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We present COSMICA, an opensource high-performance GPU-accelerated numerical code for
modeling cosmic ray solar modulation, and its application to study CR diffusion parameters.
Developed within the framework of the ICSC-Italian Research Center on High-Performance
Computing, Big Data and Quantum Computing (Spoke-3), COSMICA is undergoing continuous
software optimization to maximize efficiency on NVIDIA architectures. COSMICA is coupled
with SDEGnO, another ICSC project, designed for the efficient parameter tuning, exploring the
large parameter space in solar modulation studies. As a first physical use-case study, we exploit
COSMICA to investigate Forbush Decreases (FDs), which are transient cosmic ray intensity
reductions caused by interplanetary disturbances. The analysis leverages the high-precision daily
measurements from AMS-02, which provide cosmic ray fluxes across a wide range of rigidities.
The ability to simultaneously study not only protons but also helium isotopes offers complementary
insights into charge- and mass-dependent transport effects. By analyzing FD events, we assess
localized variations in diffusion parameters and their impact on cosmic ray transport. The results
confirm the stability of the rigidity dependence of the diffusion tensor, supporting the use of FDs
as probes of localized well constrained heliospheric conditions. The computational efficiency
of COSMICA paves the way for large-scale simulations, systematic FD catalogue analysis and a
more in-depth understanding of the parameter that regulates the solar modulation, together with
their dependencies.
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1. Introduction

The passage of particles through an astrophysical plasma is described using the Fokker-Planck
equation. In particular, models describing the passage through the heliosphere are based on the
Parker Transport Equation (PTE), named after its author in 1965 [1]. In this formulation, cosmic
rays experienced diffusion-dominated transport with adiabatic energy losses due to the expansion
of the Solar Wind (SW). The full treatment of the PTE includes other processes like convection, due
to solar wind expansion, and drift of GCR gyro-radius guiding centers, due to large-scale spatial
gradients of the heliospheric magnetic field (HMF) [2-6]. The net effect of these processes is an
energy and time-dependent reduction of cosmic ray intensity in the inner heliosphere regarding the
local interstellar spectra that is known as Solar Modulation.

The importance of accurately describing the solar modulation process is becoming increasingly
important as the precision of experiments increases. In fact, nowadays, space spectrometers like
AMS-02 can produce time-dependent spectra with unprecedented accuracy [7-10] that, in turn,
stimulate new studies on more fundamental questions (e.g., see, Ref’s [11-14]). In this context,
the required computational effort could be a breaking point in the development of accurate models.
In parallel, the development of GPU parallel computing hardware reaches its golden era, allowing
us to have high-performance computers even in a laptop and, thus, several authors developed their
own version of PTE solvers on GPU [15-19].

In this paper, we present COSMICA (COde for a Speedy Montecarlo Involving Cuda Archi-
tecture), a speedy and high-precision Monte Carlo simulator of CR modulation, which solves the
system of Stochastic Differential Equations (SDE) equivalent to the PTE. In this implementation,
we place performance on top priority while maintaining the numerical accuracy as high as possible.

2. COSMICA Under the Lens

The numerical resolution approach used by COSMICA is based on the equivalence between the
Fokker-Planck Equation with a set of Stochastic Differential Equations [20]. The modulated spectra
are then evaluated given the GCR differential intensities at the boundary as the primary input, i.e.,
outside the heliosphere, also known as the (very) Local Interstellar Spectrum (LIS). Numerical
methods that solve PTEs employing the Monte Carlo integration of an equivalent set of SDEs are
nowadays a standard method [16, 20-25] since this approach presents several advantages in terms of
stability of the solution and modularity of the code, and allows expanding the model’s functionality
with relatively small changes in the code. The code is actually under refinement and a public release
under the GNU GPL v3 license is expected for winter 2025. One of the important features of the
code is the possibility to solve within the same execution the spectra for different isotopes, different
periods, or different heliospheric parameters. In fact, in most of the utilization scenarios, the PTE
must be solved several times under similar parametrizations to reproduce experimental data. As a
representative example, let us consider the simulation of a Bartel rotation-averaged spectrum for
Helium. This ion is composed of 3He and “He isotopes in a proportion where the He / “He ratio
is ~ 0.10-0.16 [26] so that, for the most accurate evaluation, both elements must be considered
in the computation of the helium-modulated spectra. Instead of running two separate programs,
which means duplicating the needed resources or loading in memory the same datasets twice for
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each solution, COSMICA can solve PTE for both isotopes simultaneously, providing final separate
results for each case and allowing different post-processing analyses. COSMICA can also use the
same approach, testing different parameter values with boosting in performances that increase while
scaling up the complexity of the problem. This feature, in combination with the capability to run
also in multi-GPU mode, allows COSMICA to use resources most efficiently, e.g., reducing lag
times due to memory copying and keeping the GPU fully occupied for the majority of the time. In
the next section, we will see some performance plots and benchmark studies to test the capability
of this code.

3. Code Performance and Validation
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Figure 1: Modulated spectra for HelMod-4/CUDA (HM-4/CUDA) and for COSMICA, both solving the
PTE in kinetic energy and in rigidity for November 2011 (left) and June 2017 (right). The bottom panel
shows the relative difference regarding HelMod-4/CUDA.

To validate COSMICA, we implemented in it the physical description of HelMod-4/CUDA [19,
24]. Particular emphasis was placed on the prevention of branch divergence and the reduction of
registry pressure during the implementation process. These are the most dangerous threats while
implementing physical description: an increase in registry pressure will lead to a reduction of
threads that can be allocated within a block and, in turn, a suboptimal allocation of resources within
the GPU; branch diverging may appear when if statements lead to computing different formulas
according, e.g., to position, energy or time. Since the GPU executes the program in warps of 32
threads, executing the same instruction in all threads, in case of branch divergence, some threads
are in an idle state and only a fraction are actually computing, resulting in a loss of performance. To
ensure that this optimization in rewriting the physical description does not introduce any bias, we
compared our results with those provided by HelMod-4/CUDA. Two sample results are presented
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in Fig. 1. In these figures, we compute the modulated spectra for HelMod-4/CUDA (HM-4/CUDA)
and for COSMICA, both solving the PTE in kinetic energy and in rigidity. The bottom panel shows
the relative difference among the various versions that behave well within numerical uncertainties
of (N, p)o.s ~1.4% where N, = 5024 is the number of simulated pseudo particles for each energy
bin. Comparing HelMod-4/CUDA and COSMICA, we found the latter is largely faster [27] with
still some room for improvements in multi-GPU mode.

] -
i , ” if ,// ]
e —— / E / E

Number of quasi-particles Number of dynamic parameters

GPU

A30 —o— A40 —o— RTX 3090 —o— A100

Figure 2: Scaling analysis of the COSMICA multi-GPU implementation versus HelMod-4/CUDA for
proton + deuteron simulations (23 bins, 1-11 GV) across different GPU architectures and simulation periods
(Carrington rotations: 2117, 2155, 2168, 2181, 2192, 2209). (Left) Runtime as a function of quasi-particles
count for different periods. (Right) Runtime as a function of dynamic parameters count (Kj) for different
periods with fixed quasi-particles. All results are shown for different simulation periods, with shaded areas
indicating the 50% percentile interval.

We tested COSMICA on different NVIDIA hardware, in particular, we tested the GPU models:
A100, A30, A40, and RTX 3090. The models A30 and A100 have the same chipsets and share the
same Compute Capability (the hardware features and supported instructions), but the A100 has a
larger and faster memory and almost twice as many cores as the A100 (6912 vs. 3584). The models
RTX 3090 and A40 also share the same chipset but have a more modern compute capability. The
RTX 3090 is a consumer gaming GPU, characterized by a much faster boost clock (1900 MHz),
but 2.4% fewer cores and a higher TDP (maximum amount of heat the GPU is designed to dissipate
under normal operation) of 350W (against 300W of the A40). The comparison is reported in
Fig. 2. In more detail, in Fig. 2-right, we compare the execution time of COSMICA as a function
of the number of parameters we want to test in the same simulation. Please note that, normally,
a simulation computes one parameter set each; thus, testing more parameters increases linearly
the execution times since these must be computed sequentially (on a single GPU). COSMICA also
allows testing multiple parameter sets, allowing an optimization in this procedure that is on the order
of 10000% faster regarding the not optimized approach. In Fig. 2-left, we compare the execution
time of COSMICA as a function of the number of pseudo-particles simulated in each energy bin.
It is interesting to note that performances are quite similar, confirming that the problem is more
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computing-bound rather than memory-bound. Moreover, great performances can be obtained even
with GPUs not designed to be installed on HPC infrastructure, which makes the code suitable
without modification for scaling the approach from local search and test on a desktop to heavy
parameter searches on a multi-GPU HPC infrastructure.

4. Conclusions

We presented COSMICA as the newcomer within the panorama of solar modulation numerical
solvers. COSMICA is designed to reduce the execution time without compromising the accuracy
and stability of the solution. Moreover, the design of the code allows performing parameter sweep
studies in a very efficient way that will reduce the computation time in future modulation studies.
The code will be released as open source under the GNU GPL v3 license.
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