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Abstract SECCHI-EUVI telescopes provide the first EUV images enabling a
3D reconstruction of solar coronal structures. We present a stereoscopic recon-
struction method based on the Velociraptor algorithm, a multiscale optical-flow
method that estimates displacement maps in sequences of EUV images. Follow-
ing earlier calibration on sequences of SOHO-EIT data, we apply the algorithm to
retrieve depth information from the two STEREO viewpoints using the SECCHI-
EUVI telescope. We first establish a simple reconstruction formula that gives the
radial distance to the centre of the Sun of a point identified both in EUVI-A and
EUVI-B from the separation angle and the displacement map. We select pairs
of images taken in the 30.4 nm passband of EUVI-A and EUVI-B, and apply
a rigid transform from the EUVI-B image in order to set both images in the
same frame of reference. The optical flow computation provides displacement
maps from which we reconstruct a dense map of depths using the stereoscopic
reconstruction formula. Finally we discuss the estimation of the height of an
erupting filament.

Keywords: Chromosphere: Active, Prominences: Dynamics, Formation and
Evolution, Technique: 3D reconstruction, Stereoscopy, Optical Flow

1. Introduction
The complexity of magnetic structures of the solar corona is well observed in

EUV observations of the Sun. In EUV images of the solar atmosphere, loops and
filaments appear as compact structures that are well observed at the limb and
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on the disc when compared to the surrounding fuzzy corona. In the latter case,
there remains an ambiguity on the height of the features. In order to solve the
third dimension, two points of view are necessary to perform a stereoscopic re-
construction. The height of EUV bright points has been estimated and analyzed
in Brajsa et al. (2004) using the method proposed by Rosa et al. (1998). Similar
work has been achieved on filament height estimation (Vrsnak et al., 1999).
Since the launch of the STEREO mission (Kaiser et al., 2007), it is possible
to resolve the 3D ambiguity by using the observation of the two viewpoints
STEREO-A and STEREO-B. First loop reconstructions have been published in
Feng et al. (2007) using a loop extraction (Inhester et al., 2007). A method for
stereoscopic reconstruction and epipolar geometry has been proposed (Inhester,
2006). We present a method for retrieving the depth information from a pair
of STEREO-SECCHI-EUVI images observed on-board the two spacecrafts of
the STEREO mission using simple geometrical facts and a novel algorithm,
Velociraptor (Gissot et al., 2003; Gissot and Hochedez, 2007), to estimate
the subpixel displacement. The Velociraptor algorithm is a multiscale optical
flow algorithm derived from a local gradient-based technique able to estimate
displacement and brightness variation maps in solar extreme-ultraviolet images
as recorded by the Extreme ultraviolet Imaging Telescope (EIT) on board the
Solar and Heliospheric Observatory (SoHO) and by the Transition Region and
Coronal Explorer (TRACE). Here the displacement maps to estimate are shifts
along the epipolar line caused by the separation of the two STEREQO viewpoints,
and no brightness variation is supposed: this method is here applied to estimate
the height of an erupting filament.

2. 3D Reconstruction Method

In this section we present the method for retrieving the altitude information
from a pair of STEREO images. In the following we will refer to the image
observed in EUVI on-board STEREO spacecraft STEREO-A and STEREO-B
as EUVI-A and EUVI-B, respectively. We introduce two heliocentric-Cartesian
coordinate systems S and S with notation (z,y,z), that both have their origin
at the Sun centre O, with y normal to the STEREO mission plane (STEREO-
A STEREO-B,0) and z pointing to solar disc centre of either EUVI-A (system
Sa), or EUVI-B (system Sg). In the following, the index A (resp. B) refers to
the coordinate system S (resp. Sp). The objective is to measure the radius
R = OP of a point P of coordinates (Xa,Ya,Z4) in Sa and (Xg,Ys,Zg) in
Sp. After the pre-registration step, the point P observed in EUVI-A is seen in
EUVI-B as P’, i.e. as P rotated by an angle of A\.

2.1. Pre-registration
Since the Sun may be assumed to be at an infinite distance of STEREO-A and
of STEREO-B, Figure 3 shows that in both instruments the solar disc as traced

by its limb is the orthogonal projection of the solar sphere of centre O and
photospheric radius Ry as observed in EUVI-A. In the following, the separation
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Figure 1. STEREO mission plane (STEREO-A, STEREO-B, O) and ecliptic north axis.
The Sa and Sp coordinate systems have their origin at the Sun centre O and their y-axis
perpendicular to (STEREO-A, STEREO-B, O) and z pointing either to STEREO-A (Sa) or
STEREO-B (Sg).

point P observed
in EUVI-A

point P observed
in EUVI-B

LOS through disc
centre in EUVI-A

LOS through disc
centre in EUVI-B

Figure 2. Apparent displacement AX of P after the pre-registration step applied to EUVI-B
so that it can be matched with EUVI-A. The point P appears as P’ in EUVI-B where P’ is
the point P rotated by AA.

angle between spacecrafts is denoted by A\, Ay is the angle of P to Oy, R is
the distance of P to the Sun centre, (Xa,YA,Za) (resp. (XB,Ys,ZB)) are the
coordinates of P in Sa (resp. Sg) (see Figure 4). Figure 2 shows that observing
P on the solar sphere from two different viewpoints (spacecrafts STEREO-A
and STEREO-B) is equivalent to observing, from one unique viewpoint, the
point P in EUVI-A rotated to a virtual point P’ by an angle A\. Indeed the
displacement

AX = Xg— Xp = rsin(/\A + A/\) — ’I“Sil’l(/\A) s
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Figure 3. The projection model of the sun in the EUVI detectors of the STEREO spacecrafts
STEREO-A and STEREO-B.

is equal to the apparent displacement of P moving to P’ after a rotation of angle
AM and centre O (see Figure 4). Observed in EUVI-B, the point P is equal to
P’ of coordinates (Xg,Y5,ZB) in Sa.

This equivalence requires three conditions: the pointing to the heliospheric centre
O must be known with precision, the radius of the solar limb must be the same
in EUVI-A and EUVI-B (or equivalently, the distance from STEREO-A and
STEREO-B to O must be known with precision), and the axis of the rotation,
or the normal to the STEREO mission plane containing STEREO-A, STEREO-
B and O (see Figure 1) must be known as well. If we impose that this axis be
vertical in both image planes, the last requirement ensures that the epipolar lines
are horizontal if we neglect the projective geometry effects, so that Y5 = Yg.
The pre-registration step consists in transforming EUVI-B using translation,
rotation, and dilation, in order to set EUVI-B in the same reference frame as
EUVI-A so that both image centres are pointing to the Sun centre, they both
have the same apparent photospheric radius Rg, and their vertical axis is aligned
with the epipolar north. After applying the pre-registration procedure that reads
the information contained in the FITS headers, EUVI-A and B now have:

e the line-of-sight (LOS) of the image centres passing through the Sun centre
O (after a translation),

e the vertical axis perpendicular to the plane containing
(STEREO-A, STEREO-B, O), see Figure 1 (after a rotation),

e the same limb radius equal to the photospheric radius Ry from EUVI-A
(after a dilation). This dilation is achieved using the distance to the Sun of
both spacecrafts.
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Figure 4. Representation of the angles Ay, A\, 6, the radii » and R, and the distance s. Rg
is the photospheric radius as observed in EUVI-A. After the pre-registration step, both images
EUVI-A and -B are in the same frame of reference. Figure (a): front view from STEREO-A
(EUVI-A) image. Figure (b): left view. Figure (c): top view.

2.2. 3D Reconstruction Formula

In Figure 4 the point P becomes P’ after a rotation of the sphere by an angle A\.
The line OC shows the LOS passing through the apparent disc centre (Figure
2) and pointing to the heliospheric centre O, which is now the same in EUVI-A
and EUVI-B. As we estimate depths in EUVI-A, we denote by (Xa,Ya,Z4) the
coordinates of P. Figure 4 introduces the angle Ay and the distance s. In Figure
4, we define r? = X2 + 72 and R* = X3 + Y} + Z3.

As O'P = O'P' = r, we have that

s = 2rsin(AN/2) (1)

and

0=m/2—AN2.
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Moreover, Figure 4 (bottom right) shows that 6/ = 6 — s and

AX
Sin(el) = ? = sin(9 - )\A) .

As a consequence, the expression of the displacement AX in terms of the angles
Aa and AN is

AX =ssin(m/2 — Aa/2 — AN/2) . (2)

Using Equations (1) and (2), the displacement AX is related to r and the angles
Aa and AX by

AX = 2rsin(AN/2) cos(AN/2 + Aa) . (3)

Furthermore, as r?> = X3 + 72 cos(Aa)? and
Xa =rsin(Aa) =/R?—YZsin(\a) ,
we have
AX = 2rsin(AN/2) cos(AN/2 +sin™H(Xa/1/R2 — Y?)) . (4)
We can expand the right-hand side of Equation (3) since

rcos(AN/2 4+ Ap) = rcos(AN/2) cos(Aa) — rsin(AN/2)sin(Ay) (5)
cos(AN/2)(r? — X2)V/2 —sin(AN/2) X4 . (6)

Injecting Equation (6) into Equation (3) gives

AX ]2 o

AN
2 _ X2 ZA\NX
g At [tan( JXa+ sin A\

2
for the value of the apparent radius r. As r is equal to O'C' = O'P = O'P’, it

is related to the R = OC through R? = r? 4+ Y2. Using Equation (7), we obtain
the final reconstruction formula of R

AX r. @®

A)
2 _ y2 2
R _XA+YA+ |:tal’l()XA+ SiIl ,)\

2
2.3. Displacement Estimation and 3D Reconstruction

To reduce the computation time, we estimate the value of AX around the
expected displacement at the photospheric level using the formula (3) in which
we use R = Rs where Ry is the photospheric radius. We then use AX; as a first
guess and let the Velociraptor algorithm (Gissot and Hochedez, 2007) find the
precise sub-pixel displacement AX around AXj.
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2.4. Error Formula

We only consider the variance on AX, and neglect the uncertainties on other
variables X4, Ya, and A since they have significantly lower contribution to the
total error. If V is a centered normal random variable, we have the formulas
pyve = pi + o2 and 0%2 = do 1 + 20{1,. Using these formula, and assuming
that uax = AX is the mean value of AX, we compute

1 .
HR2 = Xi + Y/i + m [(2 SID<A)\/2)2XA + AX)Q + UQAX] ,

and

202
2 _ _“Y9AX i 2 + 2 4202
Oh2 = S(ANE [(2 Sin(AX/2)° X + AX) QUAX} .

If we suppose that R as calculated from (8) behaves like a random, normally-
distributed variable of mean value pg and variance o, and that

HR = \/HR2 — 0121 = VHR2

where we assumed that pgz >> U%p then the variance 012-{ depends on U%g
through the relation

ORe = d0R R + 207 - (9)

After solving the second degree equation (9), we obtain the formula

1 o
oF = 1 {\/16/1‘%{ + 802, — 4;%] o~ 4522 , (10)
R

assuming that aéz << pg. This formula gives the variance of R.

3. STEREO-EUVI Application: Data Reduction and First Results
3.1. Description of the STEREO Dataset

We choose a set of EUVI images observed in 30.4 nm passband observed on
19 May 2007 at times 12:41:45 (top), 12:51:45 (middle) and 13:01:45 (bottom),
which have a lossy compression level ICER5. We process them to reconstruct
the radius R at each pixel in the image EUVI-A. The stereo separation angle is
AX = 8.6 deg.

3.2. Pre-registration: Limb Fitting and Rotation Correction

In order to have correct pointing to the Sun centre, we run the secchi_prep.pro
IDL routine on a pair of fits images that allows a very high quality pointing. Now
images EUVI-A and EUVI-B have their centre pointing to the Sun centre O. We
then apply the procedure scc_stereopair.pro so that both images the conditions
required in Section 2 (see Figure 1). At the end of this pre-registration step, we
apply the formula described in Section 2 and Figure 4.
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3.3. Displacement Estimation

From the formula (3) we derive the expected displacement between EUVI-A
and EUVI-B images. We then apply the Velociraptor algorithm, which gives
the displacement at a sub-pixel precision. A high precision is required on the
estimation of the upper chromosphere observed in the 30.4 nm passband because
the maximum expected height of the maximum network altitude is ~ 10 Mm
above the photosphere altitude (~ 1.45 % of the solar photospheric radius),
while prominences are normally observed in the 10 Mm-100 Mm altitude range.

3.4. Depth Estimation

In this particular sequence of 19 May 2007, a filament located in the NOAA active
region AR0956 is erupting from frame 12:51:45. The existence of this filament
is confirmed by the Ha observation of 19 May 2007 at 06:36:32 provided by the
Kanzelh6he observatory (see Figure 7). The GOES flare curve indicates that a C-
flare is simultaneously observed in the same active region. At the three different
times, we reconstruct the full solar disk; Figure 5 shows the maps of relative
radius R. On the left part are the original images, while the radius maps stand in
the right column. The dark values, indicating heights below the surface, are due
to unstable displacement estimations. In this sequence of three reconstructions,
the erupting filament, indicated by a square region of interest (ROI) in the upper
right image of Figure 5. The zooms on this ROI are shown in Figure 6. We plot
the heights of points located on the filament in Figure 8 and on line segments
across the filament in Figure 9. The 1-sigma error bar provided by the formula
(10), using a value of oax = 0.5, are overplotted on the height curves. Figures 8
and 9 show the process during which the filament disappears at the same time
that a C-flare is observed in the 30.4 nm image (Figure 6, middle and bottom
figures); it is confirmed by the GOES flux (Figure 7 (b)). During this sequence of
images, the filament is rising and expanding as shown in Figure 9. In the middle
image (12:51:45), the flare starts after the onset of the filament eruption. In the
lower right figure (13:01:45) of Figure 6, the filament has partially broken away.
The brighter part of the ribbons of the flare is situated on both sides of the
polarity inversion line (PIL) but only in the part of the PIL where no elevated
filament is observed, while a less bright ribbon is observed very closely aligned
with the erupting filament, possibly because of the projection effect due to the
filament elevation. From our analysis, a possible scenario is that the PIL passes
between the two ribbon sites where there is no filament, and that in this part
of the PIL, a flare occurs and causes the two ribbons as well as post-flare loops
observed in images of hotter coronal lines such as 19.5 nm. Along the part of the
PIL where the filament is reconstructed, the eruption occurs without ribbons
and post-flare loops because there is no plasma heating in the reconnection site
of the erupting filament. In a future work, the filament height estimations will be
compared with critical heights of eruption defined and analysed in Filippov and
Den, Filippov and Koutchmy (2001, 2002). The time cadence (10 minutes) limits
the measurement of the velocity of the erupting filament. Despite this limitation,
the present study enables the 3D reconstruction of the on-disc eruption.
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EUVI—A, 30.4nm, 2007/05/19
12:41:45

R - Rs [Mm]

EUVI-A, 30.4nm, 2007/05/19
12:51:45

R - Rs [Mm]

EUVI-A, 30.4nm, 2007/05/19
13:01:45

Figure 5. Depth map of the EUVI-A stereoscopic reconstruction. Left: original EUVI-A im-
ages observed at times on 19 May 2007 at times 12:41:45 (top), 12:51:45 (middle) and 13:01:45
(bottom). Right: corresponding maps of radius estimations, showing the height R — Rs above
limb.
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EUVI—A, 30.4nm, 2007/05/19
12:41:45

R - Rs [Mm]

EUVI-A, 30.4nm, 2007/05/19
12:51:45

R - Rs [Mm]

EUVI-A, 30.4nm, 2007/05/19
13:01:45

Figure 6. Depth map of the EUVI-A stereoscopic reconstruction. Left: zoom on original
EUVI-A images observed at times on 19 May 2007 at times 12:41:45, 12:51:45 and 13:01:45.
Right: zoom on corresponding maps of radius estimations, showing the height R — Rs above
the limb.

SPGissot2008v1.3.tex; 16/07/2008; 18:57; p.10



3D from optical flow

(b)

GOES 10 X-Rays:

1E-9 . L i I I
12:00 12:20 12:40 13:.00 13:20 1340 14:.00
Start Time (19-May-07 12:00:00)

Figure 7. The presence of the filament is also observed in the Kanzelh6he Ha image on 19
May 2007 at 06:36:32 UT in panel (a). The presence of the C-flare is confirmed by the GOES
flux in panel (b).
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Figure 8. Height above the limb (R — R) for pixels 1 to 9.

4. Conclusion

We have presented our method of stereoscopic reconstruction using pairs of EUVI
images provided by the two STEREO spacecrafts. We have first established in
the heliocentric coordinate system the formula that provides, given the sepa-
ration angle and a preprocessing step, the expected displacement between two
pixels at the photospheric radius. After inversion of this formula, we derive the
stereoscopic reconstruction formula that gives the radius of solar features given
the estimated apparent displacement between the two STEREO frames. We use
the former formula to calculate the expected displacement at the photospheric
level in order to lower the computation time. In the sequence of 19 May 2007,
the study of the altitude of the eruptive filament is achieved simultaneously with
the observation of a C-flare.
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Figure 9. Height variations of segments S1, S2 and S3 above the limb (R — Rs).

In a forthcoming paper, we will process calibration images showing solar-like
textures generated on a sphere using the work of Chainais and Li, Chainais
(2005, 2007), to calibrate the error prediction method developed in Gissot and
Hochedez (2007), and improve the value oax = 0.5 in order to assess with
precision the error on our radius measurement; we expect to be able to measure
precisely the local radius of the Sun in the 30.4 nm upper chromosphere, in
order for instance to assess the altitude of the chromospheric network. This will
also allow us to study the altitude of quiescent and eruptive filaments and their
evolution along the year 2007 of STEREO data, and study the mass and 3D
motion estimation of the erupting filament.
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