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Abstract

We review data analysis and physical modeling related to the 3D reconstruction of active
regions in the solar corona, using stereoscopic image pairs from the STEREO/EUVI instrument.
This includes the 3D geometry of coronal loops (with measurements of the loop inclination
plane, coplanarity, circularity, and hydrostaticity), the 3D electron density and temperature dis-
tribution (which enables diagnostics of hydrostatic, hydrodynamic, and heating processes), the
3D magnetic field (independent of any theoretical model based on photospheric extrapolations),
as well as the 3D reconstruction of CME phenomena, such as EUV dimming, CME acceleration,
CME bubble expansion, and associated Lorentz forces that excite MHD kink-mode oscillations
in the surroundings of a CME launch site. The mass of CMEs, usually measured from white-
light coronagraphs, can be determined independently from the EUV dimming in the CME source
region. The full 3D density and temperature structure of an active region can be reconstructed in
unprecedented detail with instant stereoscopic tomography.
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1. Introduction

The importance of three-dimensional (3D) reconstruction in astrophysics can hardly be over-
stated. Without stellar parallax measurements we would not know the distance to the stars, we
would not be able to tell apart supernovas from our milky way or from other galaxies, nor would
we know about the expanding universe. Similarly, the STEREO mission has opened up our 3D
vision on the Sun and in the heliosphere, where we can use the stereoscopic parallax to trian-
gulate coronal loops (Feng et al. 2007a; Aschwanden et al. 2008a), active regions, polar plumes
(Feng et al. 2009), polar jets (Patsourakos et al. 2008), filaments (Gissot et al. 2008; Liewer et
al. 2009), prominences, and coronal mass ejections (e.g., Wood et al. 2009). 3D reconstruction
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of structures in the solar corona has been attempted already in the pre-STEREO era, using solar-
rotation stereoscopy and tomography (e.g., Berton and Sakurai 1985; Koutchmy and Molodensky
1992; Aschwanden and Bastian 1994; Frazin 2000), but this approach requires quasi-stationary
structures over a time interval of a quarter solar rotation (= 7 days), which are hard to find in
the highly dynamic corona. A particular method of “dynamic stereoscopy” was developed that
allows for dynamic plasma flows along coronal loops, but relies on the quasi-stationarity of the
guiding magnetic field (Aschwanden et al. 1999a). Only after the launch of the STEREO mission
(August 2006) we obtained simultaneous stereoscopic image pairs that allow us to apply trian-
gulation methods to measure directly the 3D geometry of coronal structures, using the Extreme
Ultra-Violet Imager (EUVI) (Wiilser et al. 2004). The two STEREO spacecraft are continu-
ously separating, spanning already a separation angle of over 90° after the first four years of
the mission, while classic stereoscopy was most favorable at the beginning of the mission. In
this review we focus on the 3D reconstruction of active regions, which are interesting plasma
physics laboratories in their own right, as well as hotbeds for coronal mass ejections (CMEs), the
major science focus of the STEREO mission. Some recent reviews on 3D reconstruction with
STEREO data describe theoretical modeling approaches (Aschwanden et al. 2008d), the current
status of solar stereoscopy (Wiegelmann et al. 2009), or solar flare and CME observations with
STEREO/EUVI (Aschwanden et al. 2009c). The content of this review is organized according
to different physical parameter regimes that are explored in stereoscopic 3D reconstructions of
active regions, such as the 3D geometry (Section 2), the 3D electron density (Section 3), the
3D electron temperature (Section 4), the 3D magnetic field (Section 5), as well as the 3D evolu-
tion of EUV dimming (Section 6) and the 3D motion of oscillating loops (Section 7) that both
accompany the lauch of CMEs.

2. 3D Geometry of Active Regions

The coronal plasma is very inhomogeneous, in particular in active regions, where strong
magnetic fields confine the plasma within curved coronal flux tubes. Based on the assump-
tion of a low value of the coronal plasma-g parameter, which states that the magnetic pressure
is much higher than the thermal pressure, we can conceptualize an active region in terms of
numerous isolated flux tubes, which essentially are one-dimensional (1D) structures with rela-
tively small cross-sections, so they have a high length-to-width aspect ratio of I/w ~ 10, ..., 103.
Consequently, the plasma confined in these coronal flux tubes, simply called “loops”, repre-
sent mini-atmospheres that have their own hydrodynamic structure each, and can be modeled as
simple isolated 1D flux tubes. This particular nature of the magnetic field allows us to charac-
terize coronal loops as curvi-linear 1D structures, which can conveniently be triangulated with
STEREO. However, there are a number of problems that make the stereoscopic triangulation
not so simple that it can be automated with a software algorithm. First of all, there exists no
completely isolated loop, each one is surrounded by thousands of other loops or diffuse plasma
that add confusion to the discrimination of a selected loop from the background. Therefore, only
loops that have sufficient contrast in electron density and/or temperature from the surrounding
background can be triangulated. Second, the identification of corresponding loops in a stereo-
scopic image pair A and B is often ambiguous, especially for large separation angles when the
images A and B look very dissimilar. Thus, small separation angles in the order of @, ~ 5°—15°
are preferable. This requirement makes the first few months of the mission, i.e., April-June 2007,
most suitable. Stereoscopy with larger separation angles is in principle possible if an approxi-
mate 3D magnetic field can be modeled, but has not yet been attempted yet. A third difficulty is



M.J. Aschwanden /| JASTP 00 (2010) 1-24

20070509_D
1 — 171A

600

550

Z direction (pixel)

500

950

900

Y direction (pixel)

850

800 500 550 600
X direction (pixel) Z direction (pixel)

Figure 1: Orthogonal projections of the stereoscopically triangulated 70 coronal loops in AR 10955 observed on 9 May
2007 in three filters (171 A= blue; 195 A= red; 284 A= yellow). The observed projection in the x-y image plane seen
from spacecraft A is shown in the bottom left panel, the projection into the x-z plane is shown in the top left panel,
and the projection into the y-z plane is shown in the bottom right panel. The three orthogonal projections correspond to

rotations by 90° to the north or west (to positions indicated on the solar sphere in the top right panel) [Aschwanden et
al. 2009a].
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Table 1: Geometric and physical parameters of coronal loops reconstructed in 3D with stereoscopic triangulation using
STEREO/EUVI (Aschwanden et al. 2008a,b; 2009a).

Parameter Parameter Mean and
range standard
deviation
Loop length L 24 — 243 Mm 62 + 44 Mm
Loop width w <2Mm <1.0+ 1.0 Mm
Loop aspect ratio L/w > 10 - 100 250 +50
Loop height £, 11 =71 Mm 40 + 18 Mm
Inclination angle 9 35° -73° 55° +13°
Curvature radius ¢, 17 — 59 Mm 31+ 11 Mm
Circularity C 3% — 30% 13% + 8%
Coplanarity P 3% — 13% 8% =+ 4%
Density scale height A 30 -120 Mm 75 £ 45 Mm
Electron density 7, 1037 — 1003 cm=  10%°%08 ¢ 3
Electron temperature 7, 0.7 — 2.7 MK 1.7+ 1.0 MK

the confusion of loop-unrelated structures in active regions, in particular bright “moss” regions
(Berger et al. 1999; DePontieu et al. 2009) that cover the central base of an active region. The
moss in EUV is nothing else than the cooler transition regions (7" =~ 1 —2 MK) at the footpoint of
hotter loops (T ~ 2 — 8 MK) and interferes with stereoscopic triangulation of small-scale loops
in the center of active regions. A fourth difficulty is the hydrostatic scale height, which makes
loops visible in EUV only within the lowest density scale height, which is approximately up to
a height of 2 <50 — 100 Mm for 7 = 1 — 2 MK loops. The resulting lack of contrast at the
loop apex makes it often impossible to trace the connectivity between magnetically conjugated
footpoints of the same loop, except if the loop is highly inclined. All these restrictions should be
kept in mind when a stereoscopic 3D reconstruction of an active region is attempted, because it
explains the biases for large inclined loops, the lack of short small-scale loops, and the missing
apices of vertically oriented loops.

In Figure 1 we show an example of a stereoscopic reconstruction of the 3D geometry of
some 70 loops in active region NOAA 10955, observed on 9 May 2007 with STEREO/EUVI
in the wavelengths of 171, 195, and 284 A, when the STEREO spacecraft had a separation of
agp = 1.3°. The vertical projection (Fig. 1, top left) clearly illustrates the altitude cutoff at
h < 0.1R due to the hydrostatic scale height condition. The lateral projection along the dipole
axis of the active region (Fig. 1, bottom right) visualizes the high inclination angles of complete
loops, while there is no complete vertical large loop present, which is also a consequence of the
“hydrostatic visibility condition”.

The 3D reconstruction of such a set of coronal loops that represent the skeleton of an ac-
tive region involves a number of data processing steps, such as: (1) image coalignment, (2)
image stacking (to improve photon statistics and signal-to-noise ratio), (3) highpass filtering (to
enhance loop structures, see also Stenborg et al. 2008), (4) visual/manual or automated loop
detection (Aschwanden et al. 2008c; Aschwanden 2010) or image segmentation (Inhester and
Wiegelmann 2008; Feng et al. 2007a), (5) stereoscopic 3D triangulation in epipolar (coplanar
with both spacecraft) geometry (Inhester 2006; Aschwanden et al. 2008a), and (6) coordinate
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transformations for projections along a selected line-of-sight (e.g., in orthogonal directions as
shown in Fig. 1). Geometrical parameters that can be determined with stereoscopic triangulation
are: (1) The 3D coordinates [x(s), y(s), z(s)] of individual loops parameterized as a function of
the loop length coordinate s, (2) the true (unprojected) loop lengths L, (3) the loop widths w (also
expressed as geometric aspect ratio L/w), (4) the loop apex height A,,,,, (5) the inclination angle
¥ of the loop plane to the vertical, (6) the loop mean curvature radius 7., (7) the degree of cir-
cularity or mean deviation from circular shape (C = Ar/r.,), and (8) the degree of coplanarity
or average deviation from the mean loop plane (P = Ax/r.,,,). We list statistics of such measured
parameters in Table 1. First stereoscopic coronal loop reconstructions from STEREO/SECCHI
images were carried for active region NOAA 10960 observed on 8 June 2007 (Feng et al. 2007a)
and for active region NOAA 10955 observed on 9 May 2007 (Aschwanden et al. 2008a).

A different technique of a 3D reconstruction method that does not make use of the concept
of 1D curvi-linear loop structures has been developed by means of a local correlation tracking
algorithm (Rodriguez et al. 2009). This local correlation tracking method essentially correlates
identical features (of bright pixels) in a stereoscopic pair of images and triangulates the altitude
for each feature. This way a range of altitudes of loop segments in an active region can automat-
ically be determined. One example observed on 2 May 2007 (Fig. 7 in Rodriguez et al. 2009)
shows a systematically higher altitude range (of 2 ~ 35 — 80 Mm) for loop segments seen in
195 A (T ~ 1.5 MK) than seen in 171 A (h ~ 20 — 50 Mm; T ~ 1.0 MK), which confirms the
hydrostatic stratification effect (Aschwanden and Nitta 2000).

3. 3D Density Reconstruction of Active Regions

There are a number of new aspects in electron density and temperature diagnostics that can ef-
ficiently be addressed with stereoscopic data, regarding: (1) the inclination angle of loop planes,
(2) diagnostics of hydrostatic versus non-hydrostatic equilibrium states, (3) super-hydrostatic dy-
namic flows, (4) diagnostics of coronal heating mechanisms, and (5) dense loops as tracers of the
true 3D coronal magnetic field. For optically thin free-free emission in soft X-rays and in EUV
wavelengths, the observed intensity scales with the square of the electron density, i.e., I o« n2,
which implies that all bright loops have a relatively high electron density compared with the sur-
rounding plasma. This fact, as trivial as it sounds, provides us a most powerful diagnostics of the
highly inhomogeneous heating mechanisms in active regions. Coronal loops cannot attain high
densities by local compression (except for short-lived shock wave structures), and thus a high
density is a sure indicator of chromospheric upflows, such as occurring during the “chromo-
spheric evaporation process” known in flares. Many dense and bright active region loops indeed
originate as postflare loops and expand subsequently until they overarch an active region. Elec-
tron densities and related diagnostics of coronal heating processes have been performed before
the STEREO mission, but a crucial issue was always the delicate choice of background subtrac-
tion, which matters so much what electron densities and (single or multiple) temperatures we
infer. With stereoscopic measurements, the ambiguity of background subtraction is completely
ressolved, because the two different line-of-sights from the two STEREO spacecraft that intercept
with a chosen loop of interest sample two independent and different backgrounds. If the back-
ground modeling is correctly done, we should end up with the same emission measure, density
and temperature from two different directions, even when the background compositions along
both line-of-sights are completely different (Fig. 2, right). Comparing the obtained parameters
of loop densities, temperatures, and widths independently determined from both STEREO/A and
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Figure 2: Self-consistency of mean loop temperatures 74, Tg (top left), base electron densities n4, np (middle left), and
mean loop widths wy, wp (bottom left) measured with spacecraft STEREO/A vs. STEREO/B. These loop parameters are
inferred from the background-subtracted loop-associated flux (top right), based on independent background subtractions
for the different line-of-sights of both spacecraf A and B (bottom right) (Aschwanden et al. 2008b).
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Figure 3: Average pressure scale height A (Mm) as a function of the loop apex temperature, reconstructed for a sample
of ~ 8000 loops in AR 10955, observed with STEREO on 9 May 2007. Note that the hot (7' ~ 3 — 6 MK) loops are near
hydrostatic equilibrium, while the cooler loops (T = 0.5 — 2.0 MK) visible in EUV are super-hydrostatic (Aschwanden
et al. 2009a).

B spacecraft, we could validate the accuracy of a loop background subtraction method for the
first time, which was found to be in the order of [n2 — n8|/n, < 10% (Fig. 2, left).

Once we have established an accurate background subtraction method for the density and
temperature diagnostics of coronal loops, we can diagnose various density-related physical pa-
rameters. A first obvious parameter is the determination of the (vertical) density scale height
Ar,

h
ne(h) = neo €Xp (_m) s (D
which depends linearly on the temperature 7,
2kgT, T,
AT) = Z2BLe L 46%10° ( ) [cm] , 2)
Hmpgo I MK

where kg is the Boltzmann constant, u the mean molecular mass, my the mass of the hydrogen
atom, and g, is the solar gravitation, and the vertical height /(z) is a function of the inclination
angle 9 to the vertical,

h(z) = zcos (F), 3)

with z being the perpendicular distance to the loop baseline in the loop plane. Thus, stereoscopic
3D triangulation provides an accurate measurement of the loop inclination angle ¢, which allows
us then to calculate the vertical scale height A(T") and inclined scale height 1 = A(T)/ cos ()
along the loop coordinate s. If the observed scale height is larger than the theoretically ex-
pected temperature scale height A(T), we call the loop super-hydrostatic, which is an indicator
of dynamic processes in the loop, such as accelerated flows (Aschwanden 2004, p.153), non-
steady heating (e.g., Warren et al. 2002; Mendoza-Briceno et al. 2004), or ponderomotive wave
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Figure 4: Density map (top) and temperature map (bottom) of active region NOAA AR 10955 observed on 9 May 2007
with STEREO/EUVI and reconstructed with the ISTAR method (Instant Stereoscopic Tomography of Active Regions).

The model contains some 8000 loop components, of which a skeleton of 70 loops have been stereoscopically triangulated
(Aschwanden et al. 2009a).
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pressure (e.g., Litwin and Rosner 1998). Modeling of the density 7,.(s) and temperature profile
T,(s) along the loop can also reveal whether a loop is uniformly heated (Rosner et al. 1978) or
non-uniformly heated at the footpoints (Serio et al. 1981). Pre-STEREO measurements indi-
cated that most active region loops were non-uniformly heated, display an overpressure of up
to two orders of magnitude compared with the equilibrium state between heating and cooling,
and evolve through a non-equilibrium state of radiative cooling when they are observed in EUV
(Aschwanden and Nightingale 2005), which was fully confirmed with stereoscopic loop model-
ing (Aschwanden et al. 2008b). In particular, full-scale modeling of an entire active region in
3D (Aschwanden et al. 2009a) revealed that most loops at soft X-ray temperatures are nearly in
hydrostatic equilibrium (which is expected during the maximum of the heating phase), but show
super-hydrostatic scale heights in the EUV temperature range of 7 ~ 1 — 3 MK (as expected for
the radiative cooling phase), as shown in Fig. 3.

3D Reconstruction of the solar corona can be carried out loop by loop, or for a selected coro-
nal volume as a whole. The first method essentially corresponds to a forward-fitting of 1-D loop
models, while the second approach represents a tomographic method. Since two stereoscopic
spacecraft do not provide sufficient aspect angle coverage to perform classical tomography, a
combined method has been developed which is called Instant Stereoscopic Tomography of Ac-
tive Regions (ISTAR) (Aschwanden et al. 2009a). In this method, first a set of single loops is
stereoscopically triangulated to provide a “3D skeleton” of the active region, then the 3D mag-
netic field is interpolated to provide a volume-filling set of loop coordinates, and finally each
field line is filled with a parameterized hydrodynamic loop model of the electron density n.(s)
and temperature 7,(s) by successive forward-fitting to the 6 EUV brightness images in each of
the 3 temperature filters from both spacecraft. This method provides the full 3D density distri-
bution n,.(x, y, z) and temperature distribution T,(x, y, z) of an active region. The result of such a
reconstructed density map and temperature map is shown in Fig. 4.

Classical solar rotation-based tomography has previously been applied to the corona (e.g.,
Frazin 2000; Butala et al. 2005), which requires long-lived and quasi-steady structures, such
as streamers, coronal holes, or active regions. Naturally, the spatial and temporal resolution of
solar-rotation based tomography is several orders of magnitude lower than that of the ISTAR
method. Tomography using STEREO COR-1 data has been recently performed to reconstruct
the 3D electron density at distances from 1.5 to 4 solar radii, which can be used to double-check
the locations of stereoscopically triangulated or magnetically extrapolated streamers (Kramar et
al. 2009) or prominence cavities (Vasquez et al. 2009).

4. 3D Temperature Diagnostics of Active Regions

A useful characterization of the temperature distribution in a coronal structure is the dif-
ferential emission measure (DEM) distribution dEM(T)/dT, which quantifies how much mass
(m = n,m,dV) is contributing to the total emission in a temperature interval [T, T + dT],

dEM(T) _

2
ar j‘; n(T)dv, “4)

defined as the squared electron density n.(7") of plasma with a temperature in the interval [T, T +
dT], integrated over the total observed volume V. Normally, such a DEM distribution can only
be constrained in the temperature-sensitive range of the instrument, which is 7 = 0.7 — 2.7 MK
for the combined three STEREO/EUVI channels in 171, 195, and 284 A. Howeyver, the stereo-
scopic tomography method ISTAR includes complete loops in the model, with a parameterized
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Figure 5: Differential emission measure distribution dEM(T)/dT computed with the tomographic ISTAR model, com-
pared with two active regions and two quiet Sun regions from Brosius et al. (1996). Note that the primary temper-
ature sensitivity range of EUVI is log(T) =~ 5.8 — 6.3 (grey range), but the DEM could be constrained in the range of
log(T) ~ 4-7, based on the parameterized temperature profiles used in the stereoscopic tomography code. The area of the
active region is A = 1.7 x 1029 cm? and a canopy correction was applied in the temperature range of log(T) = 5.7 — 6.0,
with a quadratic area expansion from 10% to 100% of the coronal fluxtube area (histogram with black linestyle; the
uncorrected DEM is also shown as histogram with grey color) (Aschwanden et al. 2009a).

temperature function along the loop that ranges from the cool transition region (7 ~ 10* K) up
to the coronal apex temperature of the loop, which is in the range of T = 1 — 8 MK in typical
active regions. So, the emission measure of each model loop is fitted in the geometric loop seg-
ment that falls into the observed temperature range of 7 ~ 0.7 — 2.7 MK, while the emission
measure in the lower loop segment down to the footpoint as well as in the upper loop segment up
to the apex is extrapolated by the parameterized loop temperature and density model. This way,
the complete DEM from 7 > 10* K to T < 107 K of an active region can be reconstructed with
the ISTAR method. The result of the reconstructed DEM of a stereoscopically observed active
region is shown in Fig. 5. The DEM distribution is sensitive to the assumed cross-sectional loop
geometry. In Fig. 5 we show one inferred DEM that assumes a constant loop cross-section (grey
histogram), as well as a model of a loop canopy with an expansion from 10% to 100% in the
transition region (black histogram), which follows closer to DEMs that were inferred from other
instruments with a broader temperature range (Brosius et al. 1996). Thus, an observed DEM
distribution can be used to model the geometry of the canopy in the transition region. A 3D
tomography method to derive the DEM distribution of the entire corona with STEREO data was
also developed by Frazin et al. (2009b), which allows to examine the DEM of specific structures
in the corona, such as a prominence cavity for instance (Vasquez et al. 2009).

While DEMs serve to model an active region in a statistical way, the hydrodynamic den-
sity n.(s, t) and temperature structure 7,.(s, f) of individual loops can be efficiently modeled with
stereoscopic data, because they allow us to isolate loops from the background in a more unam-
biguous way thanks to two independent line-of-sights. Stereoscopy also allows us to determine
the loop geometry, the loop length, and inclination angle of the loop plane, which are all neces-
sary ingredients for hydrodynamic modeling. For instance, scaling laws of hydrostatic loops, as
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Table 2: Geometric and physical parameters of coronal loops reconstructed in 3D with stereoscopic triangulation using
STEREO/EUVI (Aschwanden et al. 2008a,b; 2009a).

Active  Observing Number of Misalignment Misalignment
region time traced magnetogram  multi-dipole
[UT] loops extrapolation  model fit
10953 2007 Apr 30, 23:00 200 26° + 10° 16° + 8°
10955 2007 May 9, 20:30 70 19° + 6° 15° + 6°
10953 2007 May 19, 12:40 100 36° + 13° 24° + 14°
10978 2007 Dec 11, 16:30 87 32° +10° 14° + 6°

well as the determination of radiative and conductive cooling times depend all on the electron
density, temperature, and loop length. Some hydrodynamic modeling of active region loops and
flare loops using STEREO and Hinode data is described in Aschwanden et al. (2009¢c) and As-
chwanden (2009c). STEREO/EUVI, which is sensitive in the temperature range of T ~ 0.7 - 2.7
MK, reveals plasma compressions of highly-stressed filaments or sigmoids during the impulsive
phase of flares (Culhane et al. 2008; Tripathi et al. 2009; Aschwanden et al. 2009c), postflare
loops in the late cooling phase of the flare, as well as tenuous high-lying coronal sources during
occulted flares (Krucker et al. 2008; Aschwanden et al. 2009c). However, 3D hydrodynamic
modeling of individual active region and flare loops is still in its infancy, probably due to the
complexity of isolating individual loops self-consistently in different temperature filters and in-
struments (with STEREO, TRACE, and Hinode). The active region analyzed with the most com-
prehensive temperature coverage is probably NOAA 10961, which was analyzed using SOHO,
TRACE, STEREO, and Hinode data (Noglik et al. 2009).

5. 3D Magnetic Field Modeling of Active Regions

The STEREO mission offers new ways to test how accurately conventional methods calculate
the coronal magnetic field by using extrapolation methods from photospheric magnetograms. A
measurement of the average misalignment angle between theoretical magnetic fields extrapo-
lated from photospheric MDI magnetograms using potential field or nonlinear force-free field
(NLFFF) models with stereoscopically triangulated loops using STEREO/EUVI has shown a
substantial misalignment angle in the order of 20° — 40° (DeRosa et al. 2009; Sandman et
al. 2009), depending on the complexity of the active region. Measurements of the average
misalignment angle from four different active regions are listed in Table 2. It is thought that
photospheric magnetograms do not represent a force-free vector magnetic boundary, because
the magneto-convection below the photosphere is dynamic and contains significant Lorentz and
bouyancy forces, which makes the approach of calculating a coronal field with a nonlinear force-
free (NLFFF) code fundamentally problematic (DeRosa et al. 2009). Therefore, it is highly
desirable to explore new methods that take advantage of the 3D capability of stereoscopic data.

The 3D geometry of the coronal magnetic field can be reconstructed for active regions by
stereoscopic triangulation of a set of coronal loops, where each loop segment is assumed to
represent the true direction of a coronal magnetic field vector. In addition, using the Maxwell
equation of a divergence-free field,

VB =0,
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Figure 6: 3D magnetic field modeling of an active region based on STEREO data. A set of 200 loops is stereoscopically
triangulated from STEREO/EUVI A and B (red curves). A parametric 3D magnetic model containing multiple (Nyipote =
5) dipole fields is fitted to the 3D coordinates of the STEREO loops, resulting in a best fit with an average misalignment
angle of A = 16.4° + 7.8°. The inferred magnetic field at the base of the corona is rendered in greyscale with contours
(Aschwanden and Sandman 2010).



M.J. Aschwanden / JASTP 00 (2010) 1-24 13

the dimensionless 3D magnetic field vectors b,

B 1
b(x) = 2 _ S B30, B (503,20 B )]

By
can be reconstructed, except for the dimensional constant By and its sign of the magnetic polarity.
While the direct inversion of the magnetic field from stereoscopic field vectors is a numerically
difficult task, a simpler approach is a forward-fitting method of a divergence-free field model to
stereoscopic field vectors b. We demonstrate this method by using a divergence-free field model
consisting of multiple (Np) magnetic dipoles, (e.g., Jackson 1975, p.182),

N, N
D . D 311(11 . mD) _ mD
B = 2 = 3, I
D=1 D=1

where n is a unit vector in the direction of x, and m? is the magnetic moment vector of the
dipole D. This multi-dipole model is a potential field and can be fitted to stereoscopic field
vectors b(x,y, z). A best-fit solution is obtained by minimizing the misalignment angle between
the theoretical field model and the observed field of coronal EUV loops inferred from STEREO.
As an example we show a best-fit solution of a multi-dipole field (containing 5 dipoles) to a
set of 200 stereoscopically triangulated loops observed in AR 10953 on 30 Apr 2007 in Fig. 6.
The mean misalignment angle obtained with the multi-dipole model is a,,;; = 16° + 8°, which
represents a significant improvement over conventional potential field models extrapolated from
an MDI magnetogram, which produced a mean misalignment of a,,;; = 26° + 10° for the same
active region (Table 2).

We fitted this multiple-dipole potential field model with 6 free parameters for each dipole also
to 3 other stereoscopically triangulated active regions (NOAA 10955 on 9 May 2007; NOAA
10953 on 19 May 2007; and NOAA 10978 on 11 Dec 2007) and achieved in all cases a smaller
misalignment between the model and the data (Table 2), by factors of = 0.4 — 0.8 (Aschwanden
and Sandman 2010). Although this model can handle up to 10 dipole components (with a total
of 60 free parameters), we found that a relatively small number of ~ 5 dipoles per active region
is sufficient to obtain an improved misalignment angle of a,,;; < 10° — 20°, which is typically
a factor of 0.5 better than classical magnetic field extrapolation methods. The improved results
imply that the misalignment mostly originates from the fact that photospheric magnetograms are
inadequate to represent the coronal field, because they are measured in non-force-free regions,
while the coronal field seems to be very close to a force-free or potential field configuration.

First comparisons of stereoscopically triangulated loops with 3D magnetic field models were
carried out by Feng et al. (2007a), who used a quasi-linear force-free magnetic field model (with
a variable « for each loop) to solve the correspondence problem of a stereoscopic loop pair using
a proximity parameter (Wiegelmann and Inhester 2006; Feng et al. 2007b). A method for solving
the correspondence problem is particularly useful for large stereoscopic separation angles, where
the two stereoscopic views bear no similarity at all.

STEREO observations have also been used qualitatively to clarify the magnetic topology in
dynamic coronal processes (Fig. 7), such as during the flare energy build-up phase to identify a
flare trigger by magnetic reconnection at a 3D null point of a separatrix surface (Su et al. 2009),
multiple filament eruptions in the complex and highly nonpotential active region NOAA 10956
during 19 May 2007 (Li et al. 2008; Liewer et al. 2009), the coincidence of sigmoidal structures
and their flux cancellation sites at multiple temperatures (Tripathi et al. 2009), the dipolar evolu-
tion and flux cancellation sites in coronal hole regions (Yang et al. 2009a), an emerging dipole
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Figure 7: 3D magnetic field topology modeled with STEREO data for a filament eruption in a highly nonpotential active
region (Li et al. 2008; top left); a flare triggered at a 3D null point of a separatrix surface (Su et al. 2009; middle left);
a flux cancellation site in a coronal hole (Yang et al. 2009a; bottom left); an emerging dipole located at a coronal hole
boundary; top right); and a magnetic flux cancellation site with a recurring solar jet (Chifor et al. 2008).
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Figure 8: A sequence of 6 pre-CME subtracted difference images obtained with EUVI/A, 195 A for a CME event
observed on 31 Dec 2007, 0 — 4 UT, recorded with a cadence of 10 min. The sequence shows the progressing EUVI
dimming, clearly discernible after the second frame (00:50 UT). The EUV dimming corresponds to a mass loss of
meme ~ 6 x 101° g (Aschwanden et al. 2009b).

located at a coronal hole boundary (Yang et al. 2009b), or magnetic flux cancellation associated
with a recurring solar jet (Chifor et al. 2008).

6. 3D Reconstruction of EUV Dimming and CME mass

The STEREO mission was primarily designed to study coronal mass ejections (CME). A
CME usually originates in a particular active region that became magnetically unstable, causes a
major magnetic re-arrangement of the active region into a lower energy state, and evacuates after
launch a substantial mass fraction of the active region out into the heliosphere. CMEs typically
carry a mass in the range of mcyr ~ 10" — 10'® g (e.g., Jackson and Hildner 1978; Howard et
al. 1985; Vourlidas et al. 2000, 2002; Harrison et al. 2003; Subramanian and Vourlidas 2007),
which corresponds to an average mass loss rate of mcyg/(At - 47R2) ~ 2 x 10714 = 2 x 10712
(g cm~2 s7h), amounting to < 1% of the solar wind loss rate in coronal holes, and to < 10% in
active regions, based on an average occurrence of At ~ 1 CME day~'. A typical active region
with a size of L ~ 10'° cm, a base density of n, ~ 10° cm™, and a density scale height of
Ar # 5x10° cm (at T ~ 1.0 MK) has a total mass of mag ~ myn,V ~ myn,L*Ar ~ 10" g,
which is commensurable with the mass of an average CME. The launch of a CME therefore can
blow out the major part of an active region, clearing out a dark evacuation corridor in the corona
that is manifested as EUV dimming, essentially creating a “transient coronal hole” (e.g., Rust &
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Figure 9: Comparison of CME masses measured with EUVI/A+B (y-axis) and COR2/A+B (x-axis). The diamonds
mark the CME mass averaged from both EUVI/A+B spacecraft versus the 2-spacecraft constrained CME mass inferred
from COR2 (corrected for the CME propagation angle to the line-of-sight). The error bars in either horizontal or vertical
direction indicate the range between the measurements from spacecraft STEREO/A and B. The confusion limit of the
EUV method is estimated to be < 1.5 x 10! g (Aschwanden et al. 2009b).

Hildner 1976; Rust 1983), most dramatically seen in soft X-rays (e.g., Hudson & Webb 1997;
Sterling & Hudson 1997).

The masses of coronal mass ejections (CMEs) have traditionally been determined from
white-light coronagraphs (based on Thomson scattering of electrons), as well as from extreme
ultraviolet (EUV) dimming observed with one spacecraft. Colaninno and Vourlidas (2009)
measured for the first time CME masses with white-light coronagraphs from two independent
spacecraft and obtained more accurate CME masses. An improved method has been recently
developed (Aschwanden et al. 2009b) to measure CME masses based on EUV dimming ob-
served with the dual STEREO/EUVI spacecraft in multiple temperature filters that includes
three-dimensional volume and density modeling in the dimming region and background corona.
Six CME events with previous mass determinations from STEREO/COR2 were detected with
EUVI using an automated multi-wavelength detection code. An example is shown in Fig. 8
for the partially occulted CME of 31 Dec 2007. CME masses in the range of meyr = (2 —
7) x 10'3 g were determined. The agreement between the two EUVI/A and B spacecraft was
ma/mp = 1.3 £ 0.6 (Fig. 9) and the consistency with white-light measurements by COR?2 is
mgyvi/mcors = 1.1 £ 0.3. The consistency between EUVI and COR2 implies no significant
mass backflows (or inflows) at r < 4R, and adequate temperature coverage for the bulk of the
CME mass in the range of T ~ 0.7 — 2.7 MK. The temporal evolution of the EUV dimming
allows us also to model the evolution of the CME density 7n.(7), the expanding volume V(¢), the
height-time profile A(f), and the propagation speed v(¢) in terms of an adiabatically expanding
self-similar geometry, as shown in Aschwanden (2009b) for the CME event of 25 Mar 2008.
The results of forward-fitting a 4D model (including a 3D space plus 1D temporal dimension)
of an expanding CME bubble with an accelerating centroid height and bubble radius to the 25
Mar 2008 event is shown in Fig. 10, where the two STEREO spacecraft have a separation angle
of @y, = 47.17°, showing the CME in front and behind the limb from the two viewpoints. The
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Figure 10: CME event of 25 Mar 2008: Comparison of observed and simulated EUVI base-difference images at 5 times
for the observations of STEREO/A 171 A (left two columns) and STEREO/B 171 A (right two columns). The pre-CME
image at 18:36 UT was subtracted in these base-difference images (Aschwanden 2009b).
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acceleration of the CME in the beginning phase was found to be substantially higher (a = 0.5
m s~2) than measured further out in the heliosphere at r > 4R, with STEREO/COR-1. Thus the
dynamic modeling in the lower corona constrain the magnetic forces that accelerate the CME
during the launch phase.

Interestingly, not every CME leaves a footprint in the EUV-bright corona. For instance, in
the CME event of 2 June 2008, no trace in EUV was left behind (Robbrecht et al. 2009), which
is difficult to explain, indicating a launch site in the upper corona where the density is too low
to be detected in EUV, or undergoing a very slow acceleration that is difficult to track in EUV.
Another EUV tracer of CMEs are global waves, which sometimes even show up in soft X-rays,
such as during the 23 May 2007 CME event that was simultaneously detected with Hinode/XRT
and STEREO (Attrill et al. 2009). Coronal dimming, which is usually associated with a CME
launch, is expected to be detected with automated algorithms in future, such as with SDO/AIA
data (Attrill and Wills-Davey 2009). A similar code has been tested for automated detection of
coronal holes with SOHO, STEREO and Hinode data (Krista and Gallagher 2009).

7. 3D Motion of Loop Oscillations and Waves

The launch of a CME, which evacuates often a substantial fraction of the coronal mass of
an active region, causes a major disturbance in the local pressure equilibrium. Once a magnetic
instability sets in that drives a filament to erupt and a CME to launch, a part of the magnetic
field configuration opens up temporarily or permanently (e.g., magnetic break-out model of An-
tiochos et al. 1999), which is accompanied by an impulsive disturbance and adjustment of the
surrounding magnetic field. It is this pressure pulse that pulls and pushes a number of surround-
ing coronal loops, which adjust to a new magnetic equilibrium configuration. Some mass-loaded
over-dense loops (relative to the ambient coronal plasma in the active region) overshoot the new
equilibrium position during this adjustment and consequently start to oscillate in the fast kink
MHD mode, usually subject to strong damping, so that the kink-mode oscillations dies out after
a few oscillation periods. Such MHD kink-mode loop oscillations were discovered during the 14
July 1998 flare (Aschwanden et al. 1999b), and virtually all subsequent detections of kink-mode
oscillations confirmed that the trigger is always an erupting filament, flare, (Schrijver et al. 2002),
or CME event (Nakariakov et al. 2009).

STEREO allows us now to reconstruct the 3D geometry and 3D motion of such oscillating
loops. An example is shown in Fig. 11 for the 27 June 2007, 18 UT, flare, which was observed
with both STEREO spacecraft and was analyzed by Verwichte et al. (2009) and Aschwanden
(2009a). Quantitative analysis of the 3D motion of oscillating loops can provide two major diag-
nostics: (i) a coronal measurement of the magnetic field, and (ii) a directional 3D reconstruction
of the Lorentz force that drives the CME launch and excites also the loop oscillations. The av-
erage magnetic field in the oscillating loop can be determined from the kink-mode period Py,
the loop length L, and the mass densities p,, oo (external and internal of the loop)

L e
[87p0(1 + £2) .
Prink Po

STEREO observations are extremely useful for this purpose because the full 3-D (unprojected)
loop length L can be triangulated, as well as the loop density ny = po/umpy can be determined
much more accurately thanks to two independent background measurements (see Fig. 2). Ver-
wichte et al. (2009) determined a magnetic field strength of B = 11 = 2 G and an Alfvénic phase

B=
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Figure 11: 3D reconstruction of loop oscillations for a sequence of 16 EUVI/A+B 171 A images in the time interval of
2007-Jun-27, 17:58-18:26 UT, using the stereoscopic triangulation method. The loop tracings in EUVI/A are rendered
in the x — y plane (left bottom panel), while the orthogonal reconstruction are shown in the x — z plane (top left panel)
and in the z — y plane (bottom right panel). The loop tracings are rendered with grey curves and the semi-circular fit
with a dashed curve. The oscillation amplitudes averaged in the loop segments 0.3 < s/L < 0.6 (marked with thick
black curves) are shown in x-direction (east-west amplitude dx(¢) in top right panel) and in the z-direction (line-of-sight
amplitude dz(¢) in middle right panel) (Aschwanden 2009a).
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speed of v, = 2L/ Py = 1100 + 100 km s~!. Aschwanden (2009a) triangulated the detailed
3-D shape of the oscillating loop and found a non-planar helical geometry and a torsional mo-
tion, which is manifested as a phase-shifted oscillation in vertical and horizontal direction to the
loop (Fig. 11). Future studies with stereoscopic triangulation of multiple loops around the CME
launch site might be able to reconstruct the Lorentz forces that drive the CME initiation. If the
loop is dragged in the vertical direction by the plasma flow that surrounds the loop, the phe-
nomenon of vortex shedding could possibly play a role in the kink-mode excitation (Nakariakov
et al. 2009).

Future studies using 3-D MHD dynamical models in conjunction with stereoscopic 3D recon-
structions have a great potential to improve the new field of coronal seismology (Ofman 2009).
This is also true for diagnostics of slow (acoustic) MHD waves, which have periods Py, that
depend on the loop length L and sound speed cg,

2L
Pow = —,

JCs
since the true (unprojected) loop length L can only be determined accurately with stereoscopic
triangulation. It has been demonstrated that measurements with STEREO greatly improve the
diagnostics of coronal slow-mode MHD waves (Marsh et al. 2009).

8. Conclusions

The STEREO mission is a very unique opportunity that provides us for the first time with
the capability of stereoscopic 3D triangulation, a prerequisite for reliable 3D reconstruction of
CMEs, flares, filaments, and other coronal phenomena. While the coronagraphs on STEREO
are optimized to track CMEs further from 2 1.6 solar radii out into the heliosphere all the way
to 1 AU, the EUVI imagers are ideal to study the CME origination in the lower corona up to
about one density scale height ( < 1.1 solar radii from Sun center). The ultimate goal is a deeper
physical understanding of the origination of CMEs, which comes down to understand the mag-
netic instability that is responsible for a loss of equilibrium with subsequent expulsion of a CME.
While it is not trivial to map out the coronal magnetic field in the zone of interest, usually lo-
cated in a magnetically complex active region, significant steps have already been accomplished
towards this direction, such as the development of a method to bootstrap the coronal magnetic
field based on stereoscopic triangulation of a skeleton of active region loops, rather than using
an unreliable theoretical magnetic field extrapolation model with a non-forcefree photospheric
boundary. Moreover we learned to triangulate oscillating loops that were shaken by the launch of
a CME, to triangulate eruptive filaments, coronal jets, and other by-products of dynamic coronal
processes. Besides CME-related science, STEREO provides us also unique 3D data to study the
hydrodynamics of active regions, which feeds into the fundamental questions of coronal heating,
the physical modeling of the accompanying conductive and radiative cooling processes, and a
deeper physical understanding of coronal seismology diagnosed from fast and slow (acoustic)
MHD waves and oscillations. Numerous new results and discoveries are expected from com-
bined MHD modeling and multi-spacecraft observations, which may involve besides STEREO
also Hinode and the SDO mission.
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