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Abstract

We review stereoscopic and tomographic methods used in the solar corona, including
ground-based and space-based measurements, using solar rotation or multiple spacecraft van-
tage points, in particular from the STEREO mission during 2007 —2010. Stereoscopic and
tomographic observations in the solar corona include large-scale structures, streamers, ac-
tive regions, coronal loops, loop oscillations, acoustic waves in loops, erupting filaments and
prominences, bright points, jets, plumes, flares, CME source regions, and CME-triggered global
coronal waves. Applications in the solar interior (helioseismic tomography) and reconstruction
and tracking of CMEs from the outer corona and into the heliosphere (interplanetary CMEs)
are not included.
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1 Introduction

Stereoscopy (from Greek stereos = solid body and skopein = to see) includes a variety of methods
to enable or enhance the depth perception that leads to a three-dimensional (3D) view of an
object. Our eyes process stereoscopic information automatically when our brain correlates the
visual inputs from the left and right eye, at near distances. Astronomical images, however, contain
only two-dimensional (2D) brightness distributions, but can produce stereoscopic 3D information
from two different aspect angles. Just by taking pictures of the night sky six months apart, we
have a baseline change of two astronomical units (AU) and can triangulate the distance to the
nearest stars that show a stereoscopic parallax with respect to the distant stars with no parallax.
Here we are concerned with solar imaging, which can be stereoscopically processed by using either
the solar rotation to change the aspect angle (=~ 13° per day) or multiple spacecraft that are
spaced some significant fraction of 1 AU apart. The prime solar-dedicated space mission that
is designed to exploit stereoscopic information to the fullest is the Solar TErrestrial RElations
Observatory (STERFEO) mission, launched in 2006. Solar stereoscopy became an important part
of 3D geometric and physical modeling of solar dynamic phenomena, but still presents formidable
challenges to construct detailed 3D models from two (or three) aspect angles only.

Tomography (from Greek tomos = cut, slice and graphein = to write) is a related 3D recon-
struction method that uses images (or slices) from many aspect angles. Practically, tomography is
accomplished by 2D imaging of different sections through a penetrating (X-ray or radio) wave, used
in medical radiology, archeology, biology, geophysics, oceanography, material science, and astro-
physics. Applications in solar physics include 3D reconstruction of the optically-thin plasma in the
solar corona or in coronal mass ejections, using soft X-ray and extreme-ultraviolet (EUV) imagers
or white-light coronagraphs. The solar-dedicated STEREOQO mission carries a set of coronagraphs
onboard that can map the coronal plasma from two different directions, which represents a kind of
minimum tomography. Alternatively, the solar rotation can be used to provide many slices from
different viewing angles, but tomographic reconstruction is then challenged by dynamical changes
during the observing period. 3D reconstructions inside the Sun (helioseismic tomography) or in
the heliosphere, such as interplanetary coronal mass ejections (CMEs) or the solar wind, are not
covered here.

In the following review we cover first the history of solar stereoscopy, which includes solar-
rotation based stereoscopy, single- and multi-spacecraft stereoscopy in the pre-STEREO era, as
well as a brief description of the STEREO mission. In Section [3] we describe the stereoscopic
and tomographic methods that have been developed and applied to solar data. In Section []
we provide applications of the methods described in Section [3] i.e., a systematic description of
stereoscopic and tomographic observations of phenomena in the solar corona (active regions, flares,
filaments, prominences, CME source regions, CME-triggered global waves). In the final Section
we summarize the main scientific results that were or could be obtained from stereoscopic and
tomographic data analysis.

There exists no comprehensive review on STEREOQO results at this time, but STEREO-dedicated
Topical Volumes have been published in the following four journal issues: Space Science Reviews
Vol. 136 (2008), Solar Physics Vol. 256 and 259 (2009), and Journal of Atmospheric and Solar-
Terrestrial Physics Vol. 73 (2011; [Srivastava et all) [2011). Some minor reviews that cover partial
aspects of solar stereoscopy include coronal regions (Wiegelmann et al] [2009; [Aschwanden and]
Wiilser] [2011)), heliospheric coronal mass ejections (Howard and Tappin| [2009aljb; [Tappin and
Howard| [Harrison et al., [2009; Mierla et all [2010)), theoretical modeling (Khodachenko and
Rucker] [Aschwanden et al] [2008a)), and short STEREO mission summaries (Schmidt and
Bothmer], [1996} [Davilal, [1998} [Kaiser] 2005} [Staedter] 2006} [Matthews and Culhane| 2007} [Kaiser]
et al] 2008} [Brownl, [2009).

Living Reviews in Solar Physics
|http ://wuw.livingreviews.org/lrsp-201 1—5|



http://www.livingreviews.org/lrsp-2011-5

6 Markus J. Aschwanden

2 History

The history of solar stereoscopy and tomography is fairly short, because ground-based methods
using the solar rotation are very limited, while space-based imagers that travel to interplanetary
distances are very few and not solar-dedicated in the pre-STEREO era. And finally, the first (and
only) solar-dedicated mission with stereoscopic capabilities, STEREO, is less than five years old
at the time of writing.

2.1 Ground-based stereoscopy and tomography

Ground-based solar observations are limited to optical and radio wavelengths. Since there is no
appreciable parallax effect on global distances, stereoscopic or tomographic methods can only be
carried out by taking advantage of the solar rotation. However, because of the huge brightness
contrast, the solar corona can only be imaged during total eclipses or using (disk-occulting) coro-
nagraphs.

The first attempts of a tomographic reconstruction of the 3D density distribution of the solar
corona, based on a daily series of ground-based coronagraph images and potential-field extrapola-
tions from magnetograms, is described in , which shows multiple coronal streamers
as viewed from above the solar north pole.

A first stereoscopic triangulation of ray-like coronal structures at ~ 1.2—3.0 solar radii was
achieved from two white-light pictures during the total solar eclipse of 1991 July 11, observed 3
hours apart from sites at Hawaii, Mexico, and Brazil (Koutchmy and Molodenskii, [1992)), which
yields a parallax angle of ~ 1.6°. Using similar white-light images taken with a radial filter
from another eclipse, the 3D density structure of streamers extending into heliospheric layers
was reconstructed by [Koutchmy et al(1997) and [Vedenov et al| (2000)), visualized as stereoscopic
image pairs.

High-resolution solar images in radio wavelengths became readily available with radio interfer-
ometers such as the Very Large Array (VLA) at frequencies of 2 1 GHz around 1980. Reasonably
stable radio-emitting structures in the solar corona, such as the optically-thick layers of free-free
emission in active regions or the gyro-resonance layers above sunspots, can be imaged day by day,
which allows to measure the altitudes from the parallax effect of the radio source centroids. Syn-
thesizing these altitude measurements at multiple radio frequencies allows then to construct a 3D
model of the magnetic field and/or plasma density, which is called the method of radio stereoscopy
(Aschwanden et al] [1992} [Aschwanden and Bastian|, [1994alb} [Aschwanden et al] [1995).

Another approach to use radio-emitting coronal sources for coronal 3D density reconstruction
is frequency tomography, which was pioneered at the Russian RATAN radio interferometer
[and Grebinskijl, [1997} |Gelfreikh| [1998} |Grebinskij et al.| [2000). However, the multi-frequency imag-
ing maps of optically thin plasma require a free-free opacity model to convert the radio frequencies
into a geometric altitude.

2.2 Space-based stereoscopy and tomography

Helios 1 and Helios 2 were the first solar-observing spacecraft (1974 —1980) that were sent as close
as 0.3 AU to the Sun and, thus, provided a stereoscopic vantage point. A first 3D reconstruction
of a coronal mass ejection (CME) was accomplished with a computer assisted tomography (CAT)
technique by [Jackson and Froehling| (1995), using the zodiacal light photometers on the spacecraft
Helios 2 (0.3 AU from the Sun) and white-light coronagraph images from Solwind (near Earth).
After the launch of Skylab in 1973, a number of solar-dedicated space missions came along with
imaging capabilities in extreme ultraviolet and soft X-rays (SMM, Yohkoh, SOHO), besides white-
light coronagraphs (onboard SMM and SoHO). However, all these solar-dedicated space missions

Living Reviews in Solar Physics
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had near-Earth orbits, so that no true stereoscopy was feasible, but solar rotation-based stereoscopy
could be carried out for reasonably stable structures in the solar corona. Such rotation-based stere-
oscopy was applied to coronal loops using Skylab images (Berton and Sakurail [1985)), to produce
quasi-stereoscopic images of the soft X-ray-emitting corona using Yohkoh images (Batchelor] [1994)),
to perform 3D tomography of a coronal hole using a 2-week’s worth of Yohkoh images (Hurlburt
, or to reconstruct the 3D geometry of prominences from synoptic SOHO/EIT images
. Since the plasma dynamics in individual coronal loops is relatively fast (hours)
compared with the required time interval to measure a significant parallax effect (about a day),
while the confining magnetic field is changing on a longer time scale, a special dynamic stereoscopy
method has been developed to determine the 3D geometry of planar loops using SOHO/EIT images
(Aschwanden et al 1999} [2000).

The LASCO white-light coronagraph onboard SOHO was especially designed to detect and
track CMEs. A tomographic inversion method was developed by [Quémerais and Lamy| (2002) to
invert the 2D line-of-sight integrated electron density distribution in the solar corona from a single
spacecraft (LASCO-C2), using additional constraints of spherical or axial symmetry. Another to-
mographic method was developed by [Moran and Davilal (2004)), Moran et alf(2010)), and [Dere et al.|
to reconstruct the 3D density distribution from the combination of intensity and polarized
brightness images from LASCO. Combining LASCO images over a 14-day period,
accomplished a 3D tomographic reconstruction of the entire corona. The spatial resolution
of the tomographic inversion is ultimately limited by the smearing due to coronal dynamics.

In 2003, the Solar Mass Ejection Imager (SMEI) was launched, which is designed to map large-
scale variations of the electron density in the heliospheric solar wind or in CMEs, by observing
Thompson-scattered sunlight from a near-Earth orbit (Jackson et al} [2004). Using the additional
constraint of a 3D kinematic heliospheric model, the 3D density distribution can be reconstructed
with tomographic quality, a CAT method that is also called corotational tomography
[Hick] [2002] [2004]).

Some serendipitous measurements with true stereoscopy using the Earth and a single interplan-
etary spacecraft, or with multiple interplanetary spacecraft were actually also carried out before
the STEREQO mission. The STEREO-1 Experiment used simultaneous radio observations from the
Nancay radioheliograph and the Soviet planetary probe Mars-3 to measure the directivity pattern
of solar type III bursts (Caroubalos and Steinberg|, [1974)). Multi-spacecraft observations from the
International Sun Earth Explorer (ISEE-3), Pioneer Venus Orbiter (PVO), Helios 2, the High-
Energy Astrophysical Observatory A (HEAO-A), and Ulysses were used to measure the directivity
of solar flare hard X-ray bursts (Kane] [1981} [Kane et all [1992] [1998)), in conjunction with the
near-Earth spacecraft Geostationary Operational Environmental Satellites (GOES) or Yohkoh.

2.3 The STEREO mission

Since about 90% of the literature on solar and heliospheric stereoscopy and tomography resulted
from the STEREO mission at the time of writing, the STEREO mission is undoubtly the most
important observatory for this scientific discipline.

The twin Solar TErrestrial RElations Observatory (STEREO) spacecraft were launched on
October 26, 2006. At the end of January 2007 the two spacecraft separated and entered heliospheric
orbits in opposite directions, STEREO-A (ahead) leading in east direction and STEREO-B(behind)
trailing in west direction around the Sun, increasing their separation by = 45° per year, but
maintaining their average distance of &~ 1.0 = 0.1 AU from the Sun all the time (Figure . At the
time of writing, the two spacecraft are separated by = 180°. These particular orbits provide solar
data that are suitable for small-angle stereoscopy at the beginning of the mission (or whenever
the separation angle is near zero or 180 degrees), while large-angle stereoscopy and tomography
is feasible in the later years. The data rate is highest at the beginning of the mission, but drops

Living Reviews in Solar Physics
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Figure 1: Left: Artists concept of the STEREO twin spacecraft 3D perspective on a coronal mass ejection
launched from the Sun. Right: Orbits of STEREO-A (red) and STEREO-B (blue) with respect to the
Earth’s annual orbit (green) (credit: NASA).

continuously due to the lower telemetry rate later in the mission. The STEREO mission concept
is described in [Grigoryev| (1993)), [Schmidt and Bothmer] (1996)), [Socker et al] (1996)), [Davila et al]
(1996), [Davila] (1998), [Socker] (1998), [Rust| (1998), [Liewer e al] (1998), [Bothmer ef al] (1998),
[Socker et al(2000), Mueller et al| (2003]), Kaiser| (2005)), [Kaiser et al| (2008), and [Driesman et al.|
(2008).

Each of the two identical spacecraft contains a set of four instrument packages, including
(i) the Sun Earth Connection Coronal and Heliospheric Investigation (SECCHI) suite (Howard]
et al) [2002} [Michels] 2002} [Howard et all [2008), which includes the Eztreme UltraViolet Imager
EUVI (Wiilser et al [2004} [Delouille et all [2008)), the coronagraph COR-I for 1.4-4.0 solar radii
(Thompson et al} [2003; [Thompson and Reginald}, 2008} [Thompson et all [2010)), the coronagraph
COR-II for 2—15 solar radii, and the Heliospheric Imagers (HI-1) for 8 —45 solar radii and (HI-2)
for 35200 solar radii (Harrison et al.) [2009)), (ii) the In situ Measurments of PArticles and CME
Transients (IMPACT) experiment (Luhmann et ol [2008), (iii) the PLAsma and SupraThermal
Ion Composition (PLASTIC) experiment (Galvin et all [2008)), and (iv) the STEREO/WAVES
(SWAVES) antenna (Bougeret et al) [2008). Supporting software to analyze STEREO data from
the solar corona includes the Flezible Image Transport System (FITS) world coordinate system
(Thompson| 2006} [Thompson and Weil [2010)) and the atomic database CHIANTI for the response
function of EUVI (Young and Landil [2009)).

While the STEREO mission is already 4 years underway at the time of writing, new solar-
dedicated imager missions came along, such as the US-Japanese mission Hinode and the NASA mis-
sion Solar Dynamics Observatory (SDO), which provide valuable context information to STEREO
with unprecedented high-resolution imagery in EUV, soft X-rays, and white-light wavelengths. Es-
pecially the combination of STEREO/EUVI-A, EUVI-B, and the Atmospheric Imaging Assembly
AIA/SDO configure a powerful triple-viewpoint system for improved stereoscopy and tomography.

Living Reviews in Solar Physics
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3 Stereoscopy and Tomography Methods

3.1 Solar-rotation stereoscopy

First we are describing here stereoscopic and tomographic 3D reconstruction techniques that use
only one single viewpoint (at Earth), while the aspect angle change is produced by the solar
rotation.

3.1.1 Static solar-rotation stereosocopy

For quasi-stationary structures in the solar corona, the solar rotation with a synodic period of
Tsys = 26.24 days provides a natural change in aspect angle that can be exploited for stereoscopic
measurements. If an image of the Sun is aligned with the solar rotation axis in y-direction and
the heliographic latitude of the Sun center is small (by &~ 0), the solar rotation rate introduces a
displacement Ax of a source at heliographic longitude /; and latitude b; in east-west direction as

Azio = $(t2) — li(tl) = (R@ + h) COS(b1)[SiH (ll + wsyn(tg - tl)) — sin (ll)] s (1)

where [; is measured relative to the longitude of the observer and w = 2x/T is the differential
rotation rate that slightly depends on the latitude b = by,

wsia () = A + Bsin? (b) + C'sin* (b) , (2)

with the coefficients A = 14.71 + 0.05 deg/day, B=-2.4 £ 0.2 deg/day, and C'=-1.8 £+ 0.3 deg/day,
yielding an equatorial (sidereal) rotation period of Tyq = 24.47 days, which has to be multiplied
with a factor of Tyyy/Tsia = 26.24/24.47 = 1.0723 for the synodic coordinate system. The height
dependence of the displacement Az(t) in Eq. yields a radial altitude measurement h above the
solar surface with a radius of Rg = 696,000 km, since all other parameters (x1,x2,l1,b1) can be
measured at two different times ¢; and to, which gives a unique value for the altitude A, supposed
that the altitude of the source does not change during the observing interval. The lower time limit
of a stereoscopic measurement is given by the desired accuracy of altitude measurement Ah and
the spatial resolution Az of the instrument, because the stereoscopic parallax effect has to exceed
the spatial resolution of the instrument, which is given by

Toyn Az
N o AR (3)

Say, for a spatial resolution of Az = 1” and an accuracy of Ah = 3000 km = 4" we need t ~ 1.0 day,
which obviously exceeds most evolutionary time scales of coronal structures (typically from minutes
to hours).

The first solar-rotation based stereoscopic height measurements are described in
(1985)), who measured the 3D coordinates of a set of coronal loops identified in Skylab XUV
images from 1973, measuring the stereoscopic parallax effect during 1—-2 days. They estimated the
measuring error to ~ 0.004 R ~ 3000 km and reported the 3D coordinates of a large inter-active
region loop with a height of ~ 0.15 Rs = 100,000 km, for which the loop plane inclination angle
of 8 =~ 25° could be determined.

The same method of solar-rotation based stereoscopic parallax measurement has been applied
to radio maps of active regions at a wavelength of A = 20 cm (Figure , observed with the Very
Large Array (VLA) over the course of several days (Aschwanden et al {1992} [Aschwanden and]
[Bastian| [1994allb} [Aschwanden]| [1995). While the VLA has a spatial resolution of ~ 5” at this
frequency v = 1.5 GHz, the accuracy of the source positions could be optimized to ~ 0.1” by
cross-correlating partial source maps, which yields sub-resolution accuracy for the locations of
the source centroids. Radio emission from active regions at v =~ 1.5 GHz is dominated by free-free

Living Reviews in Solar Physics
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Solar Rotation Stereoscopy
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Figure 2: The principle of solar-rotation stereoscopy is illustrated with this example of radio brightness
maps observed with the Very Large Array (VLA) at two different days (middle panels), where partial maps
covering sources A or B (from day 1) are rotated to the locations A’ and B’ expected at day 2 as a function
of the distance Rg + h from Sun center (top), which are then cross-correlated with the actually observed
maps A” and B” at day 2 (bottom), which yields a direct altitude measurement hs and hp of the source
centroids (from [Aschwanden and Bastian] [1994b)).

Living Reviews in Solar Physics
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emission and, hence, the 3D centroid position corresponds to the altitude where the source becomes
optically thick.

Sunspots are also relatively stable over a time interval of a day and, thus, the iso-Gauss surfaces
in the lower corona. Radio mapping of sunspots at microwave frequencies of v ~ 10—15 GHz is
dominated by gyro-resonance emission, which originates from dome-like iso-Gauss surfaces above
sunspots, typically at harmonics of s = 2,3,4 of the fundamental gyrofrequency of the magnetic
field. Measuring the stereoscopic parallax of the dominant gyroresonance source above a sunspot
over the course of 4 days with the Owens Valley Radio Observatory (OVRO), the altitudes of the
gyroresonant layers could be determine for a set of 7 frequencies in the range of v ~ 10— 15 GHz,
which were found in a height range of h ~ 3000—12,000 km, and allowed to constrain the local
magnetic field with a potential field model and to identify the correct harmonics at every frequency
(Aschwanden et al] [1995]). Of course, stationarity of the magnetic field over time scales of 4 days
can only be expected for stable large sunspots, while small-scale magnetic fields change during
much shorter time scales in active regions.

3.1.2 Dynamic solar-rotation stereosocopy

Coronal loops are generally not stable over a time period of a day, because the heating rate appears
to be discontinuous and intermittent and cooling by conductive and radiative loss occurs on time
scales of less than an hour. This means that loops at the same location observed a day apart are
not identical, but continuously replaced by plasma upflows and downflows. However, what stays
more permanent is the magnetic field, say over time scales of a few days, especially the large-scale
dipolar fields that represent the main magnetic field structure of an active region, produced by the
leading sunspot and the trailing region with opposite magnetic polarity. The property of the quasi-
stationarity of the magnetic field can thus be used to constrain the 3D geometry of near-cospatial
loops at different times, regardless how often the plasma is flushed through the magnetic conduits.
A technique that uses the stable 3D geometry of the magnetic field and is not sensitive to the
fast-paced plasma dynamics has been developed for the 3D reconstruction of a set of dipolar loops
that make up an active region, called dynamic stereoscopy (Figure |3), which was applied to a few
days of SOHO/EUV images (Aschwanden et al.|[1999] [2000)). This method allows us to determine
the approximate 3D geometry of coronal loops under the assumption of planarity, which requires
only one free parameter (the inclination angle of the loop plane) to determine the 3D coordinates
of loops from the observed 2D projections [z(s), y(s)] as a function of the loop length coordinate s.

3.2 Solar-rotation tomography

There are three wavelength regimes where solar-rotation tomography has been applied, but each
one requires a different treatment of the radiation: tomography of (i) optically thin emission
in EUV and soft X-rays, (ii) Thompson-scattered white light, or (iii) radio wavelengths. These
tomographic 3D reconstruction techniques are using only one single viewpoint (at Earth), while
the aspect angle change is produced by the solar rotation.

3.2.1 EUYV and Soft X-rays

Let us consider first the simplest method of optically thin EUV or soft X-ray emission. The
brightness of the solar corona observed in EUV or soft X-rays is produced by optically thin free-
free emission, which can be characterized by an emission measure EM that is proportional to the
squared electron density n. and column depth along the line-of-sight at a given temperature T
(assuming that the plasma is in local thermal dynamic equilibrium, which is not always the case

Living Reviews in Solar Physics
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Principle of Dynamic Stereoscopy
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Figure 3: The principle of dynamic solar-rotation stereoscopy is illustrated for an example of two adjacent
loops (top). The only free parameter in the 3D reconstruction is the loop inclination plane, which yields
different 2D projections at 3 consecutive days (middle). The best-fitting inclination angle can be determined
by optimizing the (parallel) co-alignment between the observed and model loop stripe as a function of the

inclination angle (bottom) (from [Aschwanden et al} [1999).
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for loops undergoing rapid heating),
EM x /ng(z,T)dz , (4)

while the intensity or flux F)(z,y) measured at a wavelength A represents the temperature inte-
gral of the differential emission measure dEM /dT o« n?dz/dT multiplied with the filter response

function Ry (T),
dEM(T
F\= /%RA(T)dTa (5)

which defines the general inversion problem for the 3D density distribution n.(z,y, z), for a given
temperature filter A,

FA(Xi,y5,08) = Y Ax n2(Xi, 45, Z1) + 0a(Xi, 95, 08) (6)
l

with Ay being the conversion factor of the squared density n? to the observed brightness F (as
defined by Eqgs. and )7 and o) is the data noise. The absolute coordinate system with origin
in the Sun center is given in coordinates (z;, y;, zx) with the z-axis co-aligned to the solar rotation
direction, while (X;,y;) is the image coordinate system rotated around the solar axis (y-axis) by
the line-of-sight angle 6, according to,

(Xi) _ (cos@ksin0k> <x1> (7)
Z; ) \sinf, cosO 2 )
Thus, if we have an image with a size of N? pixels and want to reconstruct the 3D density
distribution n.(z,y, z) with N3 voxels, the problem is under-constrained. Using the variation of
the aspect angle, for instance by taking multiple images (V) over a time interval with significant
solar rotation (of the aspect angle 6}), will increase the number of constraints to N2Ny, as long
as the reconstructed volume is static, but a unique solution would theoretically require N = N
images, which is not feasible in practice. The inversion of the 3D density distribution is therefore
always under-constrained and requires special inversion techniques with additional constraints.
One way to reduce the degrees of freedom is to reduce the solution volume by using a spherical
coordinate system aligned with the solar surface and by restricting the number or radial voxels to
a small number that covers only about the lowest density scale height, see for instance |Frazin et al.
(2009b)) (Figure [15] bottom left).

The simplest tomographic reconstruction method is the backprojection method, which yields
a probability distribution based on the linear addition of projections from different directions
(Figure. Another (under-constrained) inversion method that has been used for solar tomography
is the robust, regularized, positive estimation scheme (Frazin, 2000; [Frazin and Janzen| [2002]).
The combination of differential emission measure analysis (Eq. ) and solar rotation tomography
allows in principle to reconstruct the average density n.(z,y,z) and temperature T, (z,y, z) in
each voxel (Frazin et al [2005b; [Frazin and Kamalabadil 2005b)). Besides the problem of under-
constrained inversion, the time variability is an additional challenge, which could be overcome with
Kalman filtering (Frazin et al}[2005a)). The first attempt to reconstruct the 3D density distribution
in the solar corona by means of solar-rotation tomography was done using a 2-week’s dataset of
soft X-ray images from Yohkoh (Hurlburt et al| [1994).

3.2.2 White-light

Let us consider the second wavelength regime, i.e., white light, which undergoes Thompson scatter-
ing in the solar corona, which is sensitive to the geometry of the distribution of scattering particles

Living Reviews in Solar Physics
|http ://wuw.livingreviews.org/lrsp-201 1—5|



http://www.livingreviews.org/lrsp-2011-5

14 Markus J. Aschwanden

A(Y)
Y Y
k(XY % \ “‘ =
o $ \‘
s
\ "
‘: °“@%,:“
‘““‘
“‘
AY)

Figure 4: The principle of the backprojection method used in medical tomography is visualized for the
case of two 1-D projections observed from two arbitrary directions (angle 6), from which the unknown true
2-D brightness distribution is reconstructed (from [Davila and Thompson] [1992).

and the direction to the observer. The scattering cross-section depends on the angle x between
the line-of-sight and the radial direction through the scattering electron as (Jacksonl, [1962]),
do 1 .2
dw _2'°
where do/dw is the differential cross-section in units of [ cm? sr™!] and r, = €?/m.c? = 2.82 x
10713 cm is the classical electron radius. By integrating over all solid angles we obtain the total
cross-section for perpendicular scattering, the so-called Thompson cross-section for electrons,

(1+ cos®x), (8)

8
aT—§2—665x10_25 m? . (9)
The total scattered radiation I(z,y) can then be calculated by integrating over the source locations
of the photons (the photosphere) and the scattering electrons (with a 3D distribution n.(z,vy, 2))
along the line-of-sight z, as a function of the scattering angle x(z, y, z) with respect to the observers
line-of-sight, which was first calculated by [Minnaert| (1930), [van de Hulst| (1950)), and [Billings|
(11966]). For a recent review see [Howard and Tappin| (2009al). The degree of polarization p, which
is observed in the polarized brightness (pB) component of white-light images, is defined as,
Ir—Ig Ip
It +1p ot
where It and Iy represent the tangential and radial terms of the total scattered radiation, as given
in [Minnaert| (1930)), [van de Hulst| (1950), [Billings| (1966)), or [Howard and Tappin| (2009a)). Many
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coronagraphs (such as those on STEREQ) have the capability to measure linear polarization in
three orientations, from which the total ;o and polarized brightness Ip can be derived. The total
scattered radiation is proportional to the electron density n.(z,y, z) of the scattering corona, in
contrast to the square-dependence of the observed brightness on the density (Eq. () for free-free
emission in soft X-rays and EUV.

Since the differential cross section do/dw (Eq. ) varies only by a factor of two with angle y,
the plane-of-the-sky or plane-of-max-scattering approximations are very poor. It is essential for
any tomography approach which aims to reconstruct an extended density distribution to treat the
observations as the result of an extended integral along the line-of-sight. The plane of maximum
scattering has often been approximated with the plane-of-sky in the past, which is appropriate
for locations near the solar limb, but needs to be corrected with the actual plane of mazimum
scattering, for sources at large distances from the Sun, indicated with the impact radius d in
Figure [5| (Vourlidas and Howard}, [2006). This correction becomes relevant for tomographic 3D
reconstruction of CMEs that propagate far away from the Sun. Using a time series of images
in polarized brightness Ip taken over a time interval with significant solar rotation (which varies
the line-of-sight angles) allows then to deduce the 3D density distribution n.(x,y, z) in a coronal
volume.

The first tomographic reconstruction of the 3D density distribution of the solar corona, based
on a time series of coronagraph images from Skylab in white light has been accomplished by
[Altschuler| (1979). Tomographic inversion of coronagraph images from Mark IIT K-coronameter
on Hawaii and from LASCO C-1 were conducted by [Zidowitz et al] (1996]), [Zidowitz| (1997), and
. Tomography of the solar corona in an altitude range of a few solar radii has
been systematically investigated by regularization inversion methods (e.g., [Frazin| {2000} [Frazin
and Kamalabadil [2005b]), and applied to LASCO C-2 datasets (Frazin and Janzen| [2002} [Morgan
et al} [2009; Morgan and Habball [2010]), to Mauna Loa Solar Observatory Mark-IV coronameter
data (Butala et al] [2005]), to STEREO COR-1 datasets (Kramar et al] [2009} Barbey et all [2011]),
and by separating contributions of the K- and F-corona (Frazin and Kamalabadi, 2005al).

3.2.3 Radio wavelengths

Solar radio emission has many different emission mechanisms, which moreover have complicated
properties depending on the frequency (or wavelength), polarization, opacity, and magnetic field
(for an overview see, e.g., Chapter 15 in |[Aschwanden| 2005, and references therein). For 3D
tomography it matters a lot whether radio emission is observed in an optically thin or thick regime.
If an optically thin feature is observed (e.g., free-free emission at decimetric frequencies), the radio
brightness has to be calculated from a line-of-sight integral with varying opacity, similar as for EUV
or soft X-ray wavelengths. In contrast, if optically thick emission is observed (e.g., gyroresonance
emission in microwaves), the radio brightness originates from a localized source surface that can
be treated like an opaque body in the 3D reconstruction.

Let us consider the case of free-free (bremsstrahlung) emission, which has a free-free absorption
coefficient «,,(z) for thermal electrons that depends on the ambient ion density n;(z), electron
density n.(z), and temperature T,(z), at position z along a given observer’s line-of-sight, and
radio frequency v as,

Nel(2 ) zni z
3 (:2%—':31/5(22)( )lnA, (11)

Oéff(Z,I/) ~~ 9.786 x 10~

where In A(z) ~ 20 is the Coulomb integral, which yields the free-free opacity 7¢¢(z,v) as a function

of position z by integrating over the column depth range 2z’ = [—o0, 2],
Trf(z,v) = / apfTe(2),ne(2),v] dz'. (12)
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Figure 5: Generalized Thompson scattering geometry: The spherical Thompson surface represents the
source locations of the maximum (90°) scattering angle with respect to an observer at distance R. The
white-light brightness has to be integrated over all scattering positions P along a given line-of-sight (from

|Vourlidas and Howard)} |2006|).
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From the free-free opacity we obtain the radio brightness temperature Tp(v) at the observer’s
frequency v with a further integration of the opacity along the line-of-sight,

0
Tg(v) = / T (z)exp ) ay (2, v) da. (13)
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Figure 6: Quiet-Sun brightness temperature spectrum for an isothermal corona with T. = 1.0 MK (solid
line) or T. = 5.0 MK (dashed line) with a base density of ng = 10° cm™? and gravitational stratification
(with a density scale height of A =~ 50(T./1 MK) Mm) (from [Aschwanden et al.} [2004).

An example of a quiet-Sun radio brightness spectrum Tz (v) is given in Figure |§| for different
coronal temperatures in hydrostatic equilibrium. The observed quantity is the fluz density I(v),
which can be calculated from the brightness temperature Tg(v) with the Rayleigh—Jeans approzi-
mation at radio wavelengths, integrated over the solid angle Qg of the radio source,

2
I(v) = QVCfB / TrdQs . (14)
These expressions describe how the radio brightness observed at a particular frequency v depends
on the 3D density n.(z,y, z) and temperature distribution T, (x,y, z) of an observed source (e.g.,
an active region), and this way describes the inversion problem that has to be solved to obtain the
3D density distribution n.(x,y, z). One way to obtain a large number of observational constraints,
is to synthesize radio images at many frequencies v, a method that is called frequency tomogra-
phy (Aschwanden et al] {1992} |[Aschwanden), [1995)), which was pioneered with the multi-frequency
imaging radio interferometer RATAN-600 with up to 36 frequencies in the v = 0.1-5.0 GHz range
(Bogod and Grebinskijl {1997} [Gelfreikhl (1998} [Grebinskij et all [2000)), and has been simulated for
a proposed Frequency-Agile Solar Radiotelescope (FASR) (Aschwanden et al] [2004). However, the
frequency tomography method allows only to invert the electron density n.(v) and temperature
T.(v) as a function of the radio frequency v, while an additional opacity model v(z) is required to
map the radio frequency into a geometric coordinate z for each line-of-sight. Such additional in-
formation on the absolute height h(v) = z(v) cos§ (at an angle # from Sun center) can be obtained
from solar-rotation stereoscopy (see Section .
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Figure 7: Triangulation of point-like 1D (top), curvi-linear 2D (middle), and voluminous 3D (bottom)
structures. The triangulation and back-projection of point-like and curvi-linear structures is unique for
two stereoscopic viewpoints, while two projections of a voluminous structure do not unambiguously define

the 3D surface or volume (from 2006)).
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3.3 Stereoscopic triangulation or tie-point method

We are turning now to “true stereoscopy”, where an object is simultaneously observed from multiple
aspect angles, rather than using the solar rotation to vary the aspect angle over time. Further, we
distinguish between stereoscopic triangulation, which can only be applied to point-like or curvi-
linear structures (Figure @, and stereoscopic tomography, where a full 3D density distribution of
a voluminous structure is obtained from simultaneous multiple aspect angles. An introductory

primer for solar stereoscopy is given in (2006]).

epipolar

epi}f."lar
e _lines

)
observer 1

Figure 8: Orientation of epipolar planes in space and the respective epipolar lines in the images for two

observers (e.g., STEREO spacecraft A and B) looking at the Sun (from 2006)).

Regarding solar stereoscopy, there exist indeed point-like objects in the solar corona (such as
bright points, flare kernels, or centroids of near-spherical CME bubbles) as well as curvi-linear
structures (coronal loops, fans, jets, filaments, prominences, plumes), which are suitable for stereo-
scopic triangulation. The process of stereoscopic triangulation generally requires three steps: (1)
coalignment of a stereoscopic image pair into an epipolar coordinate system [X, Y] (Figure ; (2)
identification of corresponding point-like or curvi-linear features in each image (with coordinates
(X4,Y4) and (Xp,YE); and (3) geometric triangulation to retrieve the 3-coordinates (x,y, z) of
the structure. The first step involves rectification of the stereoscopic pair of images to coalign the
X-axis of each one with the epipolar plane (defined by the surface that intersects the two stereo-
scopic observers and the Sun center), plus rescaling of the pixel size in case the two observers have
different distances from the Sun. The second step involves a parameterization of the coordinates
of a curvi-linear feature, say as a function of the length coordinate s, yielding two sets of 2D
coordinates [X4(s),Ya(s)] and [X5(s),Yr(s)]. The identification of the correct structure B in the
second image that corresponds to the feature A in the first image is easy for small stereoscopic
angles, because the two images A and B look very similar, but becomes increasingly difficult and
ambiguous with larger stereoscopic angles. In practice, approximate 3D magnetic field models can
be used to identify the correct correspondence of coronal features. The third step of triangulating
the 3D coordinates is straightforward in an epipolar coordinate system, which can be calculated
separately for each epipolar plane, corresponding to a particular loop position s, as described in
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the next paragraph for the case of two spacecraft A and B with different distances to the Sun.

We define a coordinate system (X,Y,Z) that has the origin O in the Sun center, the Z-axis
is the line-of-sight from spacecraft A to Sun center, and the X Z plane coincides with the plane
of the spacecraft A and B (Figure |§| left). The two spacecraft have distances of d4 and dp
from the Sun center and observe a point P at an angle of @4 and ap in X-direction from Sun
center (corresponding to the difference of x-pixels in the image) and at an angle d4 and dp in
Y-direction from Sun center (corresponding to difference in y-pixels in the image). The spacecraft
have a separation angle of ayep in the X Z plane. The point P has the 3D coordinates (z,y, z) or
heliographic longitude I and latitude difference b with respect to the central meridian defined by
the line-of-sight axis of spacecraft A. The projected positions of the point P on the X-axis are x4
from spacecraft A and zp from spacecraft B. So, our main problem is to solve for the variables
(x,y, 2) using the observables (da,dp, x4, @B,04,0B, Qsep)-

In the triangles (O, A,z 4) and (O, B,zp) we can determine the angles y4 and vp simply from
the geometric rule that the sum of the three angles in a planar triangle amounts to , i.e.,

™

YA= 5 aa, (15)

and
T

YB = 5 — B — Olgep - (16)

Using the sine relation in a planar triangle [a/sin(a) = b/sin(8) = ¢/ sin(vy)] we obtain the sides
z4 and zp in the two triangles,

xa =datan(aa), (17)
and .
rp =dp Sl,naB . (18)
sinyp

Furthermore we have the relations in the rectangular triangles, tany4 = z/(z4 — x) and tanyp =
z/(xp — x), from which we can determine the coordinates z,
rptanyp —ratanyy

T = ) (19)
tanyp — tanya

and z,
z=(xa—x)tanya . (20)

The coordinate y can be obtained from a relation in the Y'Z plane (Figure [J] right),
y:(dAfz)tan(?A. (21)

The distance of point P from the Sun center O is then

P T, (22)

and the height of the point at position P is
h =T — R@ . (23)

The method of stereoscopic triangulation is also called tie-point method, because a second point
[XB(s;),Yp(s;)] in image B is tied to a first point [Xa(s;), Ya(s;)] in image A, which enables
triangulation of each point according to its epipolar plane. Further details on stereoscopic trian-
gulation can be found in the tutorial of , which discusses also the identification and
matching problem, the tie-point reconstruction, reconstruction errors, ambiguities in identifying
corresponding structures, and examples applied to SOHO/EIT data.
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Figure 9: The geometry of triangulating or projecting a point P from spacecraft A and B is shown, where
the (epipolar) XZ plane is coincident with the Sun center position O and the two spacecraft positions
A and B (left panel), while the vertical YZ plane is perpendicular (right panel). The distances of the
spacecraft from the Sun are d4 and dp, the observed angles of point P with respect to the Sun center O
are a4 and ap, intersecting the X-axis at positions z4 and xp with the angles v4 and «vg. The spacecraft
separation angle is asep. The point P has the 3D coordinates (z,y,z) and heliographic longitude ! and

latitude b (from [Aschwanden et al. [2008D).
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First stereoscopic triangulations of coronal loops using STEREO/A and B have been performed
for 30 coronal loops in an active region observed on 2007 May 9 with a spacecraft separation angle
of aep = 7.3° (Aschwanden et al [2008c)), and for 9 loops observed on 2007 Jun 8 with a spacecraft
separation angle of owep = 12° (Feng et all [2007al). Further stereoscopic triangulations have been
applied to oscillating loops (Aschwandenl [2009¢c)), to polar plumes (Feng et al][2009)), to an erupting
filament (Liewer et all[2009)), or to an erupting prominence (Bemporad,[2009), including a strongly
rotating, erupting, quiescent polar crown prominence (Thompson} [2011)).

3.4 Magnetic stereoscopy

Stereoscopic triangulation of curvi-linear coronal structures (such as loops, fans, jets, filaments,
plumes) can usually only be carried out for segments and a limited number of structures within rel-
atively isolated zones that are not too much congested (subject to confusion and mis-identification
of stereoscopic correspondence). One additional a priori information that can be used to enhance
stereoscopic 3D reconstruction is the auxiliary use of magnetic field models. Of course, the funda-
mental limitation is that we still do not have perfect magnetic field models for the solar corona,
but a lot of progress has been made to improve magnetic field models based on stereoscopic infor-
mation, and to beat down the discrepancy between theoretical magnetic field models and observed
stereoscopically triangulated loop 3D coordinates.

An early experiment with combined stereoscopy and magnetic field modeling has been con-
ducted with multi-frequency radio maps observed with the Qwens Valley Radio Observatory
[chwanden et al} [1995). For a given 3D magnetic field, the gyroresonance layers at each frequency
v and harmonic s = 2, 3,4 form a curved 2D surface that are layered like onion shells in the lower
corona above sunspots, as shown for three frequencies (v = 5,8,11 GHz) in Figure Some
features (e.g., the brightest locations or centroids) of these gyroresonance layers can be either
stereoscopically triangulated (using the solar rotation) or be modeled by matching the contours
of their brightness distribution for a given projection. Such a method successfully demonstrated
that in a strongly sheared region only a nonlinear force-free field could explain the observed radio
brightness distribution, while a potential-field model failed . Also the polariza-
tion of gyroresonance emission in the theory of wave mode coupling in quasi-transverse regions was
tested with combined radio mapping and magnetic field modeling (Ryabov et al [2005)).

The method of using the observed projections of coronal EUV loops to constrain a magnetic field
model was proposed by [Wiegelmann and Neukirch| (2002) in the pre-STEREO area, who varied
the a-parameter in a force-free magnetic field extrapolation to optimize the match to observed
loop locations. Magnetic modeling was then also used to constrain tomographic reconstruction of
the coronal density distribution (Wiegelmann and Inhester] 2003} [Ruan et al] [2008). A variety
of coronal magnetic field models, such as potential, linear, and nonlinear force-free field (NLFFF)
models, were used to resolve ambiguities in stereoscopic triangulation of loops (Wiegelmann and
[Inhester| {2006} [Feng et all [2007b} [Conlon and Gallagher| [2010)), reviewed in [Wiegelmann et al.
(2009)). Comparisons of potential-field and NLFFF models with STEREO and Hinode images were
also calculated for the global corona (Petrie et all 2011} [Schrijver and Title| [2011]).

The success of magnetic stereoscopy depends on the quality of theoretical magnetic field mod-
els. A critical assessment of NLFFF models identified a substantial mismatch between theoretical
magnetic field models extrapolated from photospheric magnetograms and stereoscopically trian-
gulated loops, in the order of a 3D misalignment angle of amis ~ 20°—40° (DeRosa et all [2009}
Sandman et al}[2009). A comparison of a force-free field model with STEREO-triangulated loops
is shown in Figure Some parameterization of the theoretical field models is required to mini-
mize the mismatch. Such a parameterization was implemented in potential-field models in terms
of unipolar magnetic charges (Aschwanden and Sandmanl [2010) or magnetic dipoles
[and Aschwanden| [2011]), which enabled to improve the misalignment angle to s &~ 10°—20°.
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Figure 10: A 3D magnetic field representation is rendered from photospheric magnetograms (optical
image in orange), from extrapolated magnetic field lines (black lines), and the iso-Gauss contours for
three gyroresonant layers that correspond to gyrofrequencies of 5 GHz (green), 8 GHz (blue), and 11 GHz
(yellow). The outer contours of each iso-Gauss surface demarcate the extent of radio emission at each

frequency (courtesy of Stephen White and Jeong Woo Lee).
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Figure 11: SOHO/MDI magnetogram observed on 2007 Apr 30, 22:42 UT, with overlayed stereoscopically
triangulated loop tracings (purple) and calculated NLFFF magnetic field model (colors in central box),
where the colors indicate an increasing degree of misalignment from amis < 5° (yellow) to aumis > 45° (red)

(from [DeRosa et al.| {2009).
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Figure 12: Left: A potential dipole field is calculated with two unipolar magnetic charges buried in equal
depth and equal magnetic field strength, but opposite magnetic polarity (B1 = —0.1, B = +0.1). An
asymmetric EUV loop is observed at the same location (grey torus) with a misalignment of amis = 20° at
the top of the loop. Right: The magnetic field strength of the right-hand side unipolar charge is adjusted
(to By = +0.08) so that the misalignment of the loop reaches a minimum (amis = 0°) (from [Aschwanden]|
fand Sandman}, 2010).

The principle is illustrated in Figure A caveat of these first attempts to adjust theoretical
magnetic field models to observed 3D loop coordinates (obtained from stereoscopic triangulation)
is that the optimization algorithm takes only the coronal misalignment into account, but neglects
the constraints of the observed photospheric magnetograms. The justification for this neglect is the
fact that the magnetic field in the photosphere and lower chromosphere is not force-free
, but ultimately we would like to have magnetic field models that can handle both the
non force-free extrapolation in the chromosphere plus fitting of the force-free field in the corona
to observed 2D projections or 3D triangulations of loops. Once we have an optimized (matching)
coronal 3D magnetic field model, we can populate each field line with a magnetic flux tube and per-
form hydrodynamic modeling of entire coronal sections, constrained by the observed EUV and soft
X-ray images in different temperature filters, a technique called instant stereoscopic tomography of
active region (ISTAR) (Aschwanden et all [2009¢).

3.5 Stereoscopic tomography and 3D forward-fitting

We turn now to “true tomographic methods”, which require simultaneous observations from mul-
tiple aspect angles, in contrast to the “pseudo-tomographic methods” using the solar rotation to
vary the aspect angle over time as we described in Section One of the simplest methods
is the backprojection method (Figure ). The principle of the backprojection method in tomo-
graphic reconstruction, as used in medical tomography, was first demonstrated for a solar image
(from Skylab) using 80 projections (Davila and Thompson| [1992). The application to a multi-
spacecraft configuration was then simulated (Figure , which demonstrated that a high fidelity
of 3D reconstruction can already be achieved for a small number of ( 2 4) spacecraft
. In reality, however, we have only two spacecraft with a stereoscopic view since the
launch of STEREOQ, or three if we combine with a near-Earth spacecraft such as SOHO or SDO.
Three viewpoints are not enough to permit tomographic reconstruction with classical methods,
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Figure 13: The basic tomography concept of solar tomography is visualized for multiple spacecraft
located at different aspect angles from the Sun, which can reconstruct the 2D density distribution in the
solar corona (for instance, in the ecliptic plane) by synthesizing the 1D brightness distributions observed

from each spacecraft (from .

but adding some a priori information on the geometry of a structure may allow to determine the
density structure with only three viewpoints (Frazin et al [2009a)).

One a priori information for tomography is a magnetic field model, possibly constrained by
stereoscopic triangulation, as we described in the previous section on magnetic stereoscopy. The
subset of loops (or loop segments) than could be triangulated in an active region, serves then as a
skeleton, while the magnetic field model can fill in an arbitrary set of auxiliary field lines to fill the
entire coronal volume. In the case where no fitting theoretical magnetic field line can be found (or be
trusted), auxiliary field lines can also be generated by 3D interpolation (Aschwanden et al.}[2009¢]),
although this method works only well for a sufficient number of reliably triangulated skeleton field
lines, and may contain unphysical solutions that do not fulfill the Maxwell equation of divergence-
freeness (V-B = 0) in underpopulated regions. Once a full 3D magnetic field is established for some
coronal volume, each field line [x(s),y(s), z(s)] can be populated with a hydrodynamic loop model
of the electron temperature T,(s) and electron density n.(s). The emission measure dEM (T')/dT
can then be integrated along each line-of-sight z, convolved with a filter response function R(T')
(Egs. and ), and EUV and soft X-ray images can be rendered for arbitrary instrument

i),

filters (Figure Such simulations of coronal images with rendering for particular instrument
filters were already simulated in the pre-STEREO era (Garyl, [1997; |Alexander et al} [1998) and
forward-fitted to observed coronal images (Schrijver et all 2004} Mok et al} [2005; [Lundquist et al.
2008a|,|:), as well as to image pairs from STEREO in three wavelength filters (Aschwanden et al.
2009c¢]).

Alternative methods of 3D reconstruction methods of coronal structures that use auxiliary
information involve the line-of-sight velocity measurements of plasma flows in flare loops (Nittal
or in coronal loops (Alissandrakis et al) [2008)), time-evolving tomographic 3D recon-
struction of polar plumes (Barbey et al} [2008), and multiscale optical-flow methods applied to
erupting filaments (Gissot et al [2008)).
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Figure 14: Rendering of solid flux tubes computed with a potential magnetic field model and hydrody-
namic 1D models for each loop. The rendering displays a 3D view by shading, but can be scaled to electron
densities, temperatures, or brightness in a particular temperature filter (from 1997)).
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4 Stereoscopic and Tomographic Observations
In this section we describe the application of stereoscopic and tomographic methods to a variety of
coronal observations, grouped by phenomena, with emphasis on observational and physical results,

while the technical details of the methods are referred to the previous Section
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Figure 15: Examples of tomographic reconstructions of the solar corona, visualized as synoptic density
maps at a specific height level. Top left: Synoptic map of coronal density at a height of r = 2.55 R,
reconstructed with 87 pB images from LASCO C-2 (Frazin et al] [2007); Bottom left: Synoptic electron
density map at a heigth of » = 1.075 Rg, reconstructed with a DEM method and STEREO/A and B
observations (Frazin et al [2009b)); Right: Density reconstruction n.(l,b) at r = 2.5 Ry from LASCO
C-2 total brightness images B (top right) and density difference Ane(l,b) after subtraction of polarized
brightness images, B — pB, at the same height level (bottom right) (from [Frazin et al} [2010).

4.1 3D reconstruction of the large-scale corona

Reconstructing the solar corona as a whole yields mostly information on the 3D density distribu-
tion ne(l, b, ) that varies horizontally (as a function of heliographic longitude ! and latitude b) and
vertically (as a function of height h = r — R in the lower corona, say within a few solar radii).
The horizontal variations demarcate coronal holes (magnetic open-field regions), quiet-Sun regions
(large-scale closed-field regions), active regions (medium-scale closed-field regions containing the
strongest magnetic fields), or streamers (quasi-steady structures with bipolar feets and vertical
outflows along open field lines, feeding the slow solar wind component). In the solar minimum
corona, active regions may disappear completely. Some structures are extremely long-lived, such
as coronal holes that survive from 7 up to 27 solar rotations (Abramenko et al}[2010). The vertical
coronal structure is mostly governed by gravitational stratification, but tomographic reconstruc-
tions can quantify hydrostatic equilibrium versus super-hydrostatic dynamical states. Generally,
the 3D density n.(l, b, r) and temperature distributions T¢ (I, b, ) obtained from tomographic recon-
structions of the full corona contain valuable information on the hydrodynamic structure, heating
requirement, magnetic structure, sources of the solar wind, and the heliospheric connectivity.
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Figure 16: 3D isosurfaces of electron-density reconstructions of the solar corona using STEREO COR-1
data with a static (left) and a dynamic (right) tomographic reconstruction method (from |Butala et al.

2010).

The most restricting constraint of coronal tomography is the static assumption. First attempts
of dynamic tomography of the 3D density reconstruction in the solar corona (Frazin et al.[2005al),
using a linear time-variability term (similar to Kalman filters), was carried out by [Butala et al.|
(2010) (Figure|16]), applied to STEREO COR-1 data at heights of 1.3—4 R over a 4-week period,
which yielded a better fit than static solutions.

Because of the under-constraintness of 3D tomographic inversion, assumptions on the global
geometry are usually made, such as: (i) spherical symmetry, which yields only the radial den-
sity function n.(r); (i) axis-symmetry, which yields in addition the latitudinal variation n.(b,r)
(Quémerais and Lamy], [2002)), or (iii) local symmetry with respect to the neutral magnetic surface
(e.g., heliospheric current sheet), which can be computed from PFSS magnetic fields
2007). Polarized brightness (pB) images, such as from LASCO C-2, were initially preferred for
tomographic reconstructions, but improved calibrations allowed also the use of total brightness (B)
images, after correcting for the weighting function of Thompson scattering (Frazin et al) R010)
(Figure right-hand panels). The radial density profile n.(h), reconstructed with tomographic
inversion from Mark III K-coronagraph and LASCO C-1 data during the solar minimum, was
found to correspond to scale-height temperatures of A = 1.3 — 1.9 MK , which
could be, in the absence of temperature information, either hydrostatic or super-hydrostatic. Us-
ing temperature information from multiple soft X-ray filters of Yohkoh and an inversion based on
axis-symmetry, the radial electron density scale height A, was found to agree with the effective
temperature scale height Ay for most locations, except for streamers where the ratio was found
to increase up to A, /Ar < 2.3, which corresponds to a super-hydrostatic dynamic state
|den and Acton| 2001)). Integrating differential emission measure (DEM) dEM /dT modeling into
solar-rotation based tomography, aided by multiple spacecraft (STEREO/A and B) observations,
produced density n.(l,b, h) maps at temperatures of T, ~ 0.5—2.5 MK and in altitude ranges of

r = 1.075 R, (Frazin et al] 2009b) (Figure[I5] bottom left) and r = 1.03—-1.23 R, (Vésquez et al]
2010) (Figure [17)), (Vasquez et al| [2011) (Figure , including polar crown filaments, coronal
)

cavities, and streamers (Vasquez et al. [2009).
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Figure 17: Synoptic maps of solar minimum corona tomographically reconstructed using solar rotation
and the dual STEREO/A and B spacecraft, at a height of » = 1.075 Rg, showing the electron density n.
(top), the (emission measure weighted) temperature Ty, (middle), and the temperature spread wr (bottom),
overlaid with iso-Gauss magnetic field contours B obtained from PFSS models at the same height. The
boundaries between open and closed magnetic field domains are marked with black curves (from [Vasquez]

e al} E010)
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Figure 18: A 3D view of a coronal density and magnetic field reconstruction, showing PFSS magnetic
field lines (white), temperature iso-Gauss surfaces (red for T,, = 2.0 MK and orange for T,, = 1.0 MK),
and density iso-surfaces (see color scale at bottom right) (from [Visquez et al} [2011]).

4.2 Coronal streamers

The first coronal tomographic reconstructions of [Altschuler| (1979) from Skylab data visualized a
streamer belt map from a polar viewing angle. Tomographic inversion of Mark ITI K-coronameter
data of the minimum corona revealed pronounced longitudinal density variations in the streamer
belt . Using a higher cadence of 4 polarized brightness (pB) images per day from
LASCO (C2, instead of 1 pB image per day, the quality of tomographic reconstruction could be
dramatically improved (Frazin et al) [2007)), especially at a height of 2.55 R that serves as a
reference level of magnetic potential-field source surface (PFSS) models (Figure top left). 3D
reconstructions of coronal streamers from LASCO images at 2.5 Rs were compared with PFSS
magnetic field lines and were found to coincide closely with the heliospheric current sheet, often
associated with strong magnetic field active regions (Liewer et al) [2001)). Based on this it was
concluded that many of the bright streamers are the result of scattering from regions of enhanced
density associated with active region outflows, and not a result of line-of-sight viewing through
folds in a warped current sheet with uniform density (Liewer ef al) [2001]). However, more detailed
tomography with LASCO data revealed double plasma sheets and triple current sheets that are not
reproduced by standard PFSS extrapolations (Saez et all [2005) (Figure top left), visible also
in pseudo-tomography maps that subtract a radial gradient filter but do not preserve the electron
density (Morgan et al [2009; Morgan and Habball [2010) (Figure right). True tomography of
the 3D density distribution with two simultaneous spacecraft observations (STEREO/A and B,
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COR-1) was first performed by [Kramar et al] (2009) (Figure[I9] bottom left), which demonstrated
that the equatorial streamer belt is largely consistent with the variation of the current sheet derived
from magnetic potential field models.
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Figure 19: Examples of tomographic streamer belt reconstructions. Top left: Streamer belt density
reconstruction with LASCO C-2 at r = 2.5 R ; Bottom left: Electron density at height
r = 2.0 Rg reconstructed from STEREO COR-1, overlaid with magnetic field contours from NSO/GONG
Kramar et al,2009); Right: Qualitative density maps at r = 4.0 R reconstructed from LASCO C-2 data

Morgan et al.l [2009) (top), (Morgan and Habball [2010) (bottom).

While streamers were mostly considered as static objects in tomographic reconstruction, dy-
namic phenomena were also tracked with stereoscopic triangulation, such as streamer blobs that
gradually expand outward (Sheeley Jr et al} 2009, and become swept up and compressed by the
fast solar wind from low-latitude coronal holes (Sheeley Jr and Rouillard] [2010]), or slow streamer-
blowout CMEs that are considered as a natural consequence of the corona’s adjustment to the
long term evolutionary driving of the photospheric magnetic field (Lynch et al} [2010). The ther-
modynamics and kinematics of coronal streamers was also simulated with resistive MHD models
and PFSS magnetic models, which allowed the authors to test steady-state flows versus polytropic
solutions (Airapetian et al] [2011]).

4.3 Active regions

Active regions have typical sizes in the range of 10—100 Mm and, thus, are barely resolved in the
coarse-meshed tomographic reconstructions of the (large-scale) solar corona, which explains the
lack of active region tomography in literature. However, 3D reconstructions of active regions were
attempted with stereoscopic methods in radio wavelengths (Aschwanden and Bastian| [1994alb}
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|Aschwanden| [1995) and EUV (Aschwanden et all [1999] [2000} 2009¢). Imaging of active regions
at a wavelength of A\ = 20 cm (v = 1.5 GHz) with the Very Large Array (VLA) was used over
6 different days and 66 Gaussian radio source components from 22 different active regions were
stereoscopically triangulated. A height distribution of A = 25+ 15 Mm was determined, as well as
a systematic center-limb darkening as a function of the center-to-limb angle o was found,

Tp(a) = Tp(0) [0.44 0.6 cos® (a)] , (24)

which was interpreted as an opacity effect of thermal free-free absorption due to denser cool coronal
plasma along the line-of-sight near the limb (Aschwanden and Bastian), [1994b; [Aschwanden), [1995)).
Thus, radio stereoscopy can provide quantitative information on the 3D density and temperature
distribution of active regions, but the stereoscopically triangulated altitude h(X) of a radio source
at a given wavelength localizes only the layer where free-free emission becomes optically thick,
which requires an “onion shell-like” parameterization of 3D density and temperature models.

The 3D architecture of an active region can be assembled by modules, consisting of 1D coronal
loops. Their 3D coordinates can be calculated by stereoscopic triangulation, either using a solar
rotation based method (Section , as it was applied to SOHO/EIT images (Aschwanden et al]
1999] [2000)), or using stereoscopic triangulation (Section with the dual STEREO spacecraft
(Aschwanden et al] [2009¢} [Aschwanden and Wiilser] 2011} [Rodriguez et al] [2009). A review on
the 3D reconstruction, the 3D geometry, and the 3D distributions of physical parameters in active
regions is given in [Aschwanden and Wiilser| (2011]).

Active region NOAA 7986 was reconstructed this way from SOHO/EIT 171, 191, and 284 A
images, and it was found that (i) the loops in the temperature range of T, ~ 1.0—-2.5 MK were in
hydrostatic equilibrium (since the expected temperature scale height matched the observed density
scale height), and (ii) radiative loss exceeded the conductive loss rate by two orders of magnitude,
in contrast to the standard steady-state Rosner—-Tucker—Vaiana (RTV) model (Aschwanden et al]
. This observation represented the first statistical evidence that EUV loops are dominated
by radiative cooling, and that the energy balance postulated by the RTV law (with a constant
uniform heating rate) is violated.

Active region NOAA 10955 was observed with STEREO on 2007 May 9 and reconstructed
in detail, using stereoscopic triangulation with EUVI STEREO/A and B that provided the 3D
geometry [z(s),y(s), z(s)] of some 70 loops in the three temperature filters 171, 191, and 284 A
Aschwanden et al| [2008c), density n.(s) and temperature T.(s) measurements of these loops
Aschwanden et all [2008b)), which were then synthesized and interpolated into a space-filling
3D model of the density n.(z,y,z) and temperature T, (z,y, z) distribution of the active region
(Aschwanden et al] [2009d). A projection of the 3D density and temperature distributions is shown
in Figure 20l The density and temperature solutions for each of the 8000 modular loops are not
unique, of course, but are constrained by a dual set of three temperature filter images and, thus,
should at least closely represent the statistical distribution of the active region. Interestingly, the
full-loop modeling includes also extrapolated temperatures to the loop footpoints (apexes) that
are cooler (hotter) than the EUVI filter temperature range of T, ~ 1.0—-2.5 MK, and this way the
differential emission measure (DEM) distribution of the active region could be reconstructed in
the full temperature range of log(7T") = 5.0-7.0 (Figure .

The forward-fitting of parameterized loop density n.(s) and temperature T.(s) profiles in
this study yielded also statistics on the hydrostaticity of the active region loops. The statisti-
cal dependence of the pressure scale height \,(7},) on the loop apex temperature T,, revealed
mostly super-hydrostatic scale heights for cool EUV loops (T}, ~ 0.5—-3.0 MK), while the hotter
(T, = 3-6 MK) soft X-ray emitting loops were found to be slightly below the expected hydrostatic
scale height (Figure . This means that the heating rate approximately balances the conductive
cooling rate in soft X-rays (as expected in the steady-state energy balance RTV model), while the
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Figure 20: Density map (top) and temperature map (bottom) of active region NOAA AR 10955 observed
on 2007 May 9 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 has been stereoscopically triangulated (from [Aschwanden et al.| [2009c)).
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Figure 21: The differential emission measure distribution dEM(T)/dT is computed from the ISTAR
tomographic model and is compared with two active regions and two quiet-Sun regions from
. Note that the primary temperature 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) & 57, based on the parameterized temperature
profiles used in the stereoscopic tomography code. A canopy correction is applied in the temperature range
of log(T) = 5.7—6.0, with a quadratic area expansion from 10% to 100% of the coronal flux tube area
(histogram with thick linestyle). The uncorrected DEM is also shown (upper histogram) (from[Aschwanden|

e.of} (£009%).

radiative loss rate dominates the heating rate in the cooler EUV loops. In other words, soft X-ray
loops are close to steady-state, while EUV loops are in non-equilibrium.

Extended temperature analysis of active regions with Hinode data (Noglik et al. 2009
[driguez et al] 2009) and AIA/SDO (Aschwanden and Boerner] 2011} [Aschwanden et al) [2011))
with a comprehensive set of temperature filters in the entire range of T, ~ 0.5-16 MK reveals
the basic temperature structure of active regions quite clearly: The hottest loops are found in the
compact core of the active region, which straddle the neutral line, have a relatively small length
scale, and emit in soft X-rays, while the cooler loops overarch the active region, have relatively
large length scales, and emit in EUV. This tells us also something about the heating rate, which
is the lower per volume element, the longer the loops are. Thus, stereoscopic and tomographic
3D reconstruction of active regions provide important information on the hydrostaticity, the en-
ergy balance between heating and cooling, and this way offer a sensitive diagnostic of the coronal
heating process.

4.4 Coronal loops

Coronal loops essentially represent curvi-linear 1D structures with a small transverse cross-section
and a noticable density contrast to the background corona, so that their 3D geometry can be
triangulated with stereoscopy (Section . Stereoscopy of coronal loops is pursued for at least
three important reasons in coronal physics: (i) The 3D geometry measures the inclination angle of
the average loop plane, which is a necessary parameter to derive the vertical pressure scale height;
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Figure 22: Average pressure scale heights ), as a function of the loop apex temperature T,,. The
error bars indicate the error of the mean value e,, = o/4/(IN), with ¢ being the standard deviation.
For comparison, the linear relationship between the pressure scale height and temperature for hydrostatic
equilibrium is also shown (thick line), i.e., Ay = 47 (T/1 MK) Mm. Note that EUV loops with apex
temperatures of 75, < 3 MK show a trend to be super-hydrostatic, while the soft X-ray loops with T;, ~
3 — 6 Mm approximately follow the hydrostatic equilibrium (from [Aschwanden et al.} 2009c)).

(ii) The 3D geometry measures the loop length and the local line-of-sight angles, which are key
parameters for hydrodynamic flux tube modeling and related scaling laws; (iii) The 3D geometry
is the most important observational constraint to test theoretical magnetic field models of the solar
corona, and it also reveals whether loops follow a magnetic closed-field or open-field line. We will
discuss these physical aspects in the context of stereoscopic observations in turn.

4.4.1 Hydrostatic scale height of loops

The 3D loop geometry can be parameterized by a set of 3D coordinates [z;,v;, z;], where the
projected positions [z;, y;] are directly measured in the image plane, and the distance z; is calculated
via stereoscopy (Section . If we approximate the 3D loop geometry with a semi-circular shape,
we can characterize it with 6 parameters: the loop curvature center position (x., y., z.), the loop
curvature radius 7., the azimuth angle of the footpoint baseline o, and the inclination angle 6 of
the loop plane to the vertical, where the latter two angles are defined in a heliographic coordinate
system (Figure .

The pressure scale height in a hydrostatic (gravitationally stratified) atmosphere depends on
the height h above the surface, which can be specified as a function of the loop length coordinate
s, e.g., for a vertical semi-circular loop as

h(s) =7r(s) — Rp = % sin (W—S) , (25)

where L is the loop half length. The hydrodynamic pressure p(s) in a vertical semi-circular loop
is then, based on the pressure balance or momentum equation, taking only gravity into account
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Figure 23: Definition of loop parameters: loop point positions (zi,y;),? = 1, ..., n starting at the primary
footpoint at height h1 = hgoot, the azimuth angle o between the loop footpoint baseline and heliographic
east-west direction, and the inclination angle 6 between the loop plane and the vertical to the solar surface.

(Aschwanden| [2005)),

(hls] — ho) { (hls] — ho)}
p(s) =poexp | — R poexp | —————— 1|, 26
(5) = Ap(Te) (1 + 32 ’ Ap(Te) (26)
with \,(7%.) being the vertical pressure scale height,
_ 2%pT. o T.
Mp(Te) = mage 4.7 x 10 <1 MK> (cm). (27)

Note that we use the so-called coronal approximation T, = T; for the coronal temperature through-
out this paper, although differences may exist in non-collisional regimes in the upper corona.
However, if the loop plane is inclined by an inclination angle 8 with respect to the local vertical
direction on the solar surface, the observed scale height /\;’)bS as derived from the exponential density
drop along the loop, has to be corrected by the cosine of the inclination angle,
Ap

obs __
Ay = cosf’ (28)
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This can be understood also in terms of communicating water tubes where the water level depends
only on the height, but not on the actual length of an inclined water tube segment (Figure. This
is the reason why 3D stereoscopy is important for the understanding of the hydrostatics of a coronal
plasma loop. If a semi-circular loop has a curvature radius of r. ~ 100 Mm, which approximately
corresponds to two density or pressure scale heights at a temperature of T = 1.0 MK (Eq. ), the
electron density at the loop top is a factor of e=2 = 0.14 lower than at the footpoint, which makes
the EUV brightness (I oc n?) drop by a factor of e=* = 0.02, while the loop apex can be almost
equally bright as the loop footpoints for a highly inclined loop (6 2 0). As a consequence, vertical
loops are typically only visible in the lowest scale height, while highly inclined loops are visible
over their entire length. An example of a stereoscopic 3D reconstruction of 70 loops in an active
region using STEREO/A and B is shown in Figure which illustrates that the vertical range
of detected loop segments does not exceed about one pressure scale height (see height projection
above limb, Figure top left), and that complete loops are all highly inclined (see horizontal
projection and side view in Figure [25| bottom left and right).

Scale height 1,

Communicating water tubes Coronal flux tubes

Figure 24: Vertical and apparent density scale heights in coronal loops (right) and analogy with commu-
nicating water tubes (left) (from [Aschwanden] [2005).

First determinations of the 3D geometry of individual coronal loops have been carried out
using Skylab data and the solar rotation (Berton and Sakurail [1985)), finding loop asymmetry,
non-planar geometry, and mean inclination angles of 6 ~ 7°—-25°. This study demonstrated the
feasibility of 3D reconstruction, the ability to measure deviations from simple circular and planar
loop geometries, but worked only for very large (inter-active region) loops due to the static restric-
tion for solar rotation-based methods. Similarly, the 3D geometry of 65 coronal loops has been
triangulated using EIT images and the solar rotation, yielding loop lengths of 2L ~ 300—800 Mm,
loop heights of h ~ 70330 Mm, and inclination angles in a range of || < 40° (Aschwanden et al
. Using parameterized 3D geometry models, non-planar loop geometries can even be
determined from forward-fitting to observed loop projections in a single-spacecraft image with-

out stereoscopy, as demonstrated for twisted helical geometries using EIT images (Portier-Fozzani
[et al. [2001} [Portier-Fozzani and Inhester] 2001)).

The first true stereoscopic triangulations of loops have been performed with the dual STEREO/A
and B spacecraft (Feng et all [2007a; |Aschwanden et al} [2008c). [Feng et al|(2007a) fitted the 3D
shape of 5 loops with a linear force-free magnetic field model and could constrain the twist of
the loops in term of the nonlinear force-free a-parameter. |Aschwanden et al| (2008c|) was able
to determine the non-planarity (|Ay|/r. ~ 3%—11%), the non-circularity (JAr|/r. ~ 11%-30%),
and inclination (6 = 35°—73°) in 7 complete loops. One problem of solar loop triangulation is the
incompleteness of tracable loop segments due to confusion in crowded locations. This problem is
particularly present in automated loop detection algorithms, for instance using the loop segmen-
tation method (Inhester et all [2008) or the Oriented Coronal CUrved Loop Tracing (OCCULT)
code ([Aschwanden| [2010).
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Figure 25: Orthogonal projections of the stereoscopically triangulated 70 coronal loops in AR 10955
observed on 2007 May 9 in three filters (171 A = blue; 195 A = red; 284 A = yellow). The observed
projection in the z-y image plane seen from spacecraft A is shown in the bottom panel left, the projection
into the z-z plane in the top panel left, and the projection into the y-z plane in the bottom panel right. 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) (from [Aschwanden et al} [2009c).
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4.4.2 Hydrodynamics of loops

1D hydrodynamic loop models can be parameterized by the electron density n.(s,t) and temper-
ature evolution T,(s,t) as a function of the loop length coordinate s and time ¢. Observational
measurements of these parameters can be inferred from the soft X-ray and EUV intensities, which
are proportional to the squared density (Egs. and ) and the line-of-sight column depth w,,

Fy / / n2(z, T)RA(T) dT dz, (29)

which in the case of a 1D flux tube can be reduced to constant values of the local loop density
n.(s) and temperature T, (s), integrated over a column depth w,, which corresponds to the loop
width w divided by the cosine of the local line-of-sight angle v (s),

w

cos([zi, yi, zi]) (30)

W, [:L'iv Yiy Zz] -

and can be calculated from the stereoscopically triangulated loop coordinates [z(s), y(s), z(s)],

V(@is1 — )2 + (i1 — 4:)?
(i1 — 2)? + (Yi1 — ¥i)? + (zig1 — 21)?

(31)

cos(Y[zi, yi, zi]) = \/

Thus, stereoscopic measurements of the 3D loop coordinates and background-subtracted EUV
and soft X-ray fluxes F)\(s) along the loop coordinate s allows us to fully constrain the physical
parameters n.(s) and T.(s) of the loop, as well as to measure the loop half length L in 3D space.
Since multiple temperature filters are required, forward-fitting of a hydrodynamic loop model to
observed fluxes F)\(s) is generally a more viable way than direct inversion. The geometric effect of
the column depth integration and scale height correction in inclined loops is illustrated in Figure

Simulations of multiple coronal loops that form an active region based on 1D hydrostatic models
(Figure and their 3D reconstruction from stereoscopic images has been discussed and tested in
the pre-STEREO era (Gary et al.}[1998)), including magnetic modeling (Gary and Alexander] [1999)).
The first stereoscopically constrained inversion of loop density n.(s) and temperature profiles T, (s)
has been carried out with STEREO/A and B triple-filter data (Aschwanden et al) [2008b). Al-
though the same parameters can also approximately be inferred from a single spacecraft, as demon-
strated with EIT data (Aschwanden et all [1999] [2000), dual spacecraft stereoscopy yields more
accurate values because of a true measurement of the line-of-sight angle, inclination of loop plane,
and independent background subtraction from two different aspect angles. The self-consistency
between the two independent spacecraft measurements from STEREO/A and B is evident from
the obtained ratios of loop temperatures (T5/T4 = 1.05 4+ 0.09), densities (np/ns = 0.94 +0.12),
and loop widths (wp/wa = 0.96 & 0.05), as shown in Figure [27] (Aschwanden et al [2008D)).

The stereoscopic measurement of the loop half length L, the electron density n., and loop
apex temperature T, enables us to test 1D loop scaling laws, such as the RTV scaling law, prry =
(T./1400)3 L1, by comparing the theoretically predicted pressure prryv with the observed pressure
Pobs = 2n.kpT.. Interestingly, while the RTV law approximately holds for hot soft X-ray emitting
loops, it completely fails for EUV loops at cooler temperatures, giving rise to an over-density or
over-pressure ratio ¢ of (in cgs-units),

2nekpT, L
q= Nobs _ Pobs _ NekBle . — 757 % 1077 ne2 )

nrrv  prrv  (1/L)(T./1400) T:
This over-pressure is shown for stereoscopically triangulated loops in Figure The overpressure
amounts to ¢ ~ 3—15, which indicates a strong deviation from the RTV energy balance equi-
librium between heating and cooling rates. In the impulsive heating scenario (e.g.,

(32)
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Figure 26: Left panel: the effect of the variable column depth w. (s) measured parallel to the line-of-sight
z is illustrated as a function of the loop length parameter s, for a loop with a constant diameter w. Right
panel: the effect of the inclination angle 6 of the loop plane on the inferred density scale height A(0) is
shown. Both effects have to be accounted for when determining the electron density n.(s) along the loop
(from [Aschwanden], [2003)).
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Figure 27: Self-consistency of mean loop temperatures Ta, T (top left), base electron densities na,ng
(middle left), and mean loop widths wa,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) (from [Aschwanden et al} [2008D).
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and Tsiklauri [2009) EUV loops exhibit a higher density than predicted by the RTV steady-state
equilibrium (Lenz et al) [1999; [Aschwanden et al| [2000} [2008b)), once the heating rate fades, in
particular in the late cooling phase when the radiative loss rate dominates.

100 T — T

L > s 2 |
s
r gcﬁ\ qo‘f\/’
i N S
[ Q7 Q -
./ .
(/q// 7
(j/ A\9]
| / 2
o 7 s
[oX s Y
Q L
3 P ,
e S 7
3 o .
S s
o 10 7 b
2 | &
(2] o /% //
o L o
o L { s
g e
(@) ;0 //
7 /
L , .
7 s
4 s
L, ,
4 /
s
/
/
1 Ll I
10 100 1000

Loop half length L [Mm]

Figure 28: The loop overpressure factor ¢, = p/prrv (normalized by Rosner-Tucker-Vaiana scaling law
with uniform heating) is shown versus the loop half length L. Datapoints are given for the complete 7
loops detected along their full length, measured with STEREO-A (large diamonds) and with STEREO-B
(small diamonds) (from [Aschwanden et al} [2008b).

Loops with known density n.(s), temperature T,(s), and width profiles w(s) represent the
building blocks of active regions and the solar corona at large and, thus, can be used for tomographic
modeling of active regions (Aschwanden| [2009a). Physical properties of cooling plasma in quiescent
active region loops, such as its emission measure and filling factor can also be determined using
the two line-of-sights of EUVI from STEREO/A and B, in combination with SOHO/SUMER,
UVCS, EIT, LASCO, and Hinode (Landi et al) [2009). Direct detections of small-scale siphon
flows in funnel-like legs of coronal loops by both STEREO spacecraft were also reported
[2009)), as well as cool flows along coronal loops (Zhang and Li, [2009). Quantitative modeling
of the hydrodynamic evolution of coronal loops, based on STEREO/EUVI, Hinode/EIS, XRT, and
TRACE data, however, still represents a major challenge that cannot easily be reconciled in all
observed wavelengths (Warren et al [2010)).

4.4.3 Magnetic fields of loops

While we outlined several methods of “magnetic stereoscopy” in Section [3.4] we review here some
observational results of stereoscopic magnetic field modeling for coronal loops in more detail.

The simplest magnetic field model is a potential field, which can be characterized by a magnetic
scalar potential function ®(r),

B(r) =Vo(r), (33)
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which fulfills Maxwell’s equation of divergence-freeness,
V-B=V?®=0. (34)

In principle, for a given boundary condition, e.g., from vector magnetograph data B(l,b,h = 0),
and ignoring data noise, the solution of a potential magnetic field B(r) is unique and has no free
parameters that can be adjusted to match observed loop geometries.

Widely used non-potential magnetic field models that include currents j(r), are the force-free
models, characterized by an a-parameter that is a constant for linear force-free (LFF) models,

(VxB)=4rj=aB, (35)
or a spatially varying function «(r) for nonlinear force-free (NLFF) models,
(VxB)=4rj=a(r)B. (36)

Using stereoscopic triangulation, the 3D coordinates rons(s) = [z(s),y(s), z(s)] of coronal loops
can be determined, which can be compared with the 3D coordinates rys(s, ) = [x(s),y(s), z(s)]
of the nearest field line of a force-free model, e.g., by varying the a-parameter and minimizing the
average least-square deviation between the loop coordinates,

1

min[Aq(a)] = /Osmax \/[robs(s) —rsp(s,a)? ds. (37)

2
Shax

This method was used by [Wiegelmann and Neukirch| (2002) and a best-fit value o was determined
for the linear force-free model. Thus, the stereoscopic information provides a measurement of the
average current (Eq. ) for this model,

. aB

i=4-- (38)
Instead of fitting a constant « for all loops (in the LFF model), each loop could be fitted separately,
which may yield an approximative force-free model (NLFF) model, but a self-consistent NLFF
solution would require an iteration of a space-filling distribution «(r) that converges to a global
solution of Eq. .

If a pair of corresponding loops can be unambiguously triangulated with stereoscopy, the ob-
tained 3D coordinates can serve in assessing the accuracy of a theoretical magnetic field model.
However, since loop segmentation and identification of corresponding loop pairs are often ambigu-
ous, theoretical magnetic field models can be used to improve stereoscopic triangulation. This
method of “magnetic stereoscopy” was proposed by [Wiegelmann and Inhester| (2006) and [Wiegel-|
mann et al| (2009), who applied multiple (potential, linear, and nonlinear force-free) magnetic
field models to solve the correspondence problem of stereoscopic loop pairs (by optimization of the
criterion Eq. (37)). This method has then been applied to real STEREO data for the first time by
IFeng et al,l 420073]), who found values of || ~ (2-8) x 10~2 Mm ™" for 5 loops, which corresponds
to a helical twist angle of ® = 27n < 0.5, well below the kink instability threshold (® < 3.57). The
same method was also applied to SOHO/EIT and TRACE data using solar rotation stereoscopy
(Feng et all [2007D]).

A comprehensive comparison of 11 NLFF and one potential-field model with a set of stereo-
scopically triangulated coronal loops (Figure [11]) was carried out by [DeRosa et al] (2009), who find
average 3D misalignment angles in the range of ap,;s = 24°—44°, which was attributed to three
problems: (i) limited area of vector magnetograph data (from Hinode); (ii) uncertainties of bound-
ary data; and (iii) non-force-freeness at photosphere-corona interface. In fact, the NLFF models
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did not fare better than the potential-field model in this case. More cross-comparisons have been
performed by [Sandman et al.| (2009), who finds 3D misalignment angles,

TobsTpot
Olmis = arccos (p , (39)

|r0bS| : |rpot|
of ais = 25° + 8°, 19° £+ 6°, and 36° £ 13° for 370 stereoscopically triangulated loops in three
active regions observed with STEREOQ. In a next step it was attempted to forward-fit potential field

models with adjustable parameters to bootstrap a best-fit solution, either in terms of N multiple
unipolar charges B; (Aschwanden and Sandman| [2010)),

BM=§&®=Z&C@?} (10)

Jj=1 Jj=1

or in terms of a N submerged magnetic dipoles defined by the magnetic moments m; (Sandman
land Aschwanden] [2011]),

N N

B = Yo B,w) - fr Y | (a1)

where r; is the position of the j-th dipole, with r being the position vector, and #; = (r—r;)/|r—r;|
the normal vector.

Both potential-field parameterizations achieved a smaller misalignment, which reduced to of
Qmis = 16° £ 14°, 11° £ 7°, and 18° £ 11° for the same three active regions in the case of the
dipolar model (Sandman and Aschwanden| [2011]), and similar values for the case of the unipolar
model (Aschwanden and Sandman| [2010). An example is shown in Figure which represents
the first of the compared active regions, observed on 2007 Apr 30 (which is identical to the NLFF
modeling shown in Figure . Since stereoscopic errors are estimated to have uncertainties of
similar magnitude (Aagg = 10°), future attempts may envision bootstrapping of stereoscopy with
iterative magnetic field variations in order to obtain a best match. A summary of the observed
misalignment angles measured in four active regions is shown as a function of the soft X-ray flux
in Figure 29 and tabulated in Table [1i The optimized unipolar potential field model (PFU) has
about half the misalignment than a standard potential source surface (PFSS) model, and taking
the stereoscopic errors into account (asg), the residual misalignment that could be attributed to
the non-potentiality of the magnetic field are in the order of ayp = \/a%FU — Aa%E ~ 11°-17°.
Interestingly, the average misalignment angles are correlated with the soft X-ray flux of the active
region (Figure , which implies a relationship between electric currents j and plasma heating
(Aschwanden and Sandman| [2010]).

Linear force-free (LFF) models of coronal loops in active regions have one free parameter, the
twist «, which can be constrained by stereoscopic triangulation. Iterating this stereoscopic fitting
procedure as a function of time yields then the time evolution of the twist parameter «(t) and non-
potential magnetic energy Eppr(t), which was found to change significantly during a magnetic flux
emergence event (Conlon and Gallagher| [2010). The free (non-potential) energy Exprr calculated
with a NLFF model with Hinode data was also found to be correlated with the soft X-ray flare

index in a sample of 75 active regions (Jing et al [2010)).
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Figure 29: The mean misalignment angle for four active regions as a function of the GOES soft X-
ray flux: for the potential field source surface model (PFSS: diamonds), for the unipolar potential field
model bootstrapped with observed STEREO loops (PFU: triangles), and contributions from stereoscopic
measurement errors (SE; crosses). The difference between the best-fit potential field model (triangles) and
stereoscopic errors (crosses) can be considered as a measure of the non-potentiality of the active region
(hatched area) (from [Aschwanden and Sandmanl, [2010).

Table 1: Misalignment statistics of stereoscopically triangulated loops in four active regions (Aschwandenl
[and Sandmanl [2010]).

Parameter 2007-Apr-30  2007-May-9  2007-May-19  2007-Dec-11
Misalignment NLFFF! 2444

Misalignment PFSS? 25+ 8 19+ 6 36 + 13 32 + 10
Misalignment PFU? 143 £11.5 13.3+9.3 20.3 + 16.5 15.2 £ 12.3
Median PFU3 20.0 16.2 25.8 15.7
Stereoscopy error? 9.4 7.6 11.5 8.9
Non-potentiality® 11+9 11 £ 8 17+ 14 12 +£ 10
GOES soft X-ray flux® 10773 10776 10760 10769
GOES class AT A4 Co B1

1) Measured with nonlinear force-free field code (DeRosa et al.| [2009).
2) Measured with potential field source surface code (Sandman et al.| [2009).

%) Measured with unipolar potential field model (Aschwanden and Sandman) [2010).

4) Measured from inconsistency between adjacent loops.

%) Residual misalignment of unipolar best-fit model with stereoscopic error subtracted in quadra-

— 2 2
ture, anp = \/Oppy — Ady.

%) GOES flux in units of [W m?].

Living Reviews in Solar Physics
|http ://wuw.livingreviews.org/lrsp-2011-5



http://www.livingreviews.org/lrsp-2011-5

Solar Stereoscopy and Tomography

47

0.053
' -0.047

-0.147

N-S direction [rad from Sun center]

Number of loops

200{

100

50
0

150

-0.6 -0.5 -0.4 -0.3 -0.2
E-W direction [rad from Sun center]
i o=14.3+ 115
: | Oneg= 20.0 -
===
0 20 40 60 80

Misalignment angle o, (deg)

-0.1

0.0 -0.10-0.050.00 0.05
Altitude
ns = 200
nv = 10
zOmin= 1.0
nsm = 3
dmagn= 0.200

sepmax= 0.030

Figure 30: Best-fit potential field model of AR observed on 2007 Apr 30. The stereoscopically trian-
gulated loops are shown in blue color, while field lines starting at identical footpoints as the STEREO
loop extrapolated with the best-fit potential field (composed of n. = 200 unipolar magnetic charges) are
shown in red. Side views are shown in the top and right panels. A histogram of misalignment angles
measured between the two sets of field lines is displayed in the bottom panel. The distribution is fitted
with a Gaussian, where the vertical solid line indicates the peak of the Gaussian (or most probable value),
while the vertical dashed line indicates the median value (from [Aschwanden and Sandman) m
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4.5 MHD oscillations in coronal loops

A review of the 3D geometry, motion, and hydrodynamic aspects of oscillating coronal loops is
given in [Aschwanden| (2009¢|), which describes two types of 3D reconstructions of kink-mode loop
oscillations: (i) Deprojection of 2D loop tracings using the method of curvature radius maximiza-
tion, and (ii) stereoscopic triangulation of loop tracings, both applied as a function of time. The
time-dependent 3D reconstruction of oscillating loops, [x(t),y(t), z(¢)], yields vital diagnostic on
the standing (eigen-modes) and/or propagating MHD waves, and on the linear and/or circular
polarization of the excited wave modes. We describe here only the stereoscopic results.

In a survey of flare and CME events observed with the SECCHI/EUVI telescope during the
first two years of the mission, at least 10 events were identified that contain loop oscillations and /or
propagating waves (Aschwanden et al] [2009b]), which we list in Table [2| (Movies and quicklook
plots of these oscillation events are also available at fhttp://secchi.lmsal.com/EUVI/|). This
list of events may not be complete, because oscillating loops and propagating waves were mostly
identified by visual inspection of EUVI 171 A movies (either by some periodic motion over at least
two periods or by some global wave propagation), rather than by automated detection algorithms
that scan the entire EUVI database. Inspecting the spacecraft separation angle in Table [2| we see
that 9 events have been observed at separation angles of agep, ~ 6°—47° and are thus suitable for
stereoscopic 3D reconstruction.

One loop oscillation event occurred during the 2007 Jun 27, 17:30 UT, flare and has been
analyzed in several studies (Verwichte et al|[2009} [Aschwanden et al} [2009bf [Aschwandenl [2009¢]).
No stereoscopic 3D reconstruction with a triangulation method has been attempted in the first
study on this loop, because the loop footpoints are not visible in one spacecraft (STEREO/A) and
cannot easily be located in the image of the other spacecraft (STEREO/B), as well as corresponding
features of the upper loop segment are difficult to verify in both images (Verwichte et al] [2009).
Instead, a semi-circular loop geometry was fitted in projection to both stereoscopic images by
varying the inclination angle of the loop plane, leading to a loop radius of rp0p = 110 Mm, an
azimuth angle (of the loop baseline) of a@ = 29° (anti-clockwise from the heliographic east-west
direction), and an inclination angle of # = 27°. The 2D projection of this 3D geometry in the LOS
directions of STEREO/A and B is shown in Figure The time behavior of the oscillating loop
is shown in a sequence of running-difference images in Figure [32] which displays clear kink-mode
displacements (black/white loop rims) for the considered loop. A time-slice plot obtained along a
cross-sectional slice reveals the damped sinusoidal oscillation (Figure , whose amplitude could

be fitted by
2m(t — 1 t—1
a(t) = ag + aq cos (M + <I>) exp < O) , (42)
P Td

yielding an initial amplitude of a; = 2.5 EUVI pixels (2900 km), a period of P = 565 s (= 9 min),
and an exponential damping time of 7; = 1600 s (= 27 min), similar to the values found by
[Verwichte et al.|(2009)). Note that the EUVI cadence is 150 s (2.5 min).

In a subsequent study (Aschwanden| [2009¢)), stereoscopic triangulation has been applied to the
oscillating loop and the reconstructed 3D geometry is shown in Figure 34 The XY-projection in
the image plane of STEREO/A and B is rendered in the left-hand panels, and the YZ-projections
as viewed from the east direction at the east limb are shown in the right-hand panels. The
spacecraft separation angle at that time was asep, = 8.26°. The triangulation has been repeated
three times with independent manual tracings and the three solutions are shown in Figure
projected parallel and perpendicular to the average loop plane. Surprisingly, the triangulated loop
reveals an S-shaped geometry in the vertical projection top-down (Figure right panels), and
a heavily deformed asymmetry in the side-on projection (Figure middle panels). Thus, the
oscillating loop seems to be neither circular nor coplanar. This is an intriguing new result that
could not have been obtained without STEREQO observations.
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Table 2: Flare and CME events with loop oscillations and waves observed with STEREO/EUVI

Clvanden 0059

#  Date Time Heliogr. Stereo GOES  RHESSI EUVI? CME?
location angle class E P A B Com. Rep.
(UT) (deg) (keV) (cts/s) (10° DN/s)
8 07/01/12 01:00-03:00 NOOWS87 0.2 Cl.5 12 34 31.2 .. IPEW L

35 07/05/02 23:20—23:59 S09W16 6.3 C8.5 12 30 23.0 173 IPW

43 07/05/16 17:10—-18:10 NO3E34 8.2 C2.9 12 26 12.7 9.9 IPDW LS
46 07/05/19 12:40-13:20 NO3WO03 8.6 B1.3 12 46 174 139 IPEDW LS
100 07/06/08 12:30—13:30 SO8WO08 11.9 B7.6 12 28 79 59 IPDW LS
104 07/06/09 13:20—-14:40 S10W23 12.1  MI1.0 12 184 69.4 45.8 IW L
109 07/06/27 17:30-18:30 S20E89  15.4 Cl1.3 3 34 29 24 IDOW .
133 07/08/06 15:20—15:50 S12E38  23.3 Cl.1 12 32 7.8 252 IPW LS
175 07/12/31 00:30—01:40 S15E87  44.0 C8.3 25 288 7.5 393 IPDOW LS
183 08/03/25 18:30-19:30 S25E90 47.2  ML.7 12 944 17.8 192.2 IPDEW LS

#) Event identification number in EUVI flare and CME catalog:
[pttp://secchi.lmsal.com/EUVI/euvi_events.txt|
1Y RHESST:
E = highest detected energy range: 3—-6, 6-12, 12—-25, 25-50, 50100 keV,
P = peak count rate of RHESSI light curve.
2) EUVI comments:
A = background-subtracted peak flux detected in EUVI/A,
B = background-subtracted peak flux detected in EUVI/B,
D = Dimming in EUV,
E = Eruptive feature,
I = Impulsive EUV emission (simultaneous with hard X-rays),
O = Occulted (for A if flare position is east, or for B if west),
P = Postflare loop emission,
W = Waves or oscillations.
3) CME reports:
L = LASCO/SOHO,
S = SECCHI Cor-1 or Cor-2.

If we fit a circular geometry to the same 2D loop tracings (dashed yellow curves in Figure ,
we obtain from the average and standard deviations of 3 independent tracings the following param-
eters: a baseline azimuth angle of & = 27.0°+4.5°, a loop plane inclination angle of § = 24.1°+1.0°,
a loop radius of 7 = 83 £ 10 Mm, and a full loop length of L = 319 +£ 19 Mm. The full 3D loop
length of the triangulated loop is slightly shorter than the circular model, i.e., L = 311 4+ 22 Mm.
This compares favorably with the semi-circular forward-fitting of [Verwichte et al| (2009), who
obtained values of a = 19°, 8§ = 27°, r = 110 Mm, and L = 346 Mm. Thus, we conclude that
the circular forward-fitting model yields values that are very close to those of the stereoscopic
method, differing by < 10° for the loop plane inclination angle and for the loop length, which is
the most important parameter for coronal seismology. However, the forward-fitting model makes
the assumption of circularity and coplanarity and, thus, cannot reveal asymmetric and non-planar
shapes of the oscillating loop.

In Figure we transformed the loop coordinates from the image coordinate system (x 4,25, 2z)
into the loop coordinate system (X,Y, Z), which is defined in the following way: the horizontal
X-axis is aligned with the loop baseline between the two loop footpoints, with the midpoint as
center X = 0. The vertical Z-axis intersects the baseline midpoint and the apex midpoint of the
loop, while the Y-axis is perpendicular to the X — Z plane. The coordinate transformation is ac-
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Figure 31: 3D reconstruction of an oscillating loop observed during the flare of 2007 Jun 27, ~ 18:19 UT,
superimposed on the STEREO/A (left) and STEREO/B images (right), obtained by stereoscopic fitting
of a circular loop geometry (from [Verwichte et al} [2009).

complished by 3 subsequent rotations (i.e., by the azimuth angle «, the loop plane inclination angle
0, and the longitude angle [y, see Figure . The oscillating loop shown in Figure |35| is clearly
heavily deformed and deviates significantly from a coplanar and circular model. The maximum
deviations Ar from the average loop radius r are 0.54 < (Ar/r) < 1.45, and the non-planarity
reaches up to < 0.21 of the loop radius, which is much larger than for typical active region loops,
which have radial variations of < 1.2 and non-planarity deviations of < 0.1. Obviously, this loop
is highly non-circular and non-planar, possibly affected by the dynamic magnetic forces associated
with the launch of a CME that usually is responsible for triggering loop oscillations.

Using the method of stereoscopic 3D triangulation, as shown for a single time frame at 2007
Jun 27, 18:18:30 UT in Figure we repeat now the same procedure for 12 (epipolar-coaligned)
stereoscopic image pairs in the time interval of 17:58 —18:26 UT. The same time sequence is shown
in form of running-time difference images in Figure yielding an oscillation period of P =
565 s and an exponential damping time of Tgamp ~ 1600 s. The triangulated 3D geometry of the
oscillating loop is shown in Figure [36] which has a consistent asymmetric S-shape throughout the
entire observed time interval (=~ 35 min) as shown in Figure while the oscillation amplitude
is much smaller than the deviations of the loop geometry from a circular model. We display the
average amplitude of loop motions in z-direction (east-west amplitude dz(t) in Figuretop right
panel), and in z-direction (line-of-sight amplitude dz(¢) in Figure [36| middle right panel). Both
amplitudes show a correlated oscillation with similar periods and amplitudes, i.e., P = 681 s for
dz(t) and P = 685 s for dz(t), and Ay = 1.4 Mm for dz(t) and Ay = 1.5 Mm for dz(t), respectively.
The amplitude dz(t) corresponds to an oscillation in the vertical plane (with respect to the solar
surface), and dz(t) to an oscillation in the horizontal plane, but the two oscillations are almost
in phase (to/P = 0.19 vs. to/P = 0.26). The fact that the two oscillation directions have a
similar amplitude implies that the polarization is a combination of horizontal and vertical planes

Living Reviews in Solar Physics
|http ://www.livingreviews.org/lrsp-2011-5



http://www.livingreviews.org/lrsp-2011-5

Solar Stereoscopy and Tomography 51

Figure 32: Sequence of running-difference EUVI/B images in the area of the oscillating loop during the
time period of 2007 Jun 26, 17:56:00 UT and 18:26:00 UT. The amplitude measurement of the oscillating
loop is carried out along the cross-sectional slit marked with a diagonal bar (from [Aschwanden et all

EO09%).
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Figure 33: Time-slice plots (color) and amplitude of kink mode as a function of time with fitted damped

sine function (graphs) for both STEREO/A and B spacecraft, for the loop oscillation event of 2007 Jun 27,
17:30 UT (from [Verwichte et al. [2009).
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Figure 34: Still from a movie showing 3D reconstruction of the same oscillating loop as Figure
observed on 2007 Jun 27, 18:19 UT, superimposed on a highpass-filtered image of STEREO/A (bottom)
and STEREO/B image (top), using the stereoscopic triangulation method. The loop shape is traced with
9 points (red crosses), interpolated with a 2D spline (red curve), and fitted with an elliptical geometry
(yellow curve). The circular model (yellow curve) and the solution of the 3D reconstruction (red curve) is
also projected into the (z,y) plane (right panels), with z being the LOS (from [Aschwanden) [2009¢c). (To
watch the movie, please go to the online version of this review article at [http://www.livingreviews.org/|
Trsp-2011-5)
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Figure 35: Projections of the reconstructed 3D loop geometry (see Figure into the 3 orthogonal
planes of the loop coordinate system: edge-on (left), side-on (middle), and top-down (right). The three
rows present 3 independent trials of manual loop tracings.

with a polarization angle near 45°. However, since the average 3D loop geometry corresponds to
a non-planar, helically-twisted shape, the 3D motion can also be described in terms of circular
polarization or a torsional mode. It is instructive to inspect a movie visualization of Figure [36]
In Figure [37] we show the triangulated loop motion projected into the 3 orthogonal directions
of the loop coordinate system. In order to illustrate the plausibility of circular polarized kink
motion we simulate a helically twisted loop (with a twist of 0.75 turns and geometric tapering of
the toroidal radius towards the footpoints) that undergoes a periodical change in the twist angle,
where the displacement is highest at the loop apex and falls off towards the footpoints. This
simple simulation shown in Figure (bottom half) demonstrates qualitatively how the observed
loop shapes and motions (Figure op half) can be explained by a circular polarization. Some
further modeling studies are required to decide whether we deal with a circularly polarized (helical)
kink mode or with a torsional wave mode. Torsional wave modes and helical loop geometries are
of particular interest for triggering mechanisms of flares and CMEs by the kink instability. A large
twist angle of ® = 127 was recently observed to trigger a flare (Srivastava et al.}[2010). In addition,
numerical MHD simulations with realistic initial conditions for the excitation mechanisms may shed
some light on the coupling of various known MHD wave modes, i.e., kink-modes, sausage-modes,

and torsional modes (Ofmanl 2009).

4.6 MHD waves in coronal loops

Besides fast-mode MHD waves, which can be subdivided into kink-mode (asymmetric, see Sec-
tion and sausage-mode (symmetric) types, there are also slow-mode MHD waves, which prop-
agate with acoustic (sound) speed. The sound speed can be expressed in terms of the electron
temperature T, (assuming the coronal approximation T, = T;, although T; > T, according to some
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Figure 36: Still from a movie showing 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 z-y plane (bottom left panel),
while the orthogonal reconstruction are shown in the z-z plane (top left panel) and in the z-y plane (bot-
tom right panel). The loop tracings are rendered with grey curves, the semi-circular fit with a dashed
curve, and the curvature radius maximization method with a thin black curve. The oscillation ampli-
tudes averaged in the loop segments 0.3 < s/L < 0.6 (marked with thick black curves) are shown in
z-direction (east-west amplitude dz(t) in top right panel) and in the z direction (line-of-sight amplitude
dz(t) in middle right panel). (To watch the movie, please go to the online version of this review article at
|http://www.livingreviews.org/lrsp-2011-5|)
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Figure 37: Still from a movie showing Orthogonal projections of a triangulated oscillating loop (frames in
top half) during the same time interval as shown in Figure|13| (with the time marked by colors, progressing
in order of brown-red-orange-yellow). The bottom panels visualize the same projections of a helically
twisted model loop (see model parameters in text). (To watch the movie, please go to the online version

of this review article at jhttp://www.livingreviews.org/lrsp-2011-5)

Living Reviews in Solar Physics

|http ://wuw.livingreviews.org/lrsp-2011-5



http://www.livingreviews.org/lrsp-2011-5
http://www.livingreviews.org/lrsp-2011-5

Solar Stereoscopy and Tomography 57

observations),

1/2 T
o= ('”’“L) = 1.66 x 104\/76 [em s, (43)
p H

where v = 5/3 is the adiabatic index, py, = 2n.kpT. the thermal pressure, p = n;um, the mass
density, and p = 1.27 the mean molecular weight. However, if a sound wave propagates at an angle
of 0 to the line-of-sight, the observed speed scales with the sine function of the line-of-sight angle,
i.e., Uobs = Cssin ¢. This projection angle ¢ can be determined by stereoscopic triangulation of the
loop structure that guides the sound wave propagating in longitudinal direction.

T T T T T 700F T T T T

Figure 38: Derived 3D geometry of the wave propagation along the coronal (fan) loop, observed on
2008 Jan 10 with STEREO/A and B (bottom panels) The top panels show the projected geometry of the
propagation vector with the view rotated by 90° seen from solar north (from [Marsh et al] [2009).

Such a measurement has been conducted for slow-mode (acoustic) waves observed with STEREO/A
and B on 2008 Jan 10 (Marsh et al}[2009)). The propagating waves were observed in a fan-like loop
structure emanating from one magnetic pole of a bipolar active region (Figure . A time-slice
plot of the EUV flux along the fans as a function of time is shown in Figure which confirms the
quasi-periodic wave propagation (diagonal pattern), for which a velocity of v4 = 62.94+0.1 km st
was measured with STEREO/A, and vp = 104.1 £ 0.2 km s~ with STEREO/B, respectively.
The wave period was found to be P ~ 12 min. Stereoscopic triangulation of the fans yielded an
inclination angle of # = 37° £+ 6° to the local vertical. 3D projections of the triangulated directions
are also shown in Figure|38| (top panels). Correcting the observed wave speed for the corresponding
line-of-sight angle yields a corrected speed of ¢4 = 13249 km s~ ' and ¢ = 132411 km s~ !, which
represents the first measurement of the true coronal longitudinal slow-mode speed ¢, in 3D. Insert-
ing this true sound speed into Eq. , a temperature of T, = 0.84 +0.15 MK is inferred, which is
close to the peak sensitivity of the used 171 A passband. The temperature structure of the same fan
loop was also investigated with EIS/Hinode and a mean temperature of T, = 0.89 £ 0.09 MK was
obtained, in excellent agreement with the EUVI measurements, which confirms that the slow-mode
phase speed is identical to the sound speed (Marsh and Walsh| [2009).
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Figure 39: Time-slice plots of the integrated intensity along the (fan) loops for STEREO/B (left) and A
(right). The abscissa indicates the observed distance long the loop, perpendicular to the line-of-sight from

each spacecraft (from [Marsh et al] [2009).

4.7 Quiescent filaments and prominences

EUV filaments (when seen in absorption on the solar disk) or prominences (when seen in emis-
sion above the limb) reveal the location of the magnetic neutral line in active regions and often
represent progenitors of CMEs. They may exist in a quiescent state for a long time, but some
become magnetically unstable and initiate the eruptive state of a CME. Analysis of spectra and
images of prominence plasma is not trivial, since non-LTE (departure from Local Thermodynamic
Equilibrium) radiative transfer models are required (see recent review by [Labrosse et al] [2010D).

Some attempts of 3D reconstruction of quiescent EUV filaments have been made in the pre-
STEREO era, using the solar rotation and SOHO/EIT data [2003)). The 3D geometry of
filaments can often be approximated by a vertical slab or sheet-like plasma structure. A method
to estimate the width and inclination of such filament sheets has been applied to STEREO He11
304 A data (Gosain and Schmieder} [2010). On the other side, helical twisted flux ropes have also
been observed as precursors of filaments (Raouafi, . The automated detection of filaments
in He 304 A images is often difficult due to the varying brightness level of the background, but
useful methods have been developed to remove this background (Artzner ef al] 2010). Automated
detection of limb prominences in He1r 304 A data has been developed, which can discriminate
limb prominences from active regions or the quiet corona in 93% of the cases
. Another solar prominence catcher and tracker (SLIPCAT) algorithm produced a catalog
of 9477 well-tracked prominences during the 2007 April —2009 October period of STEREO 304 A
observations (Wang et al] 010). The statistical results showed that most prominences occur
below a latitude of 60°, have a length of ~ 50 Mm, a height of ~ 26 Mm, and 80% show no
obvious motion (Wang et al] [2010). Another statistical study of 68 quiescent filament channels
with STEREO/EUVI and Hinode/XRT revealed an asymmetry in the morphology due to the

variation in axial flux of the flux rope along the channel (Su et al| [2010]).
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A particular topology is the “prominence cavity”, which is the limb manifestation of a longi-
tudinally extended polar-crown filament channel (or tunnel), which has a lower density than the
surrounding corona. The 3D geometry and morphology of such a prominence cavity has been
reconstructed from STEREO data (Gibson et al] [2010]).

A complex evolution of a quiescent and active filament, from the formation, interaction, to
merging, accompanied by repeated heating via magnetic reconnection preceding the eruption on
2007 May 19, has been observed with STEREO (Bone et al) [2009). The same filament was
stereoscopically triangulated and the height of the EUV emission was determined to ~ 48 £ 10 Mm
prior to eruption (Gissot et al| [2008} [Liewer et all 2009} [Xu et all [2010), which was found be
higher than the location of Ha emission (Xu et al. [2010)).

4.8 Erupting filaments and prominences

The best observed erupting filament during the STEREO era occurred on 2007 May 19 (Liewer
et_al] [2008] [2009} [Culhane et al] 2008} [Li et al] [2008} [Gissot et al] [2008} [Bone et al] 2009} Xu]
et al} [2010), early in the STEREO mission when the two spacecraft were separated by 8.5°, at
an angle that is most suitable for stereoscopy. The filament could be followed in STEREO/EUVI
304 A from ~ 12 hours before to about 2 hours after the eruption, allowing to determine the
3D trajectory of the erupting filament (Figure [40)), (Liewer et al] [2008] [2009). The trajectory of
the erupting filament was also determined with an optical-flow (Velociraptor) algorithm
. The magnetic field topology was found to be highly non-potential, with a multipolar
configuration, hosting frequent flares, multiple filament eruptions, and CMEs .
The 3D reconstruction of the filament and the chromospheric ribbons in the early stage of the
eruption suggest that simultaneous heating occurred in the rising filament plasma and in the
chromosphere below, as expected from a flare-like magnetic reconnection process
[2009; [Culhane et al] [2008). Simultaneous analysis of Hinode/SOT, TRACE, and EUVI data
lead to conclusion that a pre-eruption sheared-core magnetic field is gradually destabilized by
evolutionary tether-cutting flux cancellation, which was driven by converging photospheric flows,
where the main filament ejection is triggered by flux cancellation between the positive flux elements
and the surrounding negative field (Sterling et al] [2010). Comparisons of Hell and He images
show that emission in He 11 occurs together with disappearence in Ha and, thus, the disappearance
results from heating and motion, rather than from draining and loss of filamentary material
B009).

STEREO observations of other eruptive filaments revealed also oscillating threads and filament
disappearance (Gosain et al} [2009), a rotating ribbon-like 2D geometry rather than a twisted 3D
flux tube (Bemporad) [2009; Bemporad et al} [2009), the eruption of a twisted filament (2008 Mar
25) that is consistent with the kink-unstable flux rope model or the sheared and opposite-polarity
emerging twisted magnetic flux rope model (Aschwanden et al} [2009b)), a slow gradual filament
eruption with a weak but persistent acceleration of 3 m s™2 over 17 hours (Figure , followed by
a gradual CME [2010a)), and an initial mass off-loading phase that triggered the rise and
catastrophic loss of equilibrium of a flux rope (Seaton et al} [2011)).
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Figure 40: Two views of 3D reconstruction of the 2007 May 19 erupting filament during 11 time intervals,
each one rendered with a different color. The filament erupts with the south-west end rising fastest,

performing some counter-clockwise rotation (from [Liewer et al} [2009).
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Figure 41: 3D reconstruction of the gradual filament eruption observed on 2009 Sept 26, shown from
STEREO/A (left) and reconstructed in 3D (with the z-coordinate in the range of 1.0-1.9 Ry indicated

with colors) (from .
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4.9 Bright points, jets, and plumes

In this section we summarize stereoscopy of small-scale phenomena in the lower corona, such as
point-like features (also called bright points), EUV and soft X-ray jets (collimated plasma outflows
mostly along straight channels), and polar plumes (long-lived plasma structures along open field
lines in polar coronal holes). These small-scale phenomena may all be triggered by small-scale
magnetic reconnection processes in the lower corona that produce plasma heating in small confined
loops (EUV bright points) or at the footpoints of open field lines (jets and plumes; Figure .

Stereoscopic triangulation of 210 EUV bright points yielded the following heights above the pho-
tosphere: 4.4 + 1.7 Mm (304 A), 5.1 £ 1.9 Mm (171 A), 6.1 &+ 1.9 Mm (284 A), and 6.7 & 2.0 Mm
(195 A) (Kwon et al} [2010). The length of EUV bright points was found to be roughly twice the
average height. The findings are consistent with small-scale flaring loops that have a temperature
stratification and are heated by magnetic reconnection.

A statistical study of 79 polar jet events observed with STEREO/EUVI and COR-1 demon-
strated that the coronal jets are always anchored in underlying small-scale chromospheric bright
points, but their morphology revealed symmetric (“Eiffel tower-type”), asymmetric (“lambda-
type”), and helical geometries (Nistico et all [2009), consistent with magnetic reconnection in
tripolar configuration (Figure [42)). More than 10,000 jets were identified also in white light with
STEREO COR-1 during 2007 —2008 ([Paraschiv et al}[2010). Some jets are recurring, triggered by
a repetitive cycle of magnetic flux cancellation, reconnection, and chromospheric evaporation
[2008). However, the source of the steady fast solar wind emanating from coronal holes is
not all supplied by jets, but also by erupting small-scale loops , with temperatures
up to T'= 12 MK (Madjarska} 2011)). Some recurrent, quasi-homologous jets exhibit a helical ge-
ometry and the dynamics of untwisting field lines, which has been modeled (Figure with both a
helical rotating current sheet that generates jets and a quasi-steady mode that occurs in a 2D-like
current sheet located along the fan between the sheared spines (Pariat et all [2010]). Stereoscopic
triangulation of such a polar jet during the initiation phase confirmed the helical geometry and
the untwisting mechanism (Patsourakos et al} [2008). Similarly, the unfolding motion of a twisted
magnetic flux rope was inferred in a macrospicule, while the associated X-ray jet consisted of a
radial outflow (Kamio et all [2010). A dichotomy of standard jets (Figure and blowout jets
(Figure was proposed by [Moore et al.|(2010)), where the non-standard jets undergo a miniature
version of the blowout eruption known in major CMEs.

Soft X-ray and EUV observations with Hinode/XRT and STEREO/EUVI demonstrated that
90% of jets observed in a polar hole were associated with plume haze and 70% of the jets are followed
by polar plumes with a time delay of a few minutes, which suggests that polar jets are precursors
of polar plume formations (Raouafi et al} 2008). A time-evolving 3D tomographic reconstruction
of polar plumes was attempted with SOHO/EIT images, using the solar rotation and relying on
their long lifetime (Barbey et al [2008). The first stereoscopic triangulation of polar plumes was
performed on 10 polar plumes, which showed the superradial expansion in the coronal holes, a
density scale height of 1.6 1.8 times the hydrostatic scale height, and outflows of <10 km s~ ",
insufficient to drive the fast solar wind (Feng et al.| 2009 [Curdt et ol [2008). In contrast, time
series analysis of STEREO/EUVI image sequences revealed quasi-periodically driven high-velocity
outflows in polar plumes with mean velocities of 135 km s™' at temperatures of T~ 0.5 — 1.5 MK,
which makes them to an efficient source of heated mass originating in the upper chromosphere and
feeding the fast solar wind (McIntosh et al) [2010). Alternative interpretations in terms of acoustic
waves, however, cannot be ruled out according to recent debates.
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Figure 42: Schematic depiction of tripolar reconnection between a closed-field loop and an open-field
line (left), which channels the heated plasma after reconnection (marked with X) upward along the open
field line (red line). This tripolar configuration became the standard scenario for coronal jets (from

e af} EO10)

Figure 43: Schematic depiction of the topology, eruption, and reconnection of the magnetic field for a
blowout jet. The red field lines demarcate the already reconnected field that contains hot plasma, while

the blue field lines indicate the pre-reconnection of not-reconnecting field (from |Moore et al.|7 |2010|L
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Figure 44: Side view (left) and perspective view (right) of the formation of the current sheet before onset
of the first jet (at three different times). The field lines map out the fan surface and fan separatrix (from

Pariat et al‘L 2010)).
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4.10 Solar flares

Stereoscopic or tomographic 3D reconstructions of solar flares are extremely difficult due to the
rapid evolution during the impulsive energy release phase. Even in the postflare phase, loop arcades
are gradually expanding and subject to conductive and radiative cooling with constantly changing
brightness in each soft X-ray and EUV temperature filter on time scales of minutes. The rapid
dynamics excludes any solar rotation based method and allows at best only instantaneous stere-
oscopy. However, even instantaneous stereoscopy, e.g., with the STEREO/EUVI and SDO/AIA
telescopes, are strongly hampered in the impulsive flare phase due to overexposure, pixel bleed-
ing, and the appearance of diffraction patterns from the focal support structure in the telescope
aperture. For these reasons, there exists not much stereoscopic literature about solar flares.

Some alternative 3D reconstruction techniques of solar flares have been invented in the pre-
STEREO era, such as using Doppler-shift measurements of plasma upflows in flare loops to con-
strain the flare loop inclination angle (Nitta et al] [1999)), or using the solar surface as a “Compton
mirror” to view precipitating electrons from bottom up, a method called ‘stereoscopic electron
spectroscopy’ (Kontar and Brown| [2006), or dual spacecraft measurements of hard X-rays with
RHESSI and type IIT bursts with WIND in a partially disk-occulted flare (Krucker et all [2008]).

2007-Jun-3, 06:30 UT, 171 A, STEREO/Ahead 2007-Jun-10, 11:11 UT, 171 A, STEREO/Ahead
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Figure 45: 3D reconstruction of postflare loops of the 2007 Jun 3, 07:50 UT, flare with STEREO/A
and B (left), and of the central flaring, non-eruptive filament in the 2007 Jun 10, 11:11 UT, flare (right).
Note the difference in altitude for the eruptive flare with post-flare arcade (left) and the non-eruptive flare
filament (right) (from [Aschwanden et al} [2009b)).

A review and a flare catalog of 185 flare events observed with STEREO has been compiled
for the first two years of the mission (Aschwanden et al) [2009b)), detected by GOES above the
Cl-level or with RHESSI at > 25 keV. CMEs were reported for a third of these events. This
flare dataset contains: 79% events with impulsive EUV emission (coincident with hard X-rays),
73% show delayed EUV emission from postflare loops and arcades, 24% represent occulted flares,
17% exhibit EUV dimming, 5% show loop oscillations or propagating waves, and at least 3% show
erupting filaments. The stereoscopic view allows us to triangulate a number of individual loops in
the flare region, of which we show two examples in Figure The two examples characterize also
two different flare categories: (i) eruptive flares that form a postflare arcade below the magnetic
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reconnection region after eruption, usually delayed in EUV with respect to soft X-rays due to the
flare plasma cooling (Figure left); and (ii) confined flares that show an impulsive heating phase
of a highly-sheared non-eruptive filament, while the overall magnetic configuration pretty much
stays intact and unchanged during the entire flare. The altitude of the flaring non-eruptive filament
was stereoscopically triangulated to h = 1.8 + 2.4 Mm, which essentially corresponds to the upper
bound of the chromosphere (Figure right). A number of flares appeared to be occulted by one
STEREO spacecraft, but in full view by the other spacecraft, which produces two dissimilar EUV
time profiles and helps to isolate the fainter coronal emission of a flare.

Other flare studies involving STEREO data include: Magnetic modeling with NLFFF models
that localized quasi-circular flare ribbons at the separatrix between open and closed fields
[et al] [2009); correlation of the height-time evolution of CMEs with flare hard X-ray emission
(Chen and Kunkell, [2010); STEREO-constrained two-ribbon flare geometry and occultation height
of RHESSI and radio observations [Krucker et al] (2010); a STEREO-identified twisted helical
penumbral filament before an M8.9 flare (Figure [46) (Kumar et al] 2010)); evidence of plasmoid-
looptop interaction and magnetic inflows during a solar flare and CME eruptive event (Milligan|
[2010); evidence for internal tether-cutting in a flare and CME event (Raftery et al] [2010);
and a correlation between the CME acceleration profile and the energy release rate as measured in
hard X-rays with RHESSI (Temmer et al],2010). In most of these studies, STEREO data were used
in a qualitative way to disentangle the 3D flare geometry, while quantitative 3D multi-wavelength
modeling that could most suitably done with STEREO (and from triple view points in conjunction
with ATA) is still lacking. Ultimately, 3D modeling of flare volumes is necessary to infer accurate
values for total flare energies, to determine the 3D fractal dimensions, and to test spatio-temporal
scaling laws and powerlaw occurrence frequency distributions in terms of self-organized criticality

models 1|§ schwandenL |20 1 1|) .

STEREO_A SECCHI EUVI 171 04:48:30 UT STEREO_B SECCHI EUVI 171 04:49:23 UT

Figure 46: STEREO/EUVI/A and B observations of a twisted helical filament with approximately two
turns (red helical line) observed shortly before the M8.9 flare on 2007 Jun 4, 05:08 UT (from [Kumar et al}
2010).
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4.11 CME source regions and EUV dimming

In this review we limit our scope to stereoscopy and tomography in the solar corona, which includes
the manifestations of Coronal Mass Ejections (CMFEs) in the source regions, such as EUV dim-
ming and global (EIT) waves, while stereoscopy and tomography of CMEs in the heliosphere and
interplanetary space should be reviewed separately, given the massive amount of literature that
emerged over the first four years of the STEREO mission. A review on models and observations
of CMEs appeared recently in Living Reviews in Solar Physics , however, without
treatment of stereoscopic and tomographic 3D reconstruction methods. Other recent reviews on
CME theoretical models can be found, e.g., in [Forbes et al (2000]), [Schrijver| (2009), or [Démoulin]
land Aulanier| (2010)).

Manifestations of CMEs in the source region are best visible in EUV and in soft X-rays. There
is a wide concensus that both CMEs and flares are interlinked processes of the same magnetic
instability in coronal eruptive events. The triggering mechanism of the magnetic instability could
be (i) a tether-cutting or flux cancellation mechanism, (ii) shearing motions, (iii) the magnetic
breakout model, (iv) an emerging flux triggering mechanism, (v) a flux injection triggering mech-
anism, or (vi) a kink instability or torus instability (Chen| 2011} [Cheng et al [2010). In all cases,
a part of the unstable coronal volume starts to expand and to raise upward, which diminishes the
density inside the expanding volume according to,

ne(t) = ng (T(t)) - : (44)

To

in the approximation of a spherical CME bubble with initial radius r¢ and density ng. The
expansion of the CME bubble may be driven by a Lorentz force, which can cause a near-constant
acceleration a during the initial phase, so that the kinematics can be described as,

r(t) =ro+ ’Uo(t — to) + %a(t — to) . (45)

The density decrease inside the expanding CME bubble causes a deficit in the emission measure
in the corresponding part of the solar corona,

EM(z,y,t) = /ng(x,y,@t)dz = /n% (r(t))G dz, (46)

To

which is called EUV dimming. A statistical study that investigated the relationship between EUV
dimming (detected with SOHO/CDS) and CME events (detected with SOHO/LASCO) for the
time span of 1998-2005 found that 55% of identified dimming regions are associated with CMEs,
while 84% of the detected CMEs could be tracked back to dimming regions (Bewsher et al] [2008).
The mutual correlation might be even higher if dimming regions on the backside of the Sun could
be observed. Of course, there are also exceptions, so-called stealth CMFEs, which apparently start
higher up in the corona and expel so little mass that they cannot be detected in EUV, but are
visible in polarized brightness in white-light (Robbrecht et all [2009). One out of three CMEs
during the solar minimum were found to be a stealth CME without coronal signatures, such as
dimming, waves, filament eruptions, flares, or post-eruptive arcade on the disk .

An example of a CME with a bubble-like expansion, observed with STEREO/EUVI/A and B
on 2008 Mar 25 is shown in Figure The EUV light curve (diamonds in Figure [47] top panel)
shows a massive drop of the total EUV brightness about at the same time when the hard X-
ray emission of the associated flare peaks (solid curve in Figure top panel), which illustrates
the simultaneity of the magnetic instability that causes the launch of the CME, and the coupled
magnetic reconnection process that drives the flare with particle acceleration, precipitation (hard
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X-ray bremsstrahlung), and chromospheric evaporation (free-free emission of upflowing heated
plasma seen in soft X-rays). A geometric model of a spherical CME bubble expansion and the
related EUV dimming calculated from the line-of-sight integral of the emission measure through
the solar corona across the CME bubble is shown in Figure The relative dimming in EUV is
strongest in the lowest density scale height of the solar corona where most of the expelled mass
resides. The 4D modeling of the CME expansion and related EUV dimming of this CME event of
2008 Mar 25 is visualized with a numerical simulation in Figure 49 and is described in more detail
in several studies (Aschwanden| 2009bt [Aschwanden et al) [2009b} [Patsourakos et al} [2010)).

Event #106 S25E90 GOES M1.7, Flux= 5.6 10°DN/s ( 7.8 %)

HXR
— GOES/Hi

Flux (normalized)
o
»

18:40 19:00 19:20 19:40 20:00 20:20

18:36:00 UT ~18:41:00 UT 18:46:00 UT

Figure 47: Soft X-ray (GOES/Lo 0.5-4 A and 1-8 A, thin curves) and EUV (EUVI/A, diamonds) light
curves, time derivative, dI(t)/dt), of the harder soft X-ray light curve (thick solid line) are shown for the
flare/CME event of 2008 Mar 25, 18:30 UT (top panel). Four EUVI/A images (second row) and running
difference images (bottom row). Note the strong dimming in the EUV light curve. The diamond symbols
mark the times of the EUV images, while the selected images shown below are marked with vertical lines.
The peak EUV flux is F' = 5.6 x 10° DN s™! (or 7.8% of the total flux). The FOV of the images is 512
EUVI pixels (= 600 Mm) (from [Aschwanden et al., 2009b]).

The amount of EUV dimming can quantitatively be used to estimate the mass of a CME. If
we characterize the footprint area of a CME with a spherical area with radius rcygp = Ref and
CME angle 6 (latitude or longitude extend in units of radian), and the vertical mass extent with
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Figure 48: A numerical simulation of adiabatic CME expansion and resulting EUV dimming is shown
in the z-z plane for three different times, with x the direction of the CME trajectory and z the line-of-
sight direction of the observer. The relative EUV dimming gdimm (2, ¢) (normalized to the preflare value)
resulting from the LOS-integrated emission measure is shown in the lower panels (from [Aschwanden et al.]

i)

a hydrostatic density scale height A\, the original CME source volume is,

Voue = (Reb)?Ar, (47)
which leads to the following CME mass estimate,
m = Vomenem, = 1.16 x 10'° Y L ( Mhase ) (9] (48)
OME = VCMEReTllp = = 10°) \1MK ) \109 cm—3/ 9

This yields for a typical base density of npase = 10° cm ™3, a coronal temperature of T = 1.0 MK,

and an opening angle range of § ~ 3°-30°, CME masses in the range of mcyg ~ 104106 g.
More accurate estimates could easily be obtained by combining the coronal EUV filters in or-
der to have more comprehensive temperature coverage (Robbrecht and Wang| 20105 [Landi et al.
[2010), e.g., T ~ 0.7-2.7 MK for the three STEREO/EUVT filters in 171, 195, and 284 A. Ap-
plying Eq. to the 2008 Mar 25 flare, where the EUV dimming extends over an opening
angle of 6§ ~ 13°, we estimate a CME mass of mcyg ~ 2 x 10'° g, which includes the CME
plasma in the temperature range of T ~ 0.7-1.3 MK and, thus, represents a lower limit for
the entire CME mass. More detailed geometric modeling for arbitrary locations in the solar
corona and combining the emission measures from different temperature filters in 6 CME events
yielded CME masses in the range of meyg = (2-7) X 10'% g, which agreed between the two
STEREO/A and B spacecraft (ma/mp = 1.3 £ 0.6) as well as with white-light measurements
by COR2 (mguvi/mcorz2 = 1.1 £ 0.3) (Aschwanden et al} [2009a]). Previous CME masses were
determined by assuming the propagation direction to be aligned with the plane-of-sky
, but improved values that are corrected for the (stereoscopically triangulated) “true”
3D propagation direction have been derived in the latter comparison (Colaninno and Vourlidas|
, based on the assumption that both STEREO spacecraft measure equal CME masses.
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STEREO/EUVI/A Model EUVI/A

STEREO/EUVI/B Model EUVI/B

2008-03-25

18:43:30

18:47:15

18:56:00 @ 4 18:56:00

Figure 49: Comparison of observed and simulated EUVTI base-difference images at 5 times for the observa-
tions 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 (from [Aschwanden et al.| [2009b).
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A numerical simulation of a coronal wave — CME — dimming event (2009 Feb 13) was carried
out when the STEREO spacecraft were in quadrature, which provided a top-down as well as a
side-view of the expanding CME (Cohen et al] 2009). STEREO quadrature observations also
revealed that the coronal dimming occurs before the chromospheric eruption, indicating that the
removal of the overlying coronal magnetic field is the trigger in miniature CMEs (Innes et all
. Sequential (homologous) CME events may cause “double dimmings” (Li et al., 2010bj).
EUV dimming may occur at two footpoint locations of an eruptive loop, especially in cases with
emerging flux trigger mechanisms (Zheng et al) 2011)). The detection and measurement of coronal
EUV dimming regions can now be conducted with automated algorithms (Attrill and Wills-Davey,
. It would be interesting to compare the automatically detected dimming areas from the
two STEREO spacecraft and to stereoscopically triangulate the altitude of the centroids of the
dimming areas, which is expected to correspond to a half density scale height.

4.12 Global coronal waves

Global coronal waves (originally discovered with SOHO/EIT) propagate concentrically outward
of a CME launch site, globally over the solar surface, with typical speeds of ~ 170—350 km s~ .
Interpretations of these CME-triggered global waves include: (i) fast-mode MHD magnetoacoustic
waves, (ii) successive stretching of magnetic field lines, (iii) successive magnetic reconnection
trill et al.} [2007)), (iv) current shell model, or (v) slow-mode wave or soliton wave model (see review

and references therein). Let us review what stereoscopic observations contributed
to a better understanding of these global coronal waves.
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Figure 50: Sequence of median-filtered running difference images recorded in the EUVI 195 A channel
with a cadence of 10 minutes. The coronal wave (outlined by arrows) is observed on-disk in STEREO/B
(top) and on the limb in STEREO/A (bottom) (from |[Kienreich et al.l [2009).

The kinematics of global coronal waves were measured with STEREO/EUVT in all four pass-
bands (304, 171, 195, 284 A) and it was found that the difference in speeds are partly due to
different cadences, but are essentially consistent with an impulsively generated fast-mode magne-
toacoustic wave (Long ef al] [2008). High-cadence EUVI observations of the 2007 May 19 event
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reveal a deceleration that is indicative of a freely propagating large-amplitude MHD wave (Veronig]
. The reflection of a propagating EUV disturbance off a coronal hole boundary was
considered as a confirmation of its true wave nature (Gopalswamy et al}[2009)), and has been nu-
merically simulated with an MHD code (Schmidt and Ofman| [2010). Hinode/XRT and STEREO
observations of a diffuse coronal wave observed near the limb show that the core coronal dimmings
map to the core of the CME, secondary coronal dimmings map to the CME cavity, and the diffuse
coronal wave maps to the outermost edge of the expanding CME shell (Attrill et alf 2009). The
numerical simulations of a CME dimming and global wave event observed with STEREQ in quadra-
ture confirmed that the global wave front is made of a mass density (rather than a temperature)
enhancement and propagates at a height of ~ 1.1 Ry (Cohen ef al][2009)). Ideal STEREO quadra-
ture observations of a wave’s initiation at disk center for STEREO/B and exactly at the limb for
STEREO-A show the 3D structure of global wave most clearly (Figure|50)), with a constant propa-
gation velocity of ~ 236 + 16 km s~ (close to the fast magnetosonic speed in the quite corona) at
a height of ~ 80—100 Mm (~ 1.11-1.14 Ry) (Kienreich et al) [2009). Confusion in tracking and
identifying a global coronal wave arises also from cospatial projection effects (of the column depth)
of the expanding CME bubble, which may expand at a different speed in the upper corona than the
global wave in the lower corona, especially for halo CMEs . Therefore, STEREO
quadrature observations are the most unambiguous method to separate the CME structure from
the EUV wave and confirms the fast-mode MHD wave interpretation (Patsourakos and Vourlidas]
[2009} [Patsourakos et al [2009). However, the global EUV wave is not always restricted to a low
coronal altitude. In some cases a clear dome-shaped 3D surface can be seen (Veronig et all [2010]),
which probably coincides with the leading edge of the CME (Figure . Arguments against the
fast-mode MHD wave interpretation was mounted by STEREO observations of strongly variable
propagation speeds (Zhukov et al.} [2009), while a unified scenario was proposed that includes both
a wave-like component moving at the fast magnetosonic speed and a coherent driven compression
front related to the eruptive CME bubble (Downs et al [2011]).
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Figure 51: Running difference images (in 5-min intervals) of the dome-shaped EUV wave front as observed
with the EUVI/B channels in the 171, 195, 284, and 304 A wavelengths. Arrows outline the wave dome,
crosses indicate the erupting CME loops inside the dome (froleeronig et al.l, |2010|D.
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5 Summary

Most physical models of solar phenomena require the knowledge of the 3D geometry of the object,
which instigates reliable 3D reconstruction methods, such as stereoscopy and tomography. Stere-
oscopy requires a view from two different vantage points, which is now most suitably provided by
the dual STEREO spacecraft, but has also been applied to other multi-spacecraft observations be-
fore, or using the solar rotation for quasi-static phenomena. Tomography is a technique to combine
imaging informations from multiple slices (with different aspect angles) into a 3D density distri-
bution, which can only be carried out in a minimal way in the solar case, by using two or three
spacecraft views, unless the solar rotation is used and the object remains quasi-stationary during
the time interval of 3D reconstruction. We see that both the stereoscopy and tomography method
share the trade-offs of (i) stationarity for solar rotation based methods, or (ii) minimal aspect angle
coverage for simultaneous observations, due to the low number of available spacecraft. Neverthe-
less, stereoscopic and tomographic 3D reconstruction methods became more and more refined by
taking stock of auxiliary geometric information from magnetic field models and opacity models,
methods that also called “magnetic stereoscopy” or “frequency tomography”. Also solar rotation
based methods became more sophisticated by incorporating the dynamics of solar phenomena to
first order, such as the “dynamic stereoscopy” or “Kalman filter tomography” methods. Of course,
the biggest boost came from the launch of the STEREO mission in 2006, which produced a tenfold
increase of publications dealing with solar stereoscopy and tomography. In this review here we
focused on stereoscopic and tomographic reconstruction of phenomena in the solar corona, but
omitted applications in the heliosphere (interplanetary CMEs) or in the solar interior (helioseismic
tomography).

The stereoscopic and tomographic 3D reconstruction methods are wavelength-dependent and
require a proper treatment of the opacity in each wavelength. Observations in EUV and soft X-rays
involve optically thin free-free emission and have an additive characteristic of the squared electron
density integrated along each line-of-sight. Observations in white-light are governed by Thompson
scattering and scale in brightness proportional to the (scattering) electron distribution along a line-
of-sight. Observations at radio wavelengths can be dominated by free-free emission in the optically-
thin regime, or by gyroresonance emission in the optically-thick regime and, thus, requires a 3D
density and temperature model for each line-of-sight. Classical stereoscopy represents a simple
geometric triangulation from two view points to obtain the 3D coordinates of a point-like or curvi-
linear structure, but solar applications are somewhat more complicated, since the intersection point
is defined by the emission measure-weighted brightness distribution for optically-thin emission, or
by an opaque surface for optically-thick emission.

Let us summarize the basic physical results that have been or could be obtained for coronal
observations by means of stereoscopic or tomographic analysis methods:

1. Large-scale corona: Tomography yields the 3D density distribution n.(l,b,r) in the corona
in a typical height range of r ~ 1.0 2.5 R, which can be rendered as a synoptic map n(l,b)
at a given height level r, or in form of radial density scale heights, n.(r) = ngexp(—h/\), for
every heliographic position (I,b). Synoptic density maps are useful to characterize the source
function of the solar wind, while local density scale heights can verify hydrostatic gravitational
stratification, or in deviating cases, serve as diagnostic of non-equilibrium hydrodynamic
processes.

2. Coronal streamers: Tomography of the large-scale corona usually reveals (long-lived) stream-
ers as most prominent features. Detailed 3D reconstructions of the streamer belt may reveal
the folds of the interplanetary current sheet, double plasma sheets and triple current sheets
and, thus, provides essential information on the lower boundary for global magnetic field
models in the corona and interplanetary space.
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3. Active regions: The 3D density n.(l,b, h) and temperature distribution T,(l,b, h) could be
reconstructed with tomography using the two STEREO spacecraft with triple EUV temper-
ature filters, applying stereoscopic triangulation and differential emission measure (DEM)
modeling to a skeleton of some 100 loops, and interpolating the 3D magnetic field in a space-
filling volume. Such a 3D model can provide the DEM distribution in any subvolume of an
active region, which can be used to localize and track the heating energy input as a function
of space and time.

4. Coronal loops: Many coronal loops can be stereoscopically triangulated, yielding the 3D
coordinates [z(s),y(s), z(s)] along the loop length coordinate s. DEM modeling of the loops
can then be carried out straightforwardly after suitable background subtraction, yielding
the density n.(s) and temperature profile T,(s) along the loop. This information can be
used (i) to determine the hydrostatic density scale height, which depends on the loop plane
inclination angle; (ii) to model the 1D hydrodynamic evolution of loops, as a function of the
spatio-temporal heating function and conductive and radiative cooling processes, yielding
diagnostics of (RTV) equilibrium and dynamic heating processes; and (iii) to test theoretical
(potential, linear, and nonlinear force-free) magnetic field models.

5. MHD loop oscillations: MHD fast kink-mode oscillations show a lateral displacement of the
loop positions [z(s,t),y(s,t), z(s,t)] that can be stereoscopically triangulated as a function
of the loop length coordinate s and time ¢, yielding geometric information on the orientation
of the oscillation loop plane (from horizontal to vertical), the coplanarity, the circularity,
and helicity of oscillating loops. This dynamic spatio-temporal information constrains the
polarization of the kink mode, torsional modes, and asymmetries and the time dependence
of the exciter.

6. MHD waves in loops: Stereoscopic triangulation of loops or fans that contain propagating
waves, such as MHD (acoustic) slow-mode waves, yields the absolute spatial direction of the
propagating waves and, thus, allows us to correct the observed (projected) wave speeds. This
method permitted to measure the true phase speed of sound waves and the temperature of
the wave guide, independent of DEM modeling with multi-temperature filters.

7. Erupting filaments and prominences: The 3D trajectory of erupting filaments can be stereo-
scopically triangulated, which yields information on the asymmetry and timing of the mag-
netic destabilization process, the speed, acceleration, and driving forces of the erupting fila-
ment.

8. Bright points, jets, and plumes: Stereoscopic triangulation of features in small-scale phe-
nomena such as bright points, jets, and plumes, reveals their height in the solar corona,
the topology of the magnetic reconnection process (i.e., dipolar, tripolar, quadrupolar, null-
point, fan surface, fan separatrix, helical, or twisted configuration). The verification of their
spatial location at the bottom of the solar corona puts also solid constraints on the spa-
tial distribution of the coronal heating function. Moreover, the importance of small-scale
(such as nanoflares) versus large-scale phenomena (such as large flares and CMEs) can only
be decided based on the occurrence frequency distribution of their energies, which requires
accurate measurements of their 3D volume.

9. Solar flares: Stereoscopic triangulation during solar flares is somewhat more difficult due to
high brightness contrast, saturation, and diffraction pattern effects in EUV and soft X-ray
images, but is feasible for a part of the flare loops. The brightest structures during flares
turned out to be low-lying non-eruptive filaments in confined flares, or high-lying, expanding
postflare loops in eruptive flares, which are two types of flares that can be distinguished
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by stereoscopic triangulation. Stereoscopy plays also an important role in partially occulted
flares, where the flaring emission can be differentiated as a function of the altitude (e.g., coro-
nal hard X-ray sources are often only visible when the bright footpoint emission is occulted).
Stereoscopically-aided 3D reconstruction of flare regions should yield accurate measurements
of the thermal energy (which scales with the flare volume). Flare energies are the most rele-
vant quantity to establish physical scaling laws and the powerlaw-like occurrence frequency
distributions, which are the hallmark of complex nonlinear dissipative systems in the state
of self-organized criticality.

10. CME source regions and EUV dimming: The most prominent manifestation of CMEs in the
lower corona is the EUV dimming, whose location constraints the propagation direction of
the CME, whose footprint area yields the volume and mass of CMEs, and whose temporal
evolution yields the speed, acceleration, and force that drives the CME. Spatio-temporal
4D modeling of the expanding CME structure (e.g., bubble, ice-cone, flux rope) reveals the
magnetic topology of the instability (e.g., tether-cutting, shearing, break-out, kink, or torus
instability) and, thus, can reveal the physical mechanism that leads to a CME and/or flare.

11. Global coronal waves: Stereoscopic observations, especially in quadrature, reveal the spatial
relationship between the expanding CME structure and the associated global coronal waves
that propagate concentrically over the solar surface. The geometric height of the propagating
wave, as well as the magnetic field along the trajectories, can verify the physical nature in
terms of the local magneto-acoustic phase speed of the wave.

Stereoscopy and tomography are just two special types of 3D reconstruction methods, but we
can envision more general methods based on parameterized 3D or 4D physical models that can
be forward-fitted to observations. Forward-fitting of such physical models to observations from
multiple spacecraft, and using multiple temperature filters, yields even more powerful constraints,
and represents an even cleaner way to deal with the underlying opacity effects in each wavelength
than simple inversions of stereoscopically triangulated depth or line-of-sight coordinates. Forward-
fitting of parameterized physical models should also yield more accurate 3D density models of the
solar corona than direct tomographic inversion methods, which are extremely under-constrained
(with only two or three slices) in the case of solar observations. We anticipate that forward-fitting
of 3D or 4D physical models to multiple spacecraft data will still be called “stereoscopic” or “tomo-
graphic” methods in future, but we should be aware that the meaning of these terms progressively
deviates from the original definition of simple stereoscopic triangulation and tomographic inversion.
We anticipate powerful results from combined modeling of triple spacecraft data from STEREO
and SDO/AIA.
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