partial melt production and 
percolation through a viscoelastoplastic continental lithosphere and crust under ongoing tectonic 
deformation. Using two-dimensional numerical simulations we examine the coupled magmatic 
and tectonic processes leading to intrusive rock formation in a continental setting. We do this by 
tracking melt from its formation in the upper mantle, during its ascent through the lithosphere, 
until it is emplaced and crystallized as an intrusive body in the crust. 
The numerical modeling approach is based on the assumption that the melt fraction is equal to the 
porosity of the rock and that porosity change reflects, apart from melting and crystallization, the 
compaction or dilation of the matrix framework due to both viscous and elastic processes. Both 
modes of compaction are connected to the local effective pressure, which is obtained as the 
difference between the bulk pressure over both phases and the local fluid pressure. The magmatic 
model is chosen to represent a typical melt evolution starting with an arc-type basaltic melt that 
will fractionate into mafic cumulates and more highly evolved melt, which will again crystallize 
as a felsic plutonite rock. Compositional contamination by melting of crustal rocks during the 
magma’s ascent is taken into account. 
The model setup involves a continental crust of 50 km thickness and 100 km of the underlying 
mantle. At the lithosphere-asthenosphere transition, we introduce a source region for partial melt 
by applying an initial temperature slightly above a wet mantle solidus. The melt production and 
propagation depends on the evolution of temperature and dynamic pressure in the lithosphere and 
crust as the region is being deformed tectonically. Here, we focus on extensional tectonics as they 
provide the best conditions for the extraction of mantle melt. Compressional and transpressional 
tectonics will be the subject of further investigations. 
First results indicate that melt propagation is strongly related to the regional stress field, and that 
brittle fault zones form important conduits for the propagation of partial melt, especially through 
the more competent parts of lithosphere and lower crust. Where the partial melt reaches either 
mechanical barriers or neutral bouancy with respect to the host rock, regions of magma 
accumulation may quickly evolve into magma chambers with melt content exceeding 80%. 
There, the melt may either reside until it crystallizes or fractionate until the more evolved rest of 
the melt has obtained new bouancy to force its way further through the crust. 
 
References: No publication submitted yet. 
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Description: 
 
Understanding of the tectonic evolution of the India-Asia collision is still incomplete and 
many open questions remain concerning the deformation style of crustal thickening 
causing the outstandingly high elevation of the Tibetan Plateau. Different models have 
been suggested explaining the crustal thickening by, e.g., (1) homogeneous, continuous 
ductile thickening using thin-sheet models, (2) heterogeneous, ductile deformation 
including folding, (3) discrete movement along thrusts developing crustal wedges and/or 
underplating, and (4) lateral crustal flow due to pressure gradients resulting from 
topography. Most existing models are not fully 3D and assume a certain deformation 
style a priori, which makes it difficult to judge the relative importance of this deformation 
style for the formation of the Tibetan Plateau.  
Therefore, we performed a comparison of ductile deformation styles including 
thickening, folding and crustal flow during continent indentation resulting from both a 
3D numerical model and a thin-sheet model. In both models we apply either linear or 
power-law viscous rheology. The 3D model consists of four layers representing a 
simplified lithosphere: strong upper crust, weak lower crust, strong upper mantle and 
weak lower mantle (Fig. 1c). From the effective viscosity distribution of the 3D model a 
vertically averaged effective viscosity is calculated and used for the thin-sheet model to 
enable direct comparisons between the two models. 
The model boundary at which indentation is taking place exhibits a velocity profile that 
varies in the x-direction but is constant with depth (Figs. 1a and b). The 3D model 
additionally exhibits a free surface and a bottom boundary allowing free slip (Fig. 1a, b). 
Gravity is included in the model and differential stresses are close to zero at the model 
bottom so that isostasy is fulfilled within the model.  
We investigated and quantified the differences in the velocity and strain rate fields 
resulting from the two models at two different stages: (1) active indentation with constant 
indentation velocity and (2) gravitational collapse after a decrease of the indenting 
velocity. The thin-sheet model agrees well with the 3D model during active indentation, 
although it cannot account for folding, which takes place in the layered, 3D model (Fig. 
2). When the indentation velocity is decreased and the differences in topographic 
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elevation are being equilibrated (i.e. gravitational collapse), significant differences 
between the two models become apparent. In the 3D model lower crustal flow is taking 
place (Fig. 2). Velocity fields of upper crust and upper mantle, are very similar to the 
thin-sheet, and therefore are significantly different from the one of the lower crust. These 
results indicate that the lithosphere is not mechanically coupled for the assumed 
rheological profile and is not deforming as a whole; hence there is a disagreement with 
the basic assumption of thin-sheet models. In addition, equal velocity fields in the upper 
crust, respectively on the surface, and in the upper mantle are not evidence for a coupled 
lithosphere, as, e.g., Wang et al. (2009) concluded from a comparison of surface GPS-
velocities and shear wave splitting data of the mantle, which show a coherent anisotropy 
pattern in the area of the Tibetan Plateau. 
 

 
 
Figure 1: (a, b) Model setup and boundary conditions of thin-sheet and 3D model. The model is 500 km x 
500 km in x- and y-direction and 120 km in z-direction in the 3D case. Shortening is applied in y-direction 
with a cosine-shaped velocity profile. (c) Layered rheological profile of 3D model (full black line) and 
depth-averaged viscosity profile of thin-sheet model (dashed black line) for a linear viscous rheology. 
Indicated in grey numbers are the differential stresses resulting in the different layers of the 3D model for a 
strain rate of 10-15 s-1. 
 

 
 

Figure 2: Horizontal velocities of the power-law viscous 3D model after 10 Ma of indentation. The three 
uppermost layers (upper crust, lower crust and upper mantle) are shown: (a) N-S profile of the power-law 
viscous 3D model with pronounced folding of the upper mantle, (b) W-E profile of power-law viscous 3D 
model with strong lower crustal flow. 
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Description: 

Despite their importance in geodynamics, the processes that result in subduction initiation 
remain incompletely understood. Shear heating has been put forward as a mechanism to 
create lithospheric-scale shear zones. A scaling analysis highlighted the governing parameters 
that control shear localization, and showed that the boundary between localization and no 
localization is quite sharp. Recently, this scaling analysis was extended to include more 
realistic lithospheric rheologies and structures and it could be demonstrated that shear-heating 
induced lithospheric scale localization might occur for Earth-like parameters (Crameri and 
Kaus, 2010). 

It is however unclear if all lithospheric-scale shear zones evolve into self-sustaining 
subduction zones. Here, we therefore extend the models used by Crameri and Kaus to greater 
depths and take into account an underlying asthenospheric mantle. This results in a more 
pronounced localization where the deformation is taken up in one single shear zone. It could 
be shown that whole lithosphere failure does not necessarily lead to subduction initiation. 
Only for a certain range of parameters and with ongoing convergence, this shear zone evolves 
into a self-sustaining subduction zone.  

 
Figure 1: Subduction resulting from forced convergence of two oceanic plates of different 
age. Subduction results after a lithospheric-scale shearzone forms at around 1 Myrs (visible in 
the temperature isocontours). Colors show composition, white contour lines denote isotherms. 
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Description: 

The deformation of rock in the mantle, lithosphere and crust over geological time 
periods is frequently described via the equations of quasi-static elasticity or steady 
state Stokes flow. The efficient numerical solution of these stationary equations 
mandate the use of implicit solvers. The rheology of rocks is such that the coefficients 
in their constitutive relationships may locally vary in space by as much as 10 orders of 
magnitude.  

Preconditioners based on classical geometric multigrid (GMG), or even algebraic 
multigrid (AMG) applied directly to the coupled system often do not produce a 
solution strategy which is robust with respect to large coefficient variations. We have 
developed a family of physics based, multilevel preconditioning strategies which 
utilise an ordering based on the physical quantity each entry represents. This 
physically motivated ordering is then used to define block variants of Jacobi, Gauss-
Seidel (GS) or (S)SOR algorithms. We examine i) a decoupled multilevel approach in 
which the application of the inverse of each block in Jacobi/GS/(S)SOR is defined 
with FGMRES combined with either a scalar GMG or AMG preconditioner and ii) a 
coupled multilevel approach where the block Jacobi/GS/(S)SOR methods define a 
smoother for use in a multilevel algorithm. In the latter, the application of the inverse 
of each block is define via a fixed number of Richardson iterations combined with a 
block ILU(0) preconditioner.  

Both these approaches are found to be extremely robust w.r.t viscosity contrast 
(Stokes) and both Young’s modulus and Poisson ratio (elasticity) in 2D and 3D 
applications. The decoupled approach is in general less sensitive to the dimension of 
the coefficient structure, however is often slower than the coupled approach. 
Achieving a scalable, parallel multilevel technique depends crucially on the coarse 
grid solver. In our study, our coarse grid solver utilises processor agglomeration and a 
parallel direct solver applied redundantly over the processors agglomerates.  
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Description: 
 
From both a geological and geophysical point of view, the Alps represent one of the 
most thoroughly studied orogens on Earth, and as such is possibly one of the best 
examples to constrain orogenic processes. The result of the subduction-collision 
orogeny is a strongly non-cylindrical structure at all lithosphere levels even within the 
more linear eastern Alps and thus inherently three-dimensional in structure. 
 
The geodynamic forward we have utilized here is a scalable, parallel 3D ALE finite 
element code which is suited to performing sufficiently well resolved three-
dimensional, thermo-mechanical numerical models. Geophysical constraints were 
used in the preliminary model which consisted of three layers; topography, Moho and 
the lithospheric-asthenospheric boundary. In addition, a seismically inferred detached 
slab at a depth of 100km was also introduced in some models. Model validation was 
determined by comparing the horizontal surface velocities with GPS data. 

In the preliminary study we focused on accessing the computational requirements 
necessary for the inversion of these simple viscously layered models. To this end, we 
established a preconditioning strategy suitable for meshes containing deformed 
elements, a free surface and aspect ratios of approximately O(10) which was robust 
w.r.t viscosity jumps between the interfaces on the order of 1e5. A grid refinement 
study also verified that for the three layer model was sufficiently well resolved with a 
model which would run using only 4-16 CPU’s with solution times on the order of 
40-4 minutes. The initial experiments conducted revealed that the computational 
domain needs to be extended to reduce a spurious return flow caused by the proximity 
of the boundary. It was also apparent that a lower crust is required in the model, this 
will defined using the EUCrust model. Despite the simplicity of the preliminary three 
layer model, we demonstrated that introducing the detached slab radically altered the 
surface velocity. The inclusion of the slab introduced localized zones of uplifting, a 
clockwise rotational component to horizontal flow and a N-E oriented shear zone. 
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Description: 

We developed and compared two approaches for computing gravity anomalies. The 
methods consist of a finite element discretisation of the Poisson problem, solved via 
FGMRES preconditioned with geometric multigrid (FEM-GMG). The gravity field is 
reconstructed via a local least squares fit, constrained a local form of the PDE. The 
method is shown to produce second order accurate gravity fields in L2. To provide 
efficient preconditioning on grids with high aspect ratios (~100-1000), we use 
smoothers define by either Richardson iterations combined with block ILU(0), or a 
Chebychev iteration with an automatic extremal eigenvalue estimator combined with 
block ILU(0). The second method utilises a classical summation approach which is 
evaluated via the Fast Multipole Method (S-FMM). This method yields first order 
accurate gravity fields in L2.  

Both FEM-GMG and S-FMM are optimal methods, implying that the memory usage 
and the computational time required scale in proportion to the number of voxels used 
to discretise the sub-surface density structure. Whilst the FEM-GMG does possess a 
higher convergence rate, one is required to generate a conforming mesh to discretise 
the sub-surface, and ensuring the multigrid preconditioner remains robust for all grid 
geometries is not straightforward. In contrast, S-FMM can utilise a point cloud to 
represent the sub-surface, the user only needs to provide a measure of volume for 
each point. Furthermore, the solve time for S-FMM is only dependent on the number 
of points, and not the geometry of the discretisation,  

Both techniques are implemented in a manner such that the computations can be 
performed in a massively parallel computing environment. Numerical examples have 
demonstrated excellent parallel scalability of S-FMM upto to 256 cores and upto 4096 
cores for FEM-GMG. 
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Description:  

The Ocean Island Basalts (OIB) have specific geochemical signatures (in particular, large scattering in 
the 3He/4He ratio), which suggest that they originate from several reservoirs, one of which should be 
undegassed. It was long assumed that the undegassed reservoir is hidden in the lower mantle (or is the 
lower mantle itself), but the discovery of slabs penetrating in the deep mantle invalidated this 
hypothesis. This apparent contradiction can however be removed assuming that the undegassed 
reservoir consists of domes of chemically differentiated material located in the deep mantle, as 
revealed by numerical experiments of thermo-chemical convection we recently conducted. In this 
procject, we run additional series of experiments of thermo-chemical convection in 3D-Cartesian 
geometry, in which we varied the chemical density contrast between the dense primitive and regular 
materials (measured by the buoyancy ratio B) and the Clapeyron slope at 660 km (Γ660), and for each 
experiment, we quantified the fraction of dense primitive material that is transported by the thinned 
plumes and compared it to available constraints from geochemistry. Our results indicate that the mass 
fraction of dense material transported by secondary plumes never exceeds the maximum values 
predicted by mass balance geochemical calculations. We also run preliminary calculations in spherical 
geometry (Figure 1), which again show that large reservoirs of primitive dense material can survive at 
the bottom of the system for long period of time. 
 

 
Figure 1. An experiment of thermo-chemical convection in spherical geometry. This case includes a negative 
Clapeyron slope at 660 km depth (Γ660 = -2.5 MPa/K), a large thermal viscosity contrast (Rµ = 106) and a 
moderate buoyancy ratio (B = 0.2). The left and right columns show isosurfaces of the non-dimensional 
temperature and of the concentration in dense material, respectively. 
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Strong seismological evidences suggest the presence of large chemical heterogeneities in the deep 
Earth’s mantle. The nature of these chemical heterogeneities remains however a matter of debate. So 
far, two independent sources of chemical heterogeneities have been investigated by models of thermo-
chemical convection: the interaction of primitive reservoir(s) of dense material with mantle 
convection, and the production and recycling of MORBs. Models with an initial basal layer of dense 
material indicate that strong thermal viscosity contrasts are able to create and maintain large pools of 
dense material at the bottom of the system, and that an endothermic phase transition at 660-km depth 
prevents the dense material to massively flow into the upper part of the system. Models that include 
MORBs recycling indicate that the formation and survival of pools of dense material at the bottom of 
the mantle is sensitive to the buoyancy ratio and to the composition of MORBs. Individually, pools of 
primitive material and recycled MORBs do not fully satisfy the seismological observations. Very 
likely, the seismic velocity and density anomalies observed in the deep mantle originate from a 
combination of thermal anomalies and two (or more) chemical sources of chemical heterogeneities. 
This project aims to build thermo-chemical models of convection that combine two sources of 
chemical heterogeneity, primitive reservoirs and recycled MORBs. Figure 1 displays preliminary 
calculations that include a primitive reservoir of dense material, and some recycled MORB crust.    
 

 
Figure 1. Two numerical models of thermo-chemical convection (see properties on top of each column) with two 
sources of chemical heterogeneities. For each model, the top panel represents two isosurfaces of the residual 
temperature (blue is colder than average, orange is hotter), the middle panel shows an isosurface (C = 0.5) of 
the dense primitive material, and the bottom panel plots an isosurface (C = 0.3) of the recycled MORB material. 
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Reconstruction of the thermal history of planetary mantles requires, in particular, a good description of 
the heat flux that can be transported through planetary mantles. A convenient way to quantify heat 
flux, internal temperature and other important observables, is to build appropriate scaling 
relationships, which relate these observables to controlling parameters. Scaling relationships strongly 
depend on the system physical (geometry, boundary conditions, mode of heating) and rheological 
properties. A key ingredient that has recently been incorporated in convection models is a realistic, 
spherical geometry. The curvature, measured by the ratio f of the core radius to the total radius, has a 
strong influence on the flow pattern and on the heat transfer. Using STAGYY, we performed two 
series, one for bottom heating, the other for mixed heating of numerical experiments of thermal 
convection for an isoviscous fluid in spherical geometry. We then inverted our results for appropriate 
heat flux and temperature scaling relationships as a function of the curvature, the Rayleigh number, 
and the internal heat production. In the case of bottom heating, we found that the available heating 
power decreases with increasing curvature (decreasing f). For mixed heating case (Figure 1), we found 
that convection is dominated by downwelling currents as the amount of internal heating increases, 
whereas hot plumes are less vigorous and may even disappear, i.e., the bottom thermal boundary layer 
progressively vanishes.  Additional complexities of planetary mantles include temperature dependent 
viscosity and the presence of chemical heterogeneities. A more realistic description of the thermal 
history of planetary mantles thus requires scaling relationships that account for these parameters, 
which we will consider in future steps. 
 

 
Figure 1. Influence of the fraction of internal heating on thrmale convection in spherical geometry. Two 
curvatures are considered, f = 0.5 (top row), and f = 0.7 (bottom row). The fraction of internal heating increases 
from left (no internal heating) to right (h = 40). The Rayleigh number is fixed to 105 in all calculations. The 
average temperature increases with increasing amount of internal heating. Hot plumes are getting weaker, and 
convection is dominated by cold downwelling. 
 
 
Reference:    Geophys. J. Int. 182 (2010) 137-154, doi:10.1111/j.1365-246X.2010.04637.x 
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Description: 
 
Indistinguishable particles in two dimensions can be characterized by anyonic quantum statistics 
more general than those of bosons or fermions. Such anyons emerge as quasiparticles in 
fractional quantum Hall states and certain frustrated quantum magnets. Quantum liquids of 
anyons exhibit degenerate ground states where the degeneracy depends on the topology of the 
underlying surface. Here we present a novel type of continuous quantum phase transition in such 
anyonic quantum liquids that is driven by quantum fluctuations of topology. The critical state 
connecting two anyonic liquids on surfaces with different topologies is reminiscent of the notion 
of a `quantum foam' with fluctuations on all length scales. This exotic quantum phase transition 
arises in a microscopic model of interacting anyons for which we present an exact solution in a 
linear geometry. We introduce an intuitive physical picture of this model that unifies string nets 
and loop gases, and provide a simple description of topological quantum phases and their phase 
transitions. 
 
References: 
 

Nature Physics 5, 834 (2009) 
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Description: 
 
Using the Ehrenfest urn model we illustrate the subtleties of error estimation in Monte Carlo 
simulations. We discuss how the smooth results of correlated sampling in Markov chains can fool 
one's perception of the accuracy of the data, and show (via numerical and analytical methods) how 
to obtain reliable error estimates from correlated samples. 
 
References: 
 

Journal-ref: Am.J.Phys.78:150-157,2010 
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Description: 
 
We establish the phase diagram of the disordered three-dimensional Bose-Hubbard model at 
unity filling, which has been controversial for many years. The theorem of inclusions, proven in 
Ref. [1], states that the Bose glass phase always intervenes between the Mott insulating and 
superfluid phases. Here, we note that assumptions on which the theorem is based exclude phase 
transitions between gapped (Mott insulator) and gapless phases (Bose glass). The apparent 
paradox is resolved through a unique mechanism: such transitions have to be of the Griffiths 
type when the vanishing of the gap at the critical point is due to a zero concentration of rare 
regions where extreme fluctuations of disorder mimic a {\it regular} gapless system. An exactly 
solvable random transverse field Ising model in one dimension is used to illustrate the point. A 
highly non-trivial overall shape of the phase diagram is revealed with the worm algorithm. The 
phase diagram features a long superfluid finger at strong disorder and on-site interaction. 
Moreover, bosonic superfluidity is extremely robust against disorder in a broad range of 
interaction parameters; it persists in random potentials nearly 50 (!) times larger than the particle 
half-bandwidth. Finally, we comment on the feasibility of obtaining this phase diagram in cold-
atom experiments, which work with trapped systems at finite temperature. 
 
References: 
 

Phys. Rev. B 80, 2145519 (2009) 
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Description: 
 
We study a system of heteronuclear molecules on a triangular lattice and analyze the potential of 
this system for the experimental realization of a supersolid phase. The ground state phase 
diagram contains superfluid, solid and supersolid phases. At finite temperatures and strong 
interactions there is an additional emulsion region, in contrast to similar models with short-range 
interactions. We derive the maximal critical temperature Tc and the corresponding entropy S/N 
= 0.04(1) for supersolidity and find feasible experimental conditions for its realization. 
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Description: 
 
We propose an indistinguishability measure for assessment of ansatz wavefunctions with 
numerically determined wavefunctions. The measure efficiently compares all correlation 
functions of two states and can therefore be used to distinguish phases by defining correlator 
classes for ansatz wavefunctions. It also allows identification of quantum critical points. We 
demonstrate the approach for the transverse Ising and bilinear-biquadratic Heisenberg models, 
using the matrix product state formalism with the time evolving block decimation algorithm. 
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Description: 
 
The numerical simulation of strongly first-order phase transitions has remained a notoriously 
difficult problem even for classical systems due to the exponentially suppressed (thermal) 
equilibration in the vicinity of such a transition. In the absence of efficient update techniques, a 
common approach to improve equilibration in Monte Carlo simulations is to broaden the 
sampled statistical ensemble beyond the bimodal distribution of the canonical ensemble. Here 
we show how a recently developed feedback algorithm can systematically optimize such 
broad-histogram ensembles and significantly speed up equilibration in comparison with other 
extended ensemble techniques such as flat-histogram, multicanonical or Wang-Landau 
sampling. As a prototypical example of a strong first-order transition we simulate the two-
dimensional Potts model with up to Q = 250 different states on large systems. The optimized 
histogram develops a distinct multipeak structure, thereby resolving entropic barriers and their 
associated phase transitions in the phase coexistence region such as droplet nucleation and 
annihilation or droplet-strip transitions for systems with periodic boundary conditions. We 
characterize the efficiency of the optimized histogram sampling by measuring round-trip times _ 
(N;Q) across the phase transition for samples of size N spins. While we find power-law scaling 
of _ vs. N for small Q . 50 and N . 402, we observe a crossover to exponential scaling for larger 
Q. These results demonstrate that despite the ensemble optimization broad-histogram 
simulations cannot fully eliminate the supercritical slowing down at strongly first-order 
transitions. 
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Description: 
 
We show that Monte Carlo sampling of the Feynman diagrammatic series (DiagMC) can be 
used for tackling hard fermionic quantum many-body problems in the thermodynamic limit by 
presenting accurate results for the repulsive Hubbard model in the correlated Fermi liquid 
regime. Sampling Feynman’s diagrammatic series for the single-particle self-energy we can 
study moderate values of the on-site repulsion (U/t ∼4) and temperatures down to T/t = 1/40. We 
compare our results with high temperature series expansion and with single-site and 
cluster dynamical mean-field theory. 
 
References: 
 

EPL 90, 10004 (2010) 

238



 
Title: 
 

Beliaev technique for a weakly interacting Bose gas 

Researchers: 
 

B Capogrosso-Sansone,1,2 S Giorgini,3 S Pilati,3,4 
L Pollet,1,5 N Prokof ’ev,1,6 B Svistunov1,4,6 and M Troyer4 

Institute/Group: 
 
 

1 Department of Physics, University of Massachusetts, Amherst, MA 
01003, USA 
2 Institute for Theoretical Atomic, Molecular and Optical Physics, 
Harvard-Smithsonian Center of Astrophysics, Cambridge, MA, 02138, 
USA 
3 Dipartimento di Fisica, Universit`a di Trento and CNR-INFM BEC 
Center, I-38050 Povo, Trento, Italy 
4 Theoretische Physik, ETH Zurich, CH-8093 Zurich, Switzerland 
5 Physics Department, Harvard University, Cambridge, MA 02138, USA 
6 Russian Research Center “Kurchatov Institute”, 123182 Moscow, 
Russia 
 

Description: 
 
Abstract. Aiming for simplicity of explicit equations and at the same time controllable accuracy 
of the theory we present results for all thermodynamic quantities and correlation functions for 
the weakly interacting Bose gas at short-to-intermediate distances obtained within an improved 
version of Beliaev’s diagrammatic technique. With a small symmetry breaking term Beliaev’s 
diagrammatic technique becomes regular in the infrared limit. Up to higher-order terms (for 
which we present order-of-magnitude estimates), the partition function and entropy of the 
system formally correspond to those of a non-interacting bosonic (pseudo-)Hamiltonian with a 
temperature dependent Bogoliubov-type dispersion relation. Away from the fluctuation region, 
this approach provides the most accurate—in fact, the best possible within the Bogoliubov-type 
pseudo-Hamiltonian framework—description of the system with controlled accuracy. 
It produces accurate answers for the off-diagonal correlation functions up to distances where the 
behaviour of correlators is controlled by generic hydrodynamic relations, and thus can be 
accurately extrapolated to arbitrarily large scales. In the fluctuation region, the non-perturbative 
contributions are given by universal (for all weakly interacting U(1) systems) constants and 
scaling functions, which can be obtained separately—by simulating classical U(1) models—and 
then used to extend the description of the weakly interacting Bose gas to the fluctuation region. 
The theory works in all spatial dimensions and we explicitly check its validity against first-
principleMonte Carlo simulations for various thermodynamic properties and the single-particle 
density matrix. 
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Description: 
 
We perform a quantitative simulation of the repulsive Fermi-Hubbard model using an ultra-cold 
gas trapped in an optical lattice. The entropy of the system is determined by comparing accurate 
measurements of the equilibrium double occupancy with theoretical calculations over a wide 
range of parameters. We demonstrate the applicability of both high-temperature series and 
dynamical mean-_eld theory to obtain quantitative agreement with the experimental data. The 
reliability of the entropy determination is con_rmed by a comprehensive analysis of all 
systematic errors. In the center of the Mott insulating cloud we obtain an entropy per atom as 
low as 0:77kB which is about twice as large as the entropy at the N_eel transition. The  
corresponding temperature depends on the atom number and for small _llings reaches values on 
the order of the tunneling energy. 
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Description: 
 
We investigate the phase diagram of a two-component repulsive Fermi gas at T = 0 by means of 
quantum Monte Carlo simulations. For a given value of the positive s-wave scattering length, 
both purely repulsive and purely attractive model potentials are considered in order to analyze 
the limits of the universal regime where the details of interatomic forces can be neglected. The 
equation of state of both balanced and unbalanced systems is calculated as a function of the 
interaction strength and the critical density for the onset of ferromagnetism is determined. The 
energy per particle of the strongly polarized gas is calculated and parametrized in terms of the 
physical properties of repulsive polarons, which are relevant for the stability of the fully 
magnetized ferromagnetic state. Finally, we analyze the phase diagram in the 
polarization/interaction plane under the assumption that only phases with homogeneous 
magnetization can be produced. 
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Description: 
 
We present the effective action and self-consistency equations for the bosonic dynamical mean 
field (B-DMFT) approximation to the bosonic Hubbard model and show that it provides 
remarkably accurate phase diagrams and correlation functions. To solve the bosonic dynamical 
mean field equations we use a continuous-time Monte Carlo method for bosonic impurity 
models based on a diagrammatic expansion in the hybridization and condensate coupling. This 
method is readily generalized to bosonic mixtures, spinful bosons, and Bose-Fermi mixtures. 
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Description: 
 

Proposed even-denominator fractional quantum Hall effect (FQHE) states suggest the possibility 
of excitations with non-Abelian braid statistics. Recent experiments on wide square quantum 
wells observe even-denominator FQHE even under electrostatic tilt. We theoretically analyze 
these structures and develop a procedure to accurately test proposed quantum Hall 
wavefunctions. We find that tilted wells favor partial subband polarization to yield Abelian 
even-denominator states. Our results show that tilting quantum wells effectively engineers 
different interaction potentials allowing exploration of a wide variety of even-denominator 
states. 
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Description: 
 
As scientists continue to migrate their work to computational methods, it is important to track 
not only the steps involved in the computation but also the data consumed and produced. While 
this provenance information can be captured, in existing approaches, it often contains only weak 
references between data and provenance. When data files or provenance are moved or modified, 
it can be difficult to find the data associated with the provenance or to find the provenance 
associated with the data. We propose a persistent storage mechanism that manages input, 
intermediate, and output data files, strengthening the links between provenance and data. This 
mechanism provides better support for reproducibility because it ensures the data referenced in 
provenance information can be readily located. Another important benefit of such management 
is that it allows caching of intermediate data which can then be shared with other users. We 
present an implemented infrastructure for managing data in a provenance-aware manner and 
demonstrate its application in scientific projects. 
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Description: 
 
We explain how to implement, in the context of projected entangled-pair states (PEPS), the 
general procedure of fermionization of a tensor network introduced in [P. Corboz, G. Vidal, 
Phys. Rev. B 80, 165129 (2009)]. The resulting fermionic PEPS, similar to previous proposals, 
can be used to study the ground state of interacting fermions on a two-dimensional lattice. As in 
the bosonic case, the cost of simulations depends on the amount of entanglement in the ground 
state and not directly on the strength of interactions. The present formulation of fermionic PEPS 
leads to a straightforward numerical implementation that allowed us to recycle much of the code 
for bosonic PEPS. We demonstrate that fermionic PEPS are a useful variational ansatz for 
interacting fermion systems by computing approximations to the ground state of several models 
on an in_nite lattice. For a model of interacting spinless fermions, ground state energies lower 
than Hartree-Fock results are obtained, shifting the boundary between the metal and charge-
density wave phases. For the t - J model, energies comparable with those of a specialized 
Gutzwiller-projected ansatz are also obtained. 
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Description: 
 

Ultracold atomic gases in optical lattices have proven to be a controllable, tunable and clean 
implementation of strongly interacting quantum many-body systems. An essential prospect for 
such quantum simulators is their ability to map out the phase diagram of fundamental many-
body model Hamiltonians. However, the results need to be validated first for representative 
benchmark problems via state-of-the-art numerical methods of quantum many-body theory. Here 
we present the first ab-initio comparison between experiments and quantum Monte Carlo 
simulations for strongly interacting Bose gases on a lattice for large systems (up to N ≃ 3Å~105 
particles). The comparison has enabled us to perform thermometry for the interacting quantum 
gas and to experimentally determine the finite temperature phase diagram for bosonic 
superfluids in an optical lattice. Our results reveal a downshift of the critical temperature as the 
transition to the Mott insulator is approached. 
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Description: 
 
Interacting systems of anyons pose a unique challenge to condensed matter simulations due to 
their non-trivial exchange statistics. These systems are of great interest as they have the potential 
for robust universal quantum computation, but numerical tools for studying them are as yet 
limited. We demonstrate how the Multi-scale Entanglement Renormalisation Ansatz (MERA) 
may be adapted for the study of a one-dimensional system of anyons. We apply this ansatz to 
infinite chains of interacting Fibonacci anyons, computing their scaling dimensions and local 
scaling operators. The scaling dimensions are seen to be in agreement with those previously 
obtained from exact diagonalisation of finite systems. The techniques developed are applicable 
to any tensor network algorithm, and the ability to adapt these ansatzes for use on anyonic 
systems opens the door for numerical simulation of large systems of free and interacting anyons 
in one and two dimensions. 
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Description: 
 
We present a new class of tensor network states that are specifically 
designed to capture the electron correlation of a molecule of arbitrary structure. In 
this ansatz, the electronic wave function is represented by a Complete-Graph Tensor 
Network (CGTN) ansatz which implements an efficient reduction of the number of 
variational parameters by breaking down the complexity of the high-dimensional 
coefficient tensor of a full-configuration-interaction (FCI) wave function. We 
demonstrate that CGTN states approximate ground states of molecules accurately by 
comparison of the CGTN and FCI expansion coefficients. The CGTN parametrization 
is not biased towards any reference configuration in contrast to many standard quantum 
chemical methods. This feature allows one to obtain accurate relative energies between 
CGTN states which is central to molecular physics and chemistry. We discuss the 
implications for quantum chemistry and focus on the spin-state problem. Our CGTN 
approach is applied to the energy splitting of states of different spin for methylene 
and the strongly correlated ozone molecule at a transition state structure. The 
parameters of the tensor network ansatz are variationally optimized by means of a 
parallel-tempering Monte Carlo algorithm. 
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Description: 
 
We analyze quantitatively how imaging techniques with single-site resolution allow to measure 
thermodynamical properties that cannot be inferred from time-of-light images for the trapped 
Bose-Hubbard model. If the normal state extends over a sufficiently large range, the chemical 
potential and the temperature can be extracted from a single shot, provided the sample is in 
thermodynamic equilibrium. When the normal state is too narrow, temperature is low but can 
still be extracted using the fluctuation-dissipation theorem over the entire trap range as long as 
the local density approximation remains valid, as was recently suggested by Qi Zhou and Tin-
Lun Ho [arXiv:0908.3015]. However, for typical present-day experiments, the number of 
samples needed is of the order of 1000 in order to get the temperature at least 10% accurate, but 
it is possible to reduce the variance by 2 orders of magnitude if the density-density correlation 
length is short, which is the case for the Bose-Hubbard model. Our results provide further 
evidence that cold gases in an optical lattices can be viewed as quantum analog computers. 
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Description: 
 
A set of localized, non-Abelian anyons { such as vortices in a px+ipy superconductor or 
quasiholes in certain quantum Hall states { gives rise to a macroscopic degeneracy. Such a 
degeneracy is split in the presence of interactions between the anyons. Here we show that in two 
spatial dimensions this splitting selects a unique collective state as ground state of the interacting 
many-body system. This collective state can be a novel gapped quantum liquid nucleated inside 
the original parent liquid (of which the anyons are excitations). This physics is of relevance for 
any quantum Hall plateau realizing a non-Abelian quantum Hall state when moving o_ the 
center of the plateau. 
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Description: 
 
We study the thermodynamic properties of the 3D Hubbard model for temperatures down to the 
N´eel temperature using cluster dynamical mean-field theory. In particular we calculate the 
energy, entropy, density, double occupancy and nearest-neighbor spin correlations as a function 
of chemical potential, temperature and repulsion strength. To make contact with cold-gas 
experiments, we also compute properties of the system subject to an external trap in the local 
density approximation. We find that an entropy per particle S/N _ 0.65(6) at U/t = 8 is sufficient 
to achieve a N´eel state in the center of the trap, substantially higher than the entropy required in 
a homogeneous system. Precursors to antiferromagnetism can clearly be observed in nearest-
neighbor spin correlators. 
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Description:  
 
We theoretically examine the use of a statistical distance measure, the indistinguishability, as a 
generic tool for the identification of topological order. We apply this measure to the toric code 
and two fractional quantum Hall models. We find that topologically ordered states can be 
identified with the indistinguishability for both models. Calculations with the indistinguishability 
also underscore a key distinction between symmetries that underly topological order in the toric 
code and quantum Hall models. 
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Description: 
 
We show theoretically that sudden application of an appropriate ac field to correlated lattice 
fermions flips the band structure and effectively switches the interaction from repulsive to 
attractive. The nonadiabatically driven system is characterized by a negative temperature with a 
population inversion. We numerically demonstrate the converted interaction 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 the possibility that an ac field can 
dynamically induce superconductivity if it is turned on in a suitable manner. 
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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 paramagnetic 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 hybridization gap. We also address the 
effect of the confining potential in optical lattice systems by means of real-space DMFT 
calculations. 
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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. 
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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 approximation _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) 

 

256



 
Title: 
 

Dynamical Mean Field Solution of the Bose-Hubbard Model 

Researchers: 
 

Peter Anders,1 Emanuel Gull,2 Lode Pollet,3 Matthias Troyer,1 and 
Philipp Werner1 

Institute/Group: 
 
 

1 Theoretische Physik, ETH Zurich, 8093 Zurich, Switzerland 
2 Department of Physics, Columbia University, 538 West 120th Street, 
New York, New York 10027, USA 
3 Department of Physics, Harvard University, Cambridge, Massachusetts 
02138, USA 

Description: 
We present the effective action and self-consistency equations for the bosonic dynamical mean 
field approximation to the bosonic Hubbard model and show that it provides remarkably 
accurate phase diagrams and correlation functions. To solve the bosonic dynamical mean field 
equations, we use a continuous-time Monte Carlo method for bosonic impurity models based on 
a diagrammatic expansion in the hybridization and condensate coupling. This method is readily 
generalized to bosonic mixtures, spinful bosons, and Bose-Fermi mixtures. 
 
References: 
 

Phys. Rev. Lett. 105, 096402 (2010) 

 

257



 
Title: 
 

Continuous-time quantum Monte Carlo and maximum entropy approach 
to an imaginary-time formulation of strongly correlated steady-state 
transport 
 

Researchers: 
 

Andreas Dirks,1 Philipp Werner,2 Mark Jarrell,3 and Thomas Pruschke1 

Institute/Group: 
 
 

1 Department of Physics, University of Göttingen, D-37077 Göttingen, 
Germany 
2 Institut für Theoretische Physik, ETH Zurich, CH-8093 Zurich, 
Switzerland 
3 Department of Physics and Astronomy, Louisiana State University, 
Baton Rouge, Louisiana 70803, USA 
 

Description: 
Recently, Han and Heary _Phys. Rev. Lett. 99, 236808 _2007__ proposed an approach to 
steady-state quantum transport through mesoscopic structures, which maps the nonequilibrium 
problem onto a family of auxiliary quantum impurity systems subject to imaginary voltages. We 
employ continuous-time quantum Monte-Carlo solvers to calculate accurate imaginary time data 
for the auxiliary models. The spectral function is obtained from a maximum entropy analytical 
continuation in both Matsubara frequency and complexified voltage. To enable the analytical 
continuation we construct a kernel which is compatible with the analytical structure of the 
theory. While it remains a formidable task to extract reliable spectral functions from this 
unbiased procedure, particularly for large voltages, our results indicate that the method in 
principle yields results in agreement with those obtained by other methods. 
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Description: 
 
We investigate the attractive Hubbard model in infinite spatial dimensions by means of 
dynamical mean-field theory. Using a continuous-time Monte Carlo algorithm in the Nambu 
formalism as an impurity solver, we directly deal with the superfluid phase in the population 
imbalanced system. By calculating the superfluid order parameter, the magnetization, and the 
density of states, we discuss how the polarized superfluid state is realized in the attractive 
Hubbard model at quarter filling. We find that a drastic change in the density of states is induced 
by spin imbalanced populations in the superfluid state. 
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Description: 
 
We present an efficient method for incorporating a dynamically screened interaction into the 
single-site dynamical mean field approximation widely used to treat correlation physics. Model 
system calculations are presented which capture the essential features of the frequency-
dependent interactions previously obtained for Gd, Ni, SrVO3 and other compounds. Dynamical 
screening is shown to shift the metalinsulator phase boundary, to change the spectral function 
near the Mott-Hubbard gap edge, and to renormalize the quasiparticle weight. A multipeak 
spectral function is found, with shakeoff (Hubbard) bands which are generically neither 
separated by the screened nor by the unscreened interaction energy, implying that the common 
practice of extracting the Hubbard U from the energies of features in photoemission and inverse 
photoemission spectra requires reexamination. 
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Description: 
We present optimized implementations of the weak-coupling continuous-time Monte Carlo 
method defined for nonequilibrium problems on the Keldysh contour. We describe and compare 
two methods of preparing the system before beginning the real-time calculation: the “interaction 
quench” and the “voltage quench,” which are found to be suitable for large and small voltage 
biases, respectively.We also discuss technical optimizations which increase the efficiency of the 
real-time measurements. The methods allow the accurate simulation of transport through 
quantum dots over wider interaction ranges and longer times than have heretofore been 
possible. The current-voltage characteristics of the particle-hole symmetric Anderson-impurity 
model is presented for interactions U up to ten times the intrinsic level width _. We compare the 
Monte Carlo results to fourth-order perturbation theory, finding that perturbation theory is 
accurate up to U_4_ or for a voltage bias V_4_. The interplay of voltage and temperature and the 
Coulomb blockade conductance regime are studied. 
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Description: 
 
We use nonequilibrium dynamical mean-field theory in combination with a recently developed 
Quantum Monte Carlo impurity solver to study the real-time dynamics of a Hubbard model 
which is driven out of equilibrium by a sudden increase in the on-site repulsion U. We discuss 
the implementation of the selfconsistency procedure and some important technical 
improvements of the QMC method. The exact numerical solution is compared to iterated 
perturbation theory, which is found to produce accurate results only for weak interaction or short 
times. Furthermore, we calculate the spectral functions and the optical conductivity from a 
Fourier transform on the finite Keldysh contour, for which the numerically accessible time 
scales allow to resolve the formation of Hubbard bands and a gap in the strongly interacting 
regime. The spectral function, and all one-particle quantities that can be calculated from it, 
thermalize rapidly at the transition between qualitatively different weak- and strong-coupling 
relaxation regimes. 
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Description: 
 
We explore the momentum-sector-selective metal insulator transitions recently found in the 
eight - site dynamical cluster approximation to the two-dimensional Hubbard model. The phase 
diagram in the space of interaction and second-neighbor hopping is established. The initial 
transitions from Fermi-liquid like to sector-selective phases are found to be of second order, 
caused by the continuous opening of an energy gap whereas the other transitions are found to be 
of first order. In the sectorselective phase the Fermi surface regions which are not gapped are 
found to have a non-Fermi-liquid self-energy. We demonstrate that the phenomenon is not 
caused by the Van Hove divergence in the density of states. The sector-selective and insulating 
phases are characterized by a cluster spin correlation function that is strongly peaked at the 
commensurate antiferromagnetic wave vector (_, _) but the model has no nematic instability. 
Comparison to dynamical mean-field studies on smaller clusters is made. 
 
References: 
 

Phys. Rev. B 80, 245102 (2009) 

 

263



 
Title: 
 

Magnetism and orbital ordering in an interacting three-band model: A 
dynamical mean-field study 

Researchers: 
 

Ching-Kit Chan,1 Philipp Werner,2 and Andrew J. Millis1 

Institute/Group: 
 
 

1 Columbia University, 538 West, 120th Street, New York, New York 
10027, USA 
2 Theoretische Physik, ETH Zurich, 8093 Zurich, Switzerland 
 

Description: 
 
Single-site dynamical mean-field theory is used to determine the magnetic and orbital-ordering 
phase diagram for a model of electrons moving on a lattice with three orbital states per site and 
with the fully rotationally invariant Slater-Kanamori on-site interactions. The model captures 
important aspects of the physics of transition-metal oxides with partially filled t2g shells and of 
electron-doped C60. We introduce an unbiased, computationally simple, and inexpensive 
method for estimating the presence of two-sublattice order, determine the regimes in which 
spatially uniform and two-sublattice spin and orbital orderings are present and give physical 
arguments for the origins of the different phases. Guidelines are determined for optimizing the 
presence of ferromagnetism, which may be desirable in applications. 
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Description: 
 
We present an implementation of the hybridization expansion impurity solver which employs 
sparse-matrix exact-diagonalization techniques to compute the time evolution of the local 
Hamiltonian. This method avoids computationally expensive matrix-matrix multiplications and 
becomes advantageous over the conventional implementation for models with five or more 
orbitals. In particular, this method will allow the systematic investigation of 7-orbital systems 
_lanthanide and actinide compounds_ within single-site dynamical mean-field theory. We 
illustrate the power and usefulness of our approach with dynamical mean-field results for a 5-
orbital model which captures some aspects of the physics of the iron-based superconductors. 
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Description:  
 
We describe how we have used simultaneously O(103) nodes of the EGEE Grid, accumulating 
ca. 300 CPU-years in 2-3 months, to determine an important property of Quantum 
Chromodynamics. We explain how Grid resources were exploited efficiently and with ease, 
using user-level overlay based on Ganga and DIANE tools above standard Grid software stack. 
Application-speci_c scheduling and resource selection based on simple but powerful heuristics 
allowed to improve efficency of the processing to obtain desired scientific results by a specified 
deadline. This is also a demonstration of combined use of supercomputers, to calculate 
the initial state of the QCD system, and Grids, to perform the subsequent massively distributed 
simulations. The QCD simulation was performed on a 163_4 lattice. Keeping the strange quark 
mass at its physical value, we reduced the masses of the up and down quarks until, under an 
increase of temperature, the system underwent a second-order phase transition to a quark-gluon 
plasma. Then we measured the response of this system to an increase in the quark density. We 
find that the transition is smoothened rather than sharpened. If confirmed on a finer lattice, this 
finding makes it unlikely for ongoing experimental searches to find a QCD critical point 
at small chemical potential. 
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Description:  
 
We present a non-perturbative study of the phase diagram of SU(2) Yang-Mills theory 
in a five-dimensional spacetime with a compact extra dimension. The non-renormalizable 
theory is regularized on an anisotropic lattice and investigated through numerical simulations 
in a regime characterized by a hierarchy between the scale of low-energy physics, the inverse 
compactification radius, and the cutoff scale. We map out the structure of the phase diagram 
and the pattern of lines corresponding to fixed values of the ratio between the mass of the 
fifth component of the gauge field and the non-perturbative mass gap of the four-dimensional 
modes. We discuss different limits of the model, and comment on the implications of our 
findings. 
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Description:  
 
We present unambiguous evidence from lattice simulations of QCD with three degenerate quark 
species for two tricritical points in the (T,m) phase diagram at fixed imaginary μ/T = i_/3 mod 
2_/3, one in the light and one in the heavy mass regime. These represent the boundaries of the 
chiral and deconfinement critical lines continued to imaginary chemical potential, respectively. 
It is demonstrated that the shape of the deconfinement critical line for real chemical potentials is 
dictated by tricritical scaling and implies the weakening of the deconfinement transition with 
real chemical potential. The generalization to non-degenerate and light quark masses is 
discussed. 
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Description:  

 

A new force field for the simulation of dipalmitoylphosphatidylcholine (DPPC) in the liquid-

crystalline, fluid phase at zero surface tension is presented. The structure of the bilayer with 

the area per lipid (0.629 nm
2
; experiment 0.629–0.64 nm

2
), the volume per lipid (1.226 nm

3
; 

experiment 1.229–1.232 nm
3
), and the ordering of the palmitoyl chains (order 

parameters) are all in very good agreement with experiment. Experimental electron density 

profiles are well reproduced in particular with regard to the penetration of water into the 

bilayer. The force field was further validated by simulating the spontaneous assembly of 

DPPC into a bilayer in water. Notably, the timescale on which membrane sealing was 

observed using this model appears closer to the timescales for membrane resealing suggested 

by electroporation experiments than previous simulations using existing models. 
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Description:  
 

Methods to compute free energy differences between different states of a molecular system 

are reviewed with the aim of identifying their basic ingredients and their utility when applied 

in practice to biomolecular systems. A free energy calculation is comprised of three basic 

components: (i) a suitable model or Hamiltonian, (ii) a sampling protocol with which one can 

generate a representative ensemble of molecular configurations, and (iii) an estimator of the 

free energy difference itself. Alternative sampling protocols can be distinguished according to 

whether one or more states are to be sampled. In cases where only a single state is 

considered, six alternative techniques could be distinguished: (i) changing the dynamics, (ii) 

deforming the energy surface, (iii) extending the dimensionality, (iv) perturbing the forces, 

(v) reducing the number of degrees of freedom, and (vi) multi-copy approaches. In cases 

where multiple states are to be sampled, the three primary techniques are staging, importance 

sampling, and adiabatic decoupling. Estimators of the free energy can be classified as global 

methods that either count the number of times a given state is sampled or use energy 

differences. Or, they can be classified as local methods that either make use of the force or 

are based on transition probabilities. Finally, this overview of the available techniques and 

how they can be best used in a practical context is aimed at helping the reader choose the 

most appropriate combination of approaches for the biomolecular system, Hamiltonian and 

free energy difference of interest. 
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Description: 

 

Computer simulation using molecular dynamics is increasingly used to simulate the folding 

equilibria of peptides and small proteins. Yet, the quality of the obtained results depends 

largely on the quality of the force field used. This comprises the solute as well as the solvent 

model and their energetic and entropic compatibility. It is, however, computational very 

expensive to perform test simulations for each combination of force-field parameters. 

Here, we use the one-step perturbation technique to predict the change of the free enthalpy of 

folding of a β-peptide in methanol solution due to changing a variety of force-field 

parameters. The results show that changing the solute backbone partial charges affects the 

folding equilibrium, whereas this is relatively insensitive to changes in the force 

constants of the torsional energy terms of the force field. Extending the cut-off distance for 

nonbonded interactions beyond 1.4 nm does not affect the folding equilibrium. The same 

result is found for a change of the reaction-field permittivity for methanol from 17.7 to 30. 

The results are not sensitive to the criterion, e.g., atom-positional RMSD or number of 

hydrogen bonds, that is used to distinguish folded and unfolded conformations. Control 

simulations with perturbed Hamiltonians followed by backward one-step perturbation 

indicated that quite large perturbations still yield reliable results. Yet, perturbing all solvent 

molecules showed where the limitations of the one-step perturbation technique are met. The 

evaluated methodology constitutes an efficient tool in force-field development for molecular 

simulation by reducing the number of required separate simulations by orders of magnitude. 
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Description: 

 

Computer simulation using long molecular dynamics (MD) can be used to simulate 

the folding equilibria of peptides and small proteins. However, a systematic 

investigation of the influence of the side-chain composition and position at the 

backbone on the folding equilibrium is computationally as well as experimentally too 

expensive because of the exponentially growing number of possible side-chain 

composition and combinations along the peptide chain. Here, we show that 

application of the one-step perturbation technique may solve this problem at least 

computationally, that is, one can predict many folding equilibria of a polypeptide with 

different side-chain substitutions from just one single MD simulation using an 

unphysical reference state. The methodology reduces the number of required separate 

simulations by an order of magnitude. 
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Description:   
 

The C-terminal trigger sequence is essential in the coiled-coil formation of GCN4-p1; its 

conformational properties are thus of importance for understanding this process at the atomic 

level. A solution NMR model structure of a peptide, GCN4p16–31, encompassing the GCN4-

p1 trigger sequence was proposed a few years ago. Derived using a standard single-structure 

refinement protocol based on 172 nuclear Overhauser effect (NOE) distance restraints, 14 

hydrogen-bond and 11 ø torsional angle restraints, the resulting set of 20 NMR model 

structures exhibits regular α-helical structure. However, the set slightly violates some 

measured NOE bounds and does not reproduce all 15 measured 
3
J(HN-HCα)-coupling 

constants, indicating that different conformers of GCN4p16–31 might be present in solution. 

With the aim to resolve structures compatible with all NOE upper distance bounds and 
3
J-

coupling constants, we executed several structure refinement protocols employing 

unrestrained and restrained molecular dynamics (MD) simulations with two force fields. We 

find that only configurational ensembles obtained by applying simultaneously time-averaged 

NOE distance and 
3
J-coupling constant restraining with either force field reproduce all the 

experimental data. Additionally, analyses of the simulated ensembles show that the 

conformational variability of GCN4p16–31 in solution admitted by the available set of 187 

measured NMR data is larger than represented by the set of the NMR model structures. The 

conformations of GCN4p16–31 in solution differ in the orientation not only of the side-

chains but also of the backbone. The inconsistencies between the NMR model structures and 

the measured NMR data are due to the neglect of averaging effects and the inclusion of 

hydrogen-bond and torsional-angle restraints that have little basis in the primary, i.e. 

measured NMR data. 
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Description:  
 

A one-site polarizable liquid chloroform model based on the charge-on-spring method is 

presented. It consists of five van der Waals sites and point charges, with one polarizable 

center on the carbon atom. The partial charges were adjusted to fit the gas-phase dipole 

moment of chloroform, and the Lennard–Jones parameters were varied to reproduce the 

density and the heat of vapourization of liquid chloroform. In this way, a simple polarizable 

model for liquid chloroform was obtained that correctly describes a variety of its 

thermodynamic, dynamic and dielectric properties, while the computational costs are only a 

factor of 2 higher than for a similar non-polarizable chloroform model. The model is simpler 

than two previously developed polarizable chloroform models, with four or five polarizable 

sites. The developed COS/C model is expected to show realistic behaviour of chloroform 

molecules in response to changes in electric field strength or the dielectric environment and 

should be applicable in simulations of biomolecules in conjunction with the GROMOS 

biomolecular force field. 
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Description: 

 

Folding and unfolding of β-peptides has extensively been studied by molecular 

dynamics (MD) simulation in the past decade. In these simulations, a non-polarizable 

model for the solvent (mostly methanol) was used as the solvent of β-peptides. We 

investigate 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 

the experimental data was slightly improved by applying the polarizable solvent. In 

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 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.  
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Description: 

 

The importance of β-peptides lies in their ability to mimic the conformational 

behavior of α-peptides even with a much shorter chain length, and 

in their resistance to proteases. To investigate the effect of substitution 

of β-peptides on their dominant fold, we have carried out a MD simulation 

study of two tetrapeptides, Ac-(2R,3S)- β 
2;3

hVal(α Me)-(2S)- β
2
hPhe-(R)- 

β 
3
hLys-(2R,3S)- β 

2;3
-Ala(α Me)-NH2, differing in the substitution at the Cα 

of Phe2 (pepF with F, and pepH with H). Three simulations, unrestrained 

(UNRES), using 
3
J-coupling biasing with local elevation in combination with 

either instantaneous (INS) or time averaging (AVE) NOE distance restraining, 

were carried out for each peptide. In the unrestrained simulations, we 

find 3 (pepF) and 2 (pepH) NOE distance bound violations of maximally 0.22 

nm that involve the terminal residues. The restrained simulations match both 

the NOE distance bounds and 
3
J-values derived from experiment. The fluorinated 

peptide shows a slightly larger conformational variability than the 

non-fluorinated one. 
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Title:  An analysis of the validity of Markov state models for emulating the 

dynamics of classical molecular systems and ensembles 

 

 

 

Researchers:  B. Keller  

  P. H. Hünenberger 

  W. F. van Gunsteren 

 

    

 

Institute/ Laboratory of Physical Chemistry, ETH Zürich, Switzerland  

 

Group: computer aided chemistry 

 

 

 

Description: 

 

 
 

  

References:  J. Chem. Theory Comput. (2010) submitted 
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Title:  Exploring the trigger sequence of the GCN4 coiled-coil:  

biased molecular dynamics resolves apparent inconsistencies in NMR 

measurements 

 

 

 

Researchers: J. Missimer
1 

  J. Dolenc
2,3 

  M. O. Steinmetz
1 

  W. F. van Gunsteren
2 

    

 

 

Institute/ 
1
Biomolecular Research, Paul Scherrer Institute, Villigen, Switzerland 

  
2
Laboratory of Physical Chemistry, ETH Zürich, Switzerland 

  
3
Faculty of Chemistry and Chemical Technology, University of Ljubljana, 

  Slovenia 

 

Group: computer aided chemistry 

 

 

 

Description: 

 

Trigger sequences are indispensable elements for coiled-coil formation. The 

monomeric helical trigger sequence of the yeast transcriptional activator GCN4 has 

been investigated recently using several solution NMR observables including Nuclear 

Overhauser Enhancement (NOE) intensities and 
3
J(HN,HCα)-coupling constants, and a set of 

20 model structures was proposed. Constrained to satisfy the NOE derived distance bounds, 

the NMR model structures do not appear to reproduce all the measured 
3
J(HN,HCα)-coupling 

constant values, indicating that the α-helical propensity is not uniform along the GCN4 

trigger sequence. 

 

A recent methodological study of unrestrained and restrained molecular dynamics 

(MD) simulations of the GCN4 trigger sequence in solution showed that only MD 

simulations incorporating time-averaged NOE distance restraints and instantaneous 

or local-elevation 
3
J-coupling restraints could satisfy the entire set of the experimental 

data. In this report, we assess by means of cluster analyses the model structures 

characteristic of the two simulations that are compatible with the measured data and 

compare them with the proposed 20 NMR model structures. Striking characteristics 

of the MD model structures are the variability of the simulated configurations and the 

indication of entropic stability mediated by the aromatic N-terminal residues 17Tyr 

and 18His, which are absent in the set of NMR model structures. 

 

 

References: Proteins, (2010) accepted 
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Title:  Using one-step perturbation to predict the folding equilibrium of differently 

 stereochemically substituted β-peptides 

 

 

 

Researchers: Z. Lin
‡†

 

  W. F. van Gunsteren
† 

 

 

 

Institute: ‡
School of Life Sciences and Hefei National Laboratory for Physical Sciences 

at the Microscale, University of Science and Technology of China (USTC), 

China 
†
Laboratory of Physical Chemistry, Zürich, Switzerland 

 

Group: computer aided chemistry 

 

 

Description: 

 

The one-step perturbation technique is used to predict the folding equilibria for 16 

peptides with different stereochemical side-chain substitutions through one or two 

long-time simulations, one of an unphysical reference state and another of one of the 

16 peptides for which many folding events can be sampled. The accuracy of the 

one-step perturbation results was investigated by comparing to results available from 

long-time MD simulations of particular peptides. Their folding free energies were 

reproduced within statistical accuracy. The one-step perturbation results show that an 

axial substitution at either the Cα or the Cβ position destabilizes the 314-helical 

conformation of the hepta-β-peptide, which is consistent with data inferred from 

experimental CD spectra. The methodology reduces the number of required separate 

simulations by an order of magnitude. 
 

 

References: Phys.Chem.Chem.Phys, (2010) accepted 
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Title:  α-Cyclodextrin Host-Guest Binding: A Computational Study Analyzing 

   the Different Driving Forces

 

 

Researchers: S. Riniker
1 

   X. Daura
2 

   
W. F. van Gunsteren

1 

 

 

 

Institute/ 
1
Laboratory of Physical Chemistry, ETH Zürich, Switzerland 

2

Catalan Institution for Research and Advanced Studies (ICREA) and 

Instituteof Biotechnology and Biomedicine (IBB), Universitat Autònoma de, 

Barcelona, Spain 

 

 

Group: computer aided chemistry 

 

 

 

Description: 

 

Free energy differences govern the equilibrium between bound and unbound states of an 

enzyme and its substrate. The understanding of the underlying entropic and enthalpic 

contributions, and their complex interplay are crucial for the design of new drugs and 

inhibitors. In this study, molecular dynamics simulations were performed with inclusion 

complexes of α-cyclodextrin (αCD) and three monosubstituted benzene derivatives to 

investigate host-guest binding. αCD complexes are an ideal model system, which is 

experimentally and computationally well known. Thermodynamic integration (TI) 

simulations were carried out under various conditions for the free ligands in solution and 

bound to αCD. The two possible orientations of the ligand inside the cavity were 

investigated. Very good agreement with experimental data was only found for the more stable 

conformation, where the substituent resides inside the cavity. The better stability of this 

conformation results from stronger van der Waals interactions and a favorable antiparallel 

dipole-dipole alignment. To estimate the entropic contributions, simulations were performed 

at three different temperatures (250, 300, and 350 K) and using positional restraints for the 

host. The system was found to be insensitive to both factors, due to the large and symmetric 

cavity of αCD, as well as the nondirectional nature of the host-guest interactions.  

 

References: Helv. Chim. Acta, (2010) accepted 
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Title:  A comparison of the different helices adopted by α- and β-peptides suggests  

  different reasons for their stability.  

 

 

 

Researchers: J. Allison  

  M. Müller
 

  
W. F. van Gunsteren 

 

 

 

Institute: Laboratory of Physical Chemistry, ETH Zürich, Switzerland 

 

Group: computer aided chemistry 

 

 

 

Description: 

 

The right-handed α-helix is the dominant helical fold of α-peptides, 

while the left-handed 314-helix is the dominant helical fold of β-peptides. 

Using molecular dynamics simulations, the properties of α-helical α-peptides 

and 314-helical β-peptides with different C-terminal protonation states 

and in the solvents water and methanol are compared. The observed energetic 

and entropic differences can be traced to differences in the polarity 

of the solvent-accessible surface area and, in particular, the solute dipole 

moments, suggesting different reasons for their stability. 

 

 

References: Prot. Science, (2010) accepted 
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Title:  A simple, efficient polarisable molecular model for liquid carbon 

tetrachloride 

 

 

Researchers: A. P. Kunz
 

  A. Eichenberger
 

  W. F. van Gunsteren
 

 

 

 

Institute/ Laboratory of Physical Chemistry, ETH Zürich, Switzerland 

 

Group: computer aided chemistry 

 

 

 

Description: 

 

A one-site and a five-site polarisable model for liquid carbon tetrachloride (CCl4) is 

presented. They are based on a non-polarisable model consisting of five van der Waals sites 

not carrying any partial charges. In the one-site model, a charge on spring with a 

polarisability αCCl4 of 11.1 (4π0) 10
-3 

nm
3
 was attached to the carbon to make the model 

polarisable, while in the five-site model polarisabilities αc = 1.848 (4π0) 10
-3

nm
3 

and αCl = 

2.289 (4π0) 10
-3

nm
3
 were added to the carbon and chlorine atoms, respectively. Both models 

exactly reproduce the experimental static dielectric permittivity of 2.238 at 293 K and 1 atm. 

This quantity was calculated by applying a homogeneous external electric field of varying 

strength. The one-site polarisable model is only about 1.7 times more computationally 

expensive than the non-polarisable one and is compatible with the GROMOS force field. A 

selected set of thermodynamic, dynamic and structural quantities was calculated and 

compared to experiment. 

 

  

References:  Mol. Phys. (2010) submitted  
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Title:   Calculation of Binding Free Energies of Inhibitors to Plasmepsin II. 

 

 

 

Researchers:   D. Steiner
1 

  Ch. Oostenbrink
2 

  F. Diederich
3 

  M. Zürcher
3 

W. F. van Gunsteren
1 

 

 

 

Institute/ 
1
Laboratory of Physical Chemistry, ETH Zürich, Switzerland 

2
Institute for Molecular Modeling and Simulation, Department of Material 

Sciences and Process Engineering, University of Natural Resources and 

Applied Life Sciences, Vienna, Austria 
3
Laboratory of Organic Chemistry, ETH Zurich, Switzerland 

 

Group:  computer aided chemistry 

 

 

 

Description:  

An understanding at the atomic level of the driving forces of inhibitor binding to the 

protein plasmepsin (PM) II would be of interest to the development of drugs against 

malaria. To this end, three state of the art computational techniques were applied to a 

protein-ligand system of PM II and several exo-3-amino-7-azabicyclo[2.2.1]heptanes and 

the resulting relative free energies were compared to values derived from experimental 

IC50 values. For this large and flexible protein-ligand system the simulations could not 

properly sample the relevant parts of the conformational space of the bound ligand, resulting 

in failure to reproduce the experimental data. Yet, the use of Hamiltonian replica 

exchange (H-RE) in conjunction with thermodynamic integration (TI) resulted in much 

enhanced convergence and computational efficiency compared to standard thermodynamic 

integration calculations. The more approximate method of calculating only energetic and 

entropic contributions of the ligand in its bound and unbound states from 

conventionalMolecular Dynamics (MD) simulations reproduced the major trends in the 

experimental binding free energies, which could be rationalised in terms of energetic and 

entropic characteristics of the different structural and physico-chemical properties of the 

protein and ligands. 

 

 

 

  

References:  J. Comput. Chem. (2010) submitted, 
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Title:   Dynamics May Significantly Influence the Estimation of Interatomic 

 Distances in Biomolecular X-ray Structures 

 

 

Researchers: A. Kuzmanic
a,b 

  D. Kruschel
b 

  W. F. van Gunsteren
c
 

  B. Zagrovic
abd 

    

 

 

Institute/ 
a
Department for Structural and Computational Biology Max F. Perutz 

Laboratories, University of Vienna Campus Vienna Biocenter 5, Austria 
b
Mediterranean Institute for Life Sciences Mestrovicevo setaliste bb, Split, 

Croatia 

  
c
Laboratory of Physical Chemistry, ETH Zürich, Switzerland 

  
d
Department of Physics Faculty of Science, University of Split Teslina 12, 

  Croatia 

 

Group: computer aided chemistry 

 

 

 

Description: 
 
Atomic positions obtained by X-ray crystallography are time- and space-averages over many 

molecules contained in the crystal. Importantly, interatomic distances, calculated between 

such average positions and frequently used in structural and mechanistic analyses, can be 

substantially different from the more appropriate time- and ensemble-average interatomic 

distances. Using crystallographic B-factors, one can deduce corrections to distances between 

average atomic positions derived from X-ray experiments, to obtain correct average 

distances as a function of the type of atomic motion. However, these corrections have so far 

been applied almost exclusively to small molecules. Here, using a set of 4802 known protein 

X-ray structures, we study the significance of such corrections for different types of atomic 

motion. Importantly, we show that for distances shorter than 5 Å, corrections of more than 

0.5 Å may apply, especially in case of non-correlated or anti-correlated motion. For example, 

approximately 14% of the studied structures have at least one pair of atoms with a 

correction that is ≥ 0.5 Å in the case of non-correlated motion. Using molecular dynamics 

simulations of ubiquitin’s unit cell, we demonstrate that the majority of atoms in this protein 

move in a non-correlated fashion, suggesting that such deviations may truly be relevant. We 

illustrate the potential mechanistic and biological significance of this in case of the KcsA ion 

channel, and show that the calculated corrections provide indirect evidence that the atomic 

motions in its selectivity filter are highly correlated. 

 

 

References: Proc. Natl. Acad. Sci. USA (2010) submitted 
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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 much broader spectrum of research activities, and its output in terms of 
scientific results and achievements is still on the increase.  
 
With this Annual Report, C4 reports on its activities between July 2009 and July 2010. We 
also encourage you to visit our website, www.c4.ethz.ch 
 
Change in the Steering Committee 
Prof. Alessandro Curioni, head of computational sciences at IBM Zürich Research, joined the 
C4 Steering Committee consisting of Profs. Jürg Hutter (University of Zürich), Wilfred F. van 
Gunsteren, and PD Dr. Hans P. Lüthi (both ETH Zürich). 
 
Alessandro Curioni replaces Prof. Wanda Andreoni, who was appointed director of the Centre 
Européen de Calcul Atomique et Moléculaire (CECAM), which is based at the EPF Lausanne. 
Wanda Andreoni was a member of the C4 Steering Committee since 1993, and made 
numerous contributions to this network, the most recent one being the introduction of the IBM 
Research Forschungspreis. 
 
C4 Seminar  
The actual “backbone” of C4 is its Seminar Program. During the 2009 Fall- and 2010 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 thirty to fifty 
students and researchers each time.  
 
This year, C4 has extend its collaboration with other seminar programs. For the first time, a 
C4 seminar was hosted by the IBM Research Laboratory, and again, two seminars were held 
jointly with the University of Zürich Physical Chemistry Seminar. There were also several 
extracurricular C4 seminars, some of them held jointly with other programs, including the 
ETH Physical Chemistry Colloquium. For the complete seminar program please visit 
www.c4.ethz.ch 
 
Compute Resource 
The C4 compute-cluster Obélix, a 32 node IBM Opteron cluster operated by the ETH 
Informatikdienste (ID), procured for code development and for the execution of resource-
intense computations, again delivered nearly one million CPU hours worth of compute-cycles.  
 
Since 2009, C4 is also a shareholder of the Brutus cluster, giving the computational chemists 
of the ETH Department of Chemistry and Applied Biosciences (D-CHAB) guaranteed access 
to this resource.  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 
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results and achievements reported in this report commonly involve “machine cycles” drawn 
from more than just one of these resources.   
 
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. CECAM also 
has a Zurich node lead by our colleague Prof. Matthias Troyer of the Institute of Theoretical 
Physics. 
 
C4, over the past year, did not offer its own tutorials. However, in order to respond to the 
demand of the local community, C4 again plans to offer at least one tutorial per semester. 
 
The IBM Research Award 
In 2007,  the ETH Schulleitung approved the “IBM Research Forschungspreis”, an award for 
outstanding MS and PhD theses sponsored by our partner, the IBM Zurich Research 
Laboratory. This year, the prize was awarded to Sereina Riniker (Group of W.F. van 
Gunsteren) for her MS thesis entitled “Free Energies of Binding of Benzene Derivatives to 
Alpha-Cyclodextrin: Sensitivity of the Free-Energy Components to Temperature and to the 
Restraining of Molecular Motion 
 
In 2010, the IBM Research Forschungspreis Award Ceremony to take place for the first time 
at the ETH-Tag!. The Rector of ETH Zurich, Prof. Heidi Wunderli-Allenspach, approved the 
request of the C4 Steering Committee to award the Forschungspreis during the ETH-Tag. The 
C4 Steering Committee is pleased that future Forschungspreis laureates will be honoured 
together with the other winners of industry and foundation awards. 
 
Outlook 
The Zürich computational chemistry community is still growing.  Furthermore, the border-
lines between disciplines become less and less sharp, also a result of the flow of expertise 
between the established areas. It is fair to say that C4 made an important contribution to both 
of these developments.  
 
 
Hans P. Lüthi, Leiter C4 
October 27, 2010 
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6.2   CSCS – Swiss National Supercomputing Centre 
 

Maria Grazia Giuffreda 
Dominik Ulmer 

 
CSCS - Swiss National Supercomputing Centre 

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

info@cscs.ch 
 
 

Positioning CSCS in the Supercomputing Ecosystem 
What really are supercomputers? The precise answer to this seemingly simple question may 
depend on a scientist's particular point-of-view, but there certainly is common ground: 
Supercomputers are perceived to be the most powerful computers at any given time that a 
scientist can use to tackle his large-scale numerical problems. Powerful most typically refers 
to the "speed" at which a calculation can be run, and the principle "more is better" is true in 
many disciplines craving for more computer power, for example to increase detail or 
resolution (weather and climate simulation), or to extend simulation times to experimentally 
meaningful scales (life sciences, e.g. protein folding).  
As the national supercomputer center of a small country, CSCS serves the purpose of a 
middle-rank (regional) center, with the goal of providing leadership facilities and innovation 
to the scientific computing community of all Switzerland. Innovation has been and will 
continue to be an important point on the agenda of supercomputing. In the recent past we 
have witnessed the move from ever-faster vector processors to massively parallel 
architectures, dictated by the physical constraints of CPU frequency scaling. And in the future 
we shall observe comparable moves, which may among other things include solutions based 
on GPU computing. 
 

 
 
CSCS thus servers two major purposes: 
(1) CSCS provides massive supercomputing resources to projects of high scientific impact. 
The past year has not only witnessed a significant upgrade of ROSA (see below), our flagship 
computer. We have also improved the project review process to ensure the high quality of 
scientific proposals that is required to justify the substantial expenditure. As of this year, each 
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project is reviewed by two independent (typically foreign) experts, and an external panel 
committee decides on resource allocations based on these reviews. 
(2) CSCS prepares computational sciences to make effective use of the next generation 
supercomputers. Two new groups have been added to the CSCS team. One of them, the 
Scientific Computing Research group, investigates new computing models and paradigms. 
One of their current projects is concerned with GPU computing. The Technology Integration 
group on the other hand mostly deals with hardware aspects. It acquires, evaluates, and tests 
prototype computers, and it maintains contacts with vendors to plan and build special purpose 
computers or other new architectures for scientific computing applications. 
 
 
 
CSCS’ computing infrastructure 
The compute resources of the National Supercomputing Service are in continuous evolution. 
In the second half of 2009, ROSA (Cray XT5) was upgraded by replacing the original quad-
core processors with 3688 2.4 GHz AMD Opteron hexa-cores for a total of 22’128 compute 
cores and 212 Tflop/s peak performance. The new processors are connected by a Cray 
SeaStar high-bandwidth, low-latency interconnect with 3D torus typology. The parallel 
filesystem of ROSA provides 288 Terabytes of temporary scratch storage space with a peak 
data transfer rate of 20 GB/s. 
 
In April 2010, CSCS acquired EIGER, a new GPU visualization, research and development 
cluster, comprising 19 nodes of dual-socket six-core AMD Opterons running at 2.2 GHz, each 
equipped with an NVIDIA GPU (either GeForce GTX 285/2GB or Tesla S1070/4GB) and 24 
to 48 GB of main system memory. Eiger features a dedicated Infiniband QDR fabric 
infrastructure for data communication. 
 
Shortly after, in June 2010, the first Cray XE6 system worldwide has been shipped to CSCS. 
The single cabinet, 20 blade system, contains 160 compute sockets and uses the new 2.1GHz, 
12-core AMD Opteron (aka Magny-Cours) CPUs for a total of 1920 compute cores. The 
machine, nick-named Piz Palu, has a theoretical peak performance of 16TFlop/s and offers a 
total of 2.5 Terabytes of memory. It showcases Cray's next generation interconnect network 
Gemini which promises increased performance and fault tolerance as well as better support 
for Partitioned Global Address Space (PGAS) languages such as Co-array Fortran (CAF) and 
Unified Parallel C (UPC). A second cabinet has been added early September, for a total of 
3840 compute cores. 
 
In addition CSCS now operates an IBM x3850, a two node system with 256 GB memory and 
48 compute cores of 2 GHz Intel Xeon E7540 processors. The machine is meant for pre- and 
post-processing, data analysis, and special high-memory jobs. 
 
In early 2010 the HPC Co-Location Services unit of CSCS upgraded the Tier-2 compute 
cluster of CHIPP, the Swiss Institute of Particle Physics. CSCS also operates a cluster for pre- 
and post-processing, comprising 25 nodes, each with two dual-AMD Opteron processors 
running at 2.6 GHz. This cluster is interconnected with a 4X DDR Infiniband network. 
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Data management facilities 
CSCS’ data archive facility is based on the SAM-FS Hierarchical Storage Management 
(HSM) software running on a SUN Fire X4600, which controls data movement between the 
fast Engenio 6998 and a SUN SL8500 tape silo with Fibrechannel tape drive technology; 
redundant Brocade switches ensure a fully-switched FiberChannel archive environment. The 
archive capacity currently exceeds 2 Petabytes of total storage. 
 
The new main storage level is a central parallel file system based on IBM GPFS technology. 
A high-bandwidth network based on QDR Infiniband technology connects this fast parallel 
file system to all major computer systems of CSCS and provides the central data management 
space for all research projects. In the second quarter of 2010 this file system was upgraded 
reaching a total raw capacity of 700 Terabytes. In the last quarter of 2010 it is expected to 
grow to 2.1 Petabytes 
 
 
 
Users of the CSCS compute infrastructure 
The CSCS customer base consists of researchers from the fields of chemistry, physics, 
material sciences, earth and planetary sciences, and biosciences. The vast majority of CSCS 
resources are currently allotted to projects in chemistry, physics and earth and environmental 
sciences. 
 
 

Usage of CSCS HPC resources by discipline 
 

 
 
 
 
 
 
 
 

291



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

Usage of CSCS HPC resources by institution 
 

 
 

 
All production projects, the early user projects, and the high impact projects granted in 2009, 
are listed in the table below. 
 

Early User Projects 2009 
 

Bernèche Simon 
University of 
Basel 

Simulation of membrane protein complexes: KcsA-Antibodies and  
AmtB trimer 

Danani Andrea SUPSI 
Nanovectors for drug delivery in oncology: a combined modelling/  
Experimental study 

Frouzakis Christos ETH Zurich 
Direct numerical simulation of instabilities and long-term 
evolution of propagating premixed flame front 

Jung Daniel ETH Zurich 
Investigations on the building blocks of complex metal alloys and 
their interactions 
 

Hu Ming ETH Zurich 
MD Modelling of Heat Transfer at Solid-Solid and Solid-Liquid  
Interfaces 

Villard Laurent 
EPF 
Lausanne 

ORB5-TURB 

 
 

High Impact Projects 2009 
 

Arbenz Peter ETH Zurich Extreme scalability in mFEA of human bone structures 

Frouzakis Christos ETH Zurich 
Three-dimensional direct numerical simulations of spherical  
expanding flames 

Giardini Domenico ETH Zurich 
Site-specific numerical simulations of earthquake rupture  
dynamics and strong ground motion: Application to Swiss NPP  

Goedecker Stefan 
University of 
Basel 

Atomistic simulations and electronic structure 

Kleiser Leonhard ETH Zurich Massively-parallel simulation of the particle settling in an estuary 
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Koumoutsakos Petros ETH Zurich Direct Numerical Simulations of a Turbulent Vortex Ring 

Liebendörfer Matthias 
University of 
Basel 

3D Supernova Model with Spectral Neutrino Transport 

Moore Ben 
University of 
Zurich 

On the Origin of the Hubble Sequence of Galaxies 

VandeVondele Joost 
University of 
Zurich 

From level structure to charge injection in dye sensitized solar cells: 
insight from realistic models and hybrid density functional 
simulations 

 
 

Production Projects 2009 
 

Adelmann Andreas PSI 
Beam Dynamics for the PSI-XFEL and the High Power Cyclotron 
Upgrade 

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

Arbenz Peter  ETH Zurich 
Multi-level Micro-Finite Element Analysis for Embedded Human 
Bones 

Baiker Alfons ETH Zurich 
Nature of Chemical reactivity of nano-sized materials and 
environmental catalysts 

 

Bakowies Dirk ETH Zurich Energies from ab initio calculations without empirical corrections 

Barducci  Alessandro ETH Zurich Mulitiple routes in folding large proteins: the case of HIV-1 protease 

Bernèche Simon 
University of 
Basel 

Influence of FAB fragments on the structure and dynamics of the 
KcsA Channel 

Brunner Dominik EMPA 
Regional scale impacts of changing anthropogenic emissions on 
aerosols and climate 

Carollo Marcella ETH Zurich The Build-up of Massive Galaxies in the Early Universe 

Carollo Marcella ETH Zurich 
Galaxy formation in the Cosmic Web-Analysis and Visualization 
Follow-up 

Cooper  W. Anthony 
EPF 
Lausanne 

Computation of stellarator coils, equilibrium, stability and transport 

Cucinotta Clotilde ETH Zurich Material Science for the H Storage and use 

Fichtner Wolfgang ETH Zurich Computational Science and Engineering in Nanoelectronics 

Goedecker  Stefan 
University of 
Basel Atomistic simulations and electronic structure 

Hauser Andreas 
University of 
Geneva 

Photophysics and photochemistry of transition metal compounds: 
theoretical approaches 

Hutter Jürg 
University of 
Zurich Applications of ab initio Molecular Dynamics 

Hutter Jürg 
University of 
Zurich New Algorithms for Large-Scale DFT 

Jackson Andrew ETH Zurich Convection and Magnetic Field Generation in the Earth 
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Jackson Andrew ETH Zurich Convection in Earth with inhomogeneous boundary conditions 

Joos Fortunat 
University of 
Bern CARBOCLIM II. Modelling CARBOn Cycle CLIMate Feedbacks 

Khaliullin Rustam ETH Zurich 
A molecular dynamics study of the phase diagrams of carbon, 
sodium, and iron employing neural network potentials 

Kleiser Leonhard ETH Zurich Numerical simulation of transitional, turbulent and multiphase flows 

Koumoutsakos Petros ETH Zurich Aircraft wake evolutionary optimization 

Koumoutsakos Petros ETH Zurich 
Multiphysics/Scale Simulations using M Particle Methods: I. 
Algorithms and Parallel Computing. II. Biology, Nanotechnology, 
Fluids and their Interfaces 

Lehning Michael SLV Davos High resolution simulation of flow and meteorology in steep terrain 

Limongelli Vittorio ETH Zurich 
Simulating the undocking process of the inhibitor SC-558 in COX 
structures 

Liebendörfer Matthias 
University of 
Basel 

Multi-dimensional Supernova models and the prediction of 
observables from different explosion mechanisms 

Lodziana Zbigniew EMPA Materials for hydrogen storage 

Lohmann Ulrike ETH Zurich 
Role of Anthropogenic verus natural forcing on decadal scales in 
global climate models 

Lüthi Hans-Peter ETH Zurich 
Ab initio Molecular dynamics of the reaction mechanisms for new 
donors for 1-2cis glycosylations 

Maddocks John 
EPF 
Lausanne 

Analysis and Simulation of Mulitiscale Mechanics of DNA 

Mareda Jiri 
University of 
Geneva Molecular Modeling of Multifunctional Supramolecular Assemblies 

Mayer Lucio 
University of 
Zurich Co-evolution of galaxies and supermassive black holes 

Meher Ayalasomayajula ETH Zurich 
Metadynamics study of large-scale pH-induced conformational 
changes in dengue virus envelope protein 

Meuwly Markus 
University of 
Basel 

Influence of dimerization on allostery of multidomain proteins 

Meuwly Markus 
University of 
Basel 

Electronic structure calculations for chemical reactions involving 
transition metals 

Mila Frederic 
EPF 
Lausanne Simulating Frustrated quantum-magnetic materials 

Parrinello Michele ETH Zurich Linear-scaling molecular dynamics: development and applications 

Parrinello Michele ETH Zurich Ab-initio study of crystallization processes in phase change alloys 

Pasquarello Alfredo 
EPF 
Lausanne 

Band and Defect-Level Alignments at Semiconductor-Oxide 
Interfaces through the Use of Hybrid Density Functionals 

Passerone Daniele EMPA Computational nanoscience at surface and interfaces 
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Pfaendtner Jim ETH Zurich 
Metadynamics Investigation of opening and closing of the nucleotide 
binding cleft in actin and actin-like proteins 

Raible Christoph 
University of 
Bern 

Modelling and Reconstruction of North Atlantic Climate System 
Variability (MONALISA III) 

Röthlisberger Ursula 
EPF 
Lausanne 

Mixed quantum mechanical/molecular mechanical (QM/MM) studies 
of systems of biological interest 

Schär Christoph ETH Zurich Regional Climate Modeling on European to Alpine Scales 

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

Van Lenthe Harry ETH Zurich 
Hierarchical Multi-level analyses of age-related bone loss and bone-
implant interaction over time 

Van 
Swygenhoven Helena PSI  The atomistic modeling of size effects in plasticity 

Vogel Viola ETH Zurich 
Simulating Integrin Junctions under Tension: from the extracellular 
matrix to the cytoskeleton 

Wesolowski Tomasz 
University of 
Geneva 

Electronic structure of chemical molecules in condensed-phase 

Zoppi 
Baldridge 

Laura 
Kim 

University of 
Zurich 

Organic molecules on metal surfaces: from supramolecular 
arrangement to electron transport across the interface by first-
principle theoretical approaches 
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6.3 Information Technology Services 
The following resources are available:  

• Hewlett Packard Superdome Cluster consisting of 

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

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

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

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

HP Fortran: Compiler and associated products 
HP Fortran 90: Compiler and associated products 
HP C/ansi: C Developer's Bundle for HP-UX 11.00 
HP C++: Compiler 
KAI Guide C++: Open MP 
Abaqus 5.8: General-purpose finite element analysis 
ACSL: Advanced continuous simulation language 
Ampl 9.5.13: Modeling language for Mathematical Programming 
ANSYS 5.5: Finite element analysis 
AVS: Advanced visual system 
CPLEX 65: Linear optimization solver 
CFX Tascflow: CFD analysis and design tool 
Diana 7.2: Finite element analysis 
Gaussian 98: semi empirical and ab initio molecular orbital (MO) calculations. 
MARC/MENTAT K7.3: Nonlinear finite element program 
Matlab 11.1: Language for technical computing 
Molcas 5: Quantum chemistry software 
NAG F95: Fortran library 
IMSL: Fortran Numerical Libraries 
Para Phoenics 32: CFD 
Patran 9.0: Finite element (Modeling, Analysis, Results evaluation) 
Tecplot 8.0: Tool for visualizing a wide range of technical data 
PV-Wave: Signal Processing Toolkit 
 
Note: 
These systems are becoming obsolete due to the fact, that Linux clusters based on 
standard hardware are today able to provide the SMP scalability necessary for most of 
the computations running on the Superdomes. 
 
The Superdomes are operated without maintenance contract from the vendor. If a ma-
jor system failure occurs, operation of the systems will be discontinued on short no-
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tice. It is not advisable to begin new projects on the superdomes any more. 
 

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

o 8 eight processor dual core AMD Opteron 8220 and 64-128 GB memory  
o 324 two processor AMD Opteron 250 systems with 8 GB memory 

o 272 two processor dual core AMD Opteron 2220 systems with 16 GB memory 
and Ethernet network 

o 4 nodes with two six-core AMD Opteron 2435 CPUs and 32 GB memory  
o 10 nodes with four quad-core AMD Opteron 8380 CPUs and 128 GB memory 

o 410 four processor quad core AMD Opteron 8380 systems with 32 GB mem-
ory 

o 80 four processor quad core AMD Opteron 8384 systems with 32 GB memory 

All nodes are connected to the cluster’s internal Gigabit Ethernet backbone. 256 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 approximately 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 QSnet II and the InfiniBand net-
work are intended for parallel code (typically MPI based) needing high bandwidth and 
low latency communications, but not a globally shared memory. The Ethernet con-
nected 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 multi-
processing jobs and thus are the main target for users migrating away from the Super-
dome systems. 

 
The resources mentioned above are operated by Information Technology Services until Sep-
tember 30th, 2010. Starting October 1st, 2010 these systems are operated by Swiss National 
Supercomputing Center CSCS. 
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Past and Future

During these months several prominent researchers in computational science and engi-
neering will retire from the ranks of ETH faculty, all of them members of Seminar for
Applied Mathematics (SAM) in D-MATH.

One of them is Professor Rolf Jeltsch, a pioneer in promoting CSE as a new field relevant
for science across disciplines. He joined ETH in 1989 and was one of the founding fathers
of the CSE curriculum, for which he served as director of studies from its inception in
1997 until two years ago. His field of research was the numerics of ordinary differential
equations and hyperbolic conservation laws, “numerics” understood in a broad sense, en-
compassing rigorous analysis as well as large scale efficient implementation for demanding
applications. He has set a model for how a numerical analyst can contribute to CSE.

Another retiree is Professor Martin Gutknecht, who has spent most of his carreer at ETH.
In 1988 he was appointed director of the Interdisciplinary Project Center for Supercom-
puting at ETH Zurich, and for three years, from 1996 to 1998, was the Scientific Director
of the Swiss Center for Scientific Computing in Manno, before he became member of
SAM. He made fundamental contributions to computational linear algebra, in particular
to iterative solvers for large sparse linear systems, which are basic building blocks in
many big simulation codes.

Last, but not least, also Professor Wesley Petersen retired in 2010. He came to ETH in
1989 also as a member of the Interdisciplinary Project Center for Supercomputing. His
main interest was the optimal implementation of algorithms on advanced high perfor-
mance computing hardware, which is essential for modern CSE in order to bridge the
glaring gap between theoretical and practical performance of methods.

All three are likely to remain active members of the CSE community and we wish them
good health so that they will be able to pursue all their plans.

This brings me to the “future” as far as new developments have emerged in 2010. What
may have a big impact on CSE at ETH is the planned relocation of the Brutus cluster
to Lugano. This has been decided by ETH governing bodies and will take place in 2011.
Next year the editorial of the CSE report will review the state and the consequences.

Zürich, November 8, 2010
Ralf Hiptmair

299



8 

Publications* in 2009/2010 
 
 
 
 *only CSE-related articles 
 in refereed journals 
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Group of P. Arbenz

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.,

P. Arbenz and R. Müller: Microstructural Finite Element Analysis of Human Bone

Structures. ERCIM News 74, pp. 31–32, July 2008.

P. Arbenz, G. H. van Lenthe, U. Mennel, R. Müller, and M. Sala: A Scalable Multi-

level Preconditioner for Matrix-Free µ-Finite Element Analysis of Human Bone Struc-

tures. Internat. J. Numer. Methods Engrg. 73(7):927–947, 2008.

P. Arbenz and C. Flaig. On smoothing surfaces in voxel based finite element analysis

of trabecular bone. In: I. Lirkov, S. Margenov, and J. Waśniewski, editors, Large Scale
Scientific Computing (LSSC 2007), pages 69–77, Berlin, 2008. Springer. (Lecture Notes
in Computer Science, 4818).

C. Bekas, A. Curioni, P. Arbenz, C. Flaig, G. H. van Lenthe, R. Müller, and A.J.
Wirth: Extreme scalability challenges in micro-finite element simulations of human bone.

Concurrency and Computation: Practice and Experience, 22 (16): 2282–2296, 2010.
(Special Issue: International Supercomputing Conference 2008)

A. J. Wirth, T. L. Mueller, R. Müller, P. Arbenz, G. H. van Lenthe. Fast and au-

tomated analyses of bone-implant function from medical images using high-performance

computing. Journal of Biomechanics 41, p. S100, July 2008, doi:10.1016/S0021-9290(08)
70100-3.

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

Domains Applied to Beam Dynamic Simulations, J. Comp. Phys. 229 (12): 4554-4566
(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, Kyoto, Japan, 2010.

P. Arbenz and O. Chinellato: On solving complex-symmetric eigenvalue problems

arising in the design of axisymmetric VCSEL devices. Appl. Numer. Math. 58 (4):
381-394 (2008), doi:10.1016/j.apnum.2007.01.019
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Group of  S. Bonhoeffer 

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 
 
Wiesch, PS, Engelstadter, J, Bonhoeffer, S 
Compensation of Fitness Costs and Reversibility of Antibiotic Resistance Mutations 
ANTIMICROBIAL AGENTS AND CHEMOTHERAPY (2010) 54:2085-2095 
 
Engelstadter, J 
The effective size of populations infected with cytoplasmic sex-ratio distorters 
Genetics (2010) 186:309-320 
 
Schulz zur Wiesch, P, Engelstadter, J, Bonhoeffer, S 
Compensation of Fitness Costs and Reversibility of Antibiotic Resistance Mutations 
Antimicrobial Agents and Chemotherapy (2010) 54:2085-2095 
 
Kouyos, RD, Gordon, SN, Staprans, SI, Silvestri, G, Regoes, RR 
Similar impact of CD8+ T cell responses on early virus dynamics during SIV infections of rhesus 
macaques and sooty mangabeys. 
PLOS COMPUTATIONAL BIOLOGY (2010) In Press:- 
 
Alizon, S, von Wyl, V, Stadler, T, Kouyos, RD, Yerly, S, Hirschel, B, Boni,J, Shah, C, Klimkait, T, 
Furrer, H , Rauch, A, Vernazza, P , 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) In Press:- 
 
Magnus, C, Regoes, RR 
Estimating the Stoichiometry of HIV Neutralization 
PLOS COMPUTATIONAL BIOLOGY (2010) 6:e1000713- 
 
Refardt, D, Rainey, PE 
Tuning a genetic switch: Experimental evolution and natural variation of prophage induction 
Evolution (2010) 64:1086-1097 
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Kouyos, RD, Gordon, SN, Staprans, SI, Silvestri, G, Regoes, RR 
Similar Impact of CD8+T Cell Responses on Early Virus Dynamics during SIV Infections of Rhesus 
Macaques and Sooty Mangabeys 
PLOS COMPUTATIONAL BIOLOGY (2010) 6:- 
 
Hartmann, K , Wong, D, Stadler, T 
Sampling trees from evolutionary models 
SYSTEMATIC BIOLOGY (2010) in press:- 
 
 
2009 
 
Engelstadter, J, Bonhoeffer, S 
Red Queen Dynamics with Non-Standard Fitness Interactions 
PLOS COMPUTATIONAL BIOLOGY (2009) 5:- 
 
Misevic, D, Kouyos, RD, Bonhoeffer, S 
Predicting the Evolution of Sex on Complex Fitness Landscapes 
PLOS COMPUTATIONAL BIOLOGY (2009) 5:- 
 
Novak, M, Pfeiffer, T, Ackermann, M, Bonhoeffer, S 
Bacterial growth properties at low optical densities 
ANTONIE VAN LEEUWENHOEK INTERNATIONAL JOURNAL OF GENERAL AND 
MOLECULAR MICROBIOLOGY (2009) 96:267-274 
 
Salathe, M, Kouyos, RD, Bonhoeffer, S 
On the Causes of Selection for Recombination Underlying the Red Queen Hypothesis 
AMERICAN NATURALIST (2009) 174:S31-S42 
 
Muller, V, von Wyl, V, Yerly, S, Boni, J, Klimkait, T, Burgisser, P, Ledergerber, B, Gunthard, HF, 
Bonhoeffer, S 
African descent is associated with slower CD4 cell count decline in treatment-naive patients of the 
Swiss HIV Cohort Study 
AIDS (2009) 23:1269-1276 
 
Kouyos, RD, Salathe, M, Otto, SP, Bonhoeffer, S 
The role of epistasis on the evolution of recombination in host-parasite coevolution 
THEORETICAL POPULATION BIOLOGY (2009) 75:1-13 
 
Magnus, C, Rusert, P, Bonhoeffer, S, Trkola, A, Regoes, RR 
Estimating the Stoichiometry of Human Immunodeficiency Virus Entry 
JOURNAL OF VIROLOGY (2009) 83:1523-1531 
 
Engelstadter, J, Bonhoeffer, S 
Red Queen Dynamics with Non-Standard Fitness Interactions 
PLOS COMPUTATIONAL BIOLOGY (2009) 5:e1000469- 
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Graw, F , Regoes, RR 
Investigating CTL mediated killing with a 3D cellular automaton 
PLOS COMPUTATIONAL BIOLOGY (2009) 5:e1000466- 
 
Whitlock, Michael C., Guillaume, Frederic 
Testing for Spatially Divergent Selection: Comparing QST to FST 
Genetics (2009) 183:1055-1063 
Abstract <http://www.tb1.ethz.ch/Publications/HTMLabstracts/Whitlock_Genetics_2009_183_1055-
1063.html> 
 
Yeaman, S, Guillaume, F 
Predicting adaptation under migration load: the role of genetic skew 
Evolution (2009) 63:2926-2938 
Abstract <http://www.tb1.ethz.ch/Publications/HTMLabstracts/Yeaman_Evolution_2009_63_2926-
2938.html> 
 
Guillaume, F, Perrin, N 
Inbreeding Load, Bet Hedging, and the Evolution of Sex-Biased Dispersal 
AMERICAN NATURALIST (2009) 173:536-541 
Abstract 
<http://www.tb1.ethz.ch/Publications/HTMLabstracts/Guillaume_AMERICAN_NATURALIST_2009
_173_536-541.html> 
 
Kouyos, RD, Fouchet, M, Bonhoeffer, S 
Recombination and drug resistance in HIV: Population dynamics and stochasticity 
EPIDEMICS (2009) 1:58-69 
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Group of K. Boulouchos publications

1. C. Altantzis, C.E. Frouzakis, A.G. Tomboulides, S.G. Kerkemeier and K. Boulouchos,
Detailed numerical simulations of intrinsically unstable two-dimensional planar lean pre-
mixed hydrogen/air flames , Proc. Combust. Inst., 33, doi:10.1016/j.proci.2010.06.082,
(2010)

2. G. Pizza, C. E. Frouzakis, J. Mantzaras, A. G. Tomboulides and K. Boulouchos, Three-
dimensional simulations of premixed hydrogen/air flames in microtubes, J. Fluid Mech.,
658:463-491, (2010)

3. . A. Ciani, W. Kreutner, C.E. Frouzakis, K. Lust, G., Koppola, K. Boulouchos, An exper-
imental and numerical study of the structure and stability of laminar opposed-jet flows,
Comp. Fluids, 39(1), 114-124, (2010)

4. V.N. Kurdyumov, G. Pizza, C.E. Frouzakis, J. Mantzaras, Dynamics of premixed flames
in a narrow channel with a step-wise wall temperature, Combust. Flame, 156(11), 2190-
2200, (2010)

5. A.L. Valaer, C.E. Frouzakis, P. Papas, P., A.G. Tomboulides, K., Boulouchos, Three-
dimensional simulations of cellular non-premixed jet flames, Combust. Flame, 157(4),
653-666, (2010)

6. G. Pizza, J., Mantzaras, C.E. Frouzakis, Flame dynamics in catalytic and non-catalytic
mesoscale microreactors, Catal. Today, 155, 123130, (2010)

7. S.S. Chikatamarla, C.E. Frouzakis, I.V. Karlin, A.G. Tomboulides, K. Boulouchos, Lat-
tice Boltzmann method for direct numerical simulation of turbulent flows, J. Fluid Mech.,
2010, 656, 298-308, (2010)

8. I. Karlin and P. Asinari, Factorization symmetry in the lattice Boltzmann method, Physica
A 389, 1530-1548 (2010).

9. P. Asinari and I. Karlin, Quasiequilibrium lattice Boltzmann models with tunable bulk
viscosity for enhancing stability, Phys. Rev. E 81, 016702 (2010).

10. E. Chiavazzo, I.V. Karlin, A.N. Gorban and K. Boulouchos, Coupling of the model reduc-
tion technique with the lattice Boltzmann method for combustion simulations, Combust.
Flame 157, 1833-1849 (2010).

11. E. Chiavazzo, I.V. Karlin and A.N. Gorban, The role of thermodynamics in model reduc-
tion when using invariant grids, Commun. in Comput. Phys. 8, 701-734 (2010).
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Group of J.M. Buhmann 

R. Castro, E. Kofman, F.E. Cellier 
Quantization-based Integration Methods for Delay-differential Equations 
Simulation Modelling Practice and Theory (2010) online doi:10.1016/j.simpat.2010.07.003 
 
 
G. Migoni, E. Kofman, F.E. Cellier 
Quantization-based Integration Methods for Stiff Ordinary Differential Equations 
Simulation: Trans. Society for Modeling and Simulation Intl. (2010) in press  

V. Sanz, A. Urquía, F.E. Cellier, S. Dormido 
System Modeling Using the Parallel DEVS Formalism and the Modelica Language  
Simulation Modelling Practice and Theory 18(7) (2010) 998-1018, doi:10.1016/j.simpat.2010.03.004 
 
 
A.Nebot, F.E. Cellier, R. Carvajal, F. Mugica 
Fuzzy Inductive Reasoning for Variable Selection Analysis and Modelling of Biological Systems  
Intl. J. General Systems 38(8) (2009) 793-811, doi:10.1080/03081070903271095 
 
 
F.E. Cellier, J. López, A.Nebot, G. Cembrano 
Confidence Measures for Predictions in Fuzzy Inductive Reasoning  
 Intl. J. General Systems 39(8) (2010) 839-853, doi:10.1080/03081079.2010.506180 
 
 
J. López, F.E. Cellier, G. Cembrano 
Estimating the Horizon of Predictability in Time Series Predictions Using Inductive Modelling Tools 
Intl. J. General Systems (2010) in press 
 
M. Frank, J. M. Buhmann and D. Basin. On the Definition of Role Mining. 15th ACM Symposium on 
Access Control Models and Technologies, June 2010. 
 
M. Frank, A. P. Streich, D. Basin and J. M. Buhmann. A Probabilistic Approach to Hybrid Role 
Mining. 16th ACM Conference on Computer and Communications Security, November 2009. 
 
A. P. Streich, M. Frank, D. Basin and J. M. Buhmann. Multi-Assignment Clustering for Boolean Data. 
26th International Conference on Machine Learning, June 2009 
 
V. Kaynig, T. Fuchs, J.M. Buhmann 
Geometrical Consistent 3D Tracing of Neuronal Processes in ssTEM Data  
Lecture Notes in Computer Science 6362 (2010) 209-216 
  
V. Kaynig, B. Fischer, E. Müller, J.M. Buhmann 
Fully Automatic Stitching and Distortion Correction of Transmission Electron Microscope Images  
Journal of Structural Biology, 171(2) (2010) 163-173 
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V. Kaynig, T. Fuchs, J.M. Buhmann  
Neuron Geometry Extraction by Perceptual Grouping in ssTEM Images Computer Vision and Pattern 
Recognition (CVPR) (2010),  
Doi: 10.1109/CVPR.2010.5540029 
 
A.G. Busetto, J. Buhmann,  
"Stable Bayesian Parameter Estimation for Biological Dynamical Systems",  
IEEE Computer Society Press Proc. of the 12th IEEE Int. Conf. on Computational Science and 
Engineering, pp.148-157 (2009)  
(Best Paper Award)  
 
A.G. Busetto, C.S. Ong, J. Buhmann,  
"Optimized Expected Information Gain for Nonlinear Dynamical Systems",  
ACM Int. Conf. Proc. Series 382 Proc. of the 26th Int. Conf. on Machine Learning, pp.97-104 (2009)  
 
A.G. Busetto, J. Buhmann,  
"Structure Identification by Optimized Interventions",  
Journal of Machine Learning Research Proc. of the 12th Int. Conf. on Artificial Intelligence and 
Statistics, pp.57-64 (2009)  
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Group of P. de Forcrand 
 
• J.T. Moscicki, M. Wos, M. Lamanna, Ph. de Forcrand, O. Philipsen 

Lattice QCD Thermodynamics on the Grid 
Computer Physics Communication, in press 

• Ph. de Forcrand, A. Kurkela, M. Panero 
The phase diagram of Yang-Mills theory with a compact extra dimension 
JHEP 06 (2010) 050 

• Ph. de Forcrand, O. Philipsen 
Constraining the QCD phase diagram by tricritical lines at imaginary chemical potential 
Physical Review Letters, in press 
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Group of W. Fichtner 

S. Monaghan, P.K. Hurley, K. Cherkaoui, M.A. Negara, A. Schenk 
Determination of Electron Effective Mass and Electron Affinity in HfO2 Using MOS and 
MOSFET Structures, 
Solid-State Electronics, vol. 53, no. 4, pp. 438-444, Apr 2009 

F.M. Bufler, A. Erlebach, M. Oulmane 
Hole Mobility Model With Silicon Inversion Layer Symmetry and Stress-Dependent Piezo-
conductance Coefficients, 
IEEE Electron Device Letters, vol. 30, no. 9, pp. 996-998, Sep 2009 

A. Esposito, M. Frey, A. Schenk 
Quantum Transport Including Nonparabolicity and Phonon Scattering: Application to Silicon 
Nanowires, 
Journal of Computational Electronics, vol. 8, no. 3, pp. 336-348, Oct 2009 

M. Ciappa, L. Mangiacapra, M. Stangoni, S. Ott, W. Fichtner 
Ensuring the Reliability of Electron Beam Crosslinked Electric Cables by the Optimization of 
the Dose Depth Distribution with Monte Carlo Simulation, 
Microelectronics Reliability, vol. 49, pp. 972-976, Oct 2009 

H. Kubo, M. Ciappa, T. Masunaga, W. Fichtner 
Multiscale Simulation of Aluminum Thin Films for the Design of Highly-Reliable MEMS 
Devices, 
Microelectronics Reliability, vol. 49, pp. 1278-1282, Oct 2009 

P. Palestri, C. Alexander, A. Asenov, V. Aubry-Fortuna, G. Baccarani, A. Bournel, M. Brac-
cioli, B. Cheng, P. Dollfus, A. Esposito, D. Esseni, C. Fenouillet-Beranger, C. Fiegna, G. 
Fiori, A. Ghetti, G. Iannaccone, A. Martinez, B. Majkusiak, S. Monfray, V. Peikert, S. Reg-
giani, C. Riddet, J. Saint-Martin, E. Sangiorgi, A. Schenk, L. Selmi, L. Silvestri, P. Toniutti, 
J. Walczak 
A Comparison of Advanced Transport Models for the Computation of the Drain Current in 
Nanoscale nMOSFETs, 
Solid-State Electronics, vol. 53, no. 12, pp. 1293-1302, Dec 2009 

A. Schenk 
Suppression of Gate-Induced Drain Leakage by Optimization of Junction Profiles in 22nm 
and 32nm SOI nFETs, 
Solid-State Electronics, Dec 2009 

M. Dapor, M. Ciappa, W. Fichtner 
Monte Carlo Modeling in the Low-Energy Domain of the Secondary Electron Emission of 
polymethylmethacrylate for Critical-Dimension Scanning Electron Microscopy,  
SPIE Journal of Micro/Nanolithography, MEMS, and MOEMS, vol. 9, no. 2, pp. 0230011-
0230019, Feb 2010 
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Group Swiss Seismological service (SED) and 
Group of Seismology and Geodynamics (SEG) 
 
List of publications in refereed journals:  
 
Dalguer, L. A. and Day, S. M. 
Asymmetric Rupture of Large Aspect-ratio Faults at Bimaterial Interface in 3D.  
Geophysical Research Letters (2009), 36, L23307, doi:10.1029/2009GL040303. 
 
Rojas, O.; E. Dunham; S. M. Day; L.A. Dalguer and J. Castillo  
Finite Difference Modelling of Rupture Propagation with Strong Velocity-weakening friction.  
Geophys. J. Int, (2009), 179, 1831–1858, doi: 10.1111/j.1365-246X.2009.04387.x. 
 
Pulido N., and  L. A. Dalguer  
Estimation of the High-Frequency Radiation of the 2000 Tottori (Japan) Earthquake Based on a 
Dynamic Model of Fault Rupture: Application to the Strong  Ground Motion Simulation  
Bull. Seism. Soc. Am. (2009),  ,99(4), 2305-2322, doi: 10.1785/0120080165.. 
 
Cruz-Atienza, V.M.; K. Olsen and L.A. Dalguer  
Estimation of the breakdown slip directly from near-fault strong motion seismograms? Insights 
from numerical experiments  
Bull. Seism. Soc. Am. (2009), 99-6  doi: 10.1785/0120080330 
 
Pitarka, A., L.A. Dalguer, S.M. Day, P. Somerville, and K. Dan  
Numerical study of ground motion differences between buried and surface-rupturing earthquakes  
Bull. Seism. Soc. Am. (2009), Vol. 99, No. 3, pp. 1521–1537, June 2009, doi: 
10.1785/0120080193. 
 
Olsen, K., S.M. Day, L.A. Dalguer, J. Mayhew, Y. Cui, J. Zhu, V.M. Cruz-Atienza, D. Roten, P. 
Maechling, T.H. Jordan, D. Okaya and A. Chourasia   
ShakeOut-D: Ground motion estimates using an ensemble of large earthquakes on the southern 
San Andreas fault with spontaneous rupture propagation,  
Geophys. Res. Lett. (2009) 36, L04303, doi:10.1029/2008GL036832. 
 
Harris, R. A., M. Barall, R. Archuleta, E. M. Dunham, B. Aagaard, J. P. Ampuero, H. Bhat, V. 
Cruz-Atienza, L. Dalguer, P. Dawson, S. Day, B. Duan, G. Ely, Y. Kaneko, Y. Kase, N. Lapusta, 
Y. Liu, S. Ma, D. Oglesby, K. Olsen, A. Pitarka, S. Song, and E. Templeton  
The SCEC/USGS dynamic earthquake-rupture code verification exercise,  
Seismological Research Letters (2009) 80(1), 119-126, doi:10.1785/gssrl.80.1.119. 
 
Zhu, H., Luo, Y., Nissen-Meyer, T., Morency, C., Tromp, J.,.  
Elastic Imaging and Time-Lapse Migration Based Upon Adjoint Methods.  
Geophysics, (2009) 74, WCA167-WCA177. 
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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 
 
B. Mena, P. M. Mai, K. B. Olsen, M. D. Purvance, and J. N. Brune   
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V. Liégeois, C.R. Jacob, B. Champagne, M. Reiher
Analysis of Vibrational Raman Optical Activity Signatures of the (TG)N and (GG)N Con-

formations of Isotactic Polypropylene Chains in Terms of Localized Modes

J. Phys. Chem. A, 2010, 114, 7198.

S. Fux, C. R. Jacob, J. Neugebauer, L. Visscher, M. Reiher
Accurate frozen-density embedding potentials as a first step towards a subsystem descrip-

tion of covalent bonds

J. Chem. Phys., 2010, 132, 164101.

K. H. Marti, B. Bauer, M. Reiher, M. Troyer, F. Verstraete
Complete-Graph Tensor Network States: A New Fermionic Wave Function Ansatz for

Molecules

New J. Phys., 2010, 12, 103008, arXiv:1004.5303v1 [physics.chem-ph].

K. H. Marti and M. Reiher
DMRG control using an automated Richardson-type error protocol

Mol. Phys., 2010, 108, 3, 501–512.

K. H. Marti and M. Reiher
The Density Matrix Renormalization Group Algorithm in Quantum Chemistry

Z. Phys. Chem., 2010, 224, 583–599.

342



M. T. Stiebritz, M. Reiher
A unifying structural and electronic concept for Hmd and [FeFe] hydrogenase active sites

Inorg. Chem., 2010, 49, 5818.

T. Weymuth, C. R. Jacob, M. Reiher
A Local-Mode Model for Understanding the Dependence of the Extended Amide III Vibra-

tions on Protein Secondary Structure

J. Phys. Chem. B, 2010, 114, 10649.

M. Podewitz, M. T. Stiebritz, M. Reiher
An enquiry into Theoretical Bioinorganic Chemistry: How heuristic is the character of

present-day quantum chemical

Faraday Discuss., 2010, 148, DOI: 10.1039/c004195e.

A. Malassa, C. Agthe, H. Görls, M. Podewitz, L. Yu, C. Herrmann, M. Reiher, M. West-
erhausen
Synthesis, Structure and Magnetic Properties of N-Trialkylsilyl-8-amidoquinoline Com-

plexes of Chromium, Manganese, Iron, and Cobalt as well as of Wheel-like Hexa-Nuclear

Iron(II) and Manganese(II) Bis(8-amidoquinoline)

Eur. J. Inorg. Chem., 2010, 1777-1790.

M. Podewitz, J. D. van Beek, M. Wörle, T. Ott, D. Stein, H. Rüegger, B .H Meier, M. Rei-
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