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Figure 1. The rest-mass density ρ, pressure P, x-velocity ux = Wvx, and y-component of the magnetic �eld B y for the shock tube tests at t = 0.5.
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instead rely on discretization errors to excite oscillations. To
improve gauge stability, we switch to isotropic coordinates,
which slightly reduces the coordinate radius to R ≈ 8.13Me. We
extend the boundary out to ±204.8Me in all directions and add
four re�nement levels, each successively halving the domain,
such that the �nest level spans ±12.8Me in each direction. We
perform tests with 1923 and 3843 cells on the base grid, which
corresponds to resolutions of Δx ≈ 0.133Me (Δx ≈ 197 m) and
Δx ≈ 0.0667Me (Δx ≈ 98 m) on the �nest re�nement level. We
additionally change the atmosphere to ρatm = 1.28 × 10−13,
Tatm = 1.28 × 10−11, and fthr = 0.1 (i.e., the density is allowed

to drop below the atmosphere). To improve accuracy near the
center of the star, we switch the reconstruction algorithm to
WENOZ. Like the Cowling case, we perform tests with no
FOFC, with FOFC, and with FOFC+DMP.

Figure 8 shows the central density oscillations and their
power spectra. Following an initial spike as the TOV solution
settles onto the computational grid, the oscillations remain
quite small without strong damping or indications of secular
drift. As in the Cowling approximation, all three methods
demonstrate good agreement with the oscillation frequencies
predicted by perturbation theory (S. Yoshida & Y. Erigu-
chi 2001). The 1923 solution has errors of 19 Hz, 56 Hz, and
149 Hz compared to the predicted values for the fundamental
and the �rst and second harmonics, respectively. The errors of
both the fundamental and the �rst harmonic are less than the
frequency resolution (~81 Hz). The third harmonic also seems
to be present, with a fairly low error around 141 Hz, but the
width and relatively low amplitude of this peak suggest it may
not be reliable. The 3843 solution has errors of 19 Hz, 25 Hz,
68 Hz, and 222 Hz for the fundamental frequency and the �rst,
second, and third harmonics, respectively. The third harmonic
is the �rst with an error exceeding the �nite frequency
resolution. The fourth harmonic has an error of 157 Hz, though
this peak, as well as those that follow, may not be reliable.

4.6. Magnetized Accretion Disk

In this test, we simulate the development of the magnetor-
otational instability (MRI) inside an accretion disk in a �xed

Figure 6. Top: the B x component of the magnetic �eld during the loop
advection test. Bottom: the violation of the divergence-free constraint relative
to the maximum magnetic �eld strength. In both plots, the left half shows the
initial data and the right half shows the evolved data after a single
period (t = 2.4).

Figure 7. Oscillations of the central density of the TOV star as a function of
time (top) and the power spectrum of central density oscillations (bottom). The
“norm,” “fofc,” and “dmp” labels refer to runs without FOFC, with FOFC, and
with FOFC+DMP, respectively. To reduce spectral leakage, the oscillations
were �ltered with a Tukey window of α = 0.203 prior to computing the Fourier
transform. The black vertical lines mark the fundamental frequency and its �rst
harmonic as predicted by perturbation theory.
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the turbulence test offer a modest performance boost over the
smaller blocks used in the TOV test.

5.2. Strong Scaling

Strong scaling measures how increasing computational
resources speeds up the calculation of a �xed problem size.
Though strong scaling does demonstrate the effects of
increased communication overhead, it also measures how large
of a problem is needed to achieve optimal performance. A GPU
requires relatively heavy workloads both to saturate the device
and to negate the overhead of launching a new kernel.
However, GPUs generally contain far less memory per tera�op
than CPU-based machines; this makes strong-scaling tests
more dif�cult on GPUs, as there is less difference between a
saturating workload and the maximum possible workload.

For the TOV test, we perform tests with mesh block sizes of
323 and 643. As mentioned above, the mesh block size is
closely related to the performance of the GRMHD solver, so
these two tests provide a way to quantify this effect in
con�gurations suitable for a BNS remnant. The turbulence test
is done with a single con�guration using mesh blocks of 1283

each, which offers marginally worse performance (<1%
decrease) than the larger mesh blocks used in Section 5.1,
but it allows us to scale to larger node counts.

We show the strong-scaling test results in Figure 19.
Relative to a single node (~2363 zones per GPU), AthenaK
on Frontier maintains �80% ef�ciency down to ~963 zones per
GPU for the TOV test. The 643 block test is roughly 45% faster
than the 323 test, suggesting that 323 mesh blocks do not
saturate the GPUs properly. Despite the performance differ-
ence, the scaling results are comparable between the two setups

at smaller node counts. However, there is some evidence
suggesting that large mesh blocks scale more poorly at large
node counts. Though the limited tests shown here are hardly
conclusive, this seems reasonable; larger mesh blocks improve
GPU vectorization and reduce the total number of commu-
nication calls, but the cost of launching a kernel does not
substantially change, meaning that kernel overhead will
become a bottleneck sooner than in the case of small mesh
blocks.

Strong scaling for the turbulence test is not as good, with
ef�ciency decreasing to 71% after only quadrupling the number
of resources (going from ~4063 to ~2563 zones per GPU). This
is not unexpected, as this test lacks both the Z4c solver and the
computational overhead associated with mesh re�nement.

5.3. Discussion on Performance

Our scaling results are best compared to Parthenon, a
similar Kokkos-based AMR framework derived from Athena
++ (P. Grete et al. 2023). Our turbulence weak-scaling results
are similar to those reported for Parthenon on Frontier. We
cannot draw a direct comparison for the TOV tests, as
Parthenon does not have weak-scaling results for its mesh
re�nement. Strong scaling is noticeably poorer in all cases
considered, but a likely explanation for this is the additional
memory footprint required by our tests limiting the size of the
tests we can run; compared to standard hydrodynamics, which
need only store the conserved and primitive variables, MHD
requires additional memory for both the face- and cell-centered
magnetic �elds. The GRMHD implementation presented here
also stores the ADM variables to support generic spacetimes,
even when such spacetimes are unevolved. Therefore, they
consume signi�cant memory but do not contribute to the overall
computational load.

In addition to the scaling results above, we performed a small
number of tests comparing CPU and GPU performance on
NERSC Perlmutter, which consists of CPU nodes (each with two
AMD EPYC 7763 CPUs) and GPU nodes (each with a single
CPU and four Nvidia A100 GPUs). Our setup is similar to
Section 4.5 but with all output disabled and limited to the �rst
20 time steps. Running with a single CPU (64 cores/ 128 threads)
achieves 7.60 × 105 zone-cycles s–1, and a single Nvidia A100
GPU manages to achieve 1.07 × 107 zone-cycles s–1, a factor of
~14 improvement. The same setup on OLCF Frontier using a
single MI250X compute die achieves 4.84 × 106 zone-cycles s–1.
To provide a baseline comparison, we also perform this test with
GR-Athena++ using as similar a setup as possible. For a CC
spacetime, GR-Athena++ achieves 9.64 × 105 zone-cycles s–1,
which is somewhat faster but comparable to AthenaK's CPU
performance.

We also ran a version of this test on a consumer-grade laptop
with an Nvidia RTX 3070 laptop GPU. Due to the reduced
amount of memory, we reduced the resolution by half, switched
to 163 mesh blocks, and imposed a re�ection symmetry across
the z-axis, but the physics options were kept the same. The
laptop GPU achieves 1.03 × 106 zone-cycles s–1, which is 42%
faster than a single CPU on Perlmutter. The same calculation
using the laptop's CPU (an AMD Ryzen 9 5900X) with 16
OpenMP threads only achieves 1.25 × 105 zone-cycles s–1. All
of these results are summarized in Table 2. We also found it
possible to run a very coarse (~900 m) BNS simulation through
merger on this same device in a matter of a few hours. Though
research-grade calculations still require larger machines, the

Figure 19. Same as Figure 18, but for strong scaling instead, and with
ef�ciency measured against zones per GPU rather than total GPU count.
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