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ABSTRACT

Aims. Space telescopes for solar hard X-ray imaging provide observations made of sampled
Fourier components of the incoming photon flux. The aim of this study is to design an image
reconstruction method relying on enhanced visibility interpolation in the Fourier domain.
Methods. The interpolation-based method is applied on synthetic visibilities generated by means
of the simulation software implemented within the framework of the Spectrometer/Telescope for
Imaging X-rays (STIX) mission on board Solar Orbiter. An application to experimental visibili-
ties observed by the Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI) is also
considered. In order to interpolate these visibility data we have utilized an approach based on
Variably Scaled Kernels (VSKs), which are able to realize feature augmentation by exploiting
prior information on the flaring source and which are used here, for the first time, for image re-
construction purposes.

Results. When compared to an interpolation-based reconstruction algorithm previously intro-
duced for RHESSI, VSKs offer significantly better performances, particularly in the case of STIX
imaging, which is characterized by a notably sparse sampling of the Fourier domain. In the case
of RHESSI data, this novel approach is particularly reliable when either the flaring sources are
characterized by narrow, ribbon-like shapes or high-resolution detectors are utilized for observa-
tions.

Conclusions. The use of VSKs for interpolating hard X-ray visibilities allows a notable image
reconstruction accuracy when the information on the flaring source is encoded by a small set of
scattered Fourier data and when the visibility surface is affected by significant oscillations in the

frequency domain.
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1. Introduction

The use of Fourier methods in astronomical imaging is mainly related to radio interferometry
(Thompson et al., 2017). However, in the last three decades, this approach has been utilized also in
the case of solar hard X-ray telescopes that have been conceived in order to provide spatial Fourier
components of the photon flux emitted via either bremsstrahlung or thermal processes during solar
flares (Lin et al. 2002} Krucker et al., |2020). These Fourier components, named visibilities, are
sampled by the hard X-ray instrument in the two dimensional Fourier space, named (u, v)-plane,
in a sparse way, according to a geometry depending on the instrument design. By instance, the
Reuven Ramaty High Energy Spectroscopic Imager (RHESSI) relies on the use of a set of nine
rotating modulation collimators (RMCs) whose Full Width at Half Maximum (FWHM) is logarith-
mically spaced between 2.3 and 183 arcsec (Hurford et al.,2002). Each RMC measures visibilities
on a circle of points in the (u, v)-space with a spatial frequency that corresponds to its angular
resolution and a position angle that varies according to the spacecraft rotation (see Figure (1} left
panel). On the other hand, the Spectrometer/Telescope for Imaging X-rays (STIX) on-board Solar
Orbiter is based on the Moiré pattern technology (Giordano et al., 2015; Massa et al.,2019) and its
30 collimators sample the (u, v)-plane over a set of six spirals for a FWHM resolution coarser than

7 arcsec (see Figure[] right panel).

Image reconstruction methods in solar hard X-ray astronomy rely on procedures that allow
some sort of interpolation/extrapolation in the (u, v)-space in order to recover information in be-
tween the sampled frequencies, for reducing the imaging artifacts and, outside the sampling do-
main, for obtaining super-resolution effects. Most methods accomplish these objectives by impos-
ing constraints in the image domain, either by optimizing parameters associated to predefined im-
age shapes via comparison with observations (Aschwanden et al.l 2002} Sciacchitano et al.,[2018)),
or by minimizing regularization functionals that combine a fitting term with a stability term (Felix
et al., [2017;|Duval-Poo et al ., [2018; |[Massa et al., 2020)).

However, the most straightforward approach to interpolation/extrapolation in visibility-based
imaging is probably the one implemented in the uv_smooth method (Massone et al., 2009), which
is inspired by standard gridding approaches utilized in radio-astronomy. In particular, uv_smooth
starts from the observation that the coverage of the (u, v)-plane offered by hard X-ray instruments
is much sparser than that typical of radio astronomy and therefore utilizes spline interpolation
at spatial frequencies smaller than the largest sampled frequencies and soft-thresholding on the
image to reduce the ringing effects due to a naive and unconstrained Fourier transform inversion
procedure (Daubechies et al., 2004} |Allavena et al.,|2012). This approach can exploit Fast Fourier
Transform (FFT) in the inversion process and is characterized by a satisfactory reliability when
reconstructing extended sources (Guo et al.l 2013} 2012alb; |Caspi et al., 2015); however, several
applications (Dennis & Tolbert, 2019} Bonettini & Prato| 2014) showed that uv_smooth does not
work properly when it is applied to visibility sets characterized by significant oscillations in the
(u, v)-plane. This misbehavior is essentially due to the fact that the interpolation algorithm utilized
in uv_smooth is not optimal and often misses the oscillating frequency information related to very
narrow or well-separated sources (or, in the case of RHESSI, associated to the use of detectors with

fine grids in the observation process).
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Fig. 1: The sampling of the (u, v) plane provided by RHESSI (left panel) and STIX (right panel).

The present paper proposes an enhanced release of uv_smooth, based on the use of an advanced
approach to interpolation in the frequency domain. Specifically, this approach relies on the use of
Variably Scaled Kernels (VSKs), which are able to include a priori information in the interpolation
process (Bozzini et al., 2015; [De Marchi et al.,[2020a). This additional knowledge is implicitly put
into the kernel via a scaling function that determines the accuracy of the approximation process and
that is linked to a first coarse reconstruction of the sought image. As far as the practical implemen-
tation of the VSK setting is concerned, in this study we considered the Matérn C° kernel, which
takes advantage of a low regularity degree and of a better numerical stability (Matérn, [1986).

The plan of the paper is as follows. Section 2 illustrates the interpolation process based on
VSKs. Section 3 describes the overall image reconstruction approach relying on the use of interpo-
lation in the (u, v)-plane and of the soft-thresholding technique applied for image reconstruction.
Section 4 contains some validation tests performed against both synthetic STIX visibilities and

experimental RHESSI observations. Our conclusions are offered in Section 5.

2. Interpolation in the Fourier domain

Visibility-based hard X-ray telescopes provide experimental measurements of the Fourier trans-
form of the incoming photon flux at specific points of the spatial frequency plane. We denote with
f the vector whose components are the discretized values of the incoming flux, with F the dis-
cretized Fourier transform, with fu; = (u;, vi)§., the set of sampled points in the (u, v)-plane, with
V the vector whose n components are the observed visibilities and with y the binary mask returning
1 at frequencies fu,g?_, and zero elsewhere. Then, the image formation model in this framework can

be approximated by
V=x Ff, (1)

where the symbol denotes the entry-wise product. The uv_smooth code incorporated in the SSW
tree and validated in the case of RHESSI visibilities addresses equation by means of an in-
terpolation/extrapolation procedure in which the interpolation step is carried out via an algorithm
based on spline functions and the extrapolation step is realized by means of a soft-thresholding
scheme (Daubechies et al., 2004} |Allavena et al.| 2012)). In the present paper we want to general-
ize the interpolation step of uv_smooth by means of a more sophisticated numerical technique, in
order to improve uv_smooth performances, particularly in the case when visibility oscillations are

significant.



