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ABSTRACT

Aims. To formulate, implement, and validate a user-independent release of CLEAN for Fourier-

based image reconstruction of hard X-rays flaring sources.

Methods. CLEAN is an iterative deconvolution method for radio and hard X-ray solar imaging.

In a specific step of its pipeline, CLEAN requires the convolution between an idealized version

of the instrumental Point Spread Function (PSF), and a map collecting point sources located at

positions on the solar disk from where most of the flaring radiation is emitted. This convolution

step has highly heuristic motivations and the shape of the idealized PSF, which depends on the

user’s choice, impacts the shape of the overall reconstruction. Here we propose the use of an

interpolation/extrapolation process to avoid this user-dependent step, and to realize a completely

unbiased version of CLEAN.

Results. Applications to observations recorded by the Spectrometer/Telescope for Imaging X-

rays (STIX) on-board Solar Orbiter show that this unbiased release of CLEAN outperforms the

standard version of the algorithm in terms of both automation and reconstruction reliability, with

reconstructions whose accuracy is in line with the one offered by other imaging methods devel-

oped in the STIX framework.

Conclusions. This unbiased version of CLEAN proposes a feasible solution to a well-known

open issue concerning CLEAN, i.e., its low degree of automation. Further, this study provided

the first application of an interpolation/extrapolation approach to image reconstruction from STIX

experimental visibilities.
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1. Introduction

Native measurements in both radio astronomy (Thompson et al. 2017) and modern hard X-ray

solar imaging (Piana et al. 2022) are sets of spatial Fourier components of the incoming source

flux, named visibilities, measured at specific spatial frequency samples, named (u, v) points. In

both radio astronomy and hard X-ray solar imaging, CLEAN (Högbom 1974; Schmahl et al. 2007)

is a non-linear image reconstruction algorithm that iteratively deconvolves the instrumental point

spread function (PSF) from the so-called dirty map, i.e the discretized inverse Fourier transform

of the experimental visibility set. More specifically, the CLEAN algorithm is made of a CLEAN

loop, which generates: a set of CLEAN components located at the points of the solar disk from

where most of the source emission propagates; an estimate of the background; the convolution

of the CLEAN components map with an idealized PSF, named the CLEAN beam; and, eventu-

ally, the CLEANed map, i.e., the sum of the outcome of this convolution step with the convolved

background residuals.

In the framework of the visibility-based NASA Reuven Ramaty High Energy Solar

Spectroscopic Imager (RHESSI) (Lin et al. 2002), CLEAN has been by far the most utilized im-

age reconstruction method. However, we are now in the Solar Orbiter era and other image recon-

struction methods besides CLEAN are currently used for the analysis of the hard X-ray visibili-

ties recorded by the Spectrometer/Telescope for Imaging X-rays (STIX) on-board the ESA cluster

(Krucker et al. 2020). This is due to the fact that, meanwhile, novel imaging algorithms have been

introduced (Massa et al. 2020; Volpara et al. 2022; Perracchione et al. 2021a; Siarkowski et al.

2020; Duval-Poo et al. 2018; Felix et al. 2017), which are characterized by notable reliability and

by an automation degree higher than the one offered by CLEAN. In fact, the step of the iterative

scheme that requires the convolution of the CLEAN components map with the CLEAN beam is

significantly dependent of the user’s choice, since the functional shape of the CLEAN beam (e.g.,

its Full Width at Half Maximum, FWHM) is typically designed according to heuristic motivations.

This results in CLEANed maps of the same event that are often characterized by different prop-

erties, while conservative choices of the CLEAN beam’s FWHM often leads to under-resolved

reconstructions with correspondingly high χ2 values.

The objective of the present paper is to introduce a completely user-independent technique for

the exploitation of the CLEAN components associated to the analysis of STIX visibilities. In partic-

ular, we show here that the feature augmentation process introduced by Perracchione et al. (2021b)

and applied to RHESSI experimental and STIX synthetic visibilities can lead to an unbiased ver-

sion of CLEAN (u-CLEAN), in which the convolution between the CLEAN components map and

the idealized PSF is replaced by an automated interpolation/extrapolation procedure. Further, u-

CLEAN does not need any addition of residuals, since the resulting reconstructed map is automat-

ically embedded in the emission background. In this study we show how the u-CLEAN pipeline

works in the case of STIX observations and compare its outcomes with the reconstructions pro-

vided by other imaging methods contained in the STIX ground software. We point out that the

u-CLEAN reconstructions presented in this paper can be interpreted also as the first maps provided
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Fig. 1: Sampling of the spatial frequency (u, v)-plane realized by the 30 STIX collimators, which

have been duplicated by exploiting the properties of the Fourier transform.

by the augmented uv smooth algorithm introduced by Perracchione et al. (2021a) in the case of

experimental STIX visibilities.

The plan of the paper is as follows. Section 2 sets up the formalism of CLEAN and points

out the need of an unbiased release of the iterative algorithm. Section 3 introduces the novel auto-

mated version of CLEAN exploiting feature augmentation. Section 4 applies u-CLEAN to STIX

observations and assesses its performances. Our conclusions are offered in Section 5.

2. Toward unbiased CLEAN

The STIX imaging concept (Massa et al. 2023) relies on Moiré patterns (Prince et al. 1988) gen-

erated by 30 sub-collimators that detect photons from the Sun in the energy range between a few

keV and around 100 keV. These raw data are then transformed into a set of n = 60 visibilities

that sample the spatial frequency domain, the (u, v)-plane, according to the spirals in Figure 1.

Since visibilities can be seen as spatial Fourier components of the incoming photon flux, the STIX

imaging problem reads as

V = F f , (1)

where f is the vector whose components are the discretized values of the incoming flux, F is the

discretized Fourier transform sampled at the set {uk = (uk, vk)}nk=1, and V is the complex vector of

the observed visibilities.

Given x = (x, y) in the image domain, visibility-based CLEAN iteratively solves the convolu-

tion equation

f̂ (x) = (K ∗ f )(x) :=
∫ ∫

K(x − x
′

) f (x
′

)dx
′

, (2)

where f is the unknown source flux, K is the so-called dirty beam, i.e. the instrumental PSF

K(x) =
n∑

k=1

exp(−2πix · uk)δuk , (3)

and f̂ is the so-called dirty map

f̂ (x) =
n∑

k=1

Vk exp[−2πi(x · uk)]δuk, (4)
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i.e., the inverse Fourier transform of the visibilities. In both equation (3) and equation (4) δuk =

(δuk, δvk), k = 1, . . . , n, denote the weights in the numerical integration.

CLEAN steps are summarized in a schematic way in Algorithm 1.

Algorithm 1 CLEAN steps
Inputs: Sampling points {uk = (uk, vk)}nk=1; visibility vector V; gain factor γ; CLEAN beam KC .

Outputs: The CLEANed map f , the CLEAN components map f̃ , the convolved background residual map

KC ∗ f B, the dirty map f̂ .

1: Initialization.

a. Dirty map:

f̂ (0)(x) =
n∑

k=1

Vk exp[−2πi(x · uk)]δuk. (5)

b. Dirty beam:

K(x) =
n∑

k=1

exp(−2πix · uk)δuk . (6)

c. CLEAN component map:

f̃ (0)(x) = 0. (7)

2: CLEAN loop (t ≥ 1).

While the CLEAN stopping rule is not verified:

a. Maximum Identification:

x(t)
max = arg max

x
f̂ (t−1)(x), f̂ (t)

max = f̂ (t−1)(x(t)
max) . (8)

b. CLEAN Components Update:

f̃ (t)(x) = f̃ (t−1)(x) +
γ f̂ (t)

max

maxx |K(x)|
δ(x − x(t)

max) . (9)

c. Dirty Map Update:

f̂ (t)(x) = f̂ (t−1)(x) −
γ f̂ (t)

max

maxx |K(x)|
K(x − x(t)

max). (10)

3: Estimate of the background map:

f B(x) ≃
f̂ (x)
T
, (11)

where f̂ is the result of the final dirty map update and T is an estimate of the integral of the PSF over the

Field of View.

4: Construction of the CLEANed map:

f (x) = (KC ∗ ( f̃ + f B))(x) = (KC ∗ f̃ )(x) + (KC ∗ f B)(x), (12)

where f̃ is the result of the final CLEAN Components update, and KC(x) is the so-called CLEAN beam,

i.e., an idealized version of the PSF.

The automation of the CLEAN loop (Step 2) is guaranteed by a stopping rule that applies when

the ‘Dirty Map Update’ step returns just experimental noise. Instead, Step 4 of the pipeline, i.e., the

construction of the CLEANed map, is clearly ambiguous and mostly biased by the user’s decision

about the shape of the CLEAN beam KC . In the version of the CLEAN code originally devel-
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Algorithm 2 u-CLEAN steps
Inputs: Sampling points {uk = (uk, vk)}nk=1; visibility vector V; gain factor γ.

Outputs: The u-CLEANED map f .

1: Initialization: same as in Algorithm 1.

2: CLEAN loop: same as in Algorithm 1.

3: Feature augmentation: generate the visibility surface

V := P(uΨ) = P((u, v,Ψ(u, v))) =
n∑

k=1

(ak + i bk)Bk(u, v,Ψ(u, v)), Ψ ≡ Ṽ . (15)

4: Soft thresholding:

f
(k+1)
= P+[ f

(k)
+ F

T
(V − F f

(k)
)] , (16)

where P+ pixel-wise imposes a positivity constraint, i.e., it returns zero for each negative pixel value and

where F is the N × N discretized Fourier transform and f is the N2 × 1 vector to reconstruct.

oped for RHESSI (Schmahl et al. 2007), this convolution kernel is modelled by a two dimensional

Gaussian function whose FWHM is chosen by the user according to heuristic rules of thumb. This

convolution product is the main reason of the low photometric reliability of the CLEANed map,

while conservative choices for FWHM typically lead to under-resolved reconstructions, with cor-

respondingly high χ2 values.

In order to solve this issue, u-CLEAN replaces Step 3 and Step 4 of the CLEAN pipeline

by a feature augmentation and a soft thresholding step, both characterized by a high degree of

automation.

3. u-CLEAN via feature augmentation

The u-CLEAN approach is based on interpolating the experimental visibilities with a basis that

depends on the CLEAN components map, and on inverting the interpolated visibility surface by

means of an iterative constrained algorithm. Specifically, any interpolant, namely P, has the prop-

erty of matching the given measured visibilities at the corresponding locations (the (u, v) points),

i.e.,

P(uk) = Vk = (ℜ(Vk),ℑ(Vk)), k = 1, . . . , n. (13)

In most cases, P consists of a linear combination of n linearly independent basis functions

{B1(u), . . . , Bn(u)} and can be written as:

P(u) =
n∑

k=1

(ak + i bk)Bk(u) , (14)

where the coefficients {ak}
n
k=1 and {bk}

n
k=1 are determined thanks to the interpolation conditions (13).

Hence, in our case, P(u) approximates the unknown value of the visibility at any given query point

u = (u, v). By taking a grid of query points, the final output of the interpolation procedure will be

an N × N visibility surface grid, with N ≫ n.

In our interpolation procedure we will take advantage of feature augmentation schemes

(Bozzini et al. 2015). Their basic idea consists in the construction of enriched datasets obtained by

concatenating the original data with other features that include prior information. In other words,

we consider the transformed set of data {uΨk = (uk, vk,Ψ(uk, vk))}nk=1, where, for this specific task,

Ψ : C → C depends on the CLEAN components map. Precisely, given the CLEAN components
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Fig. 2: The CLEAN and u-CLEAN pipelines.

map, namely f̃ , which provides a very preliminary knowledge on the flaring source, we define the

function Ψ by applying forward to f̃ the Fourier operator in equation (1), i.e. we get an N × N

grid Ṽ. Hence, we simply define the scaling function Ψ as the so-computed grid Ṽ. Finally, our

interpolant will be of the form:

V := P(uΨ) = P((u, v,Ψ(u, v))) =
n∑

k=1

(ak + i bk)Bk(u, v,Ψ(u, v)), Ψ ≡ Ṽ , (17)

where our basis {B1(uΨ), . . . , Bn(uΨ)} is given by the so-called Variably Scaled Kernels, e.g.

Gaussians or Matérn radial basis functions (?De Marchi et al. 2020). Hence, the u-CLEAN in-

terpolation basis integrates the CLEAN components map via the function Ψ. For further details,

we refer the reader to the u-CLEAN pipeline which is sketched in Algorithm 2.

Figure 2 compares the CLEAN and u-CLEAN pipelines, pictorially showing the higher sim-

plicity of the latter one. Further, the new steps in u-CLEAN are completely user-independent: fea-

ture augmentation is just an interpolation process, while soft thresholding is a standard projected

Landweber scheme (Piana & Bertero 1997) that just needs the choice of an inizialization and the

application of a stopping rule. In the current implementation of u-CLEAN we have chosen f = 0

and a stopping rule that relies on a check on the χ2 values (Allavena et al. 2012).

4. Application to STIX visibilities

As a case study we considered the event occurred on November 11 2022 and, at first, we focused

on the thermal energy channel 5-9 keV and on the time range from 01:30:15 to 01:30:45 UT. The

results of the application of CLEAN and u-CLEAN to the visibility bags associated to this event

are illustrated in Figure 3, which reproduces the scheme of Figure 2 and where, this time, each

box contains the actual product of the corresponding computational step. Figure 4 compares the

reconstruction provided by u-CLEAN with three CLEANed maps obtained by using three different

values of the FWHM for the CLEAN beam. Figure 5 contains the fits of the experimental visibilities
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CCs CLEAN CLEAN CLEAN u-CLEAN

FWHM 15 FWHM 20 FWHM 25

November 11 (5-9 keV) 0.70 5.03 6.92 11.04 2.08

Table 1: χ2 values for the reconstructions of the November 11 2022 flare in the time range between

01:30:15 and 01:30:45 UT, provided by the CLEAN components map (CCs), by CLEAN (for three

different values of FWHM measured in arcsec) and by u-CLEAN.

provided by the CLEAN components map, the CLEANed map (with FWHM for the beam equal

to 20), and the reconstruction provided by u-CLEAN, respectively.

We point out that, in the CLEAN pipeline of Figure 3, the residual map (left panel after ‘max-

imum identification’) corresponds to the final iteration of the ‘Dirty Map Update’. We also notice

that the two panels after ‘feature augmentation’ in the u-CLEAN pipeline correspond to the real

and imaginary parts of the interpolated visibility surface. Further, Figure 4 and Table 1 show that

the CLEANed and u-CLEAN reconstructions are characterized by a similar overall shape and pho-

tometric values of the same order of magnitude. However, the u-CLEAN reconstruction is better

resolved, while, in the case of the CLEANed maps, the resolution and the corresponding χ2 val-

ues get worse for increasing FWHM values in KC . We point put that we also report the χ2 values

computed with the Clean Component (CC) map, as usually the community relies on that values.

The second experiment compared u-CLEAN performances to the ones provided by other re-

construction methods in the case of some flaring events observed by STIX in both the thermal and

non-thermal regimes. Specifically, we considered

– The May 8 2021 event in the time range between 18:24:00 and 18:32:00 UT, in the thermal

channel between 6 and 10 keV.

– The same event as before in the same time interval but, this time, in the non-thermal channel

between 18 and 28 keV.

– The June 7 2020 event in the time range between 21:39:00 and 21:42:49 UT and in the thermal

range between 6 and 10 keV.

– The March 31 2022 event in the time interval between 18:26:20 and 18:27:00 UT and in the

non-thermal energy range between 25 and 50 keV.

The reconstructions of these flaring sources are represented in Figure 6, Figure 7, Figure 8, and

Figure 9, and have been obtained by means of MEM GE (Massa et al. 2020), VIS FWDFIT PSO

(Volpara et al. 2022), CLEAN, and u-CLEAN, respectively. The corresponding χ2 values are con-

tained in Table 2. We point out that, in the thermal cases, VIS FWDFIT PSO utilizes an elliptical

Gaussian function as input model, and that, for all cases, FWHM in CLEAN is set to the default

value of 20 arcsec. These experiments show that MEM GE and u-CLEAN provide similar results

in terms of both fitting reliability and overall morphology. In particular, in Figure 7 the recon-

structions provided by the two methods nicely follow the loop shape of the source. Further, the

foot-points in Figure 9 are probably over-resolved by MEM GE and under-resolved by CLEAN,

while VIS FWDFIT PSO and u-CLEAN provide similar results.
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inverse Fourier transform

maximum
identification

convolution

pixel-wise sum

feature augmentation

soft thresholding

Fig. 3: Results of the application of the CLEAN and u-CLEAN pipelines to the STIX visibility

bags associated to the November 11 2022 flare in the time range between 01:30:15 and 01:30:45

UT, for the energy channel between 5 and 9 keV.

MEM GE VIS FWDFIT PSO CCs CLEAN u-CLEAN

May 8 (5-9 keV) 2.75 5.66 3.97 32.5 4.75

May 8 (18-28 keV) 2.96 3.29 2.84 4.04 3.19

June 7 (6-10 keV) 1.73 4.38 0.99 3.22 1.72

March 31 (25-50 keV) 3.99 5.26 1.96 11.6 6.17

Table 2: χ2 values predicted by MEM GE, VIS FWDFIT PSO, the CLEAN components map, the

CLEANed map (with FWHM equal to the deafault value of 20 arcsec) and by u-CLEAN in the

cases of the May 8 2021, June 7 2020, and March 31 events. For the May 8 event both the thermal

channel between 5 and 10 keV and the non-thermal one between 18 and 28 keV are considered.
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Fig. 4: Reconstruction of the November 11 2022 flare in the time range between 01:30:15 and

01:30:45 UT. Top left panel: CLEANed map with FHWM equal to 15 arcsec; top right panel:

CLEANed map with FWHM equal to 20 arcsec (default value); bottom left panel: CLEANed map

with FWHM equal to 25 arcsec; bottom right panel: u-CLEANed map.

5. Comments and conclusions

Although CLEAN is a reference tool for image reconstruction in hard X-ray solar physics, its re-

liability and automation degree are significantly limited by the final convolution step involving the

CLEAN components map and an idealized model for the instrument PSF, and by the need to a

posteriori add a background estimate to the result of this deconvolution. These two rather heuris-

tic steps may imply under-resolved CLEANed maps, with unrealistically high χ2 values, and an

unsatisfactory automation level for the overall algorithm. Therefore, the present study exploits the

CLEAN components map to generate an interpolated visibility surface, and applies soft thresh-

olding to reconstruct an unbiased CLEAN map in the image space. The resulting u-CLEAN is an

iterative scheme characterized by a high degree of automation and by reconstruction performances

in line with respect to the ones provided by other imaging methods developed for STIX. u-CLEAN

is now at disposal for testing at the URL https://github.com/theMIDAgroup/U-CLEAN of the

STIX ground software. Further, we believe that a multi-scale extension is of rather straightforward

implementation. Finally, we point out that u-CLEAN can be interpreted as the first release of the

feature augmented uv smooth tailored to the case of STIX visibilities.
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Fig. 5: Top to bottom: comparison between the experimental visibilities in the case study of

November 11 2022, and the visibilities predicted by the CLEAN components map, and by the

images reconstructed with CLEAN and u-CLEAN, respectively.
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Fig. 8: Reconstructions of the June 7 2020 event in the energy range 6-10 keV provided by

MEM GE (top left), VIS FWDFIT PSO (top right), CLEAN (bottom left), and u-CLEAN (bot-

tom right).
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Fig. 9: Reconstructions of the March 31 2022 event in the energy range 25-50 keV provided by

MEM GE (top left), VIS FWDFIT PSO (top right), CLEAN (bottom left), and u-CLEAN (bottom

right).
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