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PhD defense of Farah Kanbar 
on April 5 

Farah had submitted her PhD thesis in Dec. 2021. 
Afterwards it was refereed. Then the faculty of mathematics and 
computer science were given the time to check everything. All 
this is now finished, so the only thing left for Farah is to pass her 
PhD defense on April 5 at 2:30 pm.  

 Her opponents will be Anja Schlömerkemper, Rony 
Touma (via Zoom) and myself. - Good luck, Farah!

  
Lena Baumann was awarded a PhD 

stipend 
   

 Lena Baumann had applied for a stipend for her PhD 
from the Stiftung der deutschen Wirtschaft. Her application 
consisted among other things of a research plan for her 
PhD thesis and of proof of her social engagements.  
 She then made it to the second round with a thorough 
interview. Now she heard that she received the stipend. It 
will last until the end of March 2025. Congratulations, 
Lena! 
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Sandra Warnecke’s 
paper accepted 

   The paper  Hahn, B, Kienle-
G a r r i d o , K l i n g e n b e r g , C . , 
Warnecke, S,: “Using the Navier-
Stokes equat ion for mot ion 
estimation in dynamic imaging”, 
Inverse Problems and Imaging 
(2022) has been accepted for 
publication. 

NEWSLETTER 
of the Work Group Mathematical Fluid Mechanics

This is a poster I made for a workshop. It summarizes 
the paper by Sandra at. al.. This work came out of 
Sandra’s Master thesis. It needed quite a bit of patience 
until the paper was finally published.

Computer tomography for body tissue in motion
Christian Klingenberg
Würzburg University, Germany

jointly with Bernadette Hahn (Stuttgart, Germany) and Sandra Warnecke (Würzburg)

Project EXAMAG

Exascale Simulations of the Evolution of the 
Universe including Magnetic Fields
Prof. Volker Springel (Heidelberg), Prof. Christian Klingenberg (Würzburg)

SPPEXA — DFG Priority Program 1648 

The AREPO code – an innovative technique

Key Science Drivers

Advantages of this approach

Area 1 – achieving exascale scalability

Area 2 – improving magnetic field solvers

Area 3 – anisotropic thermal conduction

Area 4 – discontinuous Galerkin (DG) solvers

Work plan

Longer-term perspective

● Can galaxies form successfully from ΛCDM cosmological
initial conditions?

● What role do magnetic fields and anisotropic thermal 
conduction play in cosmic structure formation?

● How do we arrive at highly accurate and extremely scalable 
hydrodynamical algorithms for astrophysical fluid dynamics?

● Do novel discretization schemes for astrophysical 
hydrodynamics offer significant cost/accuracy advantages? 

Cosmology relies on the exploitation of HPC 
techniques on the largest supercomputers

● Very low numerical viscosity, greatly reduced advection errors
● Provides a crucial improvement over the SPH technique
● High accuracy for shocks, fluid instabilities and turbulence
● Full adaptivity and manifest Galilean invariance
● Makes larger timesteps possible in supersonic flows

Current code status and previous work in this field

Postdoc (Heidelberg):
Will lead the scaling work on the code

PhD Student (Heidelberg)
Carries out state-of-the art application
studies of magnetic fields in cosmology

Great potential for applications in astrophysics, yielding more 
accurate solutions at lower computational cost

● Need multi-treading in all parts of the code
● Preparation for many-core architectures
● Develop alternative mesh-construction algorithm
● Implement GPU support for gravity and mesh calculation
● Prepare for MPI-3 and fault-tolerant/redundant calculations
● Improve ability to do on-the-fly data reduction and postprocessing

● Public release of the AREPO code (like GADGET)
● Include radiative transport
● Investigate applications outside astrophysics 

Postdoc + PhD (Würzburg):
Develop discontinuous Galerkin solver in
the AREPO code framework and improve
the magnetic field discretization

Postdoc + PhD (Würzburg)
Develop treatment of anisotropic conduction 
and study its physics applications

Finite-volume hydrodynamics on a fully adaptive and dynamically moving Voronoi mesh, yielding quasi-Lagrangian behavior. The code is coupled to a powerful TreePM solver for self-gravity and the additional treatment of a collisionless fluid (dark matter).

The GADGET code of the PI has been used for the worldwide largest calculations in 
cosmology, and is presently the most widely used code in the field

Cosmological applications of AREPO 
demonstrate its large accuracy gain with respect 
to the traditional SPH technique

Scalability of the current MPI-only 
version of AREPO for simulations of 
galaxy formation (on Ranger/TACC)

● Stable and locally conservative
● Can deliver high-order accuracy
● Can easily handle complex geometries
● Highly parallelizable for hyperbolic problems

Li, Frank & Blackman, 2012, ApJ, 748, 24

● Magnetic fields are crucial for the regulation 
of star formation and accretion, and for the 
intracluster medium

● The div B = 0 constraint is difficult to 
guarantee numerically

● New numerical solvers that are robust on 
unstructured moving grids need to be 
developed and implemented

● New positivity preserving schemes for fluid 
dynamics desirable for improved robustness

● Magnetic fields channel heat
transport through electrons along field lines

● The magnetothermal (MTI) and heat-flux 
driven buoyancy instability (HBI) induce 
cluster turbulence  

● Cosmological simulations combining 
magnetohydrodynamics and anisotropic 
thermal conduction largely unexplored

● Crucial impact on IGM and ISM is expected

Millennium XXL Simulation 
12288 cores, 303 billion resolution elements

MassiveBlack Simulation 
105 cores (Kraken), 66 billion resolution elements

But computer tomography (CT) is designed for static bodies.

for more information, see the preprint: arXiv:2009.04212

The evolution of a 2-d cut through a body reminiscent of a half cycle of breathing. 
One sees the two parts of the lung (black), the spine (white) and a small white dot in the right lung representing cancer.

52
B. N. Hahn
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Fig. 1 Temporal changes of a specimen during the data acquisition in computerized tomography(left) and standard reconstruction applied to dynamic data (right)

during the time-dependent scanning, the reconstruction process is well known for
most of the imaging systems, see [37].

However, the stationary-assumption is often not satisfied. Prominent examples
arise in medical imaging due to respiratory and cardiac motion, gastrointestinal
motility, blood flow or body movement of Parkinson patients or infants. Besides
clinical applications, investigating dynamic objects arouses the interest in non-
destructive testing such as imaging driven liquid fronts for oil recovery studies [2],
performing elasticity experiments during the scan to determine material parameters
[22], or imaging objects in working stage, e.g. aircraft engines [5].

The dynamic behaviour of the investigated object during the data collection leads
to an inconsistent data set. Therefore, standard reconstruction techniques which
solve the underlying inverse problem in the static case lead to motion artefacts in
the computed image (e.g. blurring, ghosting, distortions) which can significantly
degrade the image quality and hence misleads the diagnosis [12, 27, 47], see also
Fig. 1. For hybrid imaging methods, these artefacts lead to spatial misalignments
of the reconstructions which significantly reduce the diagnostic accuracy and hence
affect the success of the treatment [36].

Dynamic Inverse Problems
Following [44], we refer to an inverse problem, where the investigated object
is allowed to change during the measuring process, as dynamic inverse
problem.

When applying CT to bodies whose shape varies 
in time, one obtains artifacts. 

This leads us to model the motion by a partial differential equations (PDE) in Lagrange coordinates. 
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We require that �t, t 2 RT preserves its orientation meaning that detD�(t, x) >
3

0 for all (t, x) 2 RT ⇥ ⌦x. Especially in medical applications, this assumption is
4

sensible since it also states that the local ratio of the current and the initial volume
5

never vanishes. [1]6

7

The following definition links the current and the initial position.8

Definition 3.1. The di↵erence between the current and the initial position is called
9

displacement u(t, x) = �(t, x)� x for all (t, x) 2 RT ⇥ ⌦x.
10

Our investigations are driven by medical applications. Having the cross section
11

of a thorax in mind, we consider two spatial dimensions, which is reasonable under a
12

plane strain assumption. The properties of respiratory motion shall then be reflected
13

by adequate equations. Due to its periodic behavior, it is clear that occurring
14

stresses do not cause any yielding. So we assume a linear relationship between
15

stresses and strain which results in linear elasticity. In future work, we plan to
16

consider more general stress-strain laws.17

We consider this paper a proof-of-concept. Thus we insert Hooke’s law in the
general equation of conservation of momentum and arrive at the Navier-Cauchy
equations in two spatial dimensions for (t, x) 2 RT ⇥ ⌦x, see for reference [43]:
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These are two linear PDEs for the two unknown components u1, u2 of the dis-

18

placement u with the following parameters:19

• The density ⇢̂ = ⇢(t, x) detD�(t, x) equals the initial density distribution
20

⇢̂ = ⇢̂(x) = ⇢(0, x) due to the conservation of mass.21

• The external volume forces are denoted by v̂ = v(t, x) detD�(t, x), where
22

v : RT ⇥ ⌦x ! R2 describes the volume force density.23

• The Lamé-coe�cients � and µ specify the behavior of the material.
24

For a fully determined problem, we need the displacements at time t = 0 and
their time derivatives as initial data

u(0, x) = #
0(x) and

@

@t
u(0, x) = #

1(x),

with some given #0,#1 : ⌦x ! R2.

Also the behavior of the boundary needs to be known, more precisely a function
 : RT ⇥ ⌦x ! R2 prescribing the evolution of the displacements on the boundary
of the domain � = @⌦x:

u(t, x) =  (t, x) for (t, x) 2 RT ⇥ �.

Solving the PDE we have introduced with given initial and boundary conditions
25

corresponds to determining the displacement u, respectively the deformation � in
26

the interior of the object from observations of the dynamic behavior of the object’s
27

boundary. This way we model the movement in the object’s interior, which provides
28

exactly the information about the motion needed for our motion compensation al-
1

gorithm.2

3
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Navier-Cauchy equations 

As long as the deformation of the body is small, the solution of the PDE allows us to transform the deformation back to its initial position and thus solve the inverse problem of a “stationary” problem .  
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with s(t) = 0.05 · cos(0.04 · t) + 0.95. The deformation during one breathing cycle
1

is illustrated in the sequence of pictures in Figure 5.2

3

Figure 5. Cross-section of the numerical phantom during one cy-
cling breath.

The Radon data of this dynamic object are computed analytically for 660 source
4

positions, uniformly distributed over the upper half sphere, and 451 discrete detec-
5

tor points uniformly distributed over [�1, 1] (since the support of the phantom is
6

contained in the unit disk at all time instances). Our reconstructions and - later on
7

- all simulations of the PDE are run on a 257x257 grid.8

9

If one does not take into account that the object was moving during data acquisi-
10

tion and applies a static reconstruction algorithm to the dynamic data, an image of
11

poor quality with motion artefacts such as blurring, streaking etc. is obtained, see
12

Figure 6(b). This motivates the need for motion compensation and hence motion
13

estimation strategies.14

As motion compensation algorithm, we use the strategy specified in Section 2.3
15

with the Gaussian function as low-pass filter. The result of this algorithm with exact
16

motion information � is shown in Figure 6(c). We observe that all components are
17

indeed correctly reconstructed without motion artefacts, i.e. the motion is well
18

compensated for, and in accordance to [18], we obtain a good approximation to
19

the original initial state, cf. Figure 6(a). However, in practice, the exact motion
20

information is typically unknown.21

Thus, our goal is now to evaluate our proposed motion estimation strategy, i.e.
22

the (discrete) deformation fields �t are computed by solving the Navier-Cauchy
23

equation with available initial and boundary data. First, we discuss the initial data
24

corresponding to the initial density distribution ⇢̂. As discussed in Remark 4, this
25

initial parameter is strongly linked to the searched-for initial state function f0 which
26

is why we propose to use a simplified prior instead. The one used for our simulation
27

is shown in Figure 7. This prior only distinguishes between spine and soft tissue,
28

where the respective values are initialized with standard values ⇢̂ = 1.85 ·103 kg/m329

for the spine and ⇢̂ = 1.05 · 103 kg/m3 for the rest. This is indeed a reasonable
30

prior in practice since the only component considered in the interior - the spine
31

- typically does not move, so it can be extracted from a static reconstruction, cf.
32

Figure 6(b). This prior can optionally be improved by an iteration between the
33

motion estimation with given ⇢̂ and image reconstructions, which then update ⇢̂
34

again.35

Finding realistic values for the Lamé-coe�cients of human tissue is a research
36

topic by itself. It is hard to quantify them and they di↵er depending on the study
37
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[47]. We assume a uniform motion behavior of all (soft) tissues and restrict our-
1

selves to one set of values for the whole thorax. The coe�cients are averaged to
2

� = 3.46 kPa and µ = 1.48 kPa.3

4

(a) Original phantom (b) Static reconstruction.

(c) Dynamic reconstruction with exact

motion information.

(d) Dynamic reconstruction with motion

information from solving the PDE with

analytical boundary data.

Figure 6. Static and dynamic reconstruction results of the initial
state function.

Regarding the boundary data, we test several configurations. First, we use the
5

exact analytical positions of the boundary. Then, solving the respective PDE as
6

described in Section 4 and incorporating its solution as motion information in our
7

dynamic reconstruction algorithm provides the reconstruction result shown in Fig-
8

ure 6(d). The motion of the phantom is well compensated for and the small tumour
9

is clearly visible. This shows that determining deformation fields by solving the
10

Navier-Cauchy equation constitutes a valuable motion estimation strategy.
11

In practice, the boundary positions might be determined by attaching markers
12

at the surface of the object. If these positions are determined by measurements,
13
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dynamic reconstruct ion with motion 
information from solving the PDE at time t = 2

the cancer becomes visible

This is solved numerically and then used as a motion compensation for image reconstruction.

We model the moving tissue shown above by 2-space dimensional linear elasticity 

Suppose you want to do use computer tomography on moving tissue. We have in mind the breathing cycle of a person: 

The movement is achieved by a time-dependent deformation of the boundary.

the body changes its shape while being scanned by a CT in a static reconstruction the cancer is barely visible

Dept. of Mathematics 
Würzburg University 

Emil-Fischer-Straße 40 
97074 Würzburg  

GERMANY

https://ifm.mathematik.uni-wuerzburg.de/~klingen/index.html
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Upcoming scientific conferences 
Go ahead and click the links to check where you might want to participate. 

-  Jan. 10 - June 24, 2022:  Frontiers in kinetic theory: connecting 
microscopic to macroscopic scales - KineCon 2022 , a one semester 
program organized at the Newton Institute at Cambridge University 
with 5 one week workshops in this time 

- April 4 - 8, 2022: High order nonlinear numerical methods for 
evolutionary PDEs: theory and applications (HONOM) in Braga, 
Portugal, organized by Raphael Loubère und Stephane Clain 

- April 10 - 15, 2022: Structure preserving discretizations, in 
Oberwolfach, organized by Bruno Després, Michael Dumbser, myself 

- May 11 - 13, 2022: High-order Time Discretization Methods for PDEs, 
on the island of Capri, Italy, organized by Lorenzo Pareschi, Giovanni 

Russo and others 

- May 16 - 20, 2022: The Boltzmann Equations: in the trail of 
Torsten Carlemann, near Stockholm, Sweden 

- May 23 - 29,  2022: Sharing Higher-order Advanced Research 
Know-how on Finite Volume (SHARK-FV) in Portugal, organized by 
Raphael Loubère und Stephane Clain 

-  June 12 - 18, 2022: Summer School on "Methods and models of 
kinetic theory" organized by Marzia Bisi (Parma) among others 

-  June 20 - 25: HYP2022: 18th International Conference on Hyperbolic 
Problems, Theory, Numerics, Applications - Part 2 (formerly HYP 2020), 
in Malaga, Spain, organized by Carlos Pares 

- June 19 - 24, 2022 “Numerical methods for kinetic equations” a 
summer school by Eric Sonnendrücker and Lukas Einkemmer in 
the alps in Italy 
- June 27 - July 1, 2022: Hyperbolic balance laws & beyond, in 
Magdeburg, organized by Helzel and Lukacova  

- July 18 - 22, 2022: When Kinetic Theory meets Fluid Mechanics, in 
Zürich, organized among others by Alexis Vasseur 

- Aug. 22 - 26, 2022: 10th International Conference on Numerical 
Methods for Multi-Material Fluid Flow (MULTIMAT 2021) in Zürich, 
organized by Remi Abgrall and others 

- Sept. 12 - 14, 2022: Nils Henrik Risebro birthday conference in Oslo, 
organized among others by Fjordholm, Holden, Mishra 

- Sept. 26 - 30, 2002: Horizons in non-linear PDEs, a summer school in 
Ulm, organized by Emil Wiedemann and others 

- Oct. 9 - 14, 2022: Computation of hyperbolic and related PDEs: A 
conference in honor of Remi Abgrall, organized by Sid Mishra at ETH 
Zurich on Monte Verità (Ascona, Switzerland) 

- Sept.. 19 - 23, 2022: 12th European Conference on Mathematical and 
Theoretical Biology  in Heidelberg, organized by Anna Marciniak 
(Heidelberg) and others 

- Nov. 14 - 18, 2022: Kinetic Theory, in Luminy (near Marseille, France), 
organized by José Carillo, Markus Schmittchen and others
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Conference on 
mathematical biology 

      

 The 12th European Conference on 
Mathematical and Theoretical Biology 
will take place Sept. 19 - 23, 2022 in 
Heidelberg.  

 It is being organized by Anna 
Marciniak. She obtained her PhD 
from Willi Jäger. I had been a 
postdoc with Jäger.  

Moritz Mathy submitted 
his Bachelor thesis 

   Moritz Mathy submitted his 
Bachelor thesis titled “Herleitung der 
Black-Scholes-Merton-Formel über 
r isikoneutrale Preismaße”. This 
subject is a great way to become 
a c q u a i n t e d w i t h s t o c h a s t i c 
integration. 

JULIUS-MAXIMILIANS-UNIVERSITÄT WÜRZBURG
FAKULTÄT FÜR MATHEMATIK UND INFORMATIK

Herleitung der

Black-Scholes-Merton-Formel

über risikoneutrale Preismaße

ZUR ERLANGUNG DES AKADEMISCHEN GRADES
BACHELOR OF SCIENCE

vorgelegt von
Moritz Mathy

Burkarderstraße 32, 97082 Würzburg
Wissenschaftlicher Betreuer:

Prof. Dr. Christian Klingenberg
Würzburg, 2022
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