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Summary
The study of exoplanets predominantly relies on measurements of host stars’ observables, such
as flux and spectral time series. However, stellar activity, including spots and faculae, has
been increasingly recognized as a significant source of noise in signal analysis. For instance,
photospheric active regions can mimic or hide exoplanetary signals (Rackham et al., 2023).
These active regions also complicate exoplanet detection, whether through transit observations
(Garcia et al., 2024) or radial velocity measurements (Collier Cameron et al., 2021). Addressing
these challenges requires modeling the stellar surface and its temporal evolution. Although
various methods exist for representing stellar surfaces, such as Luger et al. (2019), accurate
inference of their properties necessitates forward models that are computationally efficient and
compatible with widely used inference tools. Furthermore, the growing volume and resolution
of datasets, combined with advancements in instrumentation, emphasize the need for scalable
and high-performance models.

Statement of Need
spotter is a Python package designed for fast forward modeling of non-uniform stellar surfaces.
Built with JAX (Bradbury et al., 2018), it leverages hardware acceleration to enable efficient
simulations and inferences through a Pythonic interface. spotter can model flux and spectral
time series from pixelated stellar surfaces and define surface Gaussian processes conditioned
on parameters such as spot size and contrast, inspired by Luger et al. (2021). Its minimal and
flexible design makes it a versatile tool for stellar and exoplanet science applications, including
ensemble analyses of stellar light curves, akin to approaches similar to Luger et al. (2021) and
Morris (2020).

A key advantage of spotter is its native implementation in JAX, which provides seamless
integration with probabilistic programming tools in the JAX ecosystem and enables hardware
acceleration on GPUs and TPUs. Unlike Luger et al. (2021), spotter supports modeling of
surfaces at much higher spatial resolutions. In contrast to Morris (2020), spotter allows for
the representation of arbitrarily shaped active regions, offering greater flexibility in simulating
complex stellar surface features.

Principle
If y represents a vector of pixel values corresponding to the surface intensity of a star, spotter
models the observable 𝑓 (e.g., flux) as
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𝑓 = Xy

where, at any given time, X is constructed by accounting for:

• The pixels belonging to the visible hemisphere of the stellar surface,
• The projected area of each pixel, and
• The limb darkening intensity of each pixel.

spotter ’s documentation demonstrates how this linear model is applied to simulate both
flux and spectral time series for rotating stellar surfaces. To facilitate this computation, the
HEALPix subdivision scheme (Górski et al., 2005) is employed to decompose the stellar surface
into pixels.

Figure 1: Example of a limb-darkened star whose surface has been drawn from a Gaussian Process
representing Sun-like active latitudes. Left: design matrix of the map in orthographic projection. Center:
Surface map of the star in the same projection. Right: Orthographic representation of the complete map.

By adopting this formalism, spotter implements its model using simple linear algebra operations
in JAX. It supports execution on hardware accelerators such as GPUs and TPUs, enabling
fast and scalable simulations and inferences. This capability makes spotter well-suited for
processing large datasets and high-resolution observations, whether spatial or temporal.

Performance

Speed
Figure 2 shows the performance of spotter in evaluating the flux forward model of a rotation
surface with an increasing number of pixels, as well as for an increasing number of data points.
This figure shows that running spotter on GPU provides two orders of magnitude speedups
compared to running it on CPU.
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Figure 2: Flux forward model evaluation time on a single CPU and GPU. Left: evaluation time of
a 1000-points rotation light curve versus the number of pixels used to represent the surface. Right:
evaluation time of a 3072-pixels surface depending on the number of points in the time series.

Figure 3 shows the performance of spotter in evaluating the spectrum forward model of a star
depending on the number of wavelength bins. In this case, using a GPU leads to an order of
magnitude speedup compared to a CPU.

Figure 3: Spectrum forward model evaluation time on a single CPU and GPU. Left: evaluation time
of the spectrum of a surface with an increasing number of pixels (for 500 wavelength bins). Right:
evaluation time of the spectrum of a 3072-pixels surface versus the number of wavelength bins.

On CPU, our benchmark is done on the single core of an Apple M2 max chip, while on GPU
we use the single core of an NVIDIA Tesla V100 processor.

Precision
We validate the accuracy of spotter ’s flux forward model against reference models computed
with starry (Luger et al., 2019). The light curve accuracy achieved by spotter depends on the
stellar surface resolution, determined by the number of HEALPix subdivisions. Under optimal
settings, spotter produces spectra and light curves with relative precision of 1 ppm. These
benchmarks are incorporated into the unit tests of spotter, and we provide documentation
guidelines to select the appropriate surface resolution for a desired precision.

Acknowledgements
spotter makes use of the following dependencies: NumPy (Harris et al., 2020), healpy (Zonca
et al., 2019), JAX (Bradbury et al., 2018), Equinox (Kidger & Garcia, 2021) and tinygp.
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