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In Short

• How can we model the collision of black holes and
neutron stars with numerical simulations?

• How can we improve the description of
gravitational-waves emitted from the coalescence
of black hole - neutron star systems?

• How do individual properties of the neutron stars,
such as the neutron star’s spin, affect the emitted
gravitational-wave and electromagnetic signals?

Gravitational waves are tiny ripples in the fabric
of spacetime, created during the coalescence of
compact binary systems, i.e., black holes or neutron
stars. It took about 100 years after the formula-
tion of general relativity until the first direct detec-
tion of a gravitational-wave signal emitted from the
merger of two black holes. Since this first detec-
tion in 2015, almost 100 binary black hole merg-
ers have been detected. A system of a different
kind was observed on August 17th 2017: the inspi-
ral and merger of two neutron stars. This binary
neutron star merger was also connected to elec-
tromagnetic transients observable across the entire
frequency band. Hence, it marked a breakthrough
in the field of multi-messenger astronomy. The last
class of known compact binary mergers was finally
detected in 2020, when the two black hole-neutron
star mergers GW200105 and GW200115 were de-
tected. Overall, compact binary systems containing
at least one neutron star allow us to probe matter
under conditions that are unreachable in any terres-
trial experiments. However, to interpret the observed
signals, one must cross-correlate the observational
data with theoretical predictions. For GW astron-
omy, this means that one has to compute millions of
gravitational waveforms to find the system’s parame-
ters, which maximize agreement with the observed
data. For EM observations, one relates the observed
spectra and light curves with models for transient
EM signals.

Unfortunately, existing gravitational waveform and
electromagnetic models describing signatures of
black hole - neutron star coalescences are in their in-
fancy. To develop and improve our modeling, one re-
quires ab-initio simulations to understand the merger

dynamics. With support from the HLRN, we will per-
form numerical-relativity simulations of the merger
of black hole - neutron star systems.

For our simulations, we rely on the BAM code [1],
which employs a hybrid OpenMP/MPI parallelization
strategy and has been used on numerous Tier-0 sys-
tems. BAM contains state-of-the-art methods to deal
with general relativistic hydrodynamics as well as
black hole spacetimes. Finite difference stencils are
used to discretize the spacetime and high-resolution
shock-capturing methods are employed for the hy-
drodynamic variables. The code uses an adaptive
mesh refinement technique in which the domain con-
sists of a hierarchy of refinement levels to provide
sufficient resolution around the near-zone close to
the compact objects, but on the other hand, covers
the distant wave-zone in which gravitational-wave
data are extracted. One significant code modifica-
tion that happened during the time of our allocation
is a modification of our code infrastructure that al-
lows us to restructure the grid to allow a long-term
simulation of the outflowing ejecta material. We
have also upgraded our code infrastructure and per-
formed successfully the first black hole-neutron star
simulations [2,3]. Hence, we are now at the stage
where we can produce high-quality simulations of
black hole-neutron star systems; cf. Fig. 1.

Within the first year of our allocation bbp00049, we
have performed numerous new numerical-relativity
simulations of black hole-neutron star systems [2,3]
and, in addition, used a small fraction of our re-
sources for tests to understand to what extent sys-
tematic biases are present in existing GW models [4].
Some highlights concerning our studies of black hole-
neutron star systems are summarized below:

1. We improved BAM’s capability to evolve black
hole - neutron star systems reliably. We used the
publicly available LORENE code to construct the ini-
tial configurations, but we encountered difficulties
in producing accurate initial data, especially while
exploring more extreme corners of the parameter
space. Therefore, we focused so far on (i) the under-
standing of the potential issues affecting our simula-
tions, (ii) how to overcome these issues, and (iii) to
compare our results with previously published results
obtained by other groups.

2. Given that the construction of the initial data is
complicated and challenging with LORENE data, we
developed the new initial data solver Elliptica. We
have been able to use Elliptica for first simulations.
These simulations included systems in which both
the neutron star and the black hole are highly spin-
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Figure 1: Visualization of one of our first black hole - neutron star simulations using the BAM code. Shown is the disruption
of the neutron star (orange) together with the emitted gravitational wave signal (blue). Visualisation/Simulations by T. Dietrich,
N. Fischer, S. Ossokine, H. Pfeiffer, T. Vu, S. V. Chaurasia. See, e.g., https://www.youtube.com/watch?v=Rd3p3xPtWn4&t for a
full animation from one of our simulations.

ning with spins pointing in arbitrary directions. Most
other codes do not have this capability.

3. As part of our work and based on our first sim-
ulations, we have created public outreach material
related to the first BHNS detections, see e.g., Fig. 1.
Our visualizations using full (3+1)D simulation data
have been watched more than 100,000 times, the
NASA has highlighted them, and they have been
used in about one hundred newspapers, including
The New York Times.

In our first continuation of project bbp00049, we
plan to perform high-quality simulations exploring (i)
the possibility of low mass black hole - high mass NS
mergers in the context of primordial black holes, (ii)
the effect of neutron star spin on the BHNS merger
dynamics, and (iii) the properties of the outflowing
material through long-term simulations. Our simula-
tions will provide a testbed for further development
of more accurate GW and electromagnetic models
and will help in understanding the properties of one
of the most interesting astrophysical systems.

Combining electromagnetic and gravitational-
wave information from multi-messenger events such
as a black hole-neutron star mergers allows to ob-
tain tight constraints on the properties of matter at
supranuclear densities and even about the expan-
sion rate of our Universe [5]. Hence, accurate theo-
retical templates are required. We will develop these
based on our new simulations.

WWW
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