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Mid-Term Activity Report

Summary of the major achievements since the start of the project

The information provided in this section will be available to ERC staff, to members of the ERC panels, and to
the Scientific Council

Briefly describe the work performed during the entire lifetime of the project, and in particular towards the
objectives foreseen for the final reporting period.

Please specify the outcome in terms of :

- resear ch and technological achievements and the impact and use of them

The ERC project FISH relates to the explanation of faint supernovae and hypernovae / gamma-ray
bursts. In al casesfinally acentral black hole emerges (either via core collapse of massive stars or
the merger of two neutron stars). The modeling relies on the sub-topics: the nuclear equation of state
[ energy generation of nuclear reactions, neutrino transport, relativistic multi-D
magneto-hydrodynamics, and resulting €jecta which contribute in their nucleosynthetic composition
to the evolution of galaxies. They are attributed to the following work packages.

WPL. Neutrino transport in high density proto-neutron stars and (black hole) accretion disks (111)
WP2. Fluid instabilities and multi-D magneto-hydrodynamics (in rotating models) based on the
IDSA (isotropic diffusion source approximation) (1V)

WP3. Improved Microscopic Input Physics and Comprehensive Nucleosynthesis Yield Predictions

(a) equation of state of matter at extreme densities (and temperatures) )
(b) nuclear reaction predictions across the nuclear chart ()]
(c) nucleosynthesisin/of explosive gecta and impact in galactic evolution V)

We have regrouped these topicsin the order | through V (see brackets behind subtopics of WPs),
where topics | through I11 relate to input physics and the treatment of it in multi-D modeling, topic
IV to the actual modeling of the events, and topic V to their nucleosynthetic impact on the evolution
of galaxies. Our main achievements are:

I. Analysis of the asymmetry energy of nuclear matter, determination of its density dependence,
analysis of the effect of finite temperatures, and constraints from astrophysical observations. As one
of the key results we obtained the density functionals SFHo and SFHx (Steiner et al. 2013) with
constraints on the asymmetry energy S (29-31 MeV) and its density dependence L (40-60 MeV),
which lead to realistic mass-radius relations and good estimates of maximum neutron star masses
dlightly above 2 Msol (as observed recently). These (and other) results by postdoc M. Hempel come
from parallel investigations supported by the SNF, but are included in further developments with
ERC graduate student O. Heinimann.

I1. Determination of key input parameters/uncertainties (nuclear masses, fission barriers, optical
potentials for particle capture, level densities of excited states, giant electromagnetic resonances for
gammatransitions, direct capture) in order to provide complete sets of reaction cross sections across
the nuclear chart. One of the highlightsis the resolution of the long-standing “apparent” alpha
potential problem for heavier nuclei which disappears if Coulomb Excitations are included properly
(Rauscher 2013). Based on this and many other efforts by T. Rauscher (ERC) a complete set of most
advanced nuclear reaction ratesis now available to us for all applicationsin this ERC project.

[11. M. Liebendorfer has established during prior work the BOLTZTRAN neutrino transport scheme
(based on the full solution of the relativistic Boltzmann transport equation for neutrinos). Further
advances geared towards the computationally highly-demanding multi-D magneto-hydrodynamics
resulted in the IDSA (isotropic diffusion source approximation) which can cover both, the free
steaming and the diffusion limit of the Boltzmann transport equation. A mathematically rigorous
derivation provided the prove of concept (Berninger et al. 2013) of this method, which by now has
been tested in a number of publications (see e.g. Suwaet al. 2013, Nakamura et a. 2014, Kotake et
a. 2014). In parallel, a new algorithm to compute optical depths (for neutrinos) in multidimensional
hydrodynamic simulations (MODA) has been developed (Perego et a. 2014, involving ERC
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personnel R. Cabezon and M. Liebendorfer), which is especially applicable to compact objects that
arerotationally deformed. Graduate student M. Frensel (ERC) is making strong advances on neutrino
transport and the treatment of collective neutrino oscillationsin (resulting) black hole accretion disks.
A. Lohs (PhD TU Darmstadt) has obtained new results on the effect of muon and tau neutrinosin
core collapse neutrino transport and will join the ERC team in March 2015.

V. R. Cabezon, K.-C. Pan, and T. Kuroda (together with M. Liebendotrfer) form the core ERC-team
on multi-D hydrodynamics. R. Cabezon introduced a highly sophisticated multi-D smooth particle
hydrodynamics (SPH) code (SPHINX). K.-C. Pan has extended experience in the public-domain
grid-based multi-D hydro-code FLASH with radiation transport. T. Kuroda came with afully general
relativistic (GR) multi-D hydrocode, permitting to follow black-hole formation. In afirst step the
IDSA neutrino transport has been implemented in all these codes and alarge set of comparison
calculations for core collapse have been performed. In addition, comparisons were done to
spherically symmetric calculations with our full GR-code AGILE-BOLTZTRAN. A comparison
paper isin preparation, indicating the most appropriate scheme during different periods of the
simulations, in order to devise the best strategy for tackling the core theme of the project, the
formation of ablack hole, plus modeling of gecta.

V. Based on the evolution of rotating massive stars (the progenitors of high mass core collapse
systems), the composition of the wind ejecta has been predicted, involving for the first time (due to
convective instabilities) heavy s-process nuclei (Y usof et al. 2013, Cescutti et al. 2013). The neutrino
wind gjecta of massive core collapse systems have been reviewed by Arcones & Thielemann (2013).
Detailed explosive nucleosynthesis predictions have been made by Perego et al. (2015,
2015arXiv150102845P). Polar jet g ecta of magnetars/collapsars, especially with respect to heavy
element r-process nucleosynthesis, have been abtained with magneto-hydrodynamic simulations for
various rotation rates and magnetic fields (Nishimura, Takiwaki & Thielemann 2015,
2015arXiv150106567). Neutron-star merger calculations, carried out by our group or in
collaborations, with detailed nucleosynthesis predictions (and tests of nuclear input physics like mass
models, fission and beta-decay) were performed by Panov et al. (2013ab), Rosswog et a. (2014) and
Eichler et al. (2015, 2014arXiv1411.0974E), dominantly addressing dynamic ejecta from the
emerging disk. Later phases, dominated by a neutrino wind, have been examined by Perego et al.
2014b), analyzing the option of also producing matter lighter than the second r-process peak. It turns
out, that two options (magnetar jets and neutron star mergers) are viable candidates for a strong
r-process, producing the heaviest elementsin nature. The question is related to what role they play at
different times during gal actic evolution. ERC PhD student B. Wehmeyer (Wehmeyer, Pignatrai &
Thielemann 2015, 2015arXiv150107749W) has addressed this question, coming to the conclusion
that magnetar jets are needed to explain observations from the early Galaxy, while present solar
abundances can result from a combination of both types of events during galactic evolution. Findlly,
we have aso been involved in collaborations with astronomical observersto monitor the evolution of
heavy element abundances during the evolution of galaxies, as a function of metalicity (Mishenina et
al. 2013).

* citations with author names and year correspond to published results (see Annex A1), those with
archive references are submitted / in press.

- novel and/or unconventional methodol ogies

With respect to WP1 (or topic |11 - neutrino transport)

Evaluation of techniques to treat the horizon at black hole formation:

When ablack holeisformed in a computer simulation, a coordinate singularity appears in traditional
comoving coordinates. Master student N. Maksimovic investigated in his project thesis three
different coordinate systems that could help to circumvent this singularity, among others also the
approach described in (Richmond & Liebendorfer 2004). However, he showed that a very attractive
alternative option is the use of observer time coordinates because they directly focus on the
observable aspects of black hole formation after stellar core collapse. N. Maksimovic will investigate
the compatibility of these coordinate choice with the hydrodynamics codes in his master thesis.

With respect to WP2 (or topic IV - multi-D magneto-hydrodynamics):
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1) The code 3D-FISH has been updated to include the last public version of the IDSA (Liebendorfer
et al. 2009, Berninger et al. 2013) and a multi-dimensional Poisson solver. A. Perego et a. (2014)
have published the MODA agorithm, which detects the neutrinospheres as hypersurfacesin 3D
space and J. Michaud has implemented, tested and documented an improvement for the coupling of
trapped and streaming particlesin the IDSA. A corresponding paper has been submitted for
publication. These improvements are planned to be included as well. Simulations are running
robustly from stellar collapse to some hundred milliseconds postbounce time and include the
evolution of magnetic fields. However, rotating models are affected by dissipation of angular
momentum on the equidistant Cartesian mesh and the implementation of adaptive mesh refinement
(AMR) has turned out to be difficult. In order to have aternatives and to work out the impact of the
angular momentum loss we have started to implement the neutrino transport based on the IDSA in
other hydrodynamics codes with complementary strengths and weaknesses:

2) K.-C. Pan has completed the implementation of the IDSA in the public domain code FLASH
(http://flash.uchicago.edu), version 4 (Fryxell et a. 2000; Dubey et al. 2008; Lee 2013). FLASH isa
parallel, multidimensional hydrodynamics code based on block-structured AMR. Our simulation
setup is essentially similar to what has been implemented by Couch (2013), but replacing the
neutrino treatment with our IDSA solver. We use the third-order piecewise parabolic method (PPM,
Colella& Woodward (1984)) for spatial reconstruction, the HLLC Riemann solver, and the Hybrid
slope limiter. AMR isimplemented using PARAMESH4 (MacNeice et al. 2000). We use the nuclear
eguation of state (EOS) unit in FLASH which incorporates the #nite temperature EOS routines from
O’ Connor & Ott (2010) and Couch (2013). FLASH-IDSA is successfully running with the Lattimer
& Swesty EOS (with incompressibility, K = 220 MeV; Lattimer & Douglas Swesty 1991) and the
Hempel & Schaffner-Bielich (HS) DD2 EOS (Hempel & Schaffner-Bielich 2010). The Gravitational
potential is solved by the new improved multipole solver in FLASH (Couch et al. 2013) with
maximum Legendre order, Imax = 4. Simulations are performed in 3D cartesian coordinates. The
center of a progenitor star islocated at the origin of the simulation box. The simulation box includes
4, 000 km in each spacial direction. Initial conditions are mapped from the pre-bounce 1D
progenitor models from Woosley et al. (2002). To save computation time, we employ an AMR
limiter which gives an average effective angular resolution A# #< Axi /r >, where Axi isthe linear
zone space at AMR level i, and r is the distance to the center. The scaling of the code on a Cray XE6
isvery promising. Additional physics (e.g. general-relativity corrections and magnetic #elds) are
planned to be included when all tests of the current version are completed.

3) R. Cabezon has started to implement the IDSA in the code SPHYNX. SPHYNX isa
state-of-the-art 3D SPH code that has been developed in Basel and adapted to perform numerical
simulations of core collapse supernovae. It includes the Integral Approach to Derivatives
(Garcia-Senz et a. 2012) and aflexible family of interpolating kernels (Cabezon et al. 2008), that has
recently been proved to improve considerably the accuracy of SPH simulations (Rosswog 2014). For
the simulation of faint supernovae and hypernovae, the use of such a Lagrangian approach will
provide a complementary tool to the other available mesh codes. The intrinsic adaptive nature of
SPH grantsit with certain advantage in simulating the formation and evolution of the proto-neutron
star with very high resolution, and its excellent energy and momentum conservation properties will
allow usto simulate rotating progenitors with confidence. Besides, SPHY NX includes an accurate
3D gravitational solver and it is MPI+OpenMP parallelized. So far, SPHY NX has been successfully
coupled with the Advanced Spectral Leakage, and a 1D implementation of the IDSA. A 3D
implementation of the IDSA in SPHY NX is currently under devel opment.

4) The“M1” code has originally been developed by Kuroda et al. (2012). It has been improved
further to solve spectral neutrino transport of the radiation energy and momentum based on a
truncated moment formalism employing an analytical closure relation (the M1 scheme). It
implements multi-dimensional and fully general relativistic equations. Regarding neutrino opacities,
we take into account the so-called standard set in state-of-the-art simulations, in which inelastic
neutrino-electron scattering, thermal neutrino production via pair annihilation and nucleon-nucleon
bremsstrahlung are included. In addition to gravitational redshift and Doppler effects, these
energy-coupling reactions are incorporated in the moment equations in a covariant form. The code is
designed to evolve the Einstein field equation together with the GR radiation hydrodynamic
equations in a self-consistent manner while satisfying the Hamiltonian and momentum constraints.
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While none of these codes (1)-(4) is perfect on its own, they have complementary uncertainties and
virtues, e.g. (grid vs. SPH, IDSA vs. M1, effective potential vs. GR, etc.). In the Basel group we have
undertaken a systematic comparison of these four codes for the collapse and postbounce evolution of
a 15 solar mass progenitor star in order to detect, quantify and understand the uncertainties of the
different approaches. Based on these results we plan to address the formation of ablack holein a
potential faint supernovaor hypernova more reliably and flexibly than with a single code.

Berninger, H., Frenod, E., Gander, M., Liebendorfer, M., Michaud, J., Derivation of the | sotropic
Diffusion Source Approximation (IDSA) for Supernova Neutrino Transport by Asymptotic
Expansions, SIAM J. Math. Anal. 45 (2013), 3229

Cabezon, R.M., Garcia-Senz, D., Relafio, A., A one-parameter family of interpolating kernels for
smoothed particle hydrodynamics studies’ J. Comp. Phys. 227 (2008), 19
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Couch, S. M., Ap. J. 765 (2013), 29

Couch, S. M., Graziani, C., Flocke, N., Ap. J. 778 (2013), 181

Dubey, A., Reid, L. B., Fisher, R., Physica Scripta 132 (2008), 014046

Fryxell, B., Olson, K., Ricker, P., et al. Ap. J. Suppl. 131 (2000), 273

Garcia-Senz, D., Cabezdn, R.M., Escartin, JA., Improving smoothed particle hydrodynamics with an
integral approach to calculating gradients, A& A (2012), 538A

Hempel, M., Schaffner-Bielich, J., Nucl. Phys. A 837 (2010), 210

Kappdli, R., Whitehouse, S. C., Scheidegger, S., Pen, U.-L.., Liebendérfer, M., Ap. J. Suppl. 195
(2011), 20

Kuroda, T., Kotake, K., Takiwaki, T., Ap. J. 755 (2012), 11

Lattimer, J. M., Swesty, D. F., Nucl. Phys. A 535 (1991), 331

Lee, D., J. Comp. Phys. 243 (2013), 269

Liebendorfer, M., Whitehouse, S. C., Fischer, T., Ap. J. 698 (2009), 1174

MacNeice, P., Olson, K. M., Mobarry, C., de Fainchtein, R., Packer, C., Comput. Phys. Comm. 126
(2000), 330

Michaud, J., The IDSA and the homogeneous sphere: 1ssues and possible improvements, Discrete &
Continuous Dynamical Systems, Series S (2014), in press

O’ Connor, E., Ott, C. D., Class. Quant. Grav. 27 (2010), 114103

Pan, K.-C., Liebendorfer, M., Hempel, M., Thielemann, F.-K., Two-dimensional core-collapse
supernova simulations with the isotropic diffusion source approximation for neutrino transport
(2015) in preparation

Perego, A., Gafton, E., Cabezon, R., Rosswog, S., Liebendoerfer, M., MODA: a new algorithm to
compute optical depthsin multi-dimensional hydrodynamic simulations, A & A 568 (2014), AA1l
Richmond, D., Liebendorfer. M., Singularity Excision for One Dimensional Relativistic Supernovae
Simulations, Canadian Undergraduate Physics Journal 11 (2004), 13

Rosswog, S., Boosting the accuracy of SPH techniques: Newtonian and special-relativistic tests,
(2014) arXiv1405.6034v1, MNRAS (2015), in press

Woosley, S. E., Heger, A., Weaver, T. A., Rev. Mod. Phys. 74 (2002), 1015

- inter and cross disciplinary developments

the project includes subprojects and collaborations which range from experimental and theoretical
nuclear physics with relation to nuclear reactions and the nuclear equation of state, over particle
physics with relation to neutrino-matter interactions and neutrino oscillations, stellar evolution with
rotation and magnetic fields, general-relativistic magnetohydrodynamic simulations of core collapse
and compact object collisiongmergers, up to specific nucleosynthesis predictions for the gjecta of
such events, plus their impact in the chemical evolution of galaxiesin close contact with
astronomical observers.

We think thisis quite afruitful and successful basis for avery inter- and cross-disciplinary approach
to very timely and important questions, addressing the formation and collisions/mergers of compact
objects and the role of their explosive gjectain the evolution of galaxies.

- knowledge and technology transfer

thisis related mostly to numerical methods in multi-D hydrodynamics and radiation transport, plus
the implementation on parallel machines
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We will make the IDSA code publicably available on the webpage of the Physics Department
http://phys-merger.physik.unibas.ch/users/group/

and we are contributing subroutines in the framework of a Swiss High Performance Computing
project (PASC) to atrans-disciplinary radiative transfer library that is meant to be used in different
scientific domain applications.

- establishment and/or consolidation of the research group and team composition

1.1.2013: the first graduate student (Maik Frensel) started immediately with the beginning of the
project (working on neutrino transport in/and black hole accretion disks) together with senior
personnel PD Matthias Liebendorfer (MHD hydro-dynamics and neutrino transport), PD Thomas
Rauscher (nuclear reaction input to nucleosynthesis aspects of faint supernovae and hypernova) as
well as Pl Friedrich Thielemann. The team is aided by SNF postdoc M. Hempel, being highly active
in providing nuclear equation of state input for all simuations.

February 2013: the computer cluster was delivered and installed, three postdoc positions were
advertized.

July 2013: postdoc Ruben Cabezon (PhD Barcel ona/Spain), working on 3D smooth particle
hydrodynamics started on the project.

August 2013: postdocs Takami Kuroda (PhD University of Tokyo), working on general relativistic
hydrodynamics, which permits black hole formation, started his contract; also postdoc Kuo-Chuan
Pan (PhD University of Illinois), working on 3D hydrodynamics with the FLASH grid-based code,
started his contract.

March 2014: graduate student Benjamin Wehmeyer, working on the impact of MHD jets and neutron
star merger gjectaon the ,chemical evolution* of galaxies, started his contract.

April 2014: graduate student Oliver Heinimann, working on the equation of state of matter at
extreme conditions, related to maximum neutron star masses and the transition to the collapse to
black holes, started his contract (partially supervised by SNF postdoc M. Hempel).

March 2015: postdoc A. Lohs, with a background on muon and tau neutrino interactions with matter,
will join the team.

This team will remain until the end of the grant (December 2016). The last additional employment is
possible due to late starts of the first series of postdocs and graduate students plus partial salary
support for R. Cabezon and K.-C. Pan from a high performance computing activity of the Swiss
Supercomputer Center in Lugano

- others

n/a
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Publishable brief summary of the achievement of the project
This section should normally not exceed 1 page.

Stand alone description of the project and its outcomes

The project includes subprojects which range from experimental and theoretical nuclear physics with
relation to (i) the nuclear equation of state (required for the collapse of matter to highest densities,
possibly permitting the collapse to a black hole); (ii) nuclear reactions (permitting to follow the
energy generation in explosions and the prediction of the elemental and isotopic € ecta composition);
over particle physics with relation to (iii) neutrino-matter interactions, neutrino oscillations and the
related neutrino (radiation) transport; late stages of stellar evolution with rotation and magnetic fields
leading to (iv) general-relativistic magneto-hydrodynamic simulations of core collapse and compact
object collisions/mergers; up to (v) specific nucleosynthesis predictions for the gjecta of such events,
plus their impact in the chemical evolution of galaxiesin close contact with astronomical observers.

Thus, thisinter- and cross-disciplinary approach addresses the formation and collision/mergers of
compact objects, accompanied by explosive events whose explosive gjectaplay a key rolein the
evolution of galaxies.

Up to now we have provided
essential aspects of the input physics:

(i) adata base of nuclear equations of state in agreement with present knowledge from nuclear
physics and astronomical observations http://phys-merger.physik.unibas.ch/~hempel/eos.html

(i) adata base of nuclear reactions across the nuclear chart http://nucastro.org/reaclib.html

(iii) the isotropic diffusion source approximation (IDSA) code for multi-dimensional neutrino
transport will be made publicly available soon on our webpage
http://phys-merger.physik.unibas.ch/users/group/

a detailed code comparison for

(iv) magneto-hydrodynamic simulations of core collapse with an SPH code (SPHINX), the open
source grid-based code FLASH, our 3D MHD codes FISH/ELEPHANT, and the genera relativistic
code M1 have been performed, analyzing in which regime which treatment is suited best. Production
runs for such collapse calculations are now underway

finally

(v) nucleosynthesis predictions for magnetars/collapsars have been performed with varying rotation
rates and magnetic fields. Similar investigations have been done for neutron star mergers. The results
have been implemented to understand the temporal evolution of the heaviest elements during the
evolution of galaxies and are in agreement with astronomical observations.

What remains to be done isto understand and simulate the production of intermediate mass and
iron-group elementsin collapsarshypernovae/gamma-ray bursts (which still includes sufficient
challenges for the remaining two years).
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Major problems/ Difficulties

Theinformation provided in this section will be available to ERC staff, to members of the ERC panels, and to
the Scientific Council

Please specify any major problems/difficulties you may have encountered until now or may anticipatein the
near future. Please suggest possible corrective actions.

Scientific problems
n/a
Technical problems
n/a

Support provided by the Host I nstitution (Start-up facilities, working space, accessto labs,
equipments, resour ces, etc)

working space, local computing, library and administrative support for all ERC team members
Others

essential amounts of CPU hour support by the Swiss Supercomputer Center (CSCS) in Lugano,
without which this project would not be possible.
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I nfor mation you would only want to sharewith ERCEA

n/a
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List of free Keywords

supernovae, hypernovae, gamma-ray bursts, nuclear equation of state, nuclear reactions, neutrino
transport, nucleosynthesis, chemical evolution of galaxies
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