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P. Massa et al.

Abstract

We provide a mathematical description of the imaging concept of the Spectrometer/
Telescope for Imaging X-rays (STIX) onboard Solar Orbiter. Specifically, we describe
the STIX indirect-imaging technique, which is based on spatial modulation of the X-ray
photon flux by means of tungsten grids, and we show that each of 30 STIX imaging sub-
collimators measures a Fourier component of the flaring X-ray source corresponding to
a specific two-dimensional angular frequency. We also provide details about the count-
distribution model, which describes the relationship between the photon flux and the
measured pixel counts. The derived imaging model is the fundamental starting point
both for the interpretation of STIX data and for the description of the data-calibration
process. Finally, we provide an overview of the algorithms implemented for the solution
of the imaging problem and a comparison of the results obtained with these different
methods in the case of the SOL2022-03-31T18 flaring event.

Keywords: Flares, Spectrum; Instrumentation and Data Management; Spectrum, X-
Ray

1. Introduction

The Spectrometer/Telescope for Imaging X-rays (STIX: Krucker et al., 2020) is the X-
ray instrument onboard Solar Orbiter (Miiller et al., 2020) and is designed to observe
the X-ray radiation emitted during solar flares. The scientific goal of STIX is to pro-
vide diagnostics of accelerated electrons and heated plasma during the energy-release
process in solar flares. This task is accomplished by measuring X-ray photons emit-
ted by thermal and non-thermal electrons through the bremsstrahlung mechanism (e.g.
Tandberg-Hanssen and Emslie, 1988; Krucker et al., 2008). STIX contains 32 detectors
(Meuris et al., 2012), which measure timing and spectrum of the incident photons in the
energy range 4 — 150 keV. However, STIX is more than a simple spectrometer: thanks
to an indirect-imaging technique based on the spatial modulation of the incident photon
flux, it is possible to reconstruct the angular distribution of the flaring X-ray source,
and, hence, to perform imaging-spectroscopy analyses.

As with the Hard X-ray Telescope (HXT: Kosugi et al., 1991) onboard the Japanese
Yohkoh mission, the Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI:H
Lin et al., 2002), and the recently launched Hard X-ray Imager (HXI: Zhang et al.,
2019) onboard the Chinese ASO-S mission, STIX modulates the incident radiation
by means of sub-collimators (i.e. pairs of X-ray-opaque grids mounted in front of the
detectors). The modulated photon flux transmitted by the grids measures the amplitude
and phase of specific Fourier components of the flaring X-ray source. From a math-
ematical perspective, these complex values (visibilities) carry the same information
as that provided by antenna-pair measurements in the context of radio-interferometry
(e.g. Thompson, Moran, and Swenson, 2017). Hence, analogously to HXT, RHESSI,
and HXI, STIX data consist of a limited number of Fourier components of the flaring
source, and the image-reconstruction problem for STIX consists in solving the ill-posed

14" Space Sciences Laboratory, University of California, 7 Gauss Way, 94720 Berkeley, USA

SOLA: STIX_imaging_concept.tex; 24 January 2024; 10:42; p. 2



The STIX Imaging Concept

(see Section 6) inverse problem of retrieving the image of the X-ray source from a set
of corresponding visibilities (Piana et al., 2022).

Despite these similarities, STIX, HXT, RHESSI, and HXI modulate the X-ray ra-
diation and, hence, measure visibilities in different ways. HXT and HXI measure the
real and imaginary parts of each Fourier component using a pair of sub-collimators, for
which the grids have the same orientation and pitch, but with the relative position of
the front and rear grids shifted by a quarter of a pitch. This causes the corresponding
transmission functions to be shifted in phase by 90°. Hence, while the transmission
function of the sub-collimator measuring the real part of the visibility is related to a co-
sine function, the transmission function of the sub-collimator measuring the imaginary
part is related to a sine function with the same period and orientation.

RHESSI temporally modulated the X-ray radiation by means of nine Rotating Mod-
ulation Collimators (RMC: Hurford et al., 2002), in which the front and the rear grid had
identical parallel slits. The modulation effect of the collimators was obtained by means
of the instrument rotation around its optical axis, which had a period of ~4 seconds.
From the modulated count-rate profiles recorded by each detector during a rotation,
it was possible to retrieve the values of a few hundred visibilities, corresponding to
angular frequencies located on nine concentric circles in the angular frequency (u, v)-
plane. Each circle corresponded to a different angular resolution and was sampled by a
specific collimator.

In STIX, the front and the rear grid of each sub-collimator have a slightly differ-
ent orientation and pitch, so that the transmitted X-ray photon flux creates a spatial
Moiré pattern (e.g. Prince et al., 1988; Hurford, 2013) on the corresponding detector
surface. Measurements of this pattern performed by a coarsely pixelated detector al-
low the determination of amplitude and phase of the corresponding STIX visibility.
Therefore, the data provided by STIX is a set of visibilities equal to the number of sub-
collimators. This indirect-imaging method is unique to the STIX instrument, and merits
a full mathematical description presented herein.

In this study, we provide a mathematical description of the imaging concept of the
STIX instrument. Specifically, assuming ideal sub-collimators, we derive the analytical
expressions of i) the transmission function of the sub-collimators; i) the Moiré patterns
created by the photon flux transmitted through the front and rear grids; iii) the angu-
lar frequencies sampled by the sub-collimators; and iv) the relationship between the
number of X-ray counts recorded by the detectors and the values of the visibilities’
amplitude and phase. Further, we describe the STIX count-distribution model, which
linearly connects the photon flux to the count measurements performed by STIX detec-
tors (Massa et al., 2019; Siarkowski et al., 2020). We derive general results concerning
the description of the Moiré-pattern technique and its use for indirect imaging of solar
flares (e.g. Prince et al., 1988; Hurford, 2013) for the specific case of STIX, and we
extend previous works by Giordano et al. (2015), Massa et al. (2019), and Siarkowski
et al. (2020), by deriving a general and exhaustive description of the visibility formation
process and of the count-distribution model. In particular, Giordano et al. (2015) derived
results similar to those presented in this article about the mathematical description of
the (u, v)-points sampled by STIX and of the relationship between the number of counts
recorded by the detector pixels and the complex visibility values. However, differently
from this article, the authors considered sub-collimators with slit-to-pitch ratio equal
to 1/2 (which is not the case of STIX), they did not show how the visibility phases
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depend in general on the phases of the front and rear windows (see Section 2 below),
and they did not describe the relationship between amplitude and phase of the Moiré
patterns and amplitude and phase of the complex visibilities. Similarly, Massa et al.
(2019) considered the case of sub-collimators with slit-to-pitch ratio equal to 1/2 for
the derivation of the count distribution model, and they did not take into account the
window phases. Finally, Siarkowski et al. (2020), considered a general and complete
expression for the sub-collimator transmission function. However, they did not derive
an analytical expression for the count-distribution model. Rather, their model relied on
a numerical expression of the sub-collimator transmission function, which was obtained
by means of a Monte Carlo process.

The main contributions of this article are that i) the model it describes can be used
to define and address the STIX image reconstruction problem; and ii) it represents the
starting point for the description of the STIX data-calibration process, which will be
discussed in follow-up articles. In particular, in future works we will provide details
about

o The on-ground data-calibration process, including both corrections that are not
considered in the present article (e.g. energy dependence of the grid response,
internal shadowing of the grids, photons passing through the corner of a slat), and
the characterization of the parameters of the STIX grids that has been performed
before the instrument was assembled.

e The in-flight self-calibration techniques based on built-in data redundancy, which
have been exploited after the launch of the instrument in February 2020.

The plan of this article is as follows. In Section 2 we describe the STIX imager
hardware and the parameters characterizing the grids and the detectors. Section 3 deals
with the assumptions we made for the mathematical description of the imaging concept.
Section 4 contains the key result of this article, which is the description of the visibility
formation process and of the count distribution model. In Section 5 we describe the
different Fields-of-View (FOVs) of the STIX instrument, while in Section 6 we provide
a brief summary of the image reconstruction problem for STIX and of the imaging
techniques implemented so far for its solution, as illustrated by an analysis of the
SOL2022-03-31T18 flare. Finally, our conclusions are offered in Section 7.

2. The STIX Hardware Parameters

The STIX imager is composed of a front and a rear tungsten grid, separated by a
nominal distance dep = 550 mm (see Figure 1, top-left panel). Each grid contains
32 windows (i.e. sub-areas consisting of parallel slats and corresponding slits), which
are shown in the bottom panels of Figure 1. The front and the rear grid windows have
nominal dimension 22 mm X 20 mm and 13 mm X 13 mm, respectively. The windows
are mounted in front of Cadmium—Telluride (CdTe) detectors (Meuris et al. (2012); see
the top-right panel of Figure 1), which are located in the Detector Electronic Module
(DEM,; see Figure 1, top-left panel), at a nominal distance dge; = 47 mm from the rear
grid. In the following we will denote as a sub-collimator the unit consisting of the front
window, the rear window, and the detector. Moreover, with a slight amount of license,
we will sometimes refer to the windows as grids.
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Figure 1. Top-left panel: schematic of the STIX instrument showing the imager and the Detector Electronic
Module (DEM). The separation between the front and the rear grids is indicated with a blue arrow. Top-right
panel: STIX CdTe detector. Bottom panels: pictures of the front and rear grids of the STIX flight spare. The
diameter of each grid is 18 cm. In the bottom-left panel, the sub-collimator labels are reported within the
corresponding windows, while the sub-collimator numbers are reported in the red boxes. Since the order of
the sub-collimators decreases from fop to bottom in each column, the first and the last sub-collimator number
of each column is reported in the corresponding box.

The STIX sub-collimators are denoted by a number between 1 and 32. Among them,
30 are used for imaging purposes, while the remaining two (sub-collimators 9 and 10)
are the Coarse Flare Locator (CFL) and the Background Monitor (BKG). The CFL
provides an estimate of the flare location with an uncertainty of a couple of arcminutes,
while the BKG measures the background radiation or, during intense events, the low
energy flux (see Figures 8 and 9 in Krucker et al. (2020) for a schematic picture of
the CFL and BKG apertures). The 30 imaging sub-collimators are also denoted by a
label, which consists of a number (between 1 and 10) and a letter (a, b, ¢): the num-
ber indicates the resolution of the sub-collimator (detectors with finest resolution are
those associated with lowest numbers), while the letter refers to the orientation of the
grids. The number and the label associated with each sub-collimator are reported in the
bottom-left panel of Figure 1.

Let us consider a window of an imaging sub-collimator (either the front or the rear
one) as seen from the detector side looking towards the Sun, and let us fix a coordinate
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Looking towards the Sun Looking from the Sun

Figure 2. Left panel: schematic of a grid window and of its characterizing parameters: pitch p, slit width
s, slit center offset 7, orientation angle @, and unit vector k. Right panel: schematic of a STIX detector,
showing the division into vertical stripes and pixels. The detector width and height are denoted by W and
H, respectively, while A, B, C, and D indicate the number of X-ray counts recorded by the pixels in the
corresponding vertical stripe (from left to right, respectively).

system located at the center of the window itself, with axes parallel to the window
edges'. We denote this coordinate system as the Window Frame (WF). The window is
characterized by the following parameters (see Figure 2):

slit width s;

period p (also named pitch), which is the sum of the widths of a slit and a slat;
orientation angle @, measured counterclockwise from the positive y semi-axis, and
unit vector k = (cos @, sin @), which is perpendicular to the slits;

e slit center offset 1, which is the distance between the center of the underlying
detector and the first slit center encountered in the direction determined by k. For
the purpose of this article, we assume that the center of the detector coincides with
the center of the window. We finally notice that, since the windows are periodic
with period p, we can transform 7 into a phase angle given by ¢ = 27n7/p, which
is termed the window phase.

Each window is also characterized by a nominal thickness ¢+ = 0.4 mm, which is
assumed to be zero in this article (see Section 3 below). In practice, since the grid
thickness is not negligible, X-ray photons produced by off-axis sources may be stopped
by the internal sides of the window slats. This internal shadowing effect results in a
reduction of the effective slit width for off-axis sources. The calibration implications of
this simplification will be discussed in a follow-up article.

In the following we will use the subscripts f and r to refer to parameters of the
front and of the rear grid, respectively. We will show in Section 4.1 that the photon
flux transmitted through the front and the rear grid of a STIX sub-collimator creates

! Adjacent edges of the windows and of the detectors are nominally orthogonal.
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a large-scale Moiré pattern on the detector surface. This pattern originates from the
superimposition of the periodic patterns consisting of equi-spaced lines that are created
by the “X-ray shadows” of the front and rear grids on the detector plane. The period
and orientation of such a Moiré pattern are given by the difference of the wave vectors
of the front and of the rear grid, i.e. v = #l}f - [%rl}r (see Section 3.3 of Prince et al.,
1988). In particular, the Euclidean norm of v is inversely proportional to the period of
the pattern, while the direction of v is perpendicular to the Moiré fringes. To ensure
that i) the period of the STIX Moiré patterns is equal to the detector width W and ii)
the fringes of the patterns are parallel to the detector vertical edges, the pitch and the
orientation angle of the front and of the rear window are chosen in such a way that (see
Equation 2.2 in Giordano et al., 2015)

1. 1. 1
—ki— —k = (+—,0] I
)23 ' Pr ( w ) ()

where the sign is plus if <% > 2% and minus otherwise. The sign factor +1 is

called the m-factor and indicates whether the distribution of the Moiré pattern moves
in the same, or opposite, sense to movement of the X-ray source on the plane of the
sky. For self-calibration purposes, the sub-collimators are designed so that half of them
have an m-factor equal to 1 (and the remaining half equal to -1). Note that there exist
an infinite number of possible ways to choose ar, a;, ps, and p; so that Equation 1
is satisfied. However, as we will show in Section 4.1, the values of these parameters
also determine which angular (i, v)-frequencies (Fourier components) are measured by
the sub-collimators. Therefore, for each sub-collimator, the values of af, a;, pf, and p;
are determined so that Equation 1 holds and the coordinates of the resulting sampling
(u, v)-frequency correspond to the design values. We refer the reader to a discussion
about this topic in the first bullet of Section 4.3.

In Table 1 we report the nominal values of the parameters characterizing each sub-
collimator: the coordinates of the center of the windows, the slit width [s], pitch [p],
and orientation angle [@] of the windows, and the m-factor. The coordinates of the
window centers are measured with respect to a grid coordinate system defined in terms
of optical of fiducials on the grid and whose origin is at the nominal center of the grid
(see Chapter 2 of Kuhar, 2018). Note that the slit width is chosen as ~3 ym larger than
half of the average pitch of the front and rear windows and, as a result, the slit-to-pitch
ratio [s/p] is always larger than 0.5. This is done to compensate for the reduction of the
effective slit width for off-axis sources due to the internal shadowing effect. The 3 ym
value is derived by assuming an average offset of the source location of <1500 arcsec in
the direction perpendicular to the slit orientation. This assumption is reasonable given
that, for most of the time, the distance between STIX and the Sun is less than 0.6 AU
and the apparent radius of the Sun is larger than 1600 arcsec. Thanks to this choice, the
slit-to-pitch ratio is on average close to 0.5, and this guarantees a higher signal-to-noise
ratio (SNR) for the measured visibility values.

We point out that the window-center offsets and the resulting window phases (i.e. the
parameters 1 and ¢ defined above, respectively) have no nominal values and are not re-
ported in Table 1. Indeed, they are not design parameters of the instrument since, as we
will show in Section 4, they do not determine the values of the angular (u, v)-frequencies
sampled by STIX. Rather, the window phases have to be taken into account only in the

SOLA: STIX_imaging_concept.tex; 24 January 2024; 10:42; p. 7



P. Massa et al.

Table 1. Nominal values of the parameters characterizing the STIX imaging sub-collimators.

From left to right: sub-collimator label, sub-collimator number, coordinates of the window center, slit width,

pitch of the front window, orientation angle of the front window, pitch of the rear window, orientation angle

of the rear window, and m-factor. The values of the center coordinates and of the slit width are equal for

both the front and the rear windows of the same sub-collimator. The number of significant figures

for pitch and orientation reflects the “fabrication” tolerances required to achieve efficient modulation

(as distinct from the more stringent “knowledge” tolerances provided by pre-launch characterization of the as-built grids).
The parameters of sub-collimators 1-a, b, ¢ and 2-a, b, c refer to the windows as a whole, without considering

the division into different layers (see the text for more details), while the parameters of sub-collimators

9 and 10 are not reported as they refer to CFL and BKG, respectively.

Sub-coll. ~ Sub-coll.  Center X  Center Y  Slit width Pitch front Orientation front Pitch rear Orientation rear  m-factor
label number [mm] [mm] [mm] [mm] [deg] [mm] [deg]
10a 3 —62.5 -13.5 0.479 0.910 151.5 0.999 148.4 -1
10b 20 12,5 -27.5 0.479 0.951 86.9 0.951 93.1 1
10c 22 12.5 =735 0.479 0.910 28.5 0.999 31.6 1
9a 16 -12.5 =735 0.336 0.642 170.4 0.692 169.6 -1
9b 14 -125 -275 0.336 0.674 107.9 0.657 112.0 1
9c 32 62.5 -36.5 0.336 0.682 51.7 0.650 484 -1
8a 21 12.5 -50.5 0.236 0.4537 9.7 0.4779 10.3 1
8b 26 37.5 -13.5 0.236 0.4576 131.1 0.4734 128.8 -1
8¢ 4 —62.5 -36.5 0.236 0.4612 68.6 0.4696 714 1
Ta 24 375 36.5 0.166 0.3203 29.48 0.3307 30.54 1
7b 8 =375 -13.5 0.166 0.3203 150.52 0.3307 149.46 -1
Tc 28 375 -59.5 0.166 0.3253 91.06 0.3253 88.94 -1
6a 15 -125 -50.5 0.117 0.2294 50.57 0.2256 49.44 -1
6b 27 37.5 -36.5 0.117 0.2304 169.87 0.2246 170.13 1
6¢ 31 62.5 -135 0.117 0.2285 109.30 0.2265 110.69 1
Sa 6 -375 36.5 0.083 0.1585 69.52 0.1595 70.49 1
5b 30 62.5 13.5 0.083 0.1604 10.09 0.1576 9.91 -1
5S¢ 2 -62.5 13.5 0.083 0.1581 130.39 0.1599 129.60 -1
4a 25 37.5 13.5 0.059 0.11120 89.64 0.11120 90.36 1
4b 5 =375 59.5 0.059 0.11059 29.82 0.11181 30.18 1
4c 23 37.5 59.5 0.059 0.11059 150.18 0.11181 149.82 -1
3a 7 =375 13.5 0.042 0.07758 110.24 0.07782 109.76 -1
3b 29 62.5 36.5 0.042 0.07792 50.19 0.07748 49.81 -1
3c 1 -62.5 36.5 0.042 0.07804 169.96 0.07736 170.04 1
2a 12 -125 50.5 0.030 0.05441 129.86 0.05419 130.14 1
2b 19 12.5 275 0.030 0.05436 70.17 0.05424 69.83 -1
2¢ 17 12.5 73.5 0.030 0.05414 9.97 0.05446 10.03 1
la 11 -12.5 735 0.022 0.037929 150.062 0.038071 149.938 -1
b 13 -125 27.5 0.022 0.038000 90.124 0.038000 89.876 -1
Ic 18 12.5 50.5 0.022 0.037929 29.938 0.038071 30.062 1

computation of the visibility phases (see Equations 9 and 18 below). Therefore, the
values of the window-center offsets and of the resulting window phases were deter-
mined only after the fabrication of the grids, during the grid characterization process
that has been performed on the ground using optical and X-ray measurements collected
at the Paul Scherrer Institute (PSI), Switzerland. A more detailed description of the grid
characterization process will be provided in a follow-up article, together with the values
of the measured grid parameters.

The windows of the six detectors with finest resolution (labeled with 1-a, b, ¢ and 2-
a, b, c) have a different structure. Manufacturing limitations made it necessary to build
them as a superimposition of two layers (in the case of sub-collimators 2-a, b, ¢) or three
layers (in the case of sub-collimators 1-a, b, ¢). The thickness of each layer is 1/2 or 1/3
of the nominal grid thickness. Each layer grid has a period which is twice (in the case of
sub-collimators 2-a, b, ¢) or three times (in the case of sub-collimators 1-a, b, ¢) larger
than the nominal pitch of the overall grid, and wide slits. The effective nominal pitches
of 0.054 mm (for sub-collimators 2-a, b, ¢) and 0.038 mm (for sub-collimators 1-a, b, ¢)
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are then obtained by mounting the different layer grids with a difference in phase of a
half or a third of their pitch, respectively.

The windows of the sub-collimators labeled with 8-a, b, ¢ through 1-a, b, ¢ present
narrow tungsten stripes connecting the slats, named bridges, which are added for in-
creasing the robustness of the grids. As shown in Figure 3, bridges are perpendicular
to the slats and have a wide period. The presence of bridges does not affect the sub-
collimator modulation of the X-ray flux. The only effect of the bridges is to slightly
decrease the grids’ transmission, and appropriate corrections accounting for this effect
are performed during the data calibration process, as we will discuss in a future article.

Nominal values:
Window pitch: 0.33 mm , &
Bridge width: 0.05 mm 1 Y
Bridge pitch: 2.66 mm ¥

Figure 3. Close-up of the rear window of sub-collimator 8 (7b) showing bridges oriented in the
bottom-left—top-right direction. The nominal values of the window pitch, bridge width, and bridge pitch
are reported in the bottom-left corner. The bridge pitch is indicated with a red arrow, while the bridge width
is indicated with two red parallel lines inside the zoomed circle.

STIX detectors have nominal width W = 8.8 mm and height H = 9.2 mm (see the
right panel of Figure 2). Each detector is vertically partitioned into four identical stripes
and each stripe consists of three units, named pixels. Nominally, the top and the bottom
pixels have the same area equal to 0.096 mm?, while the area of the central small pixel
is 0.01 mm?. Each pixel independently measures the number of counts produced by
incident X-ray photons. In the following, we will denote by A, B, C, and D, the counts
recorded by the pixels in the four stripes (from left to right, looking at the detector from
the Sun side). As we will describe in Section 4, the detector partition into four vertical
stripes is crucial for imaging purposes. Further, the reason for the additional partitioning
of each stripe into three pixels and for the presence of small pixels, is twofold. First,
during intense flares, the large top- and bottom-row pixels can be disabled by the Rate
Control Regime (RCR) algorithm. Measuring the incident photon flux by means of the
small pixels only allows to reduce the incident area and, consequently, to increase the
detector live time (Krucker et al., 2020). Second, the three rows of pixels (top, small,
and bottom) provide redundant information that can be exploited for self-calibration
purposes. In particular, by comparing the spectra registered by small pixels with those
registered by the large pixels it is possible to verify whether the pulse pile-up effect is
negligible for STIX, as expected (Krucker et al., 2020).
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YSTIX

XSTIX

Nsyn

Figure 4. Schematic representing the DF reference frame defined on the detector surface, the RWF defined
on the rear window, the FWF defined on the front window and the angular (Xstix, YsTix) coordinate system
defined on the solar disk. The North and West axes of the Helioprojective-Cartesian (HPC) reference frame
are reported in red on the solar disk. A schematic picture of Solar Orbiter is reported in the top-left corner in
order to show the relationship between the DF, RWF, and FWF reference frames and the Spacecraft Reference
Frame (SRF). The green arrows denote the nominal distances between the front and the rear window, and
between the rear window and the detector. Note that the angular STIX reference frame and the HPC reference
frame are not centered in the same point and are not exactly 90° rotated in order to show the typical situation
in which the instrument is slightly off-pointing and the spacecraft roll-angle is not negligible.

3. Assumptions and Definitions

Before starting the description of the mathematical model of STIX data, we need to
introduce a few assumptions and definitions, which are valid throughout the article.

e In the following, we will consider a single sub-collimator; the results we will
derive are completely general and apply to each STIX sub-collimator.

e The considered sub-collimator is assumed to be ideal. Specifically, we assume that
its windows consist of a single layer and have parallel slats perfectly opaque to X-
ray radiation. Moreover, we assume that the windows have negligible thickness
and that bridges are not present. We will show in a follow-up article how to gener-
alize the results of this work to the case of a real sub-collimator by accounting for
several issues during the data calibration process, including energy dependence of
grid transmission, non-negligible grid thickness, and presence of bridges.

e We define a reference system, named the Detector Frame (DF), on the Sun side
of the detector surface. The axes Xpr and Ypp are parallel to the horizontal and
vertical detector edges, respectively; the remaining Zpp points towards the Sun
(see Figure 4). Analogously, we consider a reference frame on both the front and
the rear windows, named the Front Window Frame (FWF) and the Rear Window
Frame (RWF), which have X- and Y-axes parallel to the window edges and Z-
axes pointing towards the Sun (see Figure 4). We assume that the axes Zpg, Zpwr,
and Zrwr are parallel, and that the centers of the detector and of the front and rear
windows are aligned. Further, given that the dimensions of the sub-collimators are
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negligible compared to the distance between STIX and the Sun, we can assume
that the Z-coordinate of the points on the Sun’s surface are equal in the three
reference frames, i.e. zpr = zrpwr = Zrwr- Lherefore, points on the solar disk are
described by an angular coordinate system? (Xsrix, Ystix), where

— =1 (xpF) _ -1 (XFWF) - -1 (XRWF)
XsTIx = tan (ZDF) tan ZFWF tan ZRWF ) 7

— -1 (YoE) _ =1 (YEWE ) _ -1 ( YRWE
ystix = tan (ZDF) tan (ZFWF) tan (ZRWF) '

(@)

Since STIX dimensions are negligible compared to the distance between Solar
Orbiter and the Sun, we can assume that the (Xstrx, Ystix) reference frame is the
same for every sub-collimator. This reference frame is the one adopted for image
reconstruction purposes (i.e. the angular coordinates of the maps reconstructed
from STIX data are expressed with respect to this frame). As shown in Figure 4,
STIX is mounted on a side of the Solar Orbiter spacecraft and, hence, it observes
the Sun as 90°-rotated around the Zpr = Zrwrp = Zrwr axis in the clockwise
direction. Assuming that the spacecraft roll angle (measured from solar North and
positive to the West) is equal to zero and that the instrument points exactly towards
the center of the solar disk, the relation between the Xs7ix- and Ysrrx- axes and
the solar North (Nsyn) and West (Wsyn) axes of the Helioprojective-Cartesian
coordinate frame (HPC: Thompson, 2006) is given by

Xstix = Nsun 3)
Ystix = —Wsun -

To properly position the image reconstructed from STIX data with respect to the
Sun, one has to take the actual pointing of STIX into account. This is achieved by
correcting the X- and Y-coordinates of the image location for the aspect solution,
which is derived from the STIX Aspect System (SAS: Warmuth et al., 2020),
whose optical elements are integral parts of the front and rear grids to determine
the location of the solar limbs relative to the X-ray grids themselves. But the SAS
measurements are not sensitive to roll angle. Therefore, the rotation angle of the
image is simply computed as the opposite of the spacecraft roll angle, which is part
of the as-flown attitude data that are measured by the AOCS (Attitude and Orbit
Control System). Although the typical accuracy of ~10 arcsec currently achieved
falls short of the design goal of 4 arcsec, ongoing improvements to the aspect
analysis should reach this goal in the near future and can be retroactively applied to
previously analyzed events. As an interim measure, fine tuning of the final position
of the images can make use of imaging observations at other wavelengths.

More details concerning the reference frames involved and the operations to per-
form for accurate image placement will be given in a future article. Finally, for
simplifying the notations, the coordinates of the points on the (Xpg, Ypr)-plane
defined on the detector surface will be denoted as (w, &), which stand for width
and height. Further, the angular coordinates (xstrx, Ystrx) describing points on the
solar disk will be denoted as (x, y).

2In the computations presented in this article, angular coordinates and angular frequencies are expressed in
rad and in rad~!, respectively. However, in practice, the STIX image coordinates and the angular frequency
coordinates are expressed in arcsec and in arcsec™!, respectively.
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e The transmission function of the considered ideal windows will be modelled as a
square-wave function, and it will be approximated by truncating its Fourier expan-
sion at the first harmonic (i.e. the fundamental; see Hurford et al., 2002, after their
Equation 3). Consequently, an approximate expression of the triangular trans-
mission function of the entire sub-collimator will be derived by multiplying the
truncated Fourier expansions of the front- and of the rear-window transmissions.
The detected flux due to the contribution of the higher harmonics is assumed to be
negligible’ and will therefore be neglected in the model derived in this article.

Finally, we will denote by ®(x,y) the function representing the number of X-ray
photons emitted in the energy range [e, € + de] per unit of time, energy, and (angular)
area from a region centered at point (x, y) on the solar disk, which result in a number of
detected counts per unit of detector area in the same* energy range. The units of ® are
counts arcsec™2 cm~2 s~! keV~!; however, throughout the article ® will be considered
as already integrated over appropriate time and energy intervals (its units being then
counts arcsec™> cm~2), since this integration is not relevant for the description of the
visibility formation process and of the count-distribution model. We will also assume
that the integration in time accounts for the detector live time (Krucker et al., 2020),
and we will neglect potential discrepancies in the sensitivities of the different detectors,
which will be discussed in a dedicated future article. Further, throughout the article, the
scattering of X-rays from the surrounding material into the detectors will be neglected,
as the considered instrument is assumed to be ideal.

4. Mathematical Model of STIX Data

In this section we describe the relationship between the counts recorded by the detector
pixels and the complex value of a specific Fourier component of the flaring X-ray
source. Then, we will provide details about the count-distribution model, which directly
links the distribution of the X-ray source to the recorded pixel counts.

4.1. Visibility Formation Process

The visibility corresponding to an angular frequency (u,v) is defined as the Fourier
component (Giordano et al., 2015)

V(u,v) = f f D(x, y)eX ) qx dy . ()

3 Although even harmonics in the Fourier expansion of the window transmission functions can be non-zero,
the detector pixelization fully suppresses any affect on the measurement of the first harmonic (i.e. the funda-
mental; see Equation 15). The measurement of the third harmonic of the front and rear window transmission
functions results in a visibility amplitude at the third harmonic detected flux which is less than 1/33 ~ 4% of
the fundamental. The contribution of higher odd harmonics is negligible.

4The relationship between photons and counts is defined by the Detector Response Matrix (DRM; see the
Appendix of Piana et al., 2007), which describes the probability that a photon at energy € is detected as a
count at a possibly different energy ¢. In this article, we will consider an ideal instrument and, hence, we will
assume that g = €, i.e. that the DRM is a diagonal matrix with entries less than unity. Details about the STIX
DRM and its use in the image reconstruction process are left for a future work.
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In the following we will show that each STIX sub-collimator measures a specific visibil-
ity. In particular, the amplitude and phase of the complex value V(u, v) = A(u, v)e'“™"
are determined by the number of counts A, B, C, and D measured by the detector pixels,
while the frequency (i, v) is determined by pitch and orientation of the front and rear
windows. By design, the pitch and orientation of the front window are slightly different
from those of the rear window (see Table 1 and the fourth paragraph of Section 2 above).
Thanks to this characteristic, the X-ray flux transmitted through the sub-collimator win-
dows gives rise to a Moiré pattern (Prince et al., 1988; Hurford, 2013) on the detector
surface. Figure 5 shows a simulation of the Moiré pattern created by the flux transmitted
through the windows of sub-collimator 32 (9¢) and corresponding to an ideal point-like
X-ray source’ located at (x,y) = (0,0). In the following we will show that the Moiré
pattern can be approximated as a bi-dimensional sinusoidal function with period equal
to the detector width W and direction parallel to the Xpp-axis of the detector reference
frame. Further, we will demonstrate that the pattern’s amplitude, which is defined as half
the difference between the maximum and the minimum value of the sinusoidal wave,
is proportional to the amplitude of a specific complex visibility and that the pattern’s
phase, which represents the distance between the location of the peak of the sinusoidal
wave and the center of the detector, corresponds to the phase of the visibility (see the
bottom-right panel of Figure 5).

The crucial point for the derivation of the relationship between the complex visibil-
ity value and the number of counts A, B, C, and D measured by the detector pixels,
is the mathematical description of the sub-collimator transmission function. Since the
transmission of the whole sub-collimator is the product of the transmission functions
of the front and rear grids, we first consider a single window (either the front or the
rear one). The transmission function represents the probability that a photon, emitted
from the point (x,y) on the solar disk, results in a count in the point (w, /) on the
corresponding detector surface. We note that the angular coordinates x and y actually
represent the incident angles of the photon trajectory with respect to the Xpg and Ypg
axes defined on the detector reference frame, respectively, as shown in Figure 6. By
using the approximation tanz = z, which is valid in this context as the incident angles
are small (usually less than 1°), we have that the photon trajectory intersects the window
(Xwer, Ywr)-plane in the point (w + Lx, h + Ly), where L denotes the distance between
the window and the detector (see Figure 6). Therefore, the transmission is equal to 1 if
the point (w + Lx, h + Ly) falls inside a slit and O otherwise. The transmission of a single
window is then a periodic square-wave function (with period equal to p) that is defined
in terms of the distance between the point (w + Lx, h + Ly) and the reference slit center
(i.e. the first slit center encountered in the direction determined by k; see the left panel
of Figure 6) and is given by

Lif =5+ jp<l-n<3+jp,
. = 2 2
T(w,h;x,y) = { 0 otherwise ©

where j is an integer that identifies the particular period in question and

l=w+Lx,h+Ly) k. (6)

5An ideal point-like source is defined as ®(x,y) = §(xyo)(X,¥), Where d(x. ) is the Dirac-delta centered at
(¢, ye)-
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Figure 5. Top-left and -middle panels: simulation of the flux transmitted through the front and rear windows
of sub-collimator 32 (9¢), respectively. The simulated flux corresponds to a point-like X-ray source located at
(x,y) = (0,0). Top-right panel: Moiré pattern created by the superimposition of the flux transmitted through
the windows. The edges of the detector vertical stripes are shown in red. The pattern is plotted as seen looking
towards the Sun from behind the detector. Bottom-left and -middle panels: close-up of the flux transmitted
through the front and rear windows, respectively. A red dashed line is plotted as a reference to show that the
orientations of the front and rear window slits are slightly different. Bottom-right panel: profile of the Moiré
pattern (approximated as a sinusoidal wave) and of the detector along the Xpg-axis. The phase and amplitude
of the pattern are indicated in green and in blue, respectively.

We can approximate 7~ by truncating its Fourier expansion at the first harmonic (i.e. the
fundamental). Standard results of harmonic analysis (Giordano et al., 2015; Siarkowski
et al., 2020) lead to

Tw,h;x,y) =5+ 2 30 %sin(%)cos (27m§ - cp) ~ o
~ 157 + % sin(%)cos (271% - (,0) ,

where we approximated the transmission function by considering just the constant term
plus the first harmonic (i.e. the fundamental). As mentioned above, the transmission
function of the whole sub-collimator, which will be denoted by T, is the product of
the transmission functions 7 and 7 of the front and rear windows, respectively. The
functions 7t and 7 are obtained by replacing (s, p, L) in Equation 7 with (s, pr, dsep +
dget), and (S, pr, dget), respectively. Straightforward computations and approximations,
which are described and discussed in Appendix A, lead to the following expression for

. 2
Tw,h;x,y) = Sl + o cos (% + 2r(xu + yv) — Ago) s )
PtPr
where o = n% sin (’%) sin (’;TY), and
dsep + daet . dyet 2
(u,v) = m[”"—de‘kf - = ‘kr] . Ap = mgr — @), ©)
Pt Pr
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Figure 6. Schematic of the photon trajectory (yellow line) incident in the point (w, ) on the detector surface,
with incident angles x and y with respect to the Xpr and Ypp axes. Left panel: intersection point between the
trajectory and the (Xwr, Ywr)-plane of the Window Frame (either the front or the rear one). The red arrow
denotes the distance between the intersection point and the reference slit center, which is plotted with an
orange dashed line. The unit vector and the center offset of the window are denoted by kandn, respectively
(see Section 2), while L denotes the distance between the window and the detector. Top- and bottom-right
panels: profiles of the trajectory along the dashed lines parallel to the Xwr and Ywr axes that are shown in
the left panel.

with m equal to +1 (see the right-hand-side of Equation 1). Equation 8 shows that the
sub-collimator transmission function can be then approximated as the sum of a constant
term, which represents the product of the mean transmission of the front and rear win-
dows, and a sinusoidal wave with period equal to W and orientation perpendicular to
the detector vertical stripes. The phase of the sinusoidal wave depends on the incident
direction (x, y) through its scalar product with the vector (i, v), and on the relative phase
between the front and rear windows, defined as Ag. Note that the phase of T is then
sensitive only to directions (x, y) parallel to the vector (u, v), which, as we will show in
the following, defines the angular frequency sampled by the sub-collimator.

Once the expression for the sub-collimator transmission function 7 (Equation 8) has
been derived, we can compute the transmitted X-ray photon flux as

M(w,h) = ffd)(x,y) Tw, h; x,y)dxdy . (10)

Equation 10 represents the mathematical expression of the intensity of the Moiré pattern
generated by the transmitted flux on the detector surface. By substituting Equation 8
into Equation 10, defining the total emitted flux

F = ffd)(x,y)dxdy, (11
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and defining y = Z2 — A, one has
Mw,h) ~ F St + o-fffl)(x, y)cos 2m(xu + yv) +y) dxdy . (12)
PtPr

Therefore, if A and w are, respectively, the amplitude and phase of the complex visi-
bility computed in (1, v) (see Equation 9), then

M(w,h) ~ F2 + o Re (e [f ®(x, ye2riceesr dx dy) =

— Fstse i(w+y)) = fstse
prp.- +o-Re(?1e ) prpr+0'ﬂcos(w+y) .

13)

Hence, the first harmonic approximation of the analytical expression of the Moiré
pattern intensity is

S8t

2
M(w,h) ~ F +0'.?Icos(% +a)—A<,0) . (14)

PtPr

Equation 14 shows that the problem of determining the amplitude and phase of the
complex value V(u, v) is equivalent to determining the amplitude and phase of the Moiré
pattern from the number of counts measured by the detector pixels (see Figure 5).

The pixel counts A, B, C, and D are obtained as the integral of the Moiré pattern M
over the corresponding pixel area. For the purpose of this description, we consider as
pixels the four vertical stripes that constitute the detector, and therefore we neglect the
partition of each stripe into three units. Simple computations show that (see Appendix
B for details)

|

A =P F+8ﬂcos(%”+w—Ago
B =% F+8ﬂc0s(§+w—Acp)

i

(15)
C =P|F+EAcos(-3 +w-Ap)|
D =P|F+EA cos —ST”+a)—A<p)],
where
EEsfSr 55&@0 (16)

4 ppe’ TSpS

are the pixel area multiplied by the mean transmission of the sub-collimator, and the
modulation factor of the first harmonic (i.e. the fundamental), respectively. The mod-
ulation factor describes what percentage of the flux of an ideal point-like source is
modulated by the fundamental harmonic of the transmission function of the windows;
in the case of the STIX sub-collimators: & ~ 0.7. It is worth noticing that the pixel
counts A, B, C, and D represent the values of the function

gPB) =P[F +EAcos(—B+w—Ay)] a7
computedin8 = — %, - %, %, %”, respectively, as shown in Figure 7. Therefore, in princi-

ple, one could retrieve the values of the visibility amplitude and phase by forward-fitting
F, A, and w from A, B, C, and D using Equation 17. However, as described in Appendix
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Figure 7. Left panel: profile of the (approximated) Moiré pattern shown in Figure 5 along the Xpg-axis of
the detector reference frame as seen looking towards the Sun. The colored areas represent the integrals of the
pattern over the corresponding pixels (i.e. the number of counts recorded by each pixel). Right panel: graph
of g(B8) (Equation 17) over a period between —r and 7. The values of g(8) in 8 = —37", -4.% %T” are reported,

showing that they are equal to A, B, C, and D, respectively.

B, it is possible to derive an analytical expression for the relationship between the pixel
counts and the visibility amplitude and phase, which is given by

-
A= 555 (C - AP +(D - B) s
w=atan2(D-B,C-A)+ 7§ + Ay,

where atan2(b, a) denotes the angle in polar coordinates corresponding to the vector
(a, b); the angle is measured counter-clockwise from the positive a-axis. Consequently,
the complex visibility value sampled by the considered sub-collimator is

V(u,v) = A(cosw +isinw) , (19)

where (u,v) and A, w are defined as in Equations 9 and 18, respectively.

We conclude this section by providing a visual explanation of how the amplitude and
phase of a Moiré pattern are related to the amplitude and phase of the corresponding
visibility. We recall that a visibility amplitude is related to the morphology of the X-ray
source. Specifically, it contains information on the source dimension along a direction
parallel to the corresponding (u, v)-frequency. On the other hand, the value of the visi-
bility phase is determined by the projection of the location of the source along the same
direction.

In the top-row panels of Figure 8 we show three simulated circular Gaussian sources
centered at the origin of the (Xstrx, Ystix) coordinate system on the solar disk. The Full
Width at Half Maximum (FWHM) of the sources increases from left to right, taking
values equal to 20, 80, and 120 arcsec, respectively. In the middle-row panels of the
same figure we show the simulated Moiré patterns created by sub-collimator 8 (7b) and
corresponding to each one of the sources. The pattern amplitude clearly decreases with
the increasing size of the source; in particular, the pattern is almost flat, its amplitude
being close to zero, when the source size is larger than the resolution® of the sub-

5The sub-collimator resolution is defined as 1/(2||(u, v)||), where (u, v) is the sampling frequency and || - ||
denotes the Euclidean norm.
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Figure 8. Top-row: simulated circular Gaussian sources located in the center of the (Xstix, YsTix)-plane.
The FWHM of the sources is equal to 20, 80, and 120 arcsec from left to right, respectively. Middle-row:
simulated Moiré patterns created by sub-collimator 8 (7, with a resolution of 61 arcsec) and corresponding
to each one of the sources. The edges of the detector vertical stripes are shown in red and the patterns are
plotted as looking from the detector side towards the Sun. Note that the width of the plotted patterns is
twice the width of the detector and that, consequently, two periods of the patterns are shown in the plots.
Bottom-row: histograms of the count rates recorded by the detector pixels for each one of the simulated
Gaussian sources.

collimator, which is 61 arcsec (right most panel in the middle row). This is also clearly
visible in the bottom-row panels, which show the count rates registered by the detector
pixels in correspondence to each simulated source. This behavior is consistent with
the fact that the amplitude of the Fourier transform of a Gaussian function is another
Gaussian function defined in the (u, v)-plane, whose FWHM is inversely proportional
to the one of the original function defined in the (x, y)-plane. Hence, when the FWHM
of the X-ray source increases, the corresponding Fourier amplitude FWHM becomes
narrower and, consequently, the value of the amplitude of the visibility sampled by the
sub-collimator decreases to zero.

Similarly, in the top-panels of Figure 9 we show a simulated circular Gaussian source
with FWHM equal to 20 arcsec and located in different positions within the FOV. Start-
ing from (x, y) = (0, 0) (top-left panel), the source is shifted by 30 and 60 arcsec along a
direction parallel to the (u, v)-frequency sampled by sub-collimator 8 (second and third
top-row panels from the left, respectively). In the top-right panel of the same figure, the
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Figure 9. Top-row: simulated circular Gaussian source with FWHM equal to 20 arcsec. From left to right,
the source location is shifted from (x,y) = (0,0) by 30 and 60 arcsec along the direction determined by the
(u, v)-frequency sampled by sub-collimator 8 (7b). Such a direction is indicated with a white dashed line.
In the top right panel the source is further shifted by 30 arcsec along a direction orthogonal to (i, v), which
is plotted with a magenta dashed line. Bottom-row: Moiré patterns created by sub-collimator 8 (7b) and
corresponding to each one of the circular Gaussian sources. The red and the green vertical lines denote two
consecutive peaks of the pattern. Note that the width of the plotted patterns is twice the width of the detector
and that, consequently, two periods of the patterns are shown in the plots.

source location is shifted by 30 arcsec with respect to the previous position, but this time
along a direction perpendicular to (u,v). In the bottom panels we show the simulated
Moiré patterns generated by sub-collimator 8 (7b) and corresponding to the source in
the different locations. We highlight with a red and a green line two consecutive peaks of
the pattern, whose distance from the center of the detector is related to the pattern phase.
We notice that the location of the peaks of the Moiré pattern (and, hence, its phase)
changes when the source moves along a direction parallel to (u,v) (first three bottom-
row panels from the left). In particular, due to the periodicity of the pattern, the right
peak in the second panel from the left, which is highlighted in green, appears close to
the left edge in the third panel. On the contrary, the pattern phase in the third and fourth
bottom-row panels is the same, since the source moves perpendicularly to (u, v). We can
then appreciate how the pattern phase, which is closely related to the visibility phase,
depends only on the projection of the source location along the direction determined by

(u,v).
4.2. Count-Distribution Model

We now describe the mathematical model that links the photon flux @ directly to the
number of counts A, B, C, and D recorded by the detector pixel (Massa et al., 2019;
Siarkowski et al., 2020). Essentially, we derive the expression of the modulation pattern
of the sub-collimator pixels (Hurford et al., 2002), which represents the probability that
a photon emitted from a point (x,y) on the solar disk is recorded by a specific detector
pixel.

We denote by N the number of counts recorded by a detector pixel (N can be either
A, B, C, or D). As we discussed in the previous section, N is given by the integral of
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the pattern over the corresponding pixel area P. Starting from Equation 10, we obtain

N:ffM(w,h)dwdhzff[ff(l)(x,y)T(w,h;x,y)dxdy dwdh . 20)
P P

By inverting the order of integration in Equation 20, by using the analytical expression
of the transmission defined in Equation 8 and by using Equation 33 derived in Appendix
B (in which we replace w with 27(xu + yv)), one can prove that

A = {f D(x,y) [P (1 — Ecos(q(x,y)))] dxdy,
B = [[ ®(x.y) [P (1 - Esin(g(x, )] dxdy, o
C = j[ D(x,y) [P (1 + Ecos(q(x,y)))] dxdy,
D = [[®(x,y) [P (1 + Esin(g(x,y))] dxdy,
where
q(x,y) =2r (xu + yv) — g -Ap, 22)

and (u,v), Ap and P, & are defined as in Equations 9 and 16, respectively. The pixel
modulation patterns are then the functions inside the integrals in Equation 21) that
multiply the photon flux ®@. They consist of the sum of a constant term (the average
transmission) and a sinusoidal function whose period and orientation are determined
by the (u, v)-point sampled by the sub-collimator. The integral equations in Equation
21) represent the mathematical model that links the photon flux to the pixel counts
and allows addressing the STIX imaging problem directly from the counts themselves,
without computing the complex visibility values.

4.3. Discussion

‘We conclude this section with a few comments.

e In Section 4.1 we proved that each one of the STIX sub-collimators measures a
visibility corresponding to the (u, v)-frequency defined in Equation 9. By design,
the frequencies are located on ten concentric circles in the (u, v)-plane; each circle
contains three frequencies, which are sampled by sub-collimators labeled with the
same number and a different letter. The design of the sub-collimators is done so
that the center of the circles coincides with the origin of the (u,v)-plane if the
detectors are right behind the rear grid. As the nominal separation between the
rear grid and the detectors is 4.7 mm, the center of the circles results to be slightly
shifted in the u-direction, its coordinates being (~1.8 X 10~*arcsec™!, O arcsec™!),
and the circle radii are only approximately inversely proportional to the sub-
collimator resolutions. The instrument measures ten different resolutions, from
~7 to =180 arcsec, logarithmically spaced in steps of ~1.43. The STIX (u,v)-
coverage is shown in Figure 10, while the values of the resolution of each sub-
collimator and of the orientation angle of the corresponding visibilities are re-
ported in Table 2. Note that, since the function ® representing the intensity of the
photon flux is a real-valued function, the following relation holds true for each
complex visibility value measured by STIX:

V(-u,-v) =V(u,v), 23)
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Figure 10. Frequencies sampled by the STIX sub-collimators (colored dots). As a reference, the ten circles
on which the frequencies lie are plotted in black. Note that the STIX (u, v)-coverage has been mirrored by
considering the symmetrical of the frequencies with respect to the origin of the (u, v)-plane. Hence, 60 fre-
quencies are plotted in order to better show the characteristic spiral configuration of the STIX (u, v)-coverage.
The points on the same spiral are plotted with the same color and are connected by a dashed line.

where the bar denotes the complex conjugate. Therefore, for each visibility value
measured by STIX in correspondence to the (u, v)-point defined in Equation 9, we
can retrieve the value of the visibility corresponding to (—u, —v) by using Equation
23. It is then possible to extend the STIX (u, v)-coverage to 60 angular frequencies
(as shown in Figure 10) by considering the ones that are symmetric with respect
to the origin of the (u,v)-plane. However, symmetrically replicated visibilities
contain redundant information, and including them in the image reconstruction
process does not improve the quality of the reconstructed image.

We finally note that the coordinates of the (u, v)-frequencies sampled by the STIX
sub-collimators are determined only by the values of ay, @, pr, and p; (see Equa-
tion 9), since dgp and dge; are the same for every sub-collimator. We also recall
that the values of af, a;, ps, and p, are chosen so that Equation 1 is satisfied.
Therefore, the values of s, a;, ps, and p; that are selected for each sub-collimator
and presented in Table 1 are determined as the unique solution of the system of
vectorial Equations 1 and 9, given by

jcosaf - i cosay =

1

—sinas — —sina, =0
pr Pr

dsep +ddel

; (24)

cos ar — dlj“‘ cos ar] =u
sin ay — d;““ sin ar] =v

m [ dsep +dde!
Pt

where m, W, dyp, dge; are design parameters of the sub-collimators, and (u, v) are
chosen a priori to form the spiral coverage shown in Figure 10.

e The instrument Point Spread Function (PSF) can be determined by setting each
visibility value equal to 1 and by performing a discrete inverse Fourier transform.
We can use different sets of weights for the discretization of the Fourier transform.
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Table 2. Resolution of the STIX sub-collimators and orientation angle of the corresponding
(u, v)-frequencies. The number of each sub-collimator label is reported in the first column, while
the letter of the label is reported in the first row. We note that the orientation angle is computed
counterclockwise from the positive « semi-axis.

a b c

Resolution  Orientation  Resolution  Orientation = Resolution  Orientation

[arcsec] [deg] [arcsec] [deg] [arcsec] [deg]
10 169.3 -28.3 178.3 86.4 169.3 28.3
9 119.6 -9.6 126.7 107.6 128.4 -128.0
8 84.7 9.7 85.6 -48.7 86.3 68.4
7 59.9 29.4 59.9 -29.4 61.0 -88.8
6 43.1 -129.3 43.3 169.8 429 109.2
5 29.7 69.4 30.1 -169.9 29.6 -49.5
4 20.9 89.6 20.7 29.8 20.7 -29.8
3 14.5 -69.7 14.6 -129.8 14.6 169.9
2 10.2 129.8 10.2 -109.8 10.1 10.0
1 7.1 -29.9 7.1 -89.9 7.1 29.9

With natural weighting we give each visibility a weight value equal to unity;
with uniform weighting, instead, we give each visibility a weight proportional
to the area of the (u,v)-plane that is represented by the corresponding (u,v)-
frequency (Piana et al., 2022). Specifically, as is shown in Figure 10, the STIX
(u, v)-coverage becomes more sparse in the part of the (u, v)-plane corresponding
to high frequencies (||(u, v)|| 2 0.04 arcsec™"). Hence, with uniform weighting we
give each visibility a weight equal to the distance of the (u, v)-frequency from the
origin of the (&, v)-plane. In the left panel of Figure 11 we plot the values of natural
and uniform weighting as a function of the sub-collimator resolution; in the middle
and in the right panel of the same figure we show the PSFs obtained with natural
and uniform weighting, respectively. We can appreciate how the central beam of
the PSF becomes narrower when uniform weighting is applied, the corresponding
FWHM being equal to ~11 arcsec instead of ~19 arcsec as in the case of natural
weighting. Hence, applying uniform weighting increases the resolution of the re-
constructed image. On the other hand, due to the relatively larger sidelobes that
are present in the PSF obtained with uniform weighting, the images usually have
a lower dynamic range.

As stated at the beginning of Section 4, for deriving Equation 18, which describes
the link between the pixel counts and the visibility amplitude and phase, we con-
sidered as pixels each one of the four vertical stripes making a STIX detector.
However, it is possible to compute the visibility values using only top-row pixels,
bottom-row pixels or small pixels, as long as slight modifications to the derived
formulas are made. In particular: i) the factor # containing the value of the pixel
area has to be adapted based on the selected pixels; and ii) the 45° angle (7/4)
in the visibility phase formula becomes 46°.1 if only top-row pixels or bottom-
row pixels are selected, and 22°.5 if only small pixels are selected. The value of
46°.1 is obtained by taking into account that the shape of top-row and bottom-row
pixels is not exactly rectangular (due to the presence of the small central pixel;
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Figure 11. Left panel: natural weighting (blue) and uniform weighting (red) as a function of the detector
resolution. A logarithmic scaling is applied to the y-axis. Middle and right panel: STIX Point Spread Function
(PSF) obtained by applying natural and uniform weighting, respectively. All 30 frequencies sampled by the
imaging sub-collimators are considered for computing the PSFs. The same color map is shared by the two
plots of the PSE. Note that the 0 value corresponds to “white.”

see the right panel of Figure 2), while the value of 22°.5 (which is the half of
45°) is a consequence of the fact that the width of a small pixel is half the width
of the detector vertical stripe. We note that analogous modifications have to be
performed to the count distribution model (Equations 21 and 22) depending on
the selected configuration of pixels.

e The STIX imaging technique would work also in the case where the detectors were
partitioned in a number of identical vertical stripes different from four, provided
that appropriate modifications are performed to Equations 15 through 17 and to
Equations 21 and 22. As for the visibility-formation model, since the values of F,
A, and w are to be determined from the experimental pixel counts, at least three
measurements of the Moiré pattern (and, hence, three pixels) are needed. The
choice of four pixels adopted for STIX is a compromise between data redundancy
and complexity of the detector design. In the case the number of pixel stripes was
different from four and an analytical expression of the link between the number
of counts and the visibility amplitude and phase (Equation 18) would be difficult
to be determined, it would be always possible to retrieve the values of A and w
by applying a forward-fitting method to a modified version of the function g(5)
defined in Equation 17.

Finally, we briefly compare strengths and limitations of the visibility formation pro-
cess and of the count distribution model. Visibilities are not sensitive to a constant
background radiation included in the measured data, since both amplitudes and phases
are defined in terms of subtraction between counts. Assuming that the detected back-
ground radiation is the same in A, B, C, and D, then it cancels out thanks to subtraction.
This is not the same for the pixel counts: for addressing the image reconstruction
problem directly from A, B, C, and D, an accurate background subtraction needs to be
performed before applying any reconstruction method. This is particularly crucial for
those events in which the intensity of the background is comparable to that of the signal
originated from the flaring source. On the other hand, image reconstruction from pixel
counts takes advantage of the fact that data are more numerous (120 pixel counts vs.
60 real and imaginary parts of visibilities), although the information content of counts
and visibilities is the same due to redundancy. Also, count measurements are mainly
affected by Poisson noise, while real and imaginary parts of visibilities follow Skellam
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Figure 12. Left panel: schematic of the rectangular area of the front window that is projected by the flaring
X-ray radiation on the detector plane, in the case of an off-axis source. Note that the detector is not fully
illuminated by the X-ray radiation. Right panel: different STIX FOVs overlaid to a solar disk with apparent
radius of 3280 arcsec as it appeared during the Solar Orbiter perihelion of 2022 October 12, when the distance
between the spacecraft and the Sun was ~0.29 AU. The full-sensitivity FOV, single-row FOV, three-column
FOV, and maximal FOV are plotted in red, blue, green, and orange, respectively. Note that the Sun is plotted
90° rotated as observed by STIX (see Equation 3 and Figure 4).

statistics because of the differences between counts. Hence, the SNR of counts is higher
than the one of the real and imaginary parts of the visibilities (Massa et al., 2019).

S. STIX Fields-of-View

The STIX FOV for imaging’ is constrained solely by the separation between the front
grid and the detectors (nominally 597 mm), and by size of the front grid windows (nom-
inally 22 mm X 20 mm). For off-axis sources, specific detector pixels, which are the
same in each sub-collimator, are not fully illuminated by the X-ray radiation and have
to be discarded for the computation of the visibilities or for direct image reconstruction
using Equation 21. This happens when the radiation passing through the front window
of the sub-collimator creates an illuminated rectangular area (the projection of the front
window on the detector plane) that does not completely contain the detector, as shown
in left panel of Figure 12.

Based on the configuration of pixels that are fully illumimated by the X-ray radiation,
we can define different FOVs (we refer the reader to Appendix C for more details). The
full sensitivity FOV, with all pixels fully illuminated, has dimension 1°.267 x 1°.036,
and it is plotted in red in the right panel of Figure 12. This FOV does not contain
the entire solar disk when the instrument is close to the Sun (as in the case of the
Solar Orbiter perihelion of 2022 October 12, when the distance between the spacecraft
and the star was ~0.29 AU and the apparent solar radius was ~3280 arcsec; see the

7In this section we discuss the definition of the instrument FOV, and not the FOV adopted for image recon-
struction (i.e. the size of the image that is reconstructed from STIX data), which can be arbitrarily selected
by the user.
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right panel of Figure 12), or when the spacecraft is pointing far off from Sun center,
for example for limb pointing. Although some effective area is lost, imaging is still
possible if only some pixels are fully illuminated. Specifically, for source offsets in
the Ysrix-direction, imaging with full fidelity requires only one fully illuminated row
of pixels, and this allows expanding the FOV to 1°.919 in the Ysrrx-direction. The
resulting single row FOV is reported with a blue dashed line in the right panel of Figure
12. For source offsets in the Xsryx-direction, if one of the outer columns of pixels is not
fully illuminated, image reconstruction can still be performed using the counts recorded
by the other three®, albeit with some sacrifice in redundancy, and effective area. In this
case, the FOV expands to 1°.689 in the Xsrx direction, and it is named three column
FOV (green dashed line in the right panel of Figure 12). The STIX FOV can be further
extended in the same direction up to 2°.111 if two adjacent pixels columns are fully
illuminated. Imaging can make use of the pixel pair to provide a non-redundant sine—
cosine response similar to that used by with HXT and HXI, although, in this case, an
estimate of the total flux of the source is needed for correctly computing the visibility
values. The maximal FOV, which is defined considering a single row and two columns
of pixels, is reported in orange in the right panel of Figure 12. Note that this FOV
encompasses the full solar diameter at perihelion.

In determining the FOVs, it should be noted that each rear grid window (nominally
13 mm X 13 mm) is slightly oversized so as to not represent a constraint in itself. It
should also be noted that for large source offsets, the relatively narrow (3 mm) sepa-
ration between windows can enable some photons to go through the front window of
one sub-collimator and the rear window of another. By considering only fully illumi-
nated pixels, however, this does not affect imaging. With careful analysis, this effect
can extend the FOV for spatially-integrated spectroscopy beyond that for imaging. For
determining which rows or columns of pixels have to be discarded for imaging a specific
flaring source, we can exploit either information on the source location provided by the
CFL (Krucker et al., 2020) or information derived from data redundancy, as it will be
discussed in a follow-up article.

From a practical viewpoint, almost all STIX flares are detected within the full sen-
sitivity FOV. A few flares observed near perihelion occurred within the single row
imaging FOV (e.g. SOL2022-03-30T18), resulting in a loss of sensitivity of about half
the counts. To date, no flare has been detected outside the single row imaging FOV, but it
might happen during one of Solar Orbiter’s special observing runs when the spacecraft
is pointing at the solar polar regions near perihelion, and a flare occurs at high latitude
on the other hemisphere.

6. Image Reconstruction Problem and Imaging Methods

The image reconstruction problem for STIX can be formulated in two different ways,
depending on the kinds of data that are considered (either visibilities or counts). The

8From Equation 35 in Appendix B it is straighforward to prove that, if A were discarded, then amplitude and
phase of the visibilities can be obtained by replacing C — A with 2C — (B + D) in Equation 18. On the contrary,
if D were discarded, then D — B has to be replaced with A + C — 2B in the same equation.
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visibility-based imaging problem consists in determining the image of the flaring source
@ which satisfies the following equation

FO=V, (25)

where ¥ is the Fourier transform computed at the (&, v)-frequencies sampled by STIX
(see Equation 9 and Figure 10) and V is the array containing the experimental visibility
values defined in Equation 19. Equivalently, the image reconstruction problem can be
addressed directly from pixel counts by solving

HO=C, (26)

where H comes from the discretization of the integrals defined in Equation 21, and
C is the array whose entries are the counts recorded by the pixels in each detector.
In both cases, the STIX imaging problem is an ill-posed inverse problem which has
to be addressed by means of regularization techniques (Piana et al., 2022) for taking
into account the non-uniqueness of the solution and for mitigating the effects of noise
amplification during the reconstruction process.

Below, we provide an overview of the imaging methods that are currently imple-
mented in the Interactive Data Language (IDL) STIX ground software (Dickson et al.,
2022) for the solution of Equations 25 and 26. For a comprehensive review of the
different methods and their parameters, we refer the reader to Massa et al. (2022) and
Piana et al. (2022).

6.1. Back Projection

This is the simplest (and most naive) visibility-based method, given that it implements
a direct discrete Fourier transform inversion of STIX visibilities (e.g. Hurford et al.,
2002). Similarly to what is discussed in Section 4.3, the Fourier integration can be
computed using different quadrature formulae (i.e. different weights in the numerical
integration scheme). In particular, we shall consider below both natural and uniform
weighting.

6.2. CLEAN

The main ingredients for this iterative deconvolution algorithm (Hogbom, 1974; Dennis
and Pernak, 2009) are the back-projected image and the dirty beam (i.e. the instrument
PSF). The CLEAN loop iteratively identifies a point source in the back-projected image,
saves its intensity and position in a CLEAN components map and updates the back-
projected map by subtracting the dirty beam positioned at the identified point source.
The reconstructed map is obtained by convolving the final CLEAN components map
with an idealized version of the PSF.

6.3. Expectation Maximization (EM)
At the moment this is the only method implemented in the STIX ground software that

is fed with STIX count rates (Benvenuto et al., 2013; Massa et al., 2019), although
another EM-like approach (Siarkowski et al., 2020) will be released in the future. EM
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is an iterative scheme to realize likelihood maximization under the constraints that the
pixel content must be non-negative and the noise affecting the input data must follow
the Poisson statistics. The stopping rule for this implementation of EM is described by
Benvenuto and Piana (2014).

6.4. MEM_GE

This maximum entropy code (Massa et al., 2020) realizes a tradeoff between data fitting
and regularization by minimizing the sum of the y? with respect to the observations and
the negative entropy functional. Essentially, the method selects the smoothest solution,
which is the one with maximum entropy, among those that fit the data with the same
accuracy. Hence, the selected solution does not present spurious features given by over-
fitting of noisy data. The algorithm also applies also two constraints to the solution, in
order that the entries are non-negative and the total flux (i.e. the sum of the pixel values)
is equal to an a priori estimate.

6.5. VIS_FWDFIT based on Particle Swarm Optimization

VIS_FWDFIT (Volpara et al., 2022) returns the values of the parameters associated with
a parametric configuration by forward-fitting experimental visibilities. The parametric
configuration is pre-selected by the user among a Gaussian circular source, a Gaussian
elliptical source, a loop source, or a combination of them (see Figure 1 of Volpara et al.,
2022). Parameter optimization is performed by means of the Particle Swarm Optimiza-
tion algorithm (PSO: Kennedy, 2010), which is a stochastic method particularly robust
to the presence of local minima in the objective function.

6.6. The SOL2022-03-31T18 Event

As an example of the performance of the different imaging techniques, we compare the
results obtained by applying the methods described above in the case of the SOL2022-
03-31T18 event integrated in the time range 18:26:20—18:27:00 UT and in the energy
range 25 —50 keV. A total of 55,200 counts have been recorded by STIX within these
time and energy intervals,~7,600 of which are estimated to be due to background emis-
sion. According to our experience, this is a case with very high statistics. Indeed, as
shown by Stiefel et al. (2023), it is possible to reconstruct a configuration with a rather
complex morphology (consisting of four sources at similar intensities) already with
210,000 counts.

We show in Figure 13 the different steps of the process that, starting from the raw
counts measured by STIX, lead to the derivation of the visibility amplitude and phase
values. The detector location within the DEM (as seen from the Sun side) is reported
in the top panel, and the values of the raw counts measured by each detector pixel
are indicated with a color table. Note that the counts corresponding to the small pixels
and to the BKG and CFL sub-collimators are not reported. The raw counts are then
background subtracted and normalized by the detector live time and by the width of the
energy interval considered, to obtain calibrated count rates’. The values of the count

9To calibrate the count rates (by accounting for effects, such as the the energy dependence of the grid response
and internal shadowing of the grids) additional corrections are performed, which will be described in a future
article.
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Figure 13. Top panel: raw counts measured by the STIX pixels during the SOL2022-03-31T18 event, in the
time interval 18:26:20—18:27:00 UT and in the energy range 25—50 keV. The STIX detector-view plot has
been generated using the stixdcpy python package (Xiao et al., 2023). Middle panel: background-subtracted
count rates corresponding to the pixels of the 24 coarsest STIX sub-collimators. In each panel, the count rate
values A, B, C, and D and the associated 30 error bars are plotted in red, while the function g(g) fitting the
count rates (Equation 17) is reported in blue. Bottom panels: visibility amplitude and phase values (left and
right panel, respectively), and associated 1o error bars, obtained from the experimental count rates measured
by the 24 coarsest STIX sub-collimators.
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rates and of the corresponding 30" uncertainties are reported in red in the middle panel
of Figure 13, while the fitting function g(8) (defined in Equation 17) is plotted in blue.
The fitting procedure, which has an analytical solution given by Equation 18, provides
the values of the visibility amplitudes and phases. These values, and the corresponding
1o error bars (including 5% systematic errors added in quadrature'®), are shown in the
bottom panels of Figure 13. Since the current data calibration is satisfactory only for the
24 coarsest sub-collimators (Massa et al., 2022), we discarded the data recorded by the
six finest sub-collimators (labeled with 1-a, b, ¢ and 2-a, b, c) for the computation of the
count rates and of the visibility values. Note that the visibility phases measured by the
coarsest sub-collimators are close to zero since a phase factor is added to reconstruct
the flaring source at the center of the image.

The reconstructions obtained by applying the different imaging methods are illus-
trated in Figure 14. For the Back Projection method, we performed the reconstructions
considering both the natural and the uniform weighting for the discretization of the
Fourier integral. Further, for the CLEAN method we started from a back-projected
image obtained with uniform weighting and we selected a CLEAN beam width of
16.5 arcsec (see Section 3.1 of Massa et al., 2022, for a discussion on the selection
of the CLEAN beam width). In Figure 14 we reported the CLEAN reconstruction with
added residuals. Finally, for the VIS_FWDFIT method we selected a double Gaussian
circular source configuration, which is appropriate in the case of a double footpoint
configuration.

The different imaging methods provide similar reconstructions (consistent with a
non-thermal double footpoint configuration), in terms of number of sources, and their
dimension, orientation and separation. The only exceptions are represented by the Back
Projection reconstructions obtained with both natural and uniform weighting. Indeed,
in the case of natural weighting, the two sources are clearly identified by the method,
although they are not fully resolved. In the case of uniform weighting, instead, the two
sources are resolved, but their dimension is larger compared to that of the reconstruc-
tions provided by EM, CLEAN, MEM_GE and VIS_FWDFIT. The Back Projection
reconstructions are also highly affected by ringing artifacts (especially in the case of
uniform weighting, which enhances the high-frequency content) due to the limited
number of Fourier components sampled by STIX and, hence, available for image re-
construction. However, this is a known issue of the Back Projection method (see, e.g.
Piana et al., 2022), which is a straightforward Fourier inversion and does not provide
a regularized solution. Ringing artifacts are particularly visible in form diagonal lines
in the bottom left-top right direction, which appear in the Back Projection image ob-
tained with uniform weighting and, to a lesser extent, in the one obtained with natural
weighting. The other methods return consistent results, although the sources recon-
structed with MEM_GE are narrower compared to those retrieved by EM, CLEAN
and VIS_FWDFIT. This is likely due to the fact that the adopted maximum entropy
regularization gives rise to super-resolution effects which could lead to reconstructions
that are about 1 arcsec narrower than the underlying configuration (as pointed out in
simulation tests by Massa et al., 2020).

10At the current stage of the data-calibration process, we estimate the systematic errors to be of the order
of 5%. Once the data calibration will be improved in the next future, we will decrease the percentage of
systematic errors to be added.
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Figure 14. Reconstructions of the SOL2022-03-31T18 event in the time interval 18:26:20—18:27:00 UT
and in the energy interval 25— 50 keV. Top row: reconstructions obtained with Back Projection with natural
weighting, Back Projection with uniform weighting and CLEAN, from left to right, respectively. Bottom row:
reconstructions obtained with Expectation Maximization, MEM_GE and VIS_FWDFIT based on PSO, from
left to right, respectively. Note that a roto-translation has been applied to the maps, so that they are plotted
in the West-North coordinate frame defined on the solar disk and not in the (Xstrx, YsTix)-reference frame
defined in Section 3 (see also Figure 4).

We finally point out that this analysis is not intended as a thorough comparison
between the different reconstruction methods, in order to discuss their characteristics
and to highlight their specific strengths and limitations when applied to STIX data.
Instead, it is an example of application of the imaging techniques to the same dataset
and as a demonstration of the imaging capabilities of the STIX instrument based on the
state-of-the-art data calibration (Massa et al., 2022). Validation and comparison of the
algorithms implemented for image reconstruction from STIX data will be the subject
of future work.

7. Conclusions

In this article, we described the imaging concept of the STIX instrument. Specifically,
we provided a description of the mathematical model of STIX data, under the hypoth-
esis that the considered instrument is ideal. The model we derived can be extended
to the case of a real instrument by applying appropriate corrections during the data-
calibration process. These corrections and, more in general, the STIX data calibration,
will be discussed in future works. Hence, the present article represents a fundamental
starting point for the description, calibration, and analysis of STIX data.

We showed that each STIX sub-collimator measures a specific Fourier component
(or visibility) of the angular distribution of the flaring X-ray source. In particular, we
characterized the angular frequencies sampled by STIX based on the hardware param-
eters of the sub-collimators, and we showed how the observed counts in an individual
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detector can be used to directly compute the amplitude and phase of the STIX visibility
corresponding to that sub-collimator (Equation 18). Further, we described the count-
distribution model for STIX, which is the map that projects the X-ray photon flux into
pixel counts and which allows the imaging problem for STIX to be directly addressed
from the measured counts. We provided an overview of the different FOVs of the in-
strument which are determined by the choice of the detector pixels that are considered
for image reconstruction. Finally, we defined the image reconstruction problem for
STIX based on the derived visibility-formation process and on the count-distribution
model, and we briefly described the implemented imaging methods. We concluded by
showing an example of application of the imaging algorithms to experimental STIX
data recorded during the SOL2022-03-31T18 flaring event.

Hard X-ray imaging spectroscopy is a fundamental tool for the understanding of
solar-flare physics. Imaging-spectroscopy from STIX data allows the angular distribu-
tion of the flaring X-ray source to be determined at different energies, thus providing
crucial information on the underlying electron-acceleration mechanisms. Further, by
solving a regularized bremsstrahlung inversion and by applying standard imaging tech-
niques to electron visibilities, it is possible to directly retrieve the images of the electron
distribution at different energies (see, e.g. Piana et al., 2007). An IDL software for
reconstruction of electron maps from STIX data is currently being developed and will
be released soon within the STIX Ground Software. From reconstructed STIX images
it is also possible to determine quantitative parameters describing the plasma and the
acceleration mechanisms (e.g. Kontar et al., 2011). Finally, by combining images recon-
structed from STIX and HXI data, it will be possible to perform stereoscopic analyses of
jointly observed solar flares (Krucker et al., 2019). All these studies provide meaningful
information only if STIX data are precisely interpreted and calibrated; hence, the work
presented in this article is crucial for the derivation of physically relevant results.
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Appendix
A. Derivation of the Sub-collimator Transmission Function T

We describe the computations and approximations that lead to the mathematical expres-
sion of the sub-collimator transmission function, introduced in Equation 8. As discussed
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in the main text, the transmission functions of the front and rear windows are obtained
by replacing (s, p, L) in Equations 6 and 7 with (s, pr, dsep + dger) and (S, pr, der)s
respectively. Denoting

= wt (dsep + dged) X, h + (dsep +daed) y) - I}f s

2 27
G = WHdge X, h+dae y) - ke s
the transmission functions are given by (see Equation 7)
Tt(w,h; x,y) = ;—“ + 72r sm(’;t ) cos (271— - tpf) s (28)
Tiw, h; x,y) = % + 72r s1n(’”’)cos (271ﬁ - (pr) .

r

Therefore, the overall transmission of a sub-collimator, which is the product of the
transmissions of both windows, is

Tw,h;x,y) = Te(w, h; x,y) Te(w, h; x,y) =

— St 25 st et
B e el @
+:2 sin (’;‘ ) sin (’;’) cos (271— - gof) cos (27r— - cpr> .

By applying the formula cos @ cos 8 = %[cos(a' + B) + cos(a — B)] to the last term, we
can rewrite the transmission function 7 as the sum of five terms:

— SfSr

= pipe

Ti(w,h;x,y) = =~ sin( )cos (27r— - <pf)
(5

To(w, h; x,y) = 2% gin cos (27r17 - gor) 30)
T3(w, h;x,y) = ﬂz—zsin(ﬂ)sm(’:f)cos (271([7f 7) (¢ +gar))
Ts(w, h;x,y) = 7% sin(”“ ) sin ( - )cos (277(— - i:) (of — gar)) .

Further, by using Equations 1 and 27, the definitions of (u, v) and Ay in Equation 9,
and the fact that cos(ma) = cos @ (where m is the +1 factor defined at the right-hand
side of Equation 1), the last term becomes

2
Ty(w, by x,y) = = sin (@) sin (ﬁ
T pf

2
)cos(ﬂ +27r(xu+yv)—Ago) . 31D
Pr w

Hence, T, is a sinusoidal wave with period equal to W and direction parallel to the
Xpr-axis of the detector coordinate system. Moreover, we notice that 74, T», and T3,
if considered as functions of the only variables (w, &), represent high-frequency bi-
dimensional waves, whose periods are equal to pf, p;, and approximately equal to
p’: ‘f}'] respectively. Since the pitch of the front and rear windows is much narrower than
the dimensions of the detector pixels, the contribution of these high-frequency terms
averages out when the transmitted X-ray photon flux is integrated over the pixel areas.
Therefore, we can neglect the high-frequency terms and approximate the overall sub-
collimator transmission as T ~ Ty + T4. To show that this approximation is accurate,
we report in the left panel of Figure 15 the intensity of the transmission function 7" of
sub-collimator 32 (9¢) computed at (x,y) = (0, 0). In the right panel of the same figure,
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Figure 15. Left panel: intensity of the transmission function T of sub-collimator 32 (9¢) computed at
(x,y) = (0,0). Right panel: profile of T along the red line shown in the left panel (black), profile of the
low-frequency term T + T4 along the same line (red), and averaged profile of T obtained by applying a
moving mean (blue). Note that the width of both panels is twice the width of a detector; hence, two periods
of the transmission function are plotted.

we plot in black the profile of T along the red line parallel to the Xpp-axis that is shown
in the left panel. We overplot in red the profile of Ty + T4 along the same line and in
blue the average of the profile of T obtained by applying a moving mean with window
size equal to the width of a detector pixel. From the right panel, we can see how Ty + T4
represents a good approximation of the averaged profile of 7', thus demonstrating that
the contribution of the high frequencies of the transmission function averages out when
the transmitted flux is integrated over a pixel area.

B. Link between Visibility Amplitude and Phase and Pixel Counts

We describe the derivation of Equations 15 and 18. We recall that the number of counts
recorded by the detector pixels is given by the integral of the Moiré pattern over the
corresponding pixel area, and that we consider as pixels the four vertical stripes that
constitute a detector. The number of pixel counts are then

w
2

= [F [ MOv.ydwdn,
4 0
5F 12 MOv,hydwd,
f_oﬂ [% M(w,hydwdh,
7

A
B

(32)
C

D = [ [ Mov.h)dwdh.

In Equation 32 we considered the detector as seen looking from behind and towards the
Sun (see Figure 16). Equation 15 can be then obtained by replacing the expression of
the Moiré pattern (Equation 14) in Equation 32, and by observing that

LbCOS(Z’TWW+w—Atp) dw = %[sin(ziwb +w—Ago)—sin(2$ +w—A<p)] =
= %Vcos(%(b+a) +w—Aga) sin(%(b—a)) = (33)
= %cos(%(b+a)+w—mp) ,
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Figure 16. Detector reference frame as seen looking from behind the detector towards the Sun. The coor-
dinates of the detector edges are shown and the number of pixel counts A, B, C, and D recorded by the
corresponding pixels are indicated. Compared to the right panel of Figure 2, the detector appears reversed
along the Xpr-axis because of the different vantage point. Note that the Zpg-axis points towards the Sun.

for all (a,b) € {(% %) s (0, %’) s (—%, 0) s (—“7/, —%)}. In particular, in the last equality
of Equation 33 we have used the fact that b —a = % for the considered extremes of
integration a, b.

Now, for retrieving the values of A and w from A, B, C, and D (Equation 18), we
need to rewrite Equation 15 in a slightly different form. Considering standard trigono-
metric properties,

A=P|IF+EA cos(%” +w—Acp)]=
=P F—8?[cos(%”+w—A<,o—7r)]= (34)
=P|F-EA cos(a)—Atp—ﬁ)] ,

and, performing similar computations for all four pixels, we obtain

A =P F—Sﬂcos(w—mp
B =P|F-EAsin(w-Ap
cC =P F+8.‘f7lcos(w—Ago
D =P|F+&Asin(w-Ap

(35)

i NEIRa i SE)

——— —

where F, P, and & are defined as in Equations 11 and 16, respectively. We note that in
Equation 35, neglecting the factor #, the number of counts A, B, C, and D are given by
the sum of a constant term (the total flux transmitted by the sub-collimator) and a term
related to a sine/cosine function, which is the same in A and C, and in B and D, but with
opposite sign. By computing the differences between pixel counts, we then obtain

1=

A =2PEA cos(w— Ap -

€- ) ) (36)
D-B =2PEAsin(w-Ap-7);

s

INNEN

from which it is straightforward to derive the values of A and w reported in Equation
18.
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C. STIX FOVs Definition

In order to derive the dimension of the different FOVs presented in Section 5, we need
to determine which pixels are illuminated depending on the location of the flare. In
the following, we will consider an X-ray source located at (x., y.) with respect to the
(Xstix, Ystix)-reference frame defined in Section 3, and we will denote by Wy, and
Hy;i, the width and the height of the front window, respectively.

We distinguish three cases for the x.-coordinate (see left panel of Figure 17).

e The four pixel columns are fully illuminated until one of the vertical edges of the
projected rectangular shape of the front window (see the left panel of Figure 12)
coincides with the either the left or the right vertical edge of the detector. This
happens when the x-coordinate of the center of the source is

Wwin/2 - W/Z

[xe| = arctan(
dsep + ddet

) ~ 0°.633. (37)

Hence, if |x.| < 0°.633, then each pixel column is fully illuminated and the cor-
responding counts can be used for both computing the visibilities and for direct
image reconstruction using Equations 18 and 21.

e Three pixel columns are fully illuminated until

Wyin/2 — W/4

[xc| = arctan(
dsep + ddet

) ~ 0°.844 . (38)

Therefore, if 0°.633 < |x.| < 0°.844, then one of the outer pixel columns is only
partially illuminated by the X-ray radiation, and the corresponding counts have
to be discarded for computing the visibilities or for direct image reconstruction
(Equations 18 and 21).

e Two consecutive pixel columns are fully illuminated until

Wwin / 2

~ 1°.056 . (39)
dsep + ddet)

|xc| = arctan(

If 0°.844 < |x.| < 1°.056, we can still compute the values of amplitude and
phase of the visibilities using just A and B or C and D, provided that an estimate
of the total emitted flux F is available (see Equation 35). Having two adjacent
fully illuminated pixel stripes is the minimum requirement for imaging purposes,
although some imaging insights can be gained considering just a single pixel per
TOW.

Similar considerations can be made for the y-coordinate of the center of the flaring
source, although, in this case, we distinguish only two cases (see the right panel of
Figure 17).

e Top- and bottom-row pixels are fully illuminated until one of the horizontal edges
of the projected rectangular shape of the front window (see the left panel of Figure
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Front window ~— — Wwin/Z Xstix Frontwindow . Hwin/2 STIX
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dsep + dget dscp + dget
1.056 deg 0.960 deg
Detector Detector

I T 0.844 deg [
D C B A Bottom-row  Top-row
W/4 W/4 HJ2

Figure 17. Schematics representing the limit angles that define the edges of the different FOVs both in the
Xstix (left panel) and in the Ystix (right panel) direction. The profiles of the sub-collimator front window
along both the x- and the y-direction are plotted in blue, while the corresponding profiles of the detector are
plotted in gray. The trajectories of the incident photons defining the limit angles are plotted in yellow, and the
values of such angles are reported in the panels.

12) coincides with either the top or the bottom horizontal edge of the detector, viz.
when

Hwin/2 - H/2

~0°.518. (40)
dsep + ddet )

[vel = arctan(
In this case, we can use both top- and bottom-row pixel counts for imaging pur-
poses.
e Only the top- or the bottom-row pixels are fully illuminated until

I'Iwin/2

~ 0°.960 . 41
dsep + ddet) ( )

[yel = arctan(

If 0°.518 < [y.| < 0°.960, then we must consider only the counts recorded by the
fully illuminated row of pixels when we compute the visibilities using Equation 18
or when we address the image reconstruction problem directly from pixel counts
using Equation 21.

The above is valid for each imaging sub-collimator since the results depend only on
the dimensions of the front windows, on the dimensions of the detectors, and on the
distance between the front grid and the detectors, and these quantities are the same in
each sub-collimator.
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