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ABSTRACT

CLEAN is a well-established deconvolution approach to Fourier imaging at radio wavelengths and hard X-ray energies. One of
the main limitations of CLEAN for hard X-ray imaging is that it requires a final convolution step by means of a convolution ker-
nel whose width is strongly user dependent, and moreover, under-resolution effects are often introduced. This paper describes a
multiscale version of CLEAN that is specifically tailored to the reconstruction of images from measurements observed by the Spec-
trometer/Telescope for Imaging X-rays (STIX) on board Solar Orbiter. Using synthetic STIX data, this study shows that multiscale
CLEAN might represent a reliable solution to the two CLEAN limitations described above. Further, we show the performances of
CLEAN and its multiscale release in reconstructing experimental real scenarios characterized by complex emission morphologies.
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1. Introduction

The imaging concept for the most recent space missions in
solar hard X-ray imaging is a Fourier transform model: Native
measurements are samples of the Fourier transform of the
incoming photon radiation, called visibilities, and image recon-
struction in this framework therefore consists of solving the
Fourier transform inversion problem from limited data (Bertero
2006). Previous examples of instruments that relied on this imag-
ing approach are the Hard X-ray Space Telescope (HST) on
board YohKoh (Kosugi et al. 1992), which used 32 pairs of mod-
ulation collimators to measure 32 visibilities in four broad bands
in the energy range between 14 and 100 keV; and the Reuven
Ramaty High Energy Solar Spectroscopic Imager (RHESSI;
Lin et al. 2004), which observed hard X-rays and gamma-rays by
means of nine rotating modulation collimators generating hun-
dreds of visibilities with a heterogeneous signal-to-noise ratio.
Two more Fourier-based space telescopes are currently flying
to record hard X-ray observations of the Sun. Both of them
are characterized by a Fourier-based technology. Specifically, on
the one hand, the Spectrometer/Telescope for Imaging X-rays
(STIX) on board Solar Orbiter (Benz et al. 2012; Krucker et al.
2020) works by using Moiré patterns and measures 30 visi-
bilities from a complicated orbit that reaches distances to the
Sun closer than Mercury. On the other hand, the Hard X-ray
Imager (HXI) on board the Advanced Space-Based Solar Obser-
vatory (ASO-S) (Zhang et al. 2019) uses two subcollimators to
measure the real and imaginary parts of 45 visibilities from an
Earth orbit.

Within the framework of the RHESSI mission, sev-
eral imaging methods have been developed, all designed
to extract spatial information from the measured counts
or visibilities (Hurford et al. 2002; Dennis & Pernak 2009;
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Schmahl et al. 2007; Benvenuto et al. 2013; Bong et al. 2006;
Massa et al. 2020; Massone et al. 2009; Felix et al. 2017;
Duval-Poo et al. 2018; Hannah et al. 2008; Aschwanden et al.
2002; Metcalf et al. 1996). In particular, image deconvolution
based on CLEAN (Högbom 1974; Hurford et al. 2002) was the
imaging tool applied for more than 10% of the RHESSI stud-
ies, which made this technique the most popular one in the
RHESSI community. The steps of this algorithm consist of a
CLEAN loop that generates a set of CLEAN components that
are located where most of the source emission propagates; an
estimate of the background; the sum of the CLEAN component
map with the estimated background; and finally, the generation
of the CLEANed map via convolution with an idealized point
spread function (PSF) called the CLEAN beam.

It is well-established, however, that the CLEAN algorithm
developed for RHESSI was affected by two main weaknesses:
First, the degree of automation of CLEAN was rather limited,
and the final convolution step was significantly dependent on the
user choice. Second, the maps reconstructed by CLEAN are typ-
ically under-resolved, with a rather poor ability to identify dif-
ferent spatial scales in the field of view under analysis.

On the one hand, the first limitation has been addressed in
Perracchione et al. (2023), who introduced an unbiased user-
independent version of CLEAN for STIX. On the other hand,
the formalism of a possible multiscale release of CLEAN has
been outlined in Volpara et al. (2024) for the solution of the
general Fourier transform inversion problem from limited data.
These authors also briefly illustrated an application to RHESSI
observations.

Our objective is to introduce the CLEAN and multiscale
CLEAN algorithms into the STIX framework and to vali-
date their performances against synthetic data and experimental
observations. In particular, the multiscale version of the method
relies on modeling the global PSF of the instrument as the sum of
components, each of which corresponds to a specific collimator,
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Fig. 1. Comparison between the imaging characteristics of RHESSI (top row) and STIX (bottom row). First column: Sampling of the (u, v)
plane. Second column: PSFs. Third column: Central cut of the PSFs. Fourth column: Idealized PSFs obtained by fitting the central peak of the
original PSFs. The top left panel describes a typical experimental (u, v) sampling from which some of the sampling points are missing because the
corresponding visibilities did not pass the statistical quality check test.

so that grouping different collimators corresponds to obtaining
different resolution powers. On the one hand, we proved in the
simulated cases that when the user appropriately realizes this
grouping, the corresponding reconstructions reproduce the dif-
ferent scales in the image well. On the other hand, we consid-
ered in the application to experimental data the flaring events on
February, 24 2024, March, 10 2024, and May 14 2024, and com-
pared the reconstructions provided by CLEAN and multiscale
CLEAN for the STIX data with images of the same events pro-
vided by the Atmospheric Imaging Assembly (AIA) on board the
Solar Dynamics Observatory (SDO) in the extreme-ultraviolet
(EUV) regime (Lemen et al. 2012) and by the HXI on board
ASO-S, again in the case of hard X-ray energies (Zhang et al.
2019).

The plan of the paper is as follows. Section 2 illustrates the
possible design of CLEAN and multiscale CLEAN for process-
ing STIX data. Section 3 validates the multiscale approach in
the case of synthetic visibilities. Section 4 applies multiscale
CLEAN to the analysis of STIX measurements recorded dur-
ing three flaring events in 2024. Our conclusions are offered in
Sect. 5.

2. CLEAN in the STIX framework

The deconvolution algorithm CLEAN was introduced by
Högbom (1974) for radioastronomy imaging and was translated
into a solar hard X-ray context (Hurford et al. 2002) for the pro-
cessing of data recorded by the Reuven Ramaty High Energy
Solar Spectroscopic Imager (RHESSI). The basic idea behind
CLEAN is that the image to be reconstructed can be repre-
sented as the superposition of point sources that are iteratively
introduced in the reconstruction process. More schematically,
CLEAN is implemented by means of the following steps:

1. A dirty map of the hard X-ray emission is obtained by apply-
ing the discrete Fourier transform to the set of visibilities
recorded during a specific time interval and in correspon-
dence with a specific photon energy channel.

2. After identifying the maximum in the dirty map, a CLEAN
component map is generated by means of a δ-Dirac placed at
the maximum position.

3. The dirty beam, that is, the instrument PSF, centered at the
maximum position, is then subtracted from the dirty map.

Items 2 and 3 are iterated until the remaining dirty map con-
tains just noise, and the final CLEANed image is obtained by
adding an estimate of the residuals to the CLEAN component
map and then convolving with the so-called CLEAN beam, that
is, an idealized form of the instrument PSF obtained by fitting the
dirty beam by means of an idealized two-dimensional Gaussian
function.

As shown in Fig. 1, this scheme depends on the properties of
the telescope at different levels, which affects its implementation
within the STIX framework. First, the sampling of the spatial
frequency plane (the (u, v) plane hereafter) is significantly dif-
ferent; this implies different properties of the instrumental PSFs
and, specifically, of the shapes of their central peaks, which
are a measure of the spatial resolution achievable by the two
instruments. As a consequence, this difference in the resolution
power is reflected by the different full width at half maximum
(FWHM) of the RHESSI and STIX CLEAN beam. Specifically,
on the one hand, the nominal maximum RHESSI angular res-
olution was 2.26 arcsec. On the other hand, STIX achieves a
nominal maximum resolution of 7.2 arcsec, although at the cur-
rent stage of the calibration process, collimators 1 and 2 are not
included in the imaging process, so that the maximum resolu-
tion decreases to 14.6 arcsec. Solar Orbiter can approach the
Sun as close as 0.28 astronomical units (AU), however. At this
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Fig. 2. Reconstruction of a single source.
Comparison between the ground truth and the
performances provided CLEAN, multiscale
CLEAN, constrained maximum entropy
(MEM_GE), an interpolation/extrapolation
algorithm (uv_smooth_VSK), and a version
of CLEAN based on feature augmentation
(u_CLEAN). First two rows: Circular Gaus-
sian source. Second two rows: Loop-shaped
source. Third two rows: Elliptical source. The
corresponding imaging parameters are listed in
Table 1.

distance, an angular resolution of 1 arcsecond corresponds to a
linear scale of about 200 km on the solar surface, compared to
roughly 725 km per arcsecond at 1 AU (the Earth–Sun distance,
relevant for RHESSI). Although the nominal angular resolution

of STIX is lower than that of RHESSI, the much closer observ-
ing distance effectively compensates for this limitation in this
way and provides a comparable or even superior spatial resolv-
ing power on the Sun.
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Fig. 3. Reconstruction of two approaching circular Gaussian sources. Comparison between the ground truth (first column) and the performances
of CLEAN, multiscale CLEAN, and the other algorithms considered in Fig. 2. The fourth column compares the profiles along the cut across the
source peaks.

The experience of using CLEAN for the analysis of RHESSI
visibilities showed that this imaging approach has two main lim-
itations. First, CLEAN is not capable of automatically adapt-
ing to the spatial scale of the source to be reconstructed, which
often results in under-resolution effects in reconstructions. Sec-
ond, the step implementing the convolution between the CLEAN
component map and the CLEAN beam is significantly user
dependent because the FHWM of the CLEAN beam is typi-
cally tuned according to heuristic considerations. Very recently,
Volpara et al. (2024) formulated a multiscale version of CLEAN

that does not require the final convolution step and that was
validated against synthetic and experimental RHESSI data. For
RHESSI, this multiscale CLEAN method for STIX also explic-
itly leverages the fact that the sampling of the Fourier transform
is made over disjoint circles in the (u, v) plane, so that the cor-
responding PSF can be rearranged into contributions that each
refer to a specific circle.

Specifically, the starting points for multiscale CLEAN in the
case of STIX visibilities are, first, to group the set of ten circles
characterizing the STIX (u, v) plane into N subsets and to model
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Fig. 4. Reconstruction of two sources with dif-
ferent sizes. Comparison between the ground
truth and the reconstructions provided by
CLEAN, multiscale CLEAN, and the other
algorithms considered in Figs. 2 and 3. In the
first two rows, both sources are modeled by a
circular Gaussian function, and in the second
two rows, the largest source has a loop shape.

the image I(x, y) to reconstruct according to the formula

I(x, y) =

N∑
i=1

Qi∑
qi=1

Iqi mi(x − xqi , y − yqi ) + B(x, y), (1)

which assumes that for each subset, an unknown image exists
that can be modeled as the sum of Qi normalized basis functions
mi(x, y), each centered at (xqi , yqi ) and with a peak intensity Iqi .
Second, for each subset, the corresponding dirty map is com-
puted by applying the inverse Fourier transform to the Fourier
samples corresponding to each subset. Third, the corresponding
PSF is computed for each subset. Denoting a map made of pixels
with zero content by CC(0)(x, y), the first iteration is computed
according to a process that reads as follows:
1. Each dirty map I(0)

j , j = 1, . . . ,N, is rescaled according to the
rule described in Volpara et al. (2024), that is, each map is
pixel-wise divided by its maximum and multiplied by a bias
factor that decreases as j increases in order to favor small
scales at the first iterations.

2. The first selected scale is identified among all dirty maps as
the scale corresponding to the rescaled dirty map with the

maximum intensity value (rescaled dirty maps are used in
this step alone, i.e., for maximum identification). Then, the
corresponding PSF K(x, y) and the corresponding basis func-
tion m(x, y) are selected.

3. The multiscale CLEAN components map is computed as

CC(x, y) = CC(0)(x, y)+
γImax

max
(x,y)
|(m ∗ K)(x, y)|

m(x−xmax, y−ymax), (2)

where Imax is the maximum value of the dirty map at the
selected scale, (xmax, ymax) denotes its position, and γ is a
gain factor.

4. At each scale j = 1, . . . ,N, the dirty map component is com-
puted in such a way that

I j(x, y) = I(0)
j (x, y) −

γImax

max
(x,y)
|(m ∗ K)(x, y)|

(m ∗ K j)(x − xmax, y − ymax).

(3)

Iterations continue while CC(x, y) is accordingly updated, until
a stopping rule is satisfied.
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Table 1. Imaging parameters characterizing the ground truth, CLEAN, multiscale CLEAN, MEM_GE, uv_smooth_VSK, and u-CLEAN recon-
structions for the three single-source configurations (see Fig. 2).

Circle Total flux max xmax ymax FWHMx FWHMy

ground truth 10000 9.81 −1 −1 30 30
CLEAN 11268 7.66 −1 −1 33 33
multi-scale CLEAN 10128 9.02 −1 −1 31 31
MEM_GE 10120 8.60 −1 −1 27 27
uv_smooth_VSK 10013 9.90 −1 0 30 30
u-CLEAN 10245 10.21 −1 0 28 28
ellipse
ground truth 10000 11.05 −11 19 20 40
CLEAN 10977 7.46 −10 19 37 27
multi-scale CLEAN 10060 10.03 −10 19 32 25
MEM_GE 10047 9.54 −10 19 28 19
uv_smooth_VSK 10347 11.73 −10 20 32 22
u-CLEAN 10764 11.25 −10 20 33 22
loop
ground truth 10000 6.43 −5 3 50 30
CLEAN 11209 4.36 −5 2 43 49
multi-scale CLEAN 10079 5.65 −4 0 37 39
MEM_GE 10040 5.59 −4 3 29 32
uv_smooth_VSK 10083 6.42 −5 4 34 36
u-CLEAN 10310 7.33 −8 1 28 31

Notes. The total flux is conceived in counts s−1 cm−2 keV−1, max is expressed in counts s−1 cm−2 keV−1 arcsec−2, and xmax, ymax, FWHMx, FWHMy

are conceived in arcsec.

Table 2. Imaging parameters characterizing the ground truth, CLEAN, multiscale CLEAN, MEM_GE, uv_smooth_VSK, and u-CLEAN recon-
structions for two approaching circular Gaussian sources (see Fig. 3).

First source Second source
Total flux max xmax ymax FWHMx FWHMy max xmax ymax FWHMx FWHMy

ground truth 10000 11.07 −41 39 20 20 5.18 39 −41 30 30
CLEAN 12888 6.81 −38 41 24 27 4.41 35 −43 33 35
multi-scale CLEAN 9641 7.59 −39 42 24 24 4.92 39 −45 27 26
MEM_GE 9709 9.52 −39 41 18 14 3.91 39 −45 35 21
uv_smooth_VSK 12958 12.80 −39 42 22 21 10.04 35 −42 24 23
u-CLEAN 10795 12.69 −37 41 21 21 7.49 33 −41 28 23
ground truth 10000 11.17 −12 11 20 20 4.91 11 −12 30 30
CLEAN 11650 6.85 −11 11 29 23 4.22 10 −12 41 24
multi-scale CLEAN 10101 8.68 −11 10 25 23 4.68 11 −14 28 25
MEM_GE 10103 9.05 −12 11 18 18 3.61 9 −12 31 25
uv_smooth_VSK 10337 8.42 −12 11 27 27 4.28 9 −13 40 20
u-CLEAN 10513 10.95 −12 13 23 21 5.97 11 −13 28 21
ground truth 10000 11.45 −11 9 20 20 4.95 9 −10 30 30
CLEAN 11439 7.13 −9 8 30 26 4.55 6 −7 43 16
multi-scale CLEAN 10037 9.43 −9 7 25 25 4.69 6 −8 42 17
MEM_GE 10119 9.38 −10 9 19 19 3.97 6 −7 36 16
uv_smooth_VSK 10275 9.22 −10 9 28 27 4.59 8 −7 40 15
u-CLEAN 10499 10.93 −10 10 24 22 5.42 10 −13 29 16

Notes. The total flux is conceived in counts s−1 cm−2 keV−1, max is expressed in counts s−1 cm−2 keV−1 arcsec−2, and xmax, ymax, FWHMx, FWHMy

are conceived in arcsec.

In the final step of multiscale CLEAN, no convolution with
any CLEAN beam is needed, and the CLEANed map C(x, y) is
constructed as

C(x, y) = CC(L)(x, y) + B′(x, y), (4)

where CC(L)(x, y) is given by (2) at the last iteration, and B′(x, y)
is an estimate of the background.

3. Validation with synthetic STIX visibilities

The standard model for solar flares (Tandberg-Hanssen & Emslie
1988; Piana et al. 2022) implies that the emitting configura-
tions may involve a coronal loop corresponding to thermal
energies that is characterized by an elliptic shape in sev-
eral cases; and by two circular sources at higher nonthermal
energies (depending on the position of the footpoints with
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Table 3. Imaging parameters characterizing the ground truth, CLEAN, multiscale CLEAN, MEM_GE, uv_smooth_VSK, and u-CLEAN recon-
structions for two sources with different sizes (see Fig. 4).

First source Second source
Total flux max xmax ymax FWHMx FWHMy max xmax ymax FWHMx FWHMy

ground truth 10000 4.10 −26 24 14 14 3.96 24 −26 46 46
CLEAN 13884 1.53 −6 11 28 40 3.96 20 −26 47 50
multi-scale CLEAN 9785 3.09 −25 25 17 17 4.06 22 −27 45 40
MEM_GE 9743 0.71 −24 26 28 41 3.51 21 −24 41 53
uv_smooth_VSK 10244 1.25 −22 22 22 27 5.63 19 −24 39 35
u-CLEAN 10289 1.27 −7 15 21 42 4.96 19 −28 45 38
ground truth 10000 5.51 −27 9 50 30 5.63 19 −41 15 15
CLEAN 13156 4.75 −24 −1 50 24 2.26 11 −41 28 22
multi-scale CLEAN 10021 4.73 −23 7 52 29 1.91 16 −41 29 24
MEM_GE 9950 4.99 −25 −1 46 18 2.77 16 −42 22 18
uv_smooth_VSK 10130 6.99 −23 10 42 24 1.56 18 18 39 22
u-CLEAN 10596 8.04 −25 −2 44 17 3.36 −1 −28 18 17

Notes. The total flux is conceived in counts s−1 cm−2 keV−1, max is expressed in counts s−1 cm−2 keV−1 arcsec−2, and xmax, ymax, FWHMx, FWHMy

are conceived in arcsec.

respect to the limb, only one source may be visible to the
telescope). Accounting for this scenario, we generated syn-
thetic sets of STIX visibilities corresponding to five different
configurations:
1. A single circular Gaussian source.
2. A single Gaussian elliptic source.
3. A single loop, obtained by bending the elliptic source.
4. Two approaching circular Gaussian footpoints.
5. Two circular Gaussian sources with significantly different

size.
6. A configuration made of one large loop and a small circular

Gaussian source.
In order to quantitatively assess the performances of CLEAN
and multiscale CLEAN, we considered the capability of the
algorithms to reconstruct the following imaging parameters:

– The total flux of the emitting source.
– The position of the flux peak.
– The values of the FWHM along both axes.
– The maximum intensity of each source.

After giving specific values to these parameters, we gener-
ated the ground truth maps using the same code as applied by
Volpara et al. (2022) to generate the ground truth maps used
to validate the particle swarm optimization algorithm, and pro-
viding each map with 10 000 counts s−1 cm−2 keV−1. Then, we
computed the corresponding STIX synthetic visibility sets by
computing the Fourier transform of these images sampled in
correspondence of the (u, v) points characterizing the STIX
design. Specifically, we assumed that only collimators from
3 through 10 were available because the calibration process
concerned with the highest resolution collimators is not yet
finalized.

Figure 2 and Table 1 qualitatively and quantitatively compare
the reconstructions provided by CLEAN and multiscale CLEAN
with the ground truth and with the reconstructions obtained by
means of constrained maximum entropy (Massa et al. 2020), an
interpolation/extrapolation algorithm (Perracchione et al. 2021),
and an unbiased version of CLEAN based on feature augmen-
tation (Perracchione et al. 2023) for the three single-source con-
figurations. We chose a two-scale setup for multiscale CLEAN.
Specifically, for the circular Gaussian and loop-like sources,
the two scales were realized by grouping detectors 3 through
9 for the high-resolution scale and using detector 10 for the

low-resolution scale; for the elliptical source, the two scales
were obtained by grouping detectors 3 through 7 and detec-
tors 8 through 10, respectively. These results show that CLEAN
and its multiscale version are able to model the correct shape
of the flaring sources, although multiscale CLEAN performs
better than standard CLEAN in the estimate of the total and
maximum fluxes; further, its performances are comparable with
those provided by the other three methods for the circular
source, but they are more accurate for the ellipse and the loop.
Interestingly, the results of multiscale CLEAN were obtained
by setting the algorithm in a two-scale configuration, which
shows its flexibility in adapting the setting performances to the
input data.

We then considered three two-source configurations, in
which two Gaussian sources with equal total flux gradu-
ally brought approached each other. The total flux for the
reconstruction was again 104 counts s−1 cm−2 keV−1, and mul-
tiscale CLEAN was applied in a two-scale setup (detectors 3
through 7 for the first scale, and detectors 8 through 10 for
the second scale). The results in Fig. 3 and Table 2 show
that CLEAN and multiscale CLEAN were able to reconstruct
the morphology of the two-source configurations, although
the multiscale algorithm preserves the circular shapes better.
Further, the parametric performances of multiscale CLEAN
are significantly more robust than those associated with the
other algorithms while the two sources approach each other,
with this algorithm being more effective in reproducing the
total flux and local maxima. In particular, the values of the
FWHM provided by multiscale CLEAN recover those bet-
ter that are associated with the ground truth, showing that
the multiscale release improves the under-resolution issue
characterizing standard CLEAN performances. Further, multi-
scale CLEAN reduces the artifacts in the region between the
two peaks.

The final analysis in the synthetic setting was concerned with
two sources with significantly different sizes and the same peak
intensity, which is probably the most indicative test for validat-
ing the effectiveness of a multiscale approach. For reconstructing
the configuration with two circular sources, multiscale CLEAN
was applied using three scales that were obtained by group-
ing detectors 3 and 4 (first scale), detectors 5 through 8 (sec-
ond scale), and detectors 9 and 10 (third scale). To reconstruct

A360, page 7 of 10



Catalano, M., et al.: A&A, 706, A360 (2026)

Fig. 5. Multiscale CLEAN for three real events observed by STIX: the February 24 2024 event in the time range 06:27:00–06:29:00 UT and for
the 25–50 keV energy channel (first row); the March 10 2024 event in the time range 12:05:00–12:07:00 UT and for the 22–50 keV energy channel
(second row); and the May 14 2024 event in the time range 12:46:55–12:47:55 UT for the 32–76 keV (third row). The first column contains the
light curves. The second column provides the AIA map at 1600 Å for February 24 and March 10, at 131 Å for May 14 (top left panel); the HXI
level curves reconstructed by CLEAN (top middle panel); the STIX level curves reconstructed by MEM_GE (top right panel); the position of the
Earth and of Solar Orbiter at the event (bottom left panel); the STIX level curves reconstructed by CLEAN (bottom middle panel); and the STIX
level curves reconstructed by multiscale CLEAN (bottom right panel). All level curves are superimposed onto the AIA map. The HXI observations
are made in the 06:31:02–06:31:42 UT time interval and for the 25–50 keV energy channel for the first event; in the 12:10:00–12:11:00 UT time
interval and for the 22–50 keV energy channel for the second event; andin the 12:46:45–12:47:00 UT time interval and for the 35–55 keV energy
channel for the third event.

the configuration made of the large loop and the small circular
source, we used two scales made of detectors 3 through 8 and
detectors 9 and 10. Table 3 shows the input and reconstructed
parameters corresponding to the reconstructions in Fig. 4. The
multiscale approach again outperforms standard CLEAN in esti-
mating the imaging parameters, although it has some difficul-
ties in accurately reproducing the exact loop shape. In this
case, multiscale CLEAN also performs very well for the pho-
tometry and for the determination of most of the geometrical
parameters.

4. Analysis of real flaring events

The application of CLEAN and multiscale CLEAN to visibilities
recorded by STIX is concerned with three events occurred on
February, 24 2024, March, 10 2024, and May, 14 2024. All three
events were observed from Earth orbits and the Solar Orbiter.
We therefore generated for each event the EUV map from data
recorded by SDO/AIA at 1600 Å (for the February 24-2024 and
March 10-2024 flares) and at 131 Å (for the May 14-2024 flare).
Further, since in the case of real events no ground truth is at our
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Table 4. Reduced χ2 values obtained with different imaging methods
for the three flaring events in Fig. 5.

Event Method χ2

SOL2024-02-24T06

CLEAN Components 0.95
CLEAN Map 4.74

multi-scale CLEAN 1.02
MEM_GE 3.09

SOL2024-03-10T12

CLEAN Components 1.43
CLEAN Map 21.77

multi-scale CLEAN 2.64
MEM_GE 6.20

SOL2024-05-14T12

CLEAN Components 2.14
CLEAN Map 4.70

multi-scale CLEAN 3.28
MEM_GE 2.78

Notes. The first column reports the event date, the second column
lists the imaging method, and the third column lists the corresponding
reduced χ2 value.

disposal, we considered measurements of the flaring radiation
collected by the HXI on board the Chinese cluster ASO-S, which
leverages an imaging modality very similar to the one used by
the ESA telescope.

The results of this analysis are shown in Fig. 5, which allows
us to qualitatively assess the CLEAN and multiscale CLEAN
performances to interpretat the experimental visibilities of STIX.
For each data set, we superimposed the level curves correspond-
ing to the CLEAN and multiscale CLEAN reconstructions onto
the AIA EUV maps that were appropriately reprojected in order
to account for the different relative positions of the two instru-
ments with respect to the flaring source. The same procedure was
followed by using the level curves provided by

– A constrained maximum entropy method implemented in the
MEM_GE routine (Massa et al. 2020), which is often con-
sidered as the imaging benchmark by the STIX community,
and

– A CLEAN algorithm applied on a dataset recorded by HXI in
(approximately) the same time range and for the same energy
channel.

The CLEAN method we used to analyze the HXI observations
used counts as input because the calibration process of the visi-
bilities for the Chinese instrument is not yet finalized. The pur-
pose of the tests in Fig. 5 was to first of all assess the perfor-
mance of multiscale CLEAN qualitatively while comparing the
morphologies of the reconstructions from STIX data with those
provided by a very standard algorithm applied to HXI data. This
comparison is particularly tight in the first two cases, and less so
in the third case, where the viewpoints of the two telescopes dif-
fer significantly. Nevertheless, even in this third case, the recon-
struction provided by multiscale CLEAN appears to confirm its
reliability qualitatively.

The different imaging approaches are compared in Table 4 by
computing the χ2 values1 predicted by the CLEAN component
map and the CLEAN, multiscale CLEAN and MEM_GE recon-
structions for the STIX visibilities. We did not compute any sta-
tistical metric for HXI because the count uncertainties are not
yet available for this instrument, and the visibility uncertainties
were approximated as 10% of the maximum observed visibility

1 The χ2 values are computed using the same formula as in Eq. (4) of
Volpara et al. (2022) with Nθ = 1.

amplitude. Because these error estimates are not derived from
the actual noise properties of the data, the resulting metrics ( χ2

and C-statistic) cannot be interpreted as statistically meaningful
confidence levels.

5. Conclusions

We introduced a computational tool for image reconstruction
from STIX observations that is based on a multiscale version
of CLEAN and compared its performances with those provided
by a standard CLEAN deconvolution. The analysis of synthetic
visibilities showed that multiscale CLEAN outperforms standard
CLEAN in the ability to qualitatively reproduce the ground truth
shape even for single-scale flaring sources. From a more quan-
titative point of view, however, the parameters that describe the
different properties of the source are reconstructed with a sim-
ilar precision from the perspective of the first three moments
(flux, position, and size). The reconstructions provided by multi-
scale CLEAN for experimental measurements are clearly better
resolved than those provided by CLEAN and are rather similar to
those corresponding to the use of MEM_GE. This trend is quan-
titatively confirmed by the values of the corresponding good-
ness of fit measured by χ2 (for CLEAN, multiscale CLEAN,
and MEM_GE applied to STIX visibilities). The next step for
the development of the multiscale approach for STIX visibilities
will be the integration of the tool2 with an algorithm that can
automatically choose the number of scales based on the input
data.
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