1 Executive summary

The meeting brought together a number of distinguished computational astrophysicists from
three major areas of research, namely, cosmic structure formation, star formation and planet
formation. The group of people selected were nearly evenly distributed between those who de-
velop and use Lagrangian particle-based techniques to model the equations of fluid dynamics and
those who design and employ Eulerian techniques. These are the primary computational tools of
fluid dynamicists who are tackling a broad spectrum of applications. In addition, several compu-
tational fluid dynamicists with an engineering background were also present and they enriched
the intellectual debate considerably by proposing their quite different perspective on numerical
techniques and on how to judge them. In particular, most of the intervening people were experts
of either smoothed particle hydrodynamics (SPH) or adaptive mesh refinement (AMR) codes. In
total 12 different numerical codes were presented and highlights of the scientific results obtained
with them were discussed in the context of all three different areas of investigation.

We designed the program such that the presentations in the morning were followed by focused
discussion in the afternoon. These discussion sessions were also used to cover the topics of code
comparisons and problems related to algorithmic design. The evenings were kept free for hands
on computing.

Both SPH and AMR codes are in principle ideally suited to tackle the enormous dynamic range
of astrophysical problems but the advantages and disadvantages of both techniques, though fre-
quently mentioned in meetings and articles, have never been analysed in a sufficiently quantitative
and general way. This meeting made a step forward in this direction by asking all participants to
carry out several test problems that were designed by the organisers and incorporating sugges-
tions by several of the participants. The aim was to start a serious computational astrophysics
code comparison using well defined control problems that “stress” different techniques in different
ways. These tests include situations which are common in any of the three areas of investiga-
tion targeted by the meeting, and they involve not only pure hydrodynamical problems but also
cases in which hydrodynamics is coupled with self-gravity. The organisers provided the initial
conditions before the meeting for both SPH and grid codes. The tests were performed by the
participants before and during the meeting.

The organisers brought a prototype “portable” parallel computer with 8 AMD-Opteron proces-
sors to the conference hotel which was made accessible to all participants via a local wireless
LAN. Evenings were spent helping participants run the tests, exploring parameters in codes and
general real-time hacking of codes to understand comparative performances. The small parallel
computer was also equipped with software for analysis and visualisation of the simulations. This
gave us the opportunity to start the analysis at the meeting, obtaining the first qualitative re-
sults. On site work was extremely successful, with everyone being actively involved in discussing
and analysing the tests from the end of the daily talks though the afternoon and on until late
into the night.

The close interaction between the various participants has allowed us to efficiently overcome
several practical problems that usually represents a big obstacle for attempts to carry out such
code comparisons; amongst this is finding a common platform for exchange of data formats and
analysis tools. On-sight programming with the participants allowed us to refine the design of the
tests themselves in order to bring specific issues into sharper focus. In addition, feedback from
the participants was remarkable, including different ways of analysing results and suggestions of
several new interesting test problems. One extremely positive outcome of the meeting is indeed
that the code comparison is continuing; currently five tests run by 12 different codes are being
analysed, with the aim of producing not just one but a series of research papers that should



become the definitive guide for comparison of techniques in computational astrophysics.

During the discussions the following themes were extensively explored and debated in the context
of the key scientific areas;

e the reliability of current astrophysics codes; are our methods really capable of modelling
the physical situations that we desire, even in cases were several simplifying assumptions
are made? How do numerical artifacts manifest themselves in the final state?

e the completeness of current astrophysics codes; are we simplifying too much, are too many
mechanisms missing in our computer models to be considered faithful representations of
reality? For example, many codes do not include important effects such as radiative transfer
and magnetic fields.

e how to include sub-grid physical processes that can not be resolved at the same time as
the global structure under study? A commonly discussed example is star-formation and
supernovae feedback - an unresolved process that can play a very important role.

e the impact of algorithms in astrophysics; is one particular algorithm superior to any other
in astrophysics? What algorithm might be best suited to tackle the most challenging
problems in galaxy, star and planet formation?

These four issues were discussed with the aim of trying to identify the directions for the fu-
ture and the best strategy to design new astrophysical gravitational-magneto-hydrodynamics
codes.

2 Scientific Content

The most challenging goals faced by astrophysicists is to understand the origin of structure in
the Universe, from galaxies and clusters on large scales, to star and planet formation on small
scales. Computational techniques are leading the way in helping astronomers understand these
problems, this being the scientific focus of the meeting. The extensive discussions revolved
around the correct modelling of the appropriate physical phenomenon that are important for
each problem and for each relevant scale.

The meeting began with a session on star formation. Nordlund gave a review of current models
of star formation emphasising the role of interstellar turbulence in driving high local densities in
the interstellar medium. Such high density regions can rapidly collapse via self-gravity giving
rise to stars and star clusters. Although the generation mechanism for turbulence is still not
known, two possibilities seem equally likely; one is the generation of purely hydrodynamical
turbulence from supernovae explosions, the other one is magneto-hydrodynamical turbulence.
AMR simulations of both kinds of turbulence were described. Some of these simulations can
show that fragments produced by the interplay between gravity and turbulence can reproduce
the initial mass function of stars.

Klessen showed results of SPH simulations that describe the same process. Comparisons between
SPH and high-resolution grid simulations were presented showing good agreement between the
two techniques. However, comparison of the outcomes from the two methods remains non—
trivial since initial conditions are generated differently for each and no simple definition of what
constitutes an equivalent resolution exists. The “sink particle” technique was discussed as a
way to prolong the calculations by effectively giving up on resolving the detailed physics within
the inner regions of forming star clusters. Boundary conditions for the sinks and how local



fluid behaviour is influenced by their sudden appearance in hydrodynamical calculations were
highlighted among the open questions regarding this approach.

Bate presented new results on smaller scale calculations in which the formation of a single
star cluster at high resolution is followed using purely hydrodynamical turbulence and simple
equations of state for the interstellar medium (i.e. isothermal). He showed that star clusters
with a Salpeter mass function are easily produced as a result of the fragmentation process driven
by turbulence, and that a large number of brown dwarfs are produced out of each individual
collapsing “star”. Sinks are also used in such calculations and one big limitation is the simplified
radiation physics; currently radiative transfer is applied only on the outputs of the simulation
with the aim of producing spectral energy distributions that can be compared with observations.

Stone discussed the status of Eulerian simulations of accretion disks in astrophysics, both 2D
and 3D, focusing in particular on local calculations that adopt shearing periodic boxes. Such
calculations also include MHD and show that the magneto-rotational instability can be a very
efficient way of shedding angular momentum for disk formation. It might be an important
source of ”viscosity” for accretion disks, namely a driver of their evolution. Missing from these
calculations are of course global effects, especially those related to self-gravity (which is indeed
often neglected in the first place). The generation and modelling of jets as well as more idealised
problems regarding modelling of shocks and fluid instabilities was also presented.

Cottet and Kassinos discussed direct numerical simulations (DNS) of incompressible turbulence in
computational fluid dynamics and their comparison with other approaches to model turbulence;
Eulerian as well as particle based techniques to model vortices (using a potential dependent
on velocity in place of the gravitational potential used in astrophysics were presented, and the
concept of remeshing the particles on a grid to regularise the physical fields mapped through
the particles was introduced. The issue of how relevant are such calculations to astrophysical
situations were turbulence is typically compressible (e.g. star formation) was raised.

A session on planet formation took place during part of the first and the second day. Hal
Levison reviewed the current status of N-Body algorithms designed to follow the gravitational
accumulation of kilometre sized planetesimals into terrestrial planets and cores of giant planets.
He discussed the issue of time integration in detail, focusing on symplectic algorithms. Among
the scientific issues discussed was the difficulty of obtaining a system of terrestrial planets with
low eccentricity and inclinations as those of the Solar System planets.

Willy Benz discussed the modelling of the very first stage of planet formation, from the accumu-
lation of interstellar size grains to the detailed dynamics of collisions of small bodies of meters
up to kilometre sizes. He showed how particle based techniques like SPH can be used to study
collisions and investigate the main issue, namely in which conditions planetesimals stick together
and which they do not. This involves knowledge of the properties of materials, in particular if
their reaction to stresses of any sort, and it is usually incorporated using a complex SPH equation
of state, illustrating one of the strengths of this computational method.

Proto-planetary disks, their evolution and how to model them were the subject of the remaining
talks. In particular, Willy Kley covered the area of planet migration, showing the result of the
latest 2D and 3D hydrodynamical and magneto-hydrodynamical calculations of the interaction
between a planet and the surrounding proto-planetary disk. He showed results of both SPH and
grid codes and discussed how the correct modelling of disk viscosity is crucial in these type of
problems. Planets do in fact migrate because of gravitational torques triggered by the interaction
with the disk and because of viscosity once they open a gap. SPH might be not well suited for this
type of problem because artificial viscosity might drive spurious evolution on timescales similar
to those of the actual physical viscosity sources (including gravity), unless a high resolution is



used.

Durisen and Mayer discussed the latest numerical simulations of gravitational instability in proto-
planetary disks in, respectively, grid and SPH codes. They remarked that the two main issues
in this area are the modelling of thermodynamics, namely how realistic is the balance of heating
and cooling in the simulations, and the dependence of the fragmentation process on numerical
resolution and technique used. The latter issue is of general interest also for star formation (see
above). Tests on the spreading of viscous rings were proposed by Kley.

The last day of the workshop was mostly dedicated to cosmology and structure formation sim-
ulations. The state of the art in simulations of the formation of cold dark matter haloes was
reviewed (Diemand) as well as the largest cold dark matter simulation ever carried out using
ten billion particles (Springel). For the latter issues of data formats and data managing were
also highlighted. Pearce covered the role of hydrodynamics in structure formation, discussing
numerical effects like spurious heating due to two-body effects and dependence of the survival of
structures on softening in SPH simulations. Quilis and Tessyer described two new adaptive mesh
refinement (AMR) codes designed to perform cosmological simulations with hydrodynamics.

A great deal of debate ensued on the suitable of the different approaches in modelling fluid flows.
For example, the grid based codes can diffuse material across cell-boundaries, particle based
codes could not treat turbulence as effectively. The first comparisons between the test problems
were showed by the participants which demonstrated a general agreement between techniques,
but some fascinating differences when a detailed comparison was made.

Ciardi covered the area of radiative transfer modelling in cosmological simulations, which is
particularly important at high redshift during reionisation since it affects the formation of stars
and galaxies throughout the evolution of the universe. Wadsley showed tests of SPH versus AMR
codes (in particular GASOLINE and FLASH) on problems common in galaxy cluster simulations,
such as gas clouds moving in a background fluid. He showed how in certain situations AMR can
be more diffusive than SPH contrary to common belief; similar behaviour is obtained by including
an additional conduction term in the SPH energy equation. Borgani described the current status
of SPH simulations of galaxy clusters, describing also additional mechanisms that are now being
included like thermal conduction and metalicity evolution.

Monaghan gave an overview of SPH, and especially its more advanced implementations capable
of treating MHD problems, 3D radiative transfer and thermal conduction. He discussed the
role that proper initial condition generation has in SPH (also discussed by Pearce) and showed
examples of well posed problems where SPH performs extremely well compared to analytical
solutions. He emphasised how it is important to design problems that respect the nature of the
technique chosen to solve them and how forgetting this can lead to spurious comparisons.

Finally, Komoutsakos gave a perspective of the workshop from the experience of a computational
fluid dynamicist with a broad experience in different fields from engineering to chemistry. He
talked about particle based methods in turbulence modelling and described algorithms to remesh
particles. Although the examples shown were mostly taken from the realm of incompressible
fluids, they triggered an extremely lively discussion on how to use them to design new types
of astrophysical "hybrid” codes that couple the flexibility and adaptivity of particles with the
formal superiority and more accurate solutions of high order grid methods.

3 Outcome

The meeting successfully achieved the following goals;



1) it provided an overview of the most challenging problems in three cutting edge areas of
astrophysics embracing all scales of astrophysics;

2) it fostered the discussion on the major algorithms used in astrophysics today;

2) it initiated a fruitful interaction between scientists in the different areas and also with com-
putational fluid dynamicists;

3) above all, it officially started a code comparison relevant to all major techniques currently
adopted, including as much as 12 different codes. Some of the test problems are already becoming
a reference for researchers and are now being performed even by several other groups who were
not present at the meeting.

Finally, we discussed further actions that could be taken. It was agreed by all the partici-
pants that bringing together the entire community of computational astrophysicists would be
of enormous benefit to the European research arena. The EU research and training networks
were considered too small and specialised for a platform to continue these discussions. It was
unanimously agreed that the ESF programs provided the ideal basis for strengthening this ac-
tive field and continuing this cross disciplinary activity. Moore has since contacted over a sixty
European institutes with active researchers in computational astrophysics and has submitted a
proposal for an ESF program, ASTROSIM. Our aims are to strengthen the existing European
activities in computational astrophysics, avoiding fragmentation as this field grows in strength
and to exchange expertise through an active program of conferences, workshops, training schools
and exchange visits. Our scientific objectives are to refine our computational techniques and
multi-scale modelling in order to develop and test theories of structure formation in readiness
for the grand challenge FEuropean projects planned by ESO and ESA over the coming decades.

Final program and presentations are all available on the workshop webpage

www-theorie.physik.unizh.ch/ moore/wengen
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The participants spanned the age bracket from 25 years (two PhD students attended) to 55 years.
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Nationalities, Swiss (3), English (4), French (2), Italian (3), German (4), Danish (1), American
(3), Canadian (1), Australian (1), Spanish (1), Greek (1), Cypriot (1)



Sunday September 26, 2004

Arrival

Meeting point: 6 pm by the reception for drinks and then dinner together
Monday 27 September

9:00-9:40 Introduction by Ben Moore and short presentation of the European Science Founda-
tion (ESF)

Session 1: Star formation

9:40-10:20 Ake Nordlund "Modeling interstellar turbulence and star formation”

10:20-10:50 Coffee Break

10:50-11:30 Ralph Klessen ” Gravoturbulent fragmentation of molecular clouds”

11:30:12:10 Matthew Bate ”Star Formation: Hydrodynamics and Radiation Hydrodynamics”
12:10-12:50 George-Henri Cottet ”Numerical modeling of vorticity in fluid systems”
12:50-14:30 lunch break

Session 2 : Planet formation/astrophysical disks

14:30-15:10 James M. Stone "MHD simulations of accretion disks and outflows
15:10-15:50 Hal Levison "N-Body simulations of planet formation:successes and challenges”
15:50-16:30 Willy Benz ”Planetary accretion: are planetesimals sticking or not?”
16:30-17:00 Coffee Break

17:00-19:00 Discussion + Tests

19:00-20:30 Dinner

Tuesday 28 September
Session 2 (continued)

9-9:40 Richard H. Durisen ”"Radiative Cooling in Gravitationally Unstable Protoplanetary
Disks”

9:40-10:00 Joachim Stadel "PKDGRAV+GASOLINE: a multi-purpose parallel N-Body+SPH
code”

10:00-10:20 Lucio Mayer ”SPH simulations of gravitational instability in protoplanetary disks
with GASOLINE”

10:20-10:50 Coffee Break
10:50-11:30 Willy Kley ”Simulations of disk-planet interaction”

11:30-12:10 Stavros Kassinos "DNS and Structure-based Turbulence Modeling of Rotated
Shear Flows: Implications for Accretion Disks?”

Session 3: Galaxy/structure formation

12:10-12:30 Jurge Diemand ”N-Body simulations of cosmological structure formation”
12:30-14:30 Lunch break



14:30-15:10 Frazer Pearce ”Current challenges in numerical modeling of gasdynamics in struc-
ture formation”

15:10-15:50 Volker Springel "SPH modeling of galaxy formation:Looking under the Hood of
Gadget-2”

15:50-16:10 Tobias Kaufmann ”Numerical issues in SPH simulations of disk galaxy formation”
16:10-16:40 Coffee Break

16:40-19:00 Discussion + Tests

19:00-20:30 Dinner

Wednesday 29 September

Session 3 (continued)

9:9-40 Romain Teyssier "RAMSES; and adaptive mesh refinement code for galaxy formation”

9:40-10:20 Benedetta Ciardi "Numerical modeling of radiative transfer in early structure for-
mation”

10:20-10:50 Coffee Break

10:50-11:30 Stefano Borgani ”SPH Simulations of the Intra-Cluster Medium”
11:30-12:10 James Wadsley "SPH and AMR: Gasoline, FLASH and Galaxy Clusters”
12:10-12:50 Vicent Quilis "MASCLET: a new AMR hydro+gravity cosmological code”
12:50-14:30 Lunch break

Session 4

14:30-15:10 Joe Monaghan ”New developments (especially Lagrangian Turbulence and MHD)
and the future of SPH”

15:10-15:50 Petros Komoutsakos ” Critical summary; the status of computational astrophysics
from the perspective of computational fluid dynamics”

15:50-16:30 Discussion + Tests
16:30-17:00 Coffee break

17:00-19:00 discussion + Tests (continued)
19:00-20:30 dinner

Thursday 30 September

Morning
8:55-12:15 Excursion to the observatory near the summit of the Jungfrau
12:15-14:00 lunch at the summit or departure depending on individual schedule

Afternoon Departure



