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ABSTRACT

A discrete tomography method has been developed that is able to reconstruct three-dimensional coronalmass ejection (CME) den-
sity structure. We test the method by producing synthetic coronagraph imagery for three events using the’‘CORona—HELiosphere
(CORHEL) model. We combine images from different numbers of observing spacecraft and we perform‘the method separately
using polarimetric and non-polarimetric reconstructions, as a means to test their relative effectiveness. We show that increasing
the number of observing spacecraft consistently reduces the mean relative absolute error.(MRAE) between the simulated and
reconstructed density. Furthermore, the MRAE is generally lower when using polarimetrie, reconstructions compared to non-
polarimetric reconstructions. Methods applied to localise the CME front work well forall ‘spacecraft configurations, and are
improved when using polarimetric, over non-polarimetric, reconstructions. The presence of a CME front can be identified with
an accuracy of (72 +9)%, (70 + 8)% and (52 + 12)% for CME1, CME2 and-€MES3 via polarimetric reconstructions using only
three spacecraft at L1, L4 and LS. The radial position of the CME front can be constrained to a high level of precision when using
polarimetric reconstructions using the same three spacecraft; 0.003 + 0:004 au, 0.004 + 0.005 au and 0.005 £+ 0.004 au for CME1,
CME?2 and CME3, respectively. We expect that at least four spacecraft are required in order to derive accurate information about
3D CME structure. We find no strong evidence of improvement when‘including out-of-ecliptic observers, but that their inclusion
increases the volume of space within which the inversion can‘be,performed.
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1 INTRODUCTION the model are constrained using the available imagery (e.g., Davies
etal. 2012; Rollett et al. 2016; Mostl et al. 2018). Forward modelling
is the foremost method used to study CMEs via remote sensing
because it can be applied to observations from a small number of
vantage points. Indeed, many CME studies use a single observing
spacecraft to constrain the model (e.g., Yashiro et al. 2004; Gopal-
swamy et al. 2009; Thernisien et al. 2009; Vourlidas et al. 2017;
Barnes et al. 2019). The method may also be applied to noisy or
low-quality data because it depends only on locating features within
an image, typically the CME leading edge, or front, (e.g., Barnard
et al. 2020). In orbit at the Sun—Earth L1 point since 1995, the
LASCO coronagraphs (Brueckner et al. 1995) onboard the Solar and
Heliospheric Observatory (SOHO) provide such observations, as do
the remote sensing camera suites onboard the two Solar Terrestrial
Relations Observatory (STEREO) spacecraft (COR-1 and -2 coron-
agraphs: Howard et al. 2008 and HI-1 and -2 heliospheric imagers:

Earth-impacting CMEs can be responsible for significant geomag-
netic disturbances, which can have a severeimpact on both ground-
and space-based technologies. Consequently, foreCasting their arrival
and severity is a major field of study'(e.g., Kilpua et al. 2019; Vourl-
idas et al. 2019). Accurate remote-sensing’ measurements of CMEs
during their onset and propagation are-understood to be key to ad-
dressing this problem (e.g., Posner et al. 2014; Harrison et al. 2017).
Typically, CMEs are observed.via remote sensing in the corona using
coronagraph observations and, as they propagate through interplane-
tary space, via wide-angle heliospheric imagers. Forward modelling
is often applied to suclyobservations, whereby a pre-defined model
is used to déscribe'the’ CME structure and the parameters that govern
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Eyles et al. 2009), launched in 2006. Consequently, many forward
modelling techniques have been developed that use images from two
(e.g., de Koning et al. 2009; Byrne et al. 2010; Davies et al. 2013)
or three (e.g. Thernisien et al. 2009) spacecraft to better constrain
CME parameters. Such models are widely used in scientific studies
of CMEs (e.g., Shen et al. 2013; Pluta et al. 2019; Barnes et al. 2020;
Gandhi et al. 2024) as well as in practical space weather forecasting
situations (e.g., Colaninno et al. 2013; Kay & Gopalswamy 2017;
Palmerio et al. 2023; Laker et al. 2024).

Inverse modelling is an approach whereby white-light images are
treated as two-dimensional projections of the Thomson-scattered
light from a three-dimensional plasma distribution. Inversion of these
images, taken from multiple vantage points, is purely mathematical
and allows the structure to be constrained. The first such methods
made use of solar rotation to observe quasi-static solar wind struc-
tures from multiple vantage points using a single spacecraft (e.g.
Kastner et al. 1977 with OSO-7 and Altschuler 1979 with Skylab), a
technique known as rotational tomography. This technique is used ex-
tensively in more modern studies (e.g., Zidowitz 1997, 1999; Frazin
& Janzen 2002; Morgan & Habbal 2010; de Patoul et al. 2013; Mor-
gan 2015, 2019). Furthermore, the nature of Thomson scattering in
the heliosphere means that polarised brightness (pb) measurements
provide more information with which to constrain density structures
(Howard & Tappin 2009; DeForest et al. 2016), known as polarimet-
ric reconstructions (e.g., Moran & Davila 2004; Dere et al. 2005).

Multi-spacecraft tomography was first applied by Jackson &
Froehling (1995) to observations from the zodiacal light photometers
on-board the two HELIOS spacecraft and the Solwind coronagraph.
Since the launch of STEREO, many attempts have been made using
the combined vantage points of STEREO and SOHO to perform to-
mographic inversions using two or three spacecraft. Antunes et al.
(2009) achieve this through a combination of forward and inverse
modelling using the Graduated Cylindrical Shell (GCS; Thernisien
et al. 2006, 2009) model; Frazin et al. (2009), too, combine inverse
modelling with a separate CME model and Frazin (2012) comple-
ment the inversion with magnetohydrodynamic (MHD) modelling.
Efforts by Jackson et al. (1997, 1998); Kojima et al. (1998); Asai
et al. (1998) led to the development of a method that uses the solar
rotation technique and radio interplanetary scintillation (IPS) mea-
surements to constrain a heliospheric density model. Jacksen et al.
(1998) also employ physical principles — radial solar wind outflow
and conservation of mass and mass flux — to optimise‘the Solution.
Further developments of this technique are well summarised.in Jack-
son et al. (2006) and are a proven method of driVingsspace weather
forecasting models (Yu et al. 2015; Jackson et alx2015), It is apparent
that these multi-spacecraft methods must‘make use of CME mod-
elling, as well as physical assumptions, in order'to constrain CME
structure, and it is consistently noteddn the literature that two or three
observing spacecraft are too few to perform a classical inversion of
CME white-light observations (e\g.,Frazin et al. 2009; Barnes 2020).
Indeed, a study by Davila (1994) shows, using simple mathematical
modelling, that at leastfourspacecraft would be required to resolve
density structures inthe corona via a pure inversion of the data.

Inverse modelling is a,form of photometric image analysis and,
as such, requires a high standard of image processing, particularly
at large distances'from the Sun, in order to separate the Thomson-
scattered K-corona from F-coronal background, stars, planets, and
image artefacts: Typically, forward modelling often uses the running-
difference of an image sequence (e.g., Sheeley et al. 1999, 2008),
intorder,/to highlight moving structures. Simply identifying CME
features requires signal separation with a precision of 1072, whilst
thorough photometric analysis can require 10™* at 45° from the Sun

(DeForest et al. 2016). The latter is indeed achieved using in-depth
image processing by DeForest et al. (2011), a technique that is able
to resolve solar wind substructure (Howard et al. 2012; DeForest &
Howard 2015) and CME substructure (Howard et al. 2013; Howard &
DeForest 2014) well into the field of view (FOV) of HI-2. Advanced
imaging systems capable of polarised brightness measurements out
to large elongation angles onboard PUNCH (DeForest et al. 2026),
which recently launched on 11 March 2025, are expected to lead to
further advances in both image processing and photometric analysis
techniques (DeForest et al. 2013; Howard et al. 2013).

With the continued operation of SOHO and STEREO-A, and the
more recent launches of Solar Orbiter (Miiller et al. 2020; Garcia
Marirrodriga et al. 2021) and Parker Solar Probe (Fox et al. 2016),
multi-spacecraft CME studies are now commonplace (e.g., Davies
et al. 2021; Mostl et al. 2022; Niembro et al. 2023; Liberatore et al.
2023). Newly launched and upcoming missions such as SWFO-L1
(Kraftetal. 2017) and Vigil, respectively, recent ambitioussproposals
such as the Solar Ring mission (Wang et al. 2020) and e6ntemplation
of future missions to polar (Hassler et al. 2023) and L4, (Posner et al.
2021) orbits mean that it is a most opportune/time to‘investigate
the potential of multi-spacecraft remote-sensing observations with
respect to CME analysis. Furthermore, continuing” improvements
in image processing mean that we possessiyan inCreasing ability to
perform accurate photometric analysisionthese observations.

Consequently, our aim is to establish.the.effectiveness of the tomo-
graphic inversion method appliedito white-light images using mul-
tiple spacecraft, and we achieve'this by means of synthetic imagery.
Specifically, we refer to asthree-dimensional, discrete inversion of
the data using no forward modelling nor physical assumptions be-
yond those of Thomson/Scattering. We achieve the synthetic images
by employing state=of-the-art MHD simulations of the solar corona
using the Magnetohydrodynamic Algorithm outside a Sphere (MAS;
Mikic et al. 1999, 2018) code, which provides time-dependent, three-
dimensional plasma parameters, including coronal density. From
these ‘densities we are then able to create sequences of synthetic
coronagraph images, including polarised brightness measurements.
This is performed for a fleet of spacecraft, such that various com-
binations of virtual probes can be used to perform tomography on
the synthetic imagery, with the goal of establishing the minimum re-
quirements for such a technique to succeed. Furthermore, we are able
to investigate how the number of observing spacecraft influences the
solution, how well the technique is augmented using polarised bright-
ness measurements and the optimal orbital configuration, including
out-of-ecliptic observers.

2 METHODS

In this section, we first briefly describe the MHD model employed
in this work, the configuration of the synthetic spacecraft considered
throughout our investigation, and the synthetic CME case studies pro-
duced for our analysis (Section 2.1). Then, we provide an overview
of the tomographic inversion method employed and the image pro-
cessing performed on the synthetic data (Section 2.2), followed by
a description of the validation methodology that we consider (Sec-
tion 2.3).
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2.1 MHD Simulations with CORHEL-CME
2.1.1 The MAS Code and CORHEL Model

We employ the MAS code to model the three synthetic CME events
explored throughout this work. To set up and run the eruption and
evolution of the CMEs we use the CORHEL-CME (Linker et al.
2024) suite, a graphical-user-interface-based system derived from
the CORona—HELiosphere (CORHEL; Riley et al. 2012a) model
that simulates CME evolution from the Sun to Earth. The MAS code
integrates the time-dependent resistive thermodynamic MHD equa-
tions on a non-uniform spherical mesh. By employing photospheric
magnetic field observations as boundary conditions on the radial
magnetic field, MAS allows modelling of the solar corona (e.g., Li-
onello et al. 2023; Downs et al. 2025), the inner heliosphere (e.g.,
Riley et al. 2011, 2012b), as well as transient events within them
(e.g., Lionello et al. 2013; Torok et al. 2018). CORHEL operates
within two main domains: the corona (COR), which is usually set in
the range 1-30 R, and the heliosphere (HEL), usually spanning the
interval 28-230 R.

To model the three synthetic CMEs, we first use a photospheric
magnetic field map to generate a relaxed, steady-state coronal and he-
liospheric background solution. Subsequently, we insert a flux rope
at the polarity inversion line (PIL) of interest using the Regularized
Biot-Savart Law (RBSL; Titov et al. 2018) description. Since in this
work our aim is to investigate the post-eruptive structure and evolu-
tion of CME:s in the corona, in all cases we insert out-of-equilibrium
flux ropes that are expected to erupt at the very beginning of each
simulation. We drive each run for both COR and HEL for a temporal
duration of six days, well after any of the three CMEs has reached
1 au. Nevertheless, in this study, we focus exclusively on results
within the COR domain, whilst deferring a detailed analysis of the
three CME:s in the inner heliosphere to future work.

2.1.2 Synthetic Images and Spacecraft Configurations

After the three CME runs have been performed, we generate synthetic
white-light imagery within the coronal domain from different view-
points realised via the placement of virtual probes at 1 au through
the heliospheric domain. To obtain the synthetic observables of inter-
est, we integrate the time-dependent COR density data cubes within
the range 2-30 Ry and produce total brightness (tb; Equation'29 in
Howard & Tappin 2009) as well as polarised brightness,(pb; Equa-
tion 24 in Howard & Tappin 2009) coronagraph-like, imagées. We
employ a field-of-view (FOV) extending to 8°,-wWhich-emulates the
LASCO/C3 coronagraph. For each event and for each observing lo-
cation, we produce imagery at 5-minute cadence for the first 12 hours
of simulation, to ensure that all CMEs have fully‘traversed the COR
domain. We remark that our synthetic images contain the K-corona
only (as the F-corona is not present within‘the CORHEL modelling
suite), and thus are not affected by the,same background subtraction
issues as in real data.

Within the study, weremploy, five different combinations of ob-
serving spacecraft to‘perform the tomographic inversion for each of
the three case studies. We focus on logistically feasible orbits, such
as the L1, L4, and L5points, groups of spacecraft in the ecliptic, and
an out-of-ecliptictobserver. Figure 1 shows two such combinations.
Panel (a) shows four spacecraft at the L1, L4, L5 positions, and P1
in a_polar,orbit 60° above the ecliptic. Panel (b) shows six space-
craft in aring throughout the ecliptic, formed of three equally spaced
pairs, where the spacing within each pair is 20°, akin to the origi-
nally proposed Solar Ring mission (Wang et al. 2020). Within the
simulations, R1 is placed at the L1 point, meaning that images from
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(a) 3L + Polar (b) Solar Ring

P1

La
L1

Figure 1. Sketch illustrating the placement of the synthetic spacecraft placed
through the MHD simulation data cubes and two of the configurations con-
sidered in this work — see Table 1 for a full list. (a) The ‘4sc’ configuration,
with observers placed at L1, L4, LS, and a polar orbit P1. (b) The ‘6sc’ con-
figuration, featuring three pairs of spacecraft in a ring formation at 1 au from
the Sun.

label Ll L4 LS Pl R2 R3 R4 RS5<R6

3sc v v v
3scring Vv v V'
4sc v v v v
6sc v v v V/ v v
Tsc v v v 4 N v v

Table 1. List of synthetic spacecraft orbital.ecenfigurations used in the study.
4sc and 6sc refer to panels (a) and (b) of Figure ], respectively.

L1 and R1 are identical. We therefore-have a total of nine spacecraft,
from which we create the'fivesobserving configurations listed in Ta-
ble 1. This includes the two configurations shown in Figure 1, plus
a three-spacecraft combination consisting of L1, L4 and L5, a three-
spacecraft combination, consisting of L1, R3, and R5 and, lastly, a
seven-spacecraft fleet,eonsisting of the six solar ring spacecraft plus
the out-of-ecliptic'P1.

2.1.3 CME Case Studies

The,three CMEs modelled and analysed in this work are all inspired
by real events, meaning that their source regions and pre-eruptive
configurations are based on observed CMEs, but no further attempt
was made to reproduce their coronal and/or heliospheric evolution.
All the photospheric synoptic maps employed as boundary conditions
use data from the Helioseismic and Magnetic Imager (HMI; Scherrer
et al. 2012) onboard the Solar Dynamics Observatory (SDO; Pesnell
etal. 2012) — specifically, we join two successive Carrington maps so
that each heliolongitude in the final magnetogram features data col-
lected as close as possible to the selected CME eruption time. When
inserting the RBSL flux rope at the active region (AR) of interest,
we base our initial parameters on the corresponding “real” events —
in particular, we select the locations of the flux rope footpoints as to
reproduce the observed flux rope type (i.e., its axial magnetic field
orientation and helicity sign; see Palmerio et al. 2017, and references
therein) and we vary the initial axial current to loosely emulate the
observed CME speed in the corona. For each event, we place L1
approximately in front of the CME source longitude (regardless of
the real position of Earth) and distribute the remaining virtual space-
craft accordingly (see Section 2.1.2). An overview of the three events
considered in this work is shown in Figure 2, and in the remainder
of this section we provide a brief overview of the three CMEs.

The first event (CME]1) is inspired by the 2021 October 28 CME,
which erupted around 15:30 UT from the vicinity of the central
meridian as seen from Earth (e.g., Chikunova et al. 2023; Kouloum-
vakos et al. 2024). To model this event, we place an RBSL flux rope
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(a) CME1: 2021-10-28

(b) CME2: 2020-11-29

(c) CME3: 2017-09-10

2021-10-28 15:30

2020-11-29 13:00

2017-09-10 15:30

2021-10-28 15:45

2020-11-29 13:15

2017-09-10 15:45

2021-10-28 18:00

2020-11-29 14:45

2017-09-10 16:55

Figure 2. Overview of the three CMEs simulated with CORHEL-CME, showing (a) CMEL, (b) CME2, and (c) CMES3. For each event, the top panel shows
selected field lines of the pre-eruptive (orsat 7 = 0 in the simulation) RBSL flux rope over the source AR on the photosphere, the middle panel displays CME
field lines 15 minutes after the éxuption, and the bottom panel features a slice of the CME scaled density along the solar equatorial plane at the time when the
front reaches approximately=15.R¢ (the plot covers the full COR domain, i.e. up to 30 Rp).

in AR 12887, designing,aright-handed structure with its axis roughly
parallel to the solar equatorial plane (Figure 2(a), top). The result-
ing CME"in the'corona is the smallest in our data set (Figure 2(a),
middle) and-is-characterised by relatively modest speeds, moving at
approximately 1000 km s~! between the altitudes of 5 and 10 Rg
(based on visual inspection of MHD quantity slices on equatorial and
meridional planes such as the one displayed in Figure 2(a), bottom).

The second event (CME?2) is inspired by the 2020 November 29

CME, which erupted around 13:00 UT from the vicinity of the east-
ern limb as seen from Earth (e.g., Nieves-Chinchilla et al. 2022;
Palmerio et al. 2022). To model this event, we place an RBSL flux
rope in AR 12790 (which was still an unnamed region at the time of
the event), designing a right-handed structure with its axis roughly
perpendicular to the solar equatorial plane (Figure 2(b), top). The re-
sulting CME in the corona is larger (Figure 2(b), middle) and faster
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than the previous event, with speeds between 5-10 R of approxi-
mately 1500 km s~!.

The third event (CMED3) is inspired by the 2017 September 10
CME, which erupted around 15:30 UT from the vicinity of the west-
ern limb as seen from Earth (e.g., Veronig et al. 2018; Scolini et al.
2020). To model this event, we place an RBSL flux rope in AR 12673,
designing a left-handed structure with a complex V-shaped axial con-
figuration (Figure 2(c), top). The resulting CME in the corona is the
largest and fastest in our data set, its speed being approximately
2000 km s~! as it propagates between 5 and 10 Rg,.

Thus, the three CMEs modelled and analysed in this work span a
wide range of speeds, sizes, and axial orientations: CME] is charac-
terised by a low speed, a small size, and an overall east—west axial
orientation; CME2 is characterised by an intermediate speed, an in-
termediate size, and an overall north—south axial orientation, and
CMES3 is characterised by a high speed, a large size, and a complex,
compound axial orientation.

2.2 Tomographic Inversion

The range of methods in solar and heliospheric image analysis that
are described using the term tomography is broad. For clarity, we
reiterate that the technique performed here is discrete tomography.
The volume encompassing the solar corona is divided into a spheri-
cal, heliocentric grid, which, in this study, has a resolution of 2%)0 au
%x3° x 3°. Each grid cell contains an unknown density value and the
radiance measured by every image pixel is used to constrain this
density distribution. This is realised by defining the equation

y = Hx, ey

where y is an array containing the observed radiance values from
every spacecraft, X is an array containing the unknown density values
over the grid, and H is a physical operator, defined by the laws
of Thomson scattering, that relates the discrete values of y and x.
Equation (1) is then an inverse relation that can be solved for x, which
is achieved by means of an iterative convergence algorithm. Before
solving the inverse equation, we first apply some processing to the
images in order to separate the CME structure from the backgfound
density and we apply some regularisation to the equationibefore
calculating the density, the details of which are descfibed injythe
following sections.

2.2.1 Image Processing

The main image processing techniques typically-applied to real white-
light images are designed to separate the K-corona, F-corona, and
background starlight, usually to study the former. The synthetic coro-
nagraph images used in this study contain only K-corona; however,
we still perform some procéssing to separate the CME structure from
the background density4m-erder:to perform the inversion. To process
an image at a given time-step, we take the current image and the six
previous images ifi the sequence. The minimum of the seven values in
a given pixel is calculated and multiplied by 0.75, which is assumed
to be the background-This is then subtracted from the original image
to reveal the CME structure. The factor of 0.75 is chosen because
it is_sufficient to reveal the CME structure, whilst also resulting in
realistic measurements of density in the inversion. Subtracting more
of the background makes the resulting densities much lower than in
the simulations, whilst subtracting less inhibits the inversion method
because the background signal dominates the images. We perform
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the same processing on the associated polarised brightness images,
with an extra stipulation that the degree of polarisation (the ratio of
polarised- to total-brightness) cannot exceed 1.

Using the full 2048 X 2048 resolution images in our analysis would
make solving Equation (1) intractable, so we reduce the image reso-
Iution to 128 X 128 pixels by averaging the radiance values in 16 X 16
pixel bins. Furthermore, we occult pixels within 2.16° (4R) of the
image centre, as a means to exclude structures close to the Sun that
dominate the image brightness. We also occult pixels outside 7.60°
degrees, to remove adverse polarisation effects that occur near the
edge of the FOV due to the nature of the simulations. Figure 3 shows
an example of the processed 128 x 128 pixel images for each of the
9 spacecraft configurations taken at ¢t = 28 for CME2. We note that
the pairs of spacecraft L4+R5 and L5+R3 are separated by 180° in
longitude and they effectively observe mirror images of the CME. As
such we never include both spacecraft from either pair in theé same
configuration.

Finally, we multiply all pixels by a weighting factor given by Equa-
tion (2), similar to that of Kramar et al. (2009), to“account for the
large dynamic range in the data. This effectively flattens,the distri-
bution of observed radiance values. However, it‘causes’ the solving
algorithm to slightly disfavour the very dimmest pixels, meaning that
they are less well constrained.

1

- - 2
yj + min(y) @

wj

2.2.2 Inversion Method.

The tomographic inversion method employed in this study is princi-
pally the same as thatdetailed in Barnes (2020), which the reader is
encouraged to'use for reference. We differ only in that the analysis has
been extended to'three-dimensions and that it employs a full integra-
tion‘over the photosphere. For the sake of brevity, a summary of the
methodis presented here. The radiance measured by an image pixel
consists of three integrals (Howard & Tappin 2009): an integration
overthe photosphere, an integration over the point-spread-function
of the pixel and an integration along the line-of-sight (LOS). The first
of these integrals is accounted for using the Van de Hulst coefficients
to simplify the equations, and the second is ignored by assuming
that electron density does not vary across the perpendicular field of
a single pixel. The third integral is utilised in order to perform the
tomographic inversion. For a given pixel LOS, its path through the
pre-defined grid is calculated using the method described in Tappin
& Howard (2009). The LOS integral is then approximated as a sum of
finite elements, each of which is the contribution from an individual
grid cell to the measured radiance, given by the following equation

o,

Hijz 5

(201 = uCi) +upi]-
sin® (¢ + ) [(1 = wA) + uBi) Jdzi,  (3)

where o, is the electron differential cross section for perpendicular
scattering; u is the solar limb darkening coefficient; A, B, C and D are
the Van de Hulst coefficients, which are listed in Howard & Tappin
(2009); dz is the distance through a grid cell along the pixel LOS;
¢ is the observer — Sun —electron angle and € is the pixel elongation
angle. The subscripts i and j refer to the grid cell and the image pixel,
respectively, and the value of H;; is otherwise zero if the grid cell 7 is
not crossed by pixel j. We use this to calculate the elements of H in
Equation (1), which can be understood as a system of linear equations
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Figure 3. Synthetic total-brightness coronagraph images of the 29/11/2020 event (CME2) at ¢ = 28 for each of the nine spacecraft. Each image has been
processed to subtract the background andireduced to 128 x 128 pixels with a 4R occulter applied to obscure pixels near the Sun.

that approximate the LOS integral for every image pixel, as a function
of the unknown densitysover.the grid. A grid cell is included in the
solution volume only,if it is observed by at least two spacecraft.
When including polarised brightness observations, every pixel then
has two values: the totabbrightness y,;, corresponding to the original
Equation (3),"and'poldrised brightness, y,,, corresponding to extra
elements’ given by

Hij = e (sin2 (¢, + Ej)[(l - MA,) + MB,']) dZ,', (4)

2
which doubles the size of the inverse equation (1). Equation (4) is
equal to the right-hand term in Equation (3), which is a function

of the scattering angle, y = 7 — (¢ + €), whilst the left-hand term
is not. Polarised brightness measurements should therefore afford
extra information with which to constrain the density distribution
along a given LOS. Within the analysis, we refer to the degree of
polarisation, which is defined as the ratio of polarised- to total-
brightness, p = y,5/¥:b-

Regularisation is also applied in order to ensure some smoothness
in the resulting density by adding extra terms to Equation (1), which
are a discrete approximation of the respective gradient operators in
each of the radial, azimuthal, and polar dimensions, as in Barnes
(2020). Likewise, we use the same solving algorithm — the BiCon-
jugate Gradient Stabilised algorithm (van der Vorst 1992) — because
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it can be applied to sparse, non-symmetric matrices and because
it converges quickly. The algorithm starts with an initial guess of
the density distribution, x(?), and determines an updated value of
x() after each iteration, which is intended to decrease the residual,
ly — Hx~1|. By minimising the residual after a sufficient number
of iterations, we arrive at a solution, X’, that satisfies the observa-
tions in y to an adequate level of accuracy. We choose the value of
x® to be 1.0 electrons cc™'r2 for the first time-step, because it is
a sufficient estimate with which to initialise the solving algorithm.
Successive time-steps are then initialised using the solution from the
prior time-step.

2.3 Validation Methodology

We will focus on three approaches as a means to quantify the fidelity
of our density reconstructions for each CME and for each spacecraft
configuration. Firstly, we assess how well the convergence algorithm
performs; secondly, we evaluate how well the density solutions com-
pare to the original simulations; and, finally, we ascertain how well
we are able to establish the location of the CME within the solution
volume. The first method is performed by creating images from our
density solution, X', using Equation (1), i.e. y’ = Hx’, and comparing
these with the original images, y, that were used to perform the inver-
sion. Taking the difference of the two gives a measure of the residual
and enables us to quantify the performance of the convergence algo-
rithm. Secondly, we compare the densities derived from tomographic
inversion, X', to the original ‘true’ density, x, from the MAS simula-
tions. Because the MAS calculations are performed over a much finer
grid than the tomography results, we re-bin the MAS densities on a
ﬁ au X 3° x3° grid, equivalent to that used in the tomography. This
is achieved by taking the nearest MAS grid cell, based on the central
position, to each tomography grid cell. In order to account for the
background subtraction performed on the images, we also subtract
the background from the MAS densities by subtracting the density at
to (prior to CME eruption) from each successive time step. Finally,
we apply analysis in order to locate the CME front within the 3D den-
sity distribution. This is accomplished by identifying grid cells that
lie above a certain threshold value in the tomographic reconstruc-
tions, and these grid cells are then assumed to lie within the EME.
For a given latitude and longitude, the most advanced grid cell lying
within the CME is determined to be the CME front. Thethresholds
taken to be 25% of the maximum density in the 3D distribution at a
given time-step. Again we apply this analysis to densities from both
the tomographic inversions and the original MAS simulations, using
the same threshold value, as a means of comparison.

3 RESULTS AND DISCUSSION
3.1 Accuracy of Solving Algorithm

Figure 4 shows an example.of, the original (y) and solution (y’)
images, and their residual;which we display as the relative absolute
difference (RAE)between the two, |y — y’|/y. The values shown rep-
resent the 6-spacecrafty(L1, R2—R6) polarised-brightness solution
applied to CME2vwat-r' = 28. Each block of six panels corresponds
to one of the sixyspacecraft, labelled in the top-left, where the to-
tal brightness values are shown in red (top row), and the degree of
polarisation’shown in blue (bottom row). In each block, the top-left
panel corresponds to the original images produced from MAS (y;p,
labelled simulation), the top-middle panel corresponds to the images
derived from the tomographic inversion (y’,,, labelled solution) and
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the top-right panel shows their residuals (|y;» —¥’;5|/¥:5)- Likewise,
the bottom-left shows the degree of polarisation in the simulation, p,
the bottom-middle shows the degree of polarisation in the solution,
p’, and the bottom-right shows their residual, |p — p’|/p. In these
cases the mean relative absolute error (MRAE) for total-brightness
measurements ranges from 0.38 (R4) to 0.39 (R6), showing good
agreement between simulation and solution, which can be seen by
qualitative inspection of the images. It is also apparent that, in all
cases, the regions of the image where the RAE is greatest typically lie
away from the main CME structure, corresponding to the dimmest
pixels. This is attributed to the weighting factor (Equation (2)), which
causes the solving algorithm to constrain the dimmest image pixels
less accurately. We also note that the image processing and regu-
larisation applied to the equation before solving means that we are
inhibiting the ability of the solving algorithm to arrive at a result that
precisely reproduces the original data. Regarding the degree of polar-
isation measurements, the MRAE values for all six spacecraft ranges
from 0.028 (RS) to 0.032 (L1), showing that the solution accurately
reproduces the polarimetric properties of the origindl'simulation.

As a means to assess how well the solvingslgorithm performs
for different spacecraft configurations, and for polarimetric versus
non-polarimetric reconstructions, we compare the pixel values from
the simulation and solution for each CME, for every time-step. For
each case study, we focus the analysistonly on time-steps where the
CME is visible in the processedqdmage. This begins when the CME
emerges from behind the artificialhi4Ro/occulter and ends when any
part of the CME exceeds the 7.6%FOV limit of the coronagraph. For
CME] this comprises 19 time-steps (20— 38); for CME2, this com-
prises 24 time-steps (15— 38)”and for CMES3 this is 21 time-steps
(12-32). For each of ‘the three CMEs, we have ten different solu-
tions comprising'\the five spacecraft configurations, each of which
is solved twicesusing’ either tb only, or a combination of pb and tb
measurements. ‘For a given CME, spacecraft configuration and po-
larisation method, we take every pixel in every image and compare
the. simulation to the solution. From these values we calculate the
MRAE between simulation and solution. In Figure 5 we bin the val-
uesiin‘two-dimensional histograms, with a logarithmic scaling using
100 bins spanning six orders of magnitude (1075 -107° B). The
count number in each histogram is also scaled logarithmically in
order to emphasise the lower counts that lie away from the identity
line (red). CMEI is represented by the group of panels labelled (a),
CME?2 is represented by the group of panels labelled (b) and CME3
by the group of panels labelled (c). In each group, the top row shows
the solutions using non-polarimetric (tb) measurements only and the
second row shows those using polarimetric measurements (tb and
pb). Each of the five columns represents one of the five spacecraft
configurations, which are labelled above the plots. The total number
of contributing pixels, n, is printed on each plot. The MRAE for
all cases is consistently very good, ranging from 0.037 (CMEI; 3
spacecraft ring, non-polarimetric reconstruction) to 0.194 (CMES3;
4 spacecraft, polarimetric reconstruction). For all three CME case
studies and polarisation methods, we find that the MRAE is greater
for the 6- and 7-spacecraft configurations, than the 3- or 4-spacecraft
configurations and we find that, generally, the MRAE increases when
using polarimetric reconstructions over non-polarimetric reconstruc-
tion for a given configuration. We expect that this results from the
image processing methods that we apply before solving the inverse
equation, in particular the background subtraction. These factors have
the effect of damaging the true photometry of the original images and
therefore introduce inaccurate information to the solving algorithm,
which prevents it from converging precisely. When we combine mul-
tiple viewpoints, or multiple polarisation measurements, we are in-
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Figure4, Processed images and the corresponding solutions and residuals from tomography applied to the 29/11/2020 event (CME 2) at ¢ = 28 using six
observing spacecraft. Each block of six images shows (top left) processed image used as input to tomography, (top middle) image produced from tomographic
density solution, (top right) relative absolute error between the simulation and solution images, (bottom left) degree of polarisation in the simulation images,
(bottom.middle) degree of polarisation from the tomographic density solution, (bottom right) relative absolute error between the simulation and solution
degree of polarisation.
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Figure 5. Two-dimensional histograms comparing radiance values in every pixel in the simulated and solution images, for each CME at every time-step. (a)
shows results for CMEI, (b) for CME2 and (c) for CME3. In each group, the top row represents solutions using tb measurements only, and the bottom row
represents solutions using a combination of pb and tb. Each column represents each of the five different spacecraft configurations, labelled above the panels.The
MRAE is\printed in each case, as is the total number of pixels contributing to each histogram, n. The identity line is shown in red. The count number in each
group of histograms is scaled logarithmically to emphasise low values.
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troducing more conflicting information into the solving algorithm,
therefore preventing its ability to converge and resulting in greater
MRAE values between the simulated and solution radiance values.
When considering the application of the method to real observations,
this implies that the accuracy of image processing techniques will
have a significant impact on the precision of the results, particu-
larly as the number of observing spacecraft increases. In all cases
we observe a greater spread away from the identity line that occurs
at the very lowest radiance values. This is attributed to the fact that
the solving algorithm is tuned to disfavour radiance values that are
low in the original MAS images, based on the weighting factor in
Equation (2). This effect is least prominent in the case of CME1, and
more apparent for CME2 and, particularly, for CME3. However, we
reiterate that the counts in each distribution are plotted on a logarith-
mic scale in order to emphasise poor values, and that these features
are not significant. Overall, we conclude that the solving algorithm
performs well in all cases.

3.2 Fidelity of Density Reconstructions

Figure 6 shows examples of 2D slices in the ecliptic and meridional
planes, taken from the 3D tomographic inversions using 7-spacecraft
reconstructions. Panels a, ¢, and e correspond to CME1, CME2, and
CME3 polarimetric reconstructions, respectively. Panels b, d and f
show the equivalent non-polarimetric reconstructions. The reader is
strongly encouraged to consult the supplementary material, avail-
able online, to view 3D visualisations of the reconstructions for all
events. In each case, the re-binned, background-subtracted MAS
densities are shown for comparison and the difference between the
tomographic inversion and the original simulations is also shown.
In all cases, we see that the general morphology of the CME front
is reproduced well in the tomographic reconstructions; however, a
significant amount of the internal structure is missing. We expect
that this results from our image processing methods, where too much
CME internal structure is removed from the images, which in turn
causes the internal CME structure to be lost in the reconstruction.
Applying the inversion method accurately to real observations will
require robust image processing (e.g. Howard et al. 2013; Howard &
DeForest 2014; DeForest et al. 2017). This effect is most significant
for the slowest event, CME1, where the CME front is resolved very
well, but almost no internal structure is present in the recofistruction.
We note that CME]1 contains less internal density than'the other two
events (see Figure 2). The example cases in Figure 6 'show,that the
reconstructed density in the meridional cross-sectionissmore true to
the simulation than in the ecliptic cross-sections. This is because it
is easier to constrain the structure in the“meridional plane, due to
projection effects when measuring longitudinal“structure from the
ecliptic (e.g. Kilpua et al. 2019). For all three events, the ecliptic
cross-sections show LOS smearing, which’is the result of perform-
ing the inversion with too few observation angles (e.g. Davila 1994;
Barnes 2020) with which tosaccurately constrain the density. This
suggests that even sevensspacecraft are likely too few to fully recon-
struct 3D CME density stcucture. Indeed, in classical tomography
methods, such as’medical imagining (Maier et al. 2018), hundreds
of observation angles are typically used, as is the case in established
coronal rotational'temography methods (Morgan 2019). However, in
all three/CME case studies presented here, the results of tomographic
inversion'can be used to locate the position of the CME front well,
which isiaddressed in detail in Section 3.3.

Figure' 7 shows more examples of 2D slices in the ecliptic and
meridional planes, this time based on the tomographic inversions
using three spacecraft at L1, L4 and LS. Again, panels a, c, and e

correspond to CMEI1 (¢ = 30), CME2 (¢ = 28), and CME3 (¢ = 20)
polarimetric reconstructions, respectively, and panels b, d and f show
the non-polarimetric reconstructions. The morphology of the CME
is reasonably well reproduced in all cases, particularly in the merid-
ional plane. However, much more LOS smearing is apparent due
to the reduced number of observing spacecraft, which is particu-
larly visible in the ecliptic cross-sections for CMEs 1 and 2. There
is a more apparent difference between the polarimetric and non-
polarimetric reconstructions than is apparent in the results derived
using 7-spacecraft. In particular the CME front is less well defined
for the non-polarimetric reconstructions, most noticeably in the case
of CMEs 1 and 2. Using just three spacecraft, the solution volume
is restricted due to the stipulation that we only solve for grid cells
that are observed by at least two spacecraft. This results in regions
of the CME at +30° longitude near the Sun that are missing from the
reconstructions, which are visible in the ecliptic cross-sections for
all three CMEs. Including an out-of-ecliptic observer at Pl.serves to
reduce this issue significantly.

Figure 8 shows a comparison of all density values from tomo-
graphic inversion compared against re-binned/densities-from the
MAS simulation. Panels a, b, and ¢ show results for CME1, CME2,
and CMES3, respectively. In each panel, the top row shows results
using tb only and the bottom row shows"polarimettic reconstructions
using both pb and tb. Each column represents one of the five space-
craft configurations, labelled above eachplot. We include only grid
cells where the density exceeds 10 electrons cc™'#2 as a means to
focus on densities that lie significantly above the background level.
Significant differences in ‘the general distributions are seen in the
case of CME1 compared to the other two events. CMEI is the slow-
est event, and so the background subtraction method has the effect of
removing more of the CME structure from the images. This in turn
causes moré internal CME density to be lost from the tomographic
reconstructionsy, which is apparent from the much lower number of
counts, n, included in the histograms for CME1 because only grid
cells ‘over 10 electrons cc™! 72 are included. Despite the apparent
differences between the distributions for CME1 and the other two
events; this event results in lowest MRAE values overall for when us-
ing 7-spacecraft polarimetric reconstructions. We note that the counts
in Figure § are plotted on a logarithmic scale to emphasise low values
and the apparent differences in the shape of the distributions between
CMEI1 and the other two events are unremarkable.

In the case of every CME, for both polarimetric and non-
polarimetric reconstructions, we find that the MRAE decreases as
the number of observing spacecraft is increased, with the exception
of the polarimetric reconstruction for CME3, where the 4-spacecraft
configuration performs slightly worse than the 3-spacecraft at L1,
L4, L5. In the case of most spacecraft configurations, for all three
events, we also find that the polarimetric reconstructions result in a
lower MRAE value when compared to the non-polarimetric recon-
structions, with the exception of the 3-spacecraft ring for CMEI and
CMES3. For each of the three events the lowest MRAE is seen when
applying polarimetric reconstructions to the 7-spacecraft configura-
tion; 0.305 (CMELI), 0.337 (CME2), 0.346 (CME3). Conversely, the
largest MRAE is seen in non-polarimetric reconstrcutions using one
of the 3-spacecraft configurations; 0.459 for CME2 and 0.659 for
CME3. For CMEI, the worst case is the polarimetric reconstuction
using the 3-spacecraft ring configuration (0.484). After each itera-
tion, the solving algorithm returns some negative values, which are
reset to the corresponding initial guess (1 electron cc™'r?), which
causes the tail that can be seen towards the bottom edge in many
of the distributions. The solving algorithm consistently underesti-
mates density values, which results from the background subtraction
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Figure 6. 2D cross-sections taken from 3D density distributions. Panels a, ¢ and e represent CMEI (¢ = 30), CME2 (¢ = 28) and CME3 (¢ = 20), respectively,
based on 7-spacecraft polarimetric reconstructions. Panels b, d and f show the equivalent non-polarimetric reconstructions. In each panel, the left hand column
shows results from,the tomographic inversion and the middle column shows the re-binned, background-subtracted MAS density. The right column shows the
difference\between the two, where positive (red) indicates greater MAS density values and negative (blue) corresponds to values from the the tomographic
inversionithatare greater. The top rows show the ecliptic plane and the bottom rows show the meridional plane, where the Earth lies on the x-axis. In each case,
the location of the CME front is over-plotted in pink for the tomographic reconstructions, and green for the MAS densities.
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Figure 7. The same format as Figure 6, showing density reconstructions using three spacecraft at L1, L4 and LS.
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Figure 8. Two-dimensional histograms showing a comparison between density derived from tomographic reconstruction to the re-binned MAS, background-
subtracted MAS densities. Panels a, b and ¢ represent CME1, CME2 and CMES3, respectively. In each panel, the top row uses only tb measurements in the

solution and the Bottom row uses both tb and pb. Each column represents different each of the five spacecraft configurations. Each bin width is 5 electrons cc~1r2

wide andionly values above 10 electrons cc™!r2 are included as a means to exclude background values. n shows the number of grid cells used to calculate
each histogram, MRAE shows the mean relative absolute error between the simulation and solution and p represents the percentage of values that lie below the

identity’line (red). p therefore measures the rate at which the tomography underestimates density values.
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event 3-sc (L1,L4,L5)  3-sc(ring) 4-sc 6-sc 7-sc

CME1 0.9% —-0.4% 7.0% 4.3% 2.9%
CME2 10.5% 5.7% 6.8% 6.7% 5.1%
CME3 35.1% -1.3% 323% 42.0%  43.3%

Table 2. Relative reduction in MRAE between simulated and reconstructed
density when using polarimetric reconstructions over non-polarimetric recon-
structions, for each spacecraft configuration and for each CME case study.

method removing much of the CME internal structure. The average
number of density values that are underestimated are 71% (tb) and
68 % (pb) for CME1, 55% (tb) and 69% (pb) for CME2 and 70%
(tb) and 67 % (pb) for CME3.

Table 2 shows the relative improvement in MRAE values when
using polarimetric over non-polarimetric reconstructions for each
spacecraft configuration and for each CME. In each case, we consis-
tently find that polarimetric reconstructions give better results than
those using only tb images, with the exception of the 3-spacecraft
ring for CME1 and CME3. We observe no significant trend that this
improvement correlates to the number of spacecraft used in the re-
construction. However, for CME3, the polarimetric reconstructions
appear to provide more of a benefit when a larger number of space-
craft are included in the analysis. This is because the non-polarimetric
reconstructions for this event are poor, however, the reason for this is
unclear.

3.3 CME Localisation

As a means to quantify the ability of our tomography method to
resolve the CME structure, we focus on the CME front, which is
the feature that is typically tracked in CME propagation studies (e.g.
Barnard et al. 2020; Temmer & Bothmer 2022). Here, the CME
front is calculated from the 3D density distributions, both for the
tomographic inversions and the re-binned, background subtracted
MAS densities, using the method described in Section 2.3. Figure 6
shows examples of CME fronts calculated using this method applied
to the 7-spacecraft reconstructions and Figure 7 shows examples
using three spacecraft at L1, L4 and L5. In these figures, the CME
front in the simulation and reconstruction often match exactly, or
to within one grid cell, particularly in the meridional plane:, This
is likely the result of resampling the MAS densities, On,to a Jower
resolution grid. We expect that a more accurate assessment’of the
errors in the location of the CME front could be achieved by running
the tomography at higher resolution.

Figure 9 shows the ability of the tomographic)inversion to cor-
rectly identify the CME front for each of the'three events. The top
row of plots, labelled correct identifications, represents the fraction
of instances where a CME front is identified in the MAS density
distribution, at a given latitude and*lengitude, that is also correctly
predicted in the tomography. The bottom row, labelled correct predic-
tions, shows the fractiomofiinstances where a CME front is predicted
in the tomography that also corresponds to a front identified in the
MAS density. We find that’the correct identifications from polari-
metric reconstructionsjare good for all events; with an average of
(76 £8)%, (76+3)%and (57 +20)% for CME1, CME2, and CMES3,
respectively, regardless of the number of observers. The correspond-
ing values for the non-polarimetric reconstructions are (26 + 22)%,
(63 £ 12)%, (22 + 7)%; showing that the polarimetric reconstruc-
tions are/appreciably more accurate at determining the existence of
the CME front. Across the three events, we do not observe a trend that
increasing the number of observers improves the correct identifica-

CME1 CME2 CME3
£10
B 08 *
8 0.41 }. ﬁ s ;
s“g 0.2 @
RS . : ¢
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Figure 9. Plots showing the ability of tomography to locate the CME front.
Correct identifications measure the number of instances that a CME front
is present at a given latitude/longitude in the MAS density, which is also
identified by the tomography, i.e., the fraction of correct MAS values that
are identified in the reconstruction. Correct predictions are the fraction of
instances that a CME front is identified in the tomographic reconstruction at
a given latitude/longitude that also corresponds to a CME frontthat is present
from the MAS simulation, i.e. the fraction of predictions from the tomography
that are correct. Values shown are averages and standard deviations calculated
over the time-steps during which the CME is observed. Blue values represent
non-polarimetric reconstructions and yellow valdes represent polarimetric
reconstructions. In the cases where three spacecraft areused, the L1, L4,
L5 configuration is represented by a diamond, and the 3-spacecraft ring is
represented by a circle.

tion value. Using just three spacecraft at L1, L4 and LS; polarimetric
reconstructions are able to'correctly identify the CME front with an
accuracy of (72 +9)%(70 + 8)% and (52 + 12)% for CME1, CME2
and CMES3, respectively. This level of accuracy cannot be achieved
using any number of spacecraft in the non-polarimetric reconstruc-
tions, withthesexception of CME2, when six spacecraft are used
(80 + 14)%.

The rate of correct predictions varies between 41% and 87% for all
cases, regardless of the number of spacecraft, showing that the pres-
ence-of a'CME front is consistently over-predicted using the tomo-
graphic inversions. There is no significant trend in the improvement
of the correct predictions versus number of observing spacecraft. For
all spacecraft combinations, the rate of correct predictions averages
(60£11)% (CMEL1), (72+6)% (CME2) and (48+4)% (CME3) using
non-polarimetric reconstructions and (78 = 6)% (CMEL1), (81 +7)%
(CME2) and (72 + 12)% (CME3) using polarimetric resconstruc-
tions. This shows that the non-polarimetric method over-predicts the
existence of CME structure, whilst the polarimetric method is more
reliable in every case. We observe no trend in the correct predictions
based upon the number of spacecraft.

Figure 10 shows the difference in radial location of the CME
front, Ar ¢, averaged as a function of grid-cell longitude, between the
tomographic reconstructions and re-binned, background-subtracted
MAS densities. This difference is calculated for instances where the
CME front is identified in both the tomographic inversion and in
the MAS simulations, i.e. the correct identifications. We see that the
location of the CME front is identified well, typically within 0.02 au,
in all cases. In all cases we see that the polarimetric reconstructions
produce lower values of Ary overall than the non-polarimetric re-
sults. For all CMEs we observe a trend that increasing the number of
spacecraft results in lower values of Ary for both polarimetric and
non-polarimetric methods. CME reconstructions using fewer — 3 or 4
— observing spacecraft exhibit larger and more variable values of Ar ¢
than when using 6 or 7 observers, and these discrepancies are more
pronounced in the non-polarimetric reconstructions. This indicates a
greater ability to accurately reconstruct the CME front as the number
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each of the five spacecraft combinations, labelled above each. Blue values represent non-polarimetric'reconstructions and yellow values represent polarimetric

reconstructions.

of observing spacecraft is increased. For all three CME cases stud-
ies, we see that the position of the CME front across all longitudes
can be determined to a high level of precision using 4-spacecraft
polarimetric reconstructions. The 4-spacecraft non-polarimetric re-
constructions locate the CME front reasonably well, but to a lesser
degree. In the case of CME3, non-polarimetric reconstructions fail
to identify CME limb structure corresponding to values away from
zero longitude when compared to the polarimetric reconStructions’

The variation in Ar ¢ over latitude for each CME 4nd each space-
craft combination is shown in Figure 11. Agains.the polarimetric
reconstructions are consistently better and the‘number of observing
spacecraft is seen to improve the accuracy of the CME front localisa-
tion. Polarimetric reconstructions using four er more spacecraft are
able to constrain the CME front to ahigh degree of precision, whilst
at least six are required using non-polarimetric methods. When us-
ing six or seven spacecraft, there'is,little difference in the accuracy
of the polarimetric and non<polarimetric reconstructions. Again, the
full extent of CME3 is much better constrained using the polarimet-
ric method, whilst a significant amount of northward CME structure
(above 40°) is missing in the'non-polarimetric reconstructions.

Figure 12 shows the MAE in values of Ar ¢, averaged over all lati-
tudes, longitudes and-time-steps where the front is correctly identified
in the tomographic reconstructions. For every spacecraft configura-
tion, in all three events, it is clear that the MAE using polarimetric
reconstuctions is lower than when using non-polarimetric reconstruc-
tions. Furthermore, the precision of each measurement is also greater
when using polarimetric reconstructions. For every CME, there is a
slight trend that the MAE values decrease as the number of observ-

ing-Spacecraft increases. A significant increase in the precision of
the MAE yalues is observed in the non-polarimetric reconstructions
ascthe ‘number of spacecraft increases, and the same trend is seen
in thé polarimetric results, but to a lesser extent. Using just three
spacecraft at L1, L4 and L5, the polarimetric reconstructions pro-
duce Ary MAE values of 0.003 + 0.004 au, 0.004 + 0.005 au and
0.005 + 0.004 au for CME1, CME2 and CME3, respectively. In the
case of CMEI and CME2, seven spacecraft are required to reach the
same level of precision (0.002 £ 0.004 au and 0.003 + 0.005 au) us-
ing non-polarimetric reconstructions and, for CME3, this precision
is not matched by any of the non-polarimetric reconstructions. It is
noteworthy that the L.1,L4,L.5 configuration consistently performs
slightly better than the 3-spacecraft ring, despite both methods using
the same number of observers.

4 CONCLUSIONS

We investigate the effectiveness of a discrete tomography method,
which is used to reconstruct 3D CME density structure from the in-
version of synthetic coronagraph images from multiple spacecraft.
We apply the analysis to three separate simulated CME case studies
as ameans to test the method. The method is applied using five differ-
ent spacecraft combinations ranging from three to seven observers,
and the reconstructions are performed twice in each instance using
polarimetric and non-polarimetric reconstructions.

We find that the solving algorithm works well in all cases, with
a MRAE between the simulated and reconstructed images rang-
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Figure 12. MAE in Ary averaged over all longitudes, latitudes and time-steps
as a function of spacecraft number and polarisation method. Blu€ repre-
sents non-polarimetric reconstructions and yellow represents polarimetric
reconstructions. In the cases where three spacecraft are used, the LI1;F4,
L5 configuration is represented by a diamond, and the 3-spacecraft ring is
represented by a circle.

ing from 0.037 in the best case (CMEL;\3-spacecraft ring, non-
polarimetric reconstruction) to 0.194 in the werst case (CME3; 4-
spacecraft, polarimetric reconstruction). In the cases where pb mea-
surements are included, our method has,the capability to reproduce
the polarimetric properties of the simulated images well. We employ
a simple background subtraction method to isolate the CME signal
and find that it removestoo-much internal structure from the CMEs,
particularly in the case.of the slowest (~ 1000 km s~') event, CME1.
This processing impairs‘the photometry of the original images and
MRAE values betweenjsimulated and reconstructed radiance values
increase somewhatasmore spacecraft are included in the analysis and
more conflicting information is introduced to the solving algorithm.

Oyer-subtraction of background means that the reconstructed den-
sity measurements are generally lower than in the simulations, where
weunderestimate between 62% and 73% of the density values greater
than 10 electrons cc~!72. Established methods used to calculate CME
mass from real white light images (e.g. Colaninno & Vourlidas 2009;

de Koning 2017) depend on measurements of image brightness and
are likely to suffer similarly from background subtraction effects.
However, in our reconstructions, the overall CME morphology ap-
pears to be unaffected by this over-subtraction. Accurate photomet-
tic inversion methods will require rigorous image processing (e.g.
Howard et al. 2013; Howard & DeForest 2014; DeForest et al. 2017)
in order to reconstruct the internal density structure of CMEs. De-
spite this, our inversion method is able to reproduce density structure
well, with the MRAE ranging from 0.659 (CME3; 3-spacecraft (L1,
L4, L5), non-polarimetric reconstruction) at worst, to 0.305 (CME1;
7-spacecraft, polarimetric reconstruction) in the best case. In all
cases, increasing the number of observing spacecraft serves to re-
duce the MRAE between simulated and reconstructed density. The
largest MRAE is seen in when using three spacecraft for each of the
three CMEs, regardless of whether polarimetric or non-polarimetric
reconstructions are used. Likewise, the lowest MRAE is seen when
using 7 spacecraft in all cases. We also find that polarimetric recon-
structions, compared to non-polarimetric reconstructions, improve
the MRAE between simulated and reconstructed density in all but
two cases, with the relative improvement ranging from -1.3% (CME3;
3-spacecraft ring) to 43.3% (CME]1; 7-spacecraft). There is no signif-
icant trend that this improvement changes as the number of spacecraft
is increased.

Three of the five spacecraft configurations employed in this study
include spacecraft in the ecliptic plane only, whilst the other two
include a polar spacecraft 60° above the ecliptic. We do not find a
conclusive improvement when including the polar spacecraft, rather
we find that the total number of observing spacecraft is the most sig-
nificant factor in increasing the fidelity of the density reconstructions.
We expect that a greater number of spacecraft combinations would
need to be tested in order to thoroughly study the benefits afforded
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by out-of-ecliptic observations. However, we find that the volume
of space over which the tomographic inversion may be applied is
restricted when using just three spacecraft and that the inclusion of
an out-of-ecliptic observer would be necessary in order to maximise
coverage close to the Sun, due to the way in which the FOVs of
observing spacecraft overlap each other.

Methods applied to locate the presence of the CME front within
density reconstructions show a significant improvement when us-
ing polarimetric over non-polarimetric methods The average rate at
which the presence of a CME front is correctly identified is (76 +8) %
(CME1), (76 £ 3)% (CME2) and (57 + 20)% (CME?3) using polari-
metric reconstructions and (26 +22)% (CMEL1), (63 +12)% (CME2)
and (22 + 7)% (CME23) using non-polarimetric reconstructions. The
rate of correct predictions is also significantly higher using polarimet-
ric reconstructions. The rate of correct identifications is (60 + 11)%
(CME1), (72 + 6)% (CME2) and (48 + 4)% (CME3) using non-
polarimetric reconstructions and (78 + 6)% (CMEL), (81 + 7)%
(CME2) and (72 + 12)% (CME23). Therefore all methods tend to
over-predict the existence of CME structure, although this effect
is much less severe when using polarimetric reconstructions. Po-
larimetric reconstructions using three spacecraft at L1, L4 and L5
identify the CME front with an accuracy of (72 + 9)%, (70 + 8)%
and (52 £ 12)% for CME1, CME2 and CME3, respectively. Non-
polarimetric reconstructions are not able to reproduce this level of
accuracy, regardless of the number of spacecraft used, with the ex-
ception of CME2 using six spacecraft. In cases where the CME front
is correctly identified, its radial position can typically be located to
within 0.02 au. For all three CME case studies, the level of precision
increases slightly as more spacecraft are used in the polarimetric
reconstructions and it increases greatly if six or more are used in the
non-polarimetric reconstructions.

We emphasise that we are able to determine a significant amount
of information about CME structure, even when using just three ob-
serving spacecraft and employing polarimetric reconstructions. Fur-
thermore, this method is improved significantly when the number of
observing spacecraft is increased. A number of studies (e.g., Mierla
et al. 2010; Jang et al. 2016; Verbeke et al. 2023) have highlighted
the errors inherent in using traditional forward-modelling to constrain
CME parameters and it is our intention to compare the reliability of
forward and inverse modelling applied to these same synthetic events
in future work. In this study, we apply a simple method.te identify
the CME front, but we are still able to demonstrate, the capability
of inverse modelling to accurately constrain three dimensional CME
structure. This provides a potential means to infet'farmeore informa-
tion about CME morphology and propagation, such.as velocity and
acceleration profiles across the CME front; as well ‘as information
about CME mass and density evolution. Performing these types of
measurements is beyond the scope.of this study and we also aim to
investigate them in further work. Theseiconsiderations highlight the
significant potential strengths of|inyerse modelling when compared
to conventional forward modelling techniques. The simulated images
employed in this study contain.no F-corona, stars nor planets. We do,
however, apply some‘basice, processing to separate CME signal from
the background and 'we findthat this has some detrimental effects on
the photometry of the'images. Nevertheless, we expect that perform-
ing such analysis on.r€al images is achievable given advanced image
processing techniques that continue to be developed (e.g. Howard
et al. 2013; Howard & DeForest 2014; DeForest et al. 2017). Indeed,
similar photometric analysis is already applied to real observations in
numerous rotational tomography methods (e.g. Kramar et al. 2009;
Butala et al. 2010; Morgan 2019).

Recent forward modelling studies (e.g., Verbeke et al. 2023) have

suggested that increasing the number of observing spacecraft (from
two to three) offers little improvement in the accuracy of CME track-
ing, nor our ability to accurately forecast Earth arrivals. However,
based on the findings presented here, we insist to the contrary; obser-
vations from greater numbers of spacecraft present an opportunity to
employ more advanced CME tracking methods — specifically, inverse
modelling — and will allow us to discover far more detailed informa-
tion about their physical behaviour and their space weather impacts.
Whilst the analysis presented in this study has yet to be achieved
with existing observations, we argue that it is an opportune time to
consider such methods given the current fleet of coronal and helio-
spheric imaging spacecraft (SOHO, STEREO, PSP, SolO, PUNCH,
PROBA-3, and SWFO-L1), and upcoming missions such as Vigil.
Furthermore, future mission proposals to L4 (Posner et al. 2021) and
polar orbits (Hassler et al. 2023), as well as multi-spacecraft polari-
metric imaging missions, (e.g., MOST, Gopalswamy et al. (2024)),
are likely to expand this fleet further. We hope that the results pre-
sented here may be used to better inform such mission and instrument
planning in the future.
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DATA AVAILABILITY

The MAS model’s source code is openly available
at https://github.com/predsci/mas, and CORHEL-CME
is available for Runs-on-Request at NASA’s Commu-

nity Coordinated Modeling Center (CCMC) via the link
https://ccmc.gsfc.nasa.gov/models/ CORHEL-CME~1. Files
containing electron density values derived from all of the
tomographic reconstructions, and the re-binned values from
MAS simulations, are openly available and can be accessed at
https://doi.org/10.5281/zenodo.18892319.
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