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ABSTRACT

Context. In previous studies, we applied the CORrelation-Aided Reconstruction (CORAR) technique to reconstruct three-dimensional
(3D) structures of transients in the field of view (FOV) of Heliospheric Imager-1 (HI-1) on board the spacecraft STEREO-A/B. The
reconstruction quality depends on the stereoscopic angle (6s,,), that is, the angle between the lines connecting the Sun and two
spacecraft.

Aims. To apply the CORAR technique on images from the coronagraphs COR-2 on board STEREO, the impact of 6s,, on the
reconstruction of coronal transients should be explored, and the optimal s, for reconstruction should be found.

Methods. We apply the CORAR method on synthetic COR-2 images containing the small-scale transient, namely the blob, in the case
of various 6s,,. Based on a comparison of the synthetic blob and the corresponding reconstructed structure in location and 3D shape,
we assess its level of reconstruction quality. According to the reconstruction-quality levels of blobs in various positions with various
attributes, we evaluate the overall performance of reconstruction in the COR-2 FOV to determine the optimal 6s,, for reconstruction.
Results. In the case of 6s,, > 90°, we find that the range of suitable 0s,,, in which the small-scale transients in the COR-2 FOV
typically have high reconstruction quality, is between 120° and 150°, and the optimal 6s,, for reconstruction is close to 135°. In
the case of fs,, < 90°, the global reconstruction performance is similar to that of (180°—6s,,). We also discuss the spatial factors
in determining the range of suitable 6s,,, and study the influence of blob properties on the reconstruction. Our work can serve as a
foundation for the design of future missions containing coronagraphs from multiple perspectives, such as the newly proposed SOlar

Ring mission (SOR).
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1. Introduction

Many inhomogeneous structures of different spatial and tem-
poral scales exist in the solar wind, originating from the Sun
or forming en route as the solar wind propagates outward
(Viall et al. 2021). A typical example of large-scale transients
is the coronal mass ejection (CME), which injects significant
amounts of plasma into the heliosphere and is capable of trig-
gering dramatic changes in space weather if arriving at the Earth
(Gosling et al. 1990; Manoharan 2006; Balan et al. 2014). On
the other hand, there are also many small-scale transients in the
interplanetary space, such as switchbacks and blobs. Defined as
S-shaped magnetic structures, switchbacks are discovered fre-
quently by the Parker Solar Probe (PSP, Fox etal. 2016) in
the inner heliosphere (Kasper et al. 2019; Horbury et al. 2020)
and may be observed by coronagraphs (Telloni et al. 2022).
Blobs are small and discrete transients propagating radially from
the boundaries of coronal holes or the top of coronal stream-
ers, and generally have initial sizes of about 0.1-1 solar radii
(Ro) at 3—4 Ry from the Sun (Sheeley et al. 1997; Wang et al.
1998; Loépez-Portela et al. 2018). Blobs are released periodi-
cally because of the intermittent reconnection of magnetic field,
and they are regarded as important parts of slow solar wind

in observations (Sheeley et al. 2009; Sheeley & Rouillard 2010;
Viall & Vourlidas 2015; Sanchez-Diaz et al. 2017a,b). The prop-
erties and evolution of solar-wind transients arising from or
near the Sun contain imprints of the environment below the
corona (Hundhausen et al. 1968; Ko etal. 1997; Landi et al.
2012), which may help us understand the nature of the solar
atmosphere.

The most direct method to identify the transients near
the Sun is through remote imaging. White-light imagers
observing the solar corona and the heliosphere in the visible-
light wavelength are widely used because of their sensi-
tivity to the variation of the electron density and location
of transients according to Thomson scattering theory
(Vourlidas & Howard  2006; Howard & DeForest  2012;
DeForest et al. 2013a; Howard et al. 2013; Inhester 2015).
Many spacecraft are loaded with coronagraphs or heliospheric
imagers. The Large Angle and Spectrometric Coronagraph
(Brueckner et al. 1995) on board the Solar and Heliospheric
Observatory (Domingo et al. 1995) has been observing the outer
corona and heliosphere since 1996. Simultaneous observations
from two different viewpoints are provided by the coronagraphs
(COR-1 and COR-2) and heliospheric imagers (HI-1 and HI-2,
Harrison et al. 2005) in the SECCHI suite (Howard et al. 2008)
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on board the Solar Terrestrial Relations Observatory (STEREO,
Kaiser et al. 2008). Launched in recent years, the Parker Solar
Probe (Fox et al. 2016) can observe fine structures of CMEs at a
closer distance from the Sun with its Wide-field Imager for Solar
PRobe (WISPR, Vourlidas et al. 2016). Solar Orbiter (Miiller
2020) can provide observations from a high-latitude viewpoint
by the imager SoloHi (Howard et al. 2020) and coronagraph
Metis. Different techniques have been developed to derive three-
dimensional (3D) information about the locations and velocities
of transients from white-light images. The forward-modeling
techniques were developed to obtain the kinematic parameters of
CME:s by fitting geometrical models, such as ice-cream cone or
GCS model (Zhao et al. 2002; Xie et al. 2004; Xue et al. 2005;
Thernisien et al. 2006, 2009; Zhao 2008; Thernisien 2011). The
direction and velocity of propagating transients can be estimated
using the trace-fitting methods, such as Point-P, Fixed-¢, Har-
monic Mean, and Self-Similar Expansion (Sheeley et al. 1999;
Howard et al. 2006; Davies et al. 2012, 2013; Moestl & Davies
2013; Wang et al. 2013; Volpes & Bothmer 2015). Using the
polarization ratio technique (Moran & Davila 2004; Dere et al.
2005; Moran et al. 2010; Susino et al. 2014; DeForest et al.
2017; Bemporad et al. 2018), the density-weighted center of
transients can be located along the line of sight. Based on multi-
view observations, methods such as Tie-pointing, Geometric
Localization, Mask Fitting and Local Correlation Tracking
(Pizzo & Biesecker 2004; Inhester 2006; Mierla et al. 2008,
2009, 2010; de Koning et al. 2009; Feng et al. 2012, 2013) can
be used to measure the locations of transients by triangulation.
Based on triangulation, Li et al. (2018, 2020) developed the
CORrelation-Aided Reconstruction (CORAR) method to locate
and reconstruct solar wind transients in the 3D space using
a correlation analysis of STEREO/HI-1 images from two per-
spectives. This method was further developed to generate the
radial velocity map of transients with the maximum correlation-
coefficient localization and cross-correlation tracking (MCT)
method (Li et al. 2021). The stereoscopic angle (6s,y,), that is,
the angle between the lines connecting the Sun and two space-
craft, has a significant influence on the accuracy of triangula-
tion methods. For instance, the geometric localization method
provides the most precise results when 6s,, is between 30°
and 150° (de Koning et al. 2009). As to the Tie-pointing tech-
nique, the reconstruction error of transients from the positional
uncertainty along the epipolar lines on images is dependent on
Osun (Inhester 2006; Wiegelmann et al. 2009; Mierla et al. 2010).
Inhester (2006) discussed the identification of loops in the case
of Osun < 90°, in which features on different images are more
similar with smaller s,,. Mierla et al. (2010) grouped the errors
of reconstruction into observational and methodical errors, and
pointed out that fs,, close to 90° will be beneficial for a strict
stereo reconstruction but will lead to more serious misidentifi-
cation of similar features on images at the same time. Lugaz
(2010) find some evidence that direct triangulation in the HI
fields of view (FOVs) should only be applied to CMEs propa-
gating approximatively toward Earth, that is, within 20° from the
Sun—Earth line. When the range of spacecraft separation is less
than 50°, the Tie-pointing and Triangulation method gives reli-
able trajectories for CMEs propagating within about 40° elonga-
tion from the plane of sky (Liewer et al. 2011). For the CORAR
technique, we prove that structures of reconstructed transients in
the HI-1 FOV are credible when the 0s,, is about 120°-150°
(Lyu et al. 2020, 2021). For large-scale transients like CMEs,
the optimal 6s,, for reconstruction tends to 150°, and so their
structures can be reconstructed more completely; for small-scale
transients, such as blobs, optimal fs,, for reconstruction tends
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to 120° because the uncertainties of triangulation are reduced at
this angle. When 0gy, is closer to 180° and transients are closer
to the connecting line of two spacecraft, the triangulation of tran-
sients is less accurate and the reconstructed structures may bloat
in the direction of the connecting line of two spacecraft, which
is called the collinear effect (Li et al. 2018).

To further investigate the evolution of transients in the outer
corona, we would also like to apply the CORAR method to the
images observed by COR-2 on board STEREO. Because COR-2
observes transients closer to the Sun, the performance of recon-
struction of transients observed by COR-2 should be different
from those observed by HI-1 in terms of brightness and geom-
etry, and the optimal 6s,, for reconstruction in the HI-1 FOV
may be unsuitable in the COR-2 FOV. Therefore, the reconstruc-
tion performance of the CORAR technique based on COR-2
images must be investigated. Our study may also provide the
basis for other orbital schemes containing multiple satellites,
such as the SOlar Ring mission (SOR, Wang et al. 2020, 2021),
the aim of which is to simultaneously observe the 360° sur-
face of the Sun and the inner heliosphere. In the current SOR
scheme, three spacecraft loaded with wide-FOV coronagraphs
are separated by 120° in a circumsolar orbit, with one spacecraft
separated from the Earth by 30° (Wang et al. 2023). In Sect. 2,
we introduce a test of the reconstruction performance for differ-
ent Osy, using synthetic COR-2 images of blobs. We also intro-
duce the improved CORAR technique for COR-2 images and
a definition of the classification of reconstruction quality. The
results of cases with different 6, are presented in Sect. 3 to
derive the optimal fgy, in the COR-2 FOV. The factors influenc-
ing the range of suitable 6s,, for reconstruction are discussed
in Sect. 4, and a summary is given in Sect. 5. Two Appen-
dices provide additional information and figures that support our
study and give a detailed explanation of the improved CORAR
method.

2. Method
2.1. Reconstruction of a blob on synthetic COR-2 images

The STEREO twin spacecraft Ahead and Behind were launched
in 2006. They orbit the Sun at approximately 1 AU near the
ecliptic plane with a slowly increasing angle of about 45° per
year between them. The 6g,, increased from 90° to 150° dur-
ing the time from May 2009 to August 2010. The coronagraphs
COR-2 on board STEREO can observe the outer corona in the
range from 2.5 to 15 solar radii from the Sun in the plane of sky
(POS).

In our study, a synthetic blob made by a ball model (Li et al.
2020; Lyu et al. 2020) is inserted into the 3D space in the COR-
2 FOV so that it can be observed from COR-2A and COR-
2B perspectives. We generate the synthetic COR-2 images con-
taining the blob for reconstruction, and study the reconstructed
structure of the blob with specific location and properties in the
case of selected 6s,,. The 3D reconstruction is implemented
in the Heliocentric Earth Ecliptic (HEE) coordinate system
(Thompson 2006). For instance, Fig. la displays the FOV of
two STEREO spacecraft observing the blob located at 0° in lat-
itude, 30° in longitude, and 10g in heliocentric distance when
Osun 1s 135°. Figures 1b—d present the 3D structure of the syn-
thetic blob and the synthetic images observed from COR-2A
and COR-2B perspectives. The images only contain the blob
without other coronal transients and streamers. In real observa-
tions, transients far away from the Sun are more distinguishable
on COR-2 images processed by the normalizing-radial-gradient
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Fig. 1. CORAR reconstruction of a synthetic blob. The location of the blob in the HEE coordinate is 0° in latitude, 30° in longitude, and 10 R, in
heliocentric distance. The number density at the center of the blob is about 3.5x10* cm™3. The separation angle between the Earth and the spacecraft
STEREO-A/B is about 65°/71°. Panel a: coordinates of STEREO-A (STA), STEREO-B (STB), the Sun, and the synthetic blob. The STA-Sun-STB
angle (fsy,) and the STA-blob-STB angle (6y,n, namely the opening angle in the text) are highlighted. Lap is defined as the connecting line of two
spacecraft. Panel b: 3D presentation of the synthetic blob. Panels ¢ and d: synthetic COR-2A and COR-2B images containing the blob. Panel e:
3D presentation of cc that represents the reconstructed structure (see the context in Sect. 2). Panel f: reconstructed structure in the X—Y plane.
The half thickness rap of the reconstructed structure in the direction of Lag is labeled. Panels g and h: reconstructed structure observed from the
COR-2A and COR-2B perspectives. The maximum radii of the reconstructed blob on COR-2A and COR-2B images, i.e., maximum r, and rg,

respectively, are labeled.

filter (NRGF; Morgan et al. 2006). This filter first subtracts the
average brightness of each height from the images, and then
divides images by the standard deviation of values at the same
height. We therefore use synthetic NRGF-processed images as
input for the CORAR technique to output the 3D structure of the
blob.

Based on triangulation, the method CORAR is used for
the detection, localization, and 3D reconstruction of solar-wind
inhomogeneous transients observed from dual perspectives of
STEREO-A and -B. There are three main steps to the CORAR
method: (1) Choose a meridian plane, that is, a plane contain-
ing the z-axis in the HEE coordinate, and project the images
from two spacecraft onto the meridian plane along the line of
sight (LOS). (2) Calculate the Pearson correlation coefficient
(cc) of two projected images with suitable sampling boxes; the
cc will have a high value in the position where transients exist.
(3) Choose other meridian planes with different longitude, and
then repeat the steps above to obtain the distribution of the cc
in the 3D space. According to the 3D cc map, we recognize the
high-cc regions, defined by cc > 0.5, as the reconstructed struc-
tures of solar-wind transients in 3D space. In Li et al. (2020) and

Lyu et al. (2020), we found a discrepancy between the recon-
structed structure and the precise structure of the synthetic blob
in the HI-1 FOV. The morphological error is related to the posi-
tion and properties of transients, the 6s,,, the image quality, and
so on. Therefore, the high-cc regions are not the precise 3D
structures of transients, but we can locate the real transients and
obtain an estimation of their 3D shapes from the high-cc regions,
as shown by the comparison of the synthetic blob and its recon-
structed structure in Figs. 1b and e. The sampling boxes of step
(2) have different lengths in the dimensions of time, heliocentric
distance, and latitude. The temporal length of the sampling box
is set as three frames to reduce false high-cc structures. To better
reconstruct coronal transients with variant scales, the CORAR
technique is improved so that the size of sampling boxes in helio-
centric distance and latitude is adjusted automatically according
to the sizes of the transients (see Appendix A).

2.2. Assessment of the reconstruction quality of a blob

The reconstruction quality of a synthetic blob is evaluated based
on the following three conditions:
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1. Recognition (R): We test whether the reconstructed blob can
be detected at its 3D position. A blob can be recognized by
the CORAR technique if there are high-cc regions (cc > 0.5)
in the 3D space containing the initial synthetic blob.

2. Location (L): We test the accuracy with which the 3D struc-
ture of the reconstructed blob is located. The deviation of the
position of the reconstructed structure from the position of
its corresponding synthetic blob (Al) is calculated by Eq. (1),
and (xo, Y, zo) is the center of the synthetic blob. The blob is
accurately located if Al is less than 0.1 blob radii (rpjop).

3. Shape (S): We compare the reconstructed structure with its
corresponding synthetic blob in terms of shape. We mea-
sure the range of the radius of reconstructed blobs in the
FOV of COR-2A and COR-2B, respectively (ra and rg, see
Figs. 1g and h), and in the direction of the connecting line
of two spacecraft (Lag) we measure the half thickness of
reconstructed structures (rap, see Fig. 1f). The blob is recon-
structed with high creditability if ra, rg, and rap are always
within 0.6—1.4 ryjep .

Al = \JAX2 + Ay? + AZ2

ch>0.5 cc (X B .X())

Ax =

ch>0.5 cc

ch>0.5 cc- (y - yO)

Ay =

ch>0.5 cc

CC-\T—

Az = ch>0.5 ( 0). (1)

Dices05 €€

With the rules defined above, we examine whether a blob can
be detected and accurately located, and to what extent its shape
can be reconstructed in accordance with the images. In particu-
lar, we investigate the thickness of the reconstructed blob in the
direction of Lap, and regard it as an estimator of the collinear
effect and the completeness of the reconstructed structure: with
rag smaller than 0.6 r0p, the reconstructed blob is incomplete;
with rap larger than 1.4 ry,1, the reconstructed blob may bloat
seriously. The ranges of the parameters for condition R, L, and
S are determined empirically to divide the reconstruction qual-
ity into four levels (Table 1): Level 0, the blob is not detected;
Level 1, the blob is detected and reconstructed (R); Level 2, the
blob is reconstructed and accurately located (R+L); Level 3, the
blob is reconstructed, is located, and has the same shape as the
synthetic blob (R+L+S). Level 3 is the highest level of recon-
struction performance and Level O is the lowest. Therefore, we
can assess the reconstruction quality of a blob with specific loca-
tion and properties in the case of selected Ogyy.

2.3. The global reconstruction quality of blobs in the COR-2
Fov

In the previous sections, we introduce the reconstruction and
assessment of one blob. Next, we modify the position of the
blob, and repeat the process described in the previous sections
for blobs in different locations. Therefore, we can study the 3D
distribution of different levels of reconstruction quality of blobs
in Scorz, that is, the 3D space in the COR-2 FOV (see Fig. 2a).
The locations of the blob are arranged in a 3D grid in the HEE
coordinate, with a grid spacing of 1 R in the radial direction,
and 10° in both latitudinal and longitudinal directions. We select
positions in half of the angular space to be tested due to the 180°
periodicity of the reconstruction quality of transients in longi-
tude (see more details in Appendix B).
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Table 1. Levels of 3D reconstruction quality of the synthetic blob.

Reconstruction Recognition Location  Shape
quality (R) L) S)
Level 0 (1LO)

Level 1 (L1) v

Level 2 (L2) v v

Level 3 (L3) v v v

Furthermore, we assess the global reconstruction quality of
blobs in all positions. We measure the weighted reconstruc-
tion quality (WRQ), which is calculated using the following
equation:

3o arN
3
2ico Nii
where Nj; is the number of blobs at Level i of reconstruction

quality. We select the coefficients ay; so that the global recon-
struction quality is better when WRQ is closer to 1.

WRQ = ,ari =1/3,i=0,1,2,3, (2)

2.4. Reconstruction of blobs under different conditions

Besides the location, the reconstruction performance of a syn-
thetic blob also relies on its properties, including size, density,
velocity, and so on. Real transients may expand during outward
propagation, and so their properties vary with distance from the
Sun. Therefore, we study the reconstruction of the blob under
different conditions. We study two conditions that govern the
state of a blob: 1. The self-similar expansion (SSE) condition:
the blob self-similarly expands, and its size and density vary with
its position, as in real propagating transients. Considering the
possible pile-up of mass of transients from the background envi-
ronment (Colaninno & Vourlidas 2009; DeForest et al. 2013b;
Feng et al. 2015) or the constraint of internal magnetic field and
ambient pressure (DeForest et al. 2018), we empirically select
—2.4 as the attenuation index of density. 2. The nonSSE con-
dition: the radius and the number density of a blob remain
unchanged as its position changes. Under the SSE and nonSSE
conditions, blobs with low and high number density are studied.
Therefore, four groups of blobs are reconstructed to study the
global reconstruction quality under different conditions: blobs
of Groups 1 and 2 are under the nonSSE condition with low
and high density, respectively, and blobs of Groups 3 and 4 are
under the SSE condition with low and high density, respectively.
Table 2 shows the parameters of synthetic blobs belonging to
these four groups.

2.5. The selection of specific Osyn

Finally, we compare the global reconstruction quality of the
blobs of the four groups described above in the case of differ-
ent fsy, in order to study the influence of the variation of gy,
on the reconstruction by the CORAR technique. As the cases of
Osyn may be similar to the cases of 180°—6s,, (see Appendix B),
we focus on cases with fs,, of between 90° and 180°. Consider-
ing the optimal 6y, for the HI-1 FOV (Lyu et al. 2020, 2021) and
the orbital scheme of the Solar Ring mission, we study the global
reconstruction quality of blobs when g, is 90°, 120°, 135°, and
150° in order to derive the optimal s, for the reconstruction of
transients in the COR-2 FOV.
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Table 2. Parameters used in generating synthetic blobs.

Group number 1 2 3 4

Blob condition NonSSE NonSSE SSE SSE

D® (Ry) 6-14 [171¢9 6-14[1] 6-14[1] 6-14[1]
HEE latitude (°) -50-50[10] -50-501[10] —50-50[10] —50-50[10]
HEE longitude (°) -50-50[10] -50-501[10] —50-50[10] —50-50[10]
Blob radius (Ry) 0.6 0.6 0.6 X (D/6Ry) 0.6 X (D/6Ry)
Central density (10° cm™3) 0.5 1.2 0.5% (D/6Rs)2* 1.2x(D/6Ry)**
Velocity (kms™!) 155 155 155 155

Notes. D is the heliocentric distance of the blob from the Sun. **'The grid spacing for the location of blobs is given in square brackets.

3. Optimal separation angle for COR-2 FOV

Figures 2a—h show the 3D distributions of levels of reconstruc-
tion quality of blobs under the nonSSE condition. Figures 3a
and b display the WRQ and relative frequency of four
reconstruction-quality levels at different sy, for non-SSE blobs
with low and high density (Groups 1 and 2). When 6, is 135°,
most blobs have the best reconstruction performance, and WRQ
peaks in both cases of Group 1 and 2. A few blobs with low lev-
els of reconstruction quality are located away from the meridian
plane bisecting 6s,, in the 3D space, and are located close to the
inner edge on COR-2 images. We obtain similar results for other
cases with different s,,. In the case with 0g,, of 120°, WRQ is
higher (lower) than that in the case with gy, of 150° when the
number density is high (low). The difference is related to the fre-
quency of Level-3 blobs. The reconstructed structures of blobs
— with low density when 6s,, = 120° or with high density when
Osun = 150° — have more difficulty in satisfying the condition S
(see definition in Sect. 2.2), indicating that transients with higher
density may require a smaller s, for reconstruction. By com-
paring the frequency of blobs at Level 2 and Level 3, we find that
blobs are more likely to be well located in the case with g, of
150° than when Os,, is 120°. As to 90°, most blobs with either
low or high density are at Level 2 and unable to meet the condi-
tion S, and so the global reconstruction quality of these cases is
poorer than the cases of 120° and 150°.

Under the SSE condition (Figs. 2i—p), the number of high-
quality reconstructed blobs is significantly reduced compared to
the non-SSE cases. Blobs located near the central meridian plane
and at smaller distance from the Sun are more likely to have
good reconstruction quality, especially in the case of low density
(Figs. 2i-1). The trend of WRQ of SSE blobs is similar to that of
nonSSE blobs, but the values of WRQ are clearly smaller due to
high frequencies of Level-1 and Level-2 blobs (Figs. 3c and d).
Under the SSE condition, blobs located further away from the
Sun have lower signal-to-noise ratio (S/N) and larger scales on
images. It is more difficult for the reconstructed blobs to satisfy
the conditions L and S, which results in the high frequency of
low-quality blobs in Figs. 3c and d.

Taking the four cases of different conditions into compre-
hensive consideration, the rank of overall reconstruction perfor-
mance is 135° > 150° > 120° > 90°. Therefore, the opti-
mal sy, for the 3D reconstruction of transients in the COR-2
FOV is close to 135°, and the small-scale blob generally has
good reconstruction quality when 6s,, is between 120° and 150°.
Considering the geometrical symmetry, it is also suitable for
reconstruction if fgy, is close to 45° (see Appendix B). To study
whether the result is influenced by the change in the conditions

for assessing reconstruction quality, we analyze cases with dif-
ferent ranges of ra, rg, and rap in the condition S, and find that
the optimal fsy, is identical.

4. Discussion

In Fig. 3, the optimal 8, for the four groups of blobs is compa-
rable, while the range of 6s,, with high WRQ is different. There-
fore, we explore the possible reasons why the optimal gy, is
close to 135°, and discuss the factors that influence the global
reconstruction quality of blobs.

4.1. Signal-to-noise ratio of the images

According to the Thomson Scattering theory, the brightness
of coronal while-light images depends on the position and
mass of transients under the condition of optically thin plasma
(Howard & DeForest 2012; DeForest et al. 2013a; Howard et al.
2013). The S/N of the blob on images can be influenced by its
location and density in the 3D space, as well as the image noise
caused by stray light, star field, systematic problems, and so on.
With higher S/N, the blob is more distinguishable from the back-
ground, and its successful reconstruction with the CORAR tech-
nique is more straightforward. Therefore, we are interested in
the Ss/n, that is, the 3D space where blobs could have good S/N
on both COR-2A and COR-2B images for reconstruction, and
its dependence on fGgyy.

We calculate the S/N of blobs on images from COR-2A and
COR-2B perspectives (S/N, and S/N,), and evaluate the total
signal-to-noise ratio (TS/N) and the contrast between S/N,,
(DS/N) using the following equations (see Appendix B in
Li et al. 2020)

TS/N = \/<S/N,,>2 +(S/N,), 3)
_ IS/N, = S/N|
DS/N = S/N,+S/N,’ @
—\2
—\2 0 0
Ia, - Ia, Ia,h - Ia,b
§/Nus = Z(”N")/Z( = )—1, (5)

where 1, and 12 , represent the pixels from the image containing
the synthetic blob and the background image without the blob,
respectively, and N is the number of pixels for calculating the
S/N. Blobs with low TS/N are indistinct on images, and blobs
with high DS/N have a large difference in S/N between COR-2A
and COR-2B images. Figure 4 shows the distribution of WRQ
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Fig. 2. Three-dimensional distributions of blobs at different levels of reconstruction quality in Group 1 (panels a—d), Group 2 (panels e—h), Group 3
(panels i-1), and Group 4 (panels m—p) when 0s,, is 90° (panels a, e, i, and m), 120° (panels b, f, j, and n), 135° (panels c, g, k, and 0), and 150°
(panels d, h, I, and p). See the descriptions of different groups in the text and Table 2.

versus DS/N and TS/N for the blobs under the nonSSE and SSE
conditions. Reconstructed transients with low DS/N and high
TS/N are more likely to have good reconstruction quality. In
many cases, TS/N can have any value and the reconstruction
quality is still good for low DS/N. Figure 5 displays the dis-
tribution of Al, rag, maximum, and minimum r, versus TS/N
and DS/N. This proves that reconstructed blobs with low DS/N
and high TS/N are more likely to meet the condition L and S.
According to the relationship between WRQ and S/N shown in
Fig. 4, blobs with relatively good reconstruction performance
possibly satisfy the following empirical S/N condition:

TS/N > max(6.4 DS/N + 0.8,2.0). 6)

The black lines in Fig. 4 mark the boundaries of regions satis-
fying the inequality (6). Based on the condition for S/N, we can
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estimate Ss/N in the case of different 6s,,. For blobs of specific
number density, Ss,x is defined as the 3D space where the TS/N
and DS/N of blobs satisfy the inequality (6). The volume of Ss,n
varies with the properties of synthetic blobs. Figure 6 displays
Ss/n in the COR-2 FOV with different s,, when the central
number density of blobs is 5 x 10*cm™ and 1.2 x 10° cm™.
In the case of 5 x 10* cm™, S /N excludes the space close to the
inner edge on COR-2 images and passes through the meridian
plane bisecting 6s,,. The variation of Ss,n with sy, is faintly
consistent with that of the 3D spatial distribution of low-density
blobs of high reconstruction-quality levels (see Fig. 2). The Sg/n
of 1.2 x 10° cm™3 is closer to the overall COR-2 FOV, and so
the 3D distribution of blobs of high density with good recon-
struction quality is more extensive than those of low density.
Furthermore, we calculate the volume of Ss;n with different blob
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density (Fig. 7). Blobs with larger density are more likely to meet
the S/N condition (6), and so Ss/n has a larger volume. For blobs
with number density smaller or larger than 4.5 x 10* cm™3, the
volume of 135° or 150° is largest, respectively. Therefore, when
Osun 18 135°, there is more 3D space where low-density transients
have suitable S/N for good reconstruction.

4.2. The opening angle

In addition to the S/N of the images, the similarity between the
transients on two images from different viewpoints also influ-
ences their reconstruction quality. This similarity is related to the
opening angle (6y0p), that is, the angle between lines connecting
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the transient and two spacecraft (see Fig. 1a). In the range of
90°—180°, the features of an optically thin transient on two
images are more similar when 6y, is closer to 180°. Transients
with larger 6y, are more likely to be identified, while the tri-
angulation error is higher. For instance, the collinear effect is
significant and transients are poorly reconstructed when the 6yop
of transients in the HI-1 FOV is close to 180° (Lyu et al. 2020).
The range of yop 1S positively related to fs,,. For example, the
range of 6Gyop in the COR-2 FOV is about 112°—128° when gy,
is 120° and about 142°—158° when gy, is 150°. It is important
to study the suitable range of 6y, of transients in the COR-2
FOV in order to find the optimal 6s,, for reconstruction.

We reconstruct nine blobs (Height: 8 Ry, 10 Rs, 12 Ry; Lat-
itude: —20°, 0°, 20°; Longitude: 0°) of the same radius, density,
and velocity in 13 different cases of sy, (90°—150° in inter-
vals of 5°) under the condition of Group 2. We find that the
S/N of these blobs with the same properties and position varies
very little with 6s,,, and the TS/N and DS/N of these blobs
meet the inequality (6), meaning that the influence of variation
in S/N on the reconstruction quality can be ignored. Figure 8
shows the variation of rap as a function of the average 6yop
of blobs within the range of 90°—-160°. As 6y, increases, the
half thickness rap increases, which could explain the low fre-
quency of Level-3 blobs in the context of 150° (Fig. 3). The blob
with larger rap is more distinguishable. Meanwhile, the expan-
sion of reconstructed blobs with increasing o, proves that the
collinear effect also exists in the FOV of coronagraphs. To con-
trol the expansibility and the completeness of reconstructed tran-
sients, the best range of 6y, is between 120° and 150°, which
can be regarded as approximately a limit of suitable fs,, for
reconstruction.

4.3. Blob properties

Comparison of the WRQ of blobs of the four groups reveals
that blobs with different properties may have different global
reconstruction quality, and require different s, for good-quality
reconstruction. Therefore, we study the influence of the proper-
ties of blobs —including the number density, size, and velocity—
on the global reconstruction quality.
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Figure 9a shows the variation of the relative frequency of
reconstruction quality levels as well as WRQ with the number
density. When 6s,, is 135°, WRQ increases as the number den-
sity increases, because blobs have higher S/N on images and are
more likely to be reconstructed (Fig. 9a). The slight decrease in
WRQ with the number density larger than 103 cm™ is related to
the increasing ra and rg of reconstructed structures. This indi-
cates that more unphysical structures may be reconstructed in
the case of high density, and could explain why the number of
high-density blobs at Level 3 is smaller than that of low-density
blobs when 8gy, is 150° (Figs. 2d and h). According to Fig. 9a,
we propose 0.8—1.2 x 10° cm™ as the best range of number den-
sity for the detection and reconstruction of small-scale transients
in the COR-2 FOV, although transients with higher density can
also be accurately located and reconstructed.

Figure 9b shows the variation in frequency and WRQ with
blob size. The diameter of blobs that is most suitable for the
reconstruction is about 0.8—1.6 Ry. Although WRQ is higher
than 0.7, it is more difficult to accurately locate and reconstruct
blobs with a radius of greater than 0.6 Ry, which is possibly due
to the increasing Al and rap of reconstructed structures. In pre-
vious studies, we found the collinear effect is more serious for
large-scale CMEs (Lyu et al. 2021). The work in Liewer et al.
(2011) also indicated that the errors from the DALE effect for
reconstruction using the triangulation method may increase with
the size of transients. Meanwhile, excessively small blobs may
be poorly reconstructed due to the poor 3D resolution and low
S/N. In general, variations in the size and density of blobs influ-
ence the global reconstruction quality of blobs, which leads to
the difference in suitable 6s,, between nonSSE and SSE blobs
shown in Fig. 3.

Slow solar-wind transients, such as blobs, normally propa-
gate at velocities of less than 500 kms™' (Sheeley et al. 1997,
2009; Sheeley & Rouillard 2010; Lépez-Portela et al. 2018) in
the heliosphere. The variation in WRQ with the movement of
blobs in heliospheric distance from the Sun is shown in Fig. 9c.
The radial movement of 1 R in a time interval of 30 min cor-
responds to a radial velocity of about 390kms~'. We find that
WRQ is always higher than 0.8 as the velocity increases. Con-
sidering the time resolution of COR-2 image data, the velocity
variation has a minor impact on the reconstruction of small-scale
transients in the slow solar wind.

5. Conclusion

To investigate the performance of the reconstruction method
CORAR from coronagraph images with different 6g,,, that is, the
angle between the lines connecting the Sun and two spacecraft,
we applied the technique on synthetic blobs with different posi-
tions and properties, and studied the global reconstruction qual-
ity of blobs in the case of fg,;, > 90°. We find that the small-scale
blobs studied here are of high global reconstruction quality when
Osun 18 between 120° and 150°, and the optimal sy, for the recon-
struction of small-scale coronal transients in the COR-2 FOV is
close to 135°. These findings are in agreement with the range
of optimal 6y, in the HI-1 FOV (Lyu et al. 2020, 2021). We
find that the optimal 6s,, is identical even though we adjust the
conditions for assessing the reconstruction quality. Blobs located
away from the meridian plane containing the Sun—Earth line and
away from the inner edge on COR-2 images are more likely to
be poorly reconstructed. For blobs of low density, their global
reconstruction quality when 6s,, is 120° is smaller than that
when 6g,, is 150°, which is different for blobs of high density.
This indicates that the optimal 6s,, for high-density transients is
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smaller than that for low-density ones. In the case of fgy, < 90°,
the global reconstruction performance is similar to that for the
case of (180°—6syy,), and so the optimal 6, for reconstruction is

close to 45°.

We also discuss the factors related to the range of suitable
Osun for reconstruction, and the influence of blob properties on

the reconstruction quality:

1. The position of blobs influences the distribution of the S/N of

transients on COR-2 images.

Blobs with higher magnitude

and lower contrast of S/N on COR-2 images are of higher

better reconstruction quality.

When 0s,, is 135°, there are

more 3D positions where low-density transients have suit-
able S/N for good reconstruction.

Opiob, the opening angle between the lines connecting the

transient and two spacecraft, should be 120°—-150° for opti-

2.0

15+t

=
o

a8/ Tolob

05

0.0 100 120 140 160
Opening Angle 6,,,,()

Fig. 8. rap of blobs as a function of 6,,. Blobs are of Group 2.

mal reconstruction of blob shape, which limits the range of
Osun suitable for reconstruction in the COR-2 FOV.

3. For small-scale transients on coronagraph images, their most
suitable number density and size for reconstruction using the
CORAR technique are 0.8—1.2 X 10°cm™ and 0.8-1.6 Ro,
respectively, while transients of larger density and size may
also be of good reconstruction quality. For slow-wind tran-
sients, the influence of velocity variation on reconstruction is
subtle.

Combined with previous studies, the results of our tests can
serve as a foundation for the current design of the SOlar Ring
mission (Wang et al. 2023). The new scheme of three space-
craft can provide multi-view observations with g, of 120° and
150° combined with observations from Earth. Moreover, the
improved CORAR technique will be adjusted and applied not
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only to the real COR-2 images but also to images from other
perspectives, such as LASCO on board SOHO, WISPR on board
PSP, and SoloHI and Metis on board the Solar Orbiter in the
future. We hope to study the evolution of real transients observed
by multiple spacecraft with fg,, suitable for the CORAR
technique.
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Appendix A: The auto-sampling CORAR technique

In step 2 of the CORAR method, we calculate the Pearson cor-
relation coefficient (cc) of two projected images with a sampling
box of constant size. The cc will have a high value in the position
where transients exist, and the 3D high-cc space is recognized
as the reconstructed structure of solar-wind transients. However,
the sampling box with constant scale is unfit for coronal tran-
sients with various scales. Therefore, we developed an auto-
sampling CORAR technique. For a selected pixel on images,
we calculate the root mean square deviation of the values of the
neighboring pixels from the value of the pixel closest to zero
on the image. The deviation should be small if the pixel is in
the regions without transients. We distinguish the regions con-
taining transients on images if the deviation is larger than the
threshold, adjust the sampling boxes for COR-2A and COR-2B
images according to the size of transient regions, and output the
overlapping area of two boxes as the final sampling area. Though
images at three moments are input for reconstruction, we gen-
erate the sampling box according to the transients of the mid-
dle moment. For coronal transients, the improved technique can
be used to detect and distinguish their multi-scale features more
easily and completely. The structure of the synthetic blob recon-
structed by the new auto-sampling method is more complete and
accurate, especially for the central part, which may be ignored
by the basic CORAR method (Fig. A.1).

Fig. A.1. Reconstructed structure of a synthetic blob in the HEE X-
Y plane (Panels a and d), X-Z plane (Panels b and e), and heliospheric
surface (Panels ¢ and f) containing the blob center. Panels (a)-(c): recon-
struction using the CORAR technique with fixed sampling box. Panels
(d)-(f): reconstruction using the auto-sampling CORAR technique. The
blue circle masks the real blob size. The color bar shows the value of cc
that represents the reconstructed structure.

Appendix B: The case of 0g,, < 90°

To compare the reconstruction when s, is smaller than and
larger than 90°, we study the cases when 6, is 45° and 135°
(Fig. B.1). The image features of the blob of 0° in HEE longitude
when 0g,,, is 45° is close to those of the blob of 90° when 6y, is
135°, and so the reconstruction quality is similar. Likewise, the
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105 from COR-28 Pnee = ~90

LOS from COR-28 L0S from COR-2A L0S from COR-2A

(a) Scor if Osun = 45° (b) Scorz if Osyn = 135°

Fig. B.1. Common FOV of COR-2A and COR-2B, i.e., Scorz2, When
Os.un = 45° (Panel a) and 6, = 135° (Panel b). It is assumed that the
lines of sight from the same observer are parallel. g is the longitude
in the HEE coordinate.
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Fig. B.2. Relative frequency of nonSSE blobs at different levels and
their WRQ (red line) as a function of HEE longitude. 6, is 45° (Panel
a) and 135° (Panel b). There is a 90° difference between the ranges of
HEE longitude in the two panels, and they display similar periods of
180° in longitude.

blob of £° in longitude when 6y, is n° is of similar reconstruc-
tion quality to the blob of (k+90)° when 6y, is (180—n)°. There-
fore, the global reconstruction quality of transients in the COR-2
FOV is similar when 6s,,, = n° and s, = (180 —n)°. Figure B.2
presents the longitude profile of the relative frequency of blobs
at different levels when 6s,, is 45° and 135°. It is evident that
the distribution of the reconstruction quality in longitude when
Os.un = 45° has similar 180° periodicity to that when s, = 135°,
except for a 90° difference in longitude. Combined with the con-
clusion of the optimal 8s,,, for reconstruction in the range of 90°-
180°, the optimal 6s,, in the range of 0°-90° is close to 45°.
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