Chapter 1

Solar Missions 2000-2015

1.1 Overview and Trends

The exploration of the solar corona has been tackled witlhirgtebased instruments
in optical and radio wavelengths before the start of the sy, which was initi-
ated with the launch oBputnikin October 1957. Besides some short-duration ex-
ploratory rocket flights, the first solar-dedicated spacgsions during the last century
(see time line in Fig. 1.1) started with the satellite seoe®rbiting Solar Observatory
OSO-1to 0OS0-8(1962-1975),Skylab (1973-1974), theGeostationary Operational
Environmental Satellites (GOESgries (1974-present), tf&olar Maximum Mission
(SMM) (1980-1989), theCompton Gamma-Ray Observatory (CGRQ991-2000),
the Yohkohmission (1992-2000), thEORONAS-Imission (1994-2001 ;ORONAS-

F (2001-2005),CORONAS-Photor{2009), theSolar and Heliospheric Observatory
(SOHO)(1996-present), and thERACE mission (1998-2010). These missions ex-
panded our view of the Sun into extreme-ultraviolet, sofeX; hard X-ray, and gamma-
ray wavelengths and were all very successfull in providargé solar datasets and new
insights into the physics of the solar corona. The theoryadosetrvational results of the
physics of the solar corona obtained during the last certitasybeen described in detail
in Volume 1 (Aschwanden 2004&hysics of the Solar Corona. An Introductign”

In this Volume 2 we are going to synthesize in the same syiemval new theoreti-
cal and observational results that were obtained duringelgéning of this millenium,
covering the era of th&Ramaty High Energy Solar Spectroscopic Imager (RHESSI)
mission (2002-present), tlBORONAS-Fmission (2001-2005), th&olar Terrestrial
Relations Observatory (STERE®)jssion (2006-present), th¢inodemission (2006-
present), theCORONAS-FOTONmission (2009), and th&olar Dynamics Observa-
tory (SDO)mission (2010-present), (see time line in Fig.1.1). Theamaltdescribed in
this Volume 2 is mostly based on the literature in solar ptg/giat has been published
during the mew millenium, which comprises abeut12, 000 refereed publications
during 2000-2012. A solar literature reference matrix siléexd by solar phenomena
versus physical processes is provided on one of the autiebpages

Ihttp://ww.Imsal.com/~aschwand/publications/index.html
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Figure 1.1:The operation periods of major ground-based instrumentsalar-dedicated space
missions during the era of 1940-2015. Note that a numberlaf saissions are still fully func-
tional at the time of writing (SOHO, RHESSI, STEREO, Hino8&0).

Progress in solar physics during the last decades is cldakign by new space-
based and ground-based instruments that produce massids @ibimaging data, with
increasingly higher spatial resolution, time cadence, spettral resolutionMoore’s
law, which states that the number of transistors on integratedits doubles approxi-
mately every two years, as it has been observed over theyhidftoomputing hardware
(= 1970 — 2010), obviously dominates also electronic computers and unséntal
hardware in solar physics, as it can be illustrated by th@eaptial increase of hard
drive disk capacity over the last decades (Fig. 1.2). Theeeptial increase in com-
puter power enhances not only the cadence, resolution, @nche of solar imaging
data, but allows us also to conduct more powerful data aisabfsnassive solar data
sets using automated image processing techniques andefeatwgnition (Aschwan-
den 2010), as well as to perform high-powered computer sitinuis of solar and as-
trophysical plasma physics. For instance, the SDO feedsaar data archives with
a downlink data rate of 1.5 Terabyte a day, producing a staggedata flow of about
one (4K x 4K) full-Sun image per second, taken in 10 different wavgtarbands,
compared with one image (2K 2K) every third minute from STEREO, or one (1K
1K) image every 12 minutes from SOHO.

The space era enabled us to explore the Sun in all waveletigithare absorbed
by the Earth’s atmosphere, especially in EUV, soft X-raywdhX-rays, and gamma-
rays. Access to these wavelengths is extremely importargdiar and astrophysical
observations, because they allow us to detect thermal othemal bremsstrahlung
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Figure 1.2:A modern version of Moore’s law applied to the computer diagacity (in Giga-
bytes) as a function of time (courtesy of J.B. Gurman).

emission, as well as nuclear gamma-ray line emission, wdnielall manifestations of
high-temperature plasmas and high-energy particles.dtitspace-borne detectors in
those wavelength regimes, we would have no way to explorenetagreconnection
or particle acceleration in astrophysical plasmas, two fecesses that control the
plasma dynamics of our universe.

A key factor that distinguishes solar from stellar physgcthie adequacy of spatial
resolution of imaging instruments. One of the highest gpagisolutions is achieved
with the Solar Optical Telescope (SOBhboard Hinode, which has an angular res-
olution of ~ 0.2”, which corresponds te: 150 km on the surface of the Sun. The
Atmospheric Imaging Assembly (AlA)nboard SDO images the full Sun with an an-
gular resolution ofs 1.5” (= 1000 km), which corresponds to about the distance that
a coronal Alfvén wave travels in 1 s. This allows us to tranll aeconstruct coronal
MHD waves with unprecedented clarity. Solar flares are pcediby magnetic recon-
nection regions covering spatial scales of typicallp0 — 100, 000 km, which can be
probed with AIA in great detail.

The success of solar physics, of course, should not be mesheuly by the new
technical capabilities, but more importantly, ought to b#ected in the quality and
quantity of new published results. In order to give a glanoetis aspect we plot
the rate of peer-reviewed publications in solar physicg tive last century in Figure
1.3 (Aschwanden 2010). This histogram was obtained fronualnsearches for solar
papers in NASAsAstrophysical Database System (ADSJhe histogram shown in
Figure 1.3 contains an estimated 32,000 (refereed) solar publications during the
time interval of 1908-2012. Interestingly, the publication rate was extremelystant
before 1950, with a leasurely averagex060 papers per year, while it suddenly started
to grow afterward with an average increase-0f3 papers per year, a trend that already
lasts for six decades. Note also a remarkable spike aftéf, 18gen the journabolar

2http://adsabs.harvard.edu/



4 CHAPTER 1. SOLAR MISSIONS 2000-2015

1200

1000

800

600

Solar publication rate per year

400

200

Ne

L |
1900

1960
Time [Year]

PR Y
1980

L L L L P I T
1920 1940 2000 2020

Figure 1.3:The rate of publications in solar physics over the last agntoased on NASA's
Astronomical Database System (ADS). The publicationsr &@90 (histogram without error
bars) have been identified each by individual inspectioncéassification of solar content. Linear
regression fits indicate an almost constant rate 6f)/year before 1950, while the rate increases
linearly after the beginning of the computer and space adggpfad from Aschwanden 2010).

Physicsvas founded. Technological and economical conditions teffirimproved to
such a degree after 1950 that productivity in science rgpictelerated. If we compare
the progress in computer technology according to Moorelg Eaown in Figure 1.2,
we note that data storage and processing capacity grew erpalty after 1960, while
science results measured in terms of publications grewadipafter 1950 (Figure 1.3),
so we may conclude that science return scales approximatgyithmically with the
amount of available data. This is an important lesson thdetstores the need for
automated data processing methods in order to keep up witbntwgrowth in science
return.

In the following subsections we describe the science gaalstechnical capabil-
ities of the new space missions that came along after 200@hwihcludes RHESSI
(Section 1.2), STEREO (Section 1.3), Hinode (Section 1S (Section 1.5), the
CORONAS missions (Section 1.6), and other space missiabsyBital rocket flights,
and balloon flights (Section 1.7). For completeness we dgs@ an overview of so-
lar instruments in radio wavelengths (Section 1.8) andcaptir infrared wavelengths
(Section 1.9) that were active during the last decade.
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Figure 1.4:Imaging Technique of the RHESSI instrument (courtesy of RASSFC).

1.2 The RHESSI Mission

TheReuven Ramaty High Energy Solar Spectroscopic Imager (FB§E®strument is
a rotation-modulated hard X-ray Fourier-type imager, arsdedicated space mission
that was launched on 2002 February 5, and is still operdtanihe time of writing.
RHESSI’s primary mission is to explore the basic physicsastiple acceleration and
explosive energy release in solar flares. This is achiewedigiih imaging spectroscopy
in X-rays and gamma-rays with fine angular and energy reisoltiv reveal the loca-
tions and spectra of the accelerated electrons and ionsfaine bottest flare plasma.
The working principle of the RHESSI instrument is illusedtin Figure 1.4: The
spin-stabilized spacecraft carries an instrument thasistof nine subcollimators
with grids of variable widths, which transmit soft and hareray photons in form
of nine modulated time profiles, which can be processed imedimensional images
using Fourier transform methods. The grid spacings vamfd®” to 2 3’ in steps
of v/3, allowing sources to be imaged over a wide range of anguilescfrom the
sizes of flare loop footpoint diameters to sizes of entirévaategions. The energy
range spans from 3 keV to 17 MeV, where the energy resolusioh 1 keV at 3 keV,
and increases te: 5 keV at 5 MeV, thanks to the technology of germanium-cooled
detectors. This high energy resolution allows RHESSI tolesessentially all solar

Shttp://hesperia.gsfc.nasa.govirhessi2/
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Figure 1.5:Spectroscopy of the RHESSI instrument (courtesy of NASAIGS

gamma-ray lines for the first time. An automated shutteresystllows a wide dynamic
range & 107) of flare intensities to be handled without instrument satan. Data for
every photon is stored temporarily in a solid-state memioge§pre telemetered to the
ground control center at the University of Berkeley, whitlowas post-event selection
of time intervals with higher data rates. The spin rate ofddellite is one rotation per
4 s, which allows a basic time resolution of 2 s, or higher ifjat curve demodulation
technique is employed. The rotational modulation of thelh&ray collimators allows
us to obtain many more Fourier components of the image treai thasic components
of the subcollimators, and thus yields finer details in thenstructed images.

Technical descriptions of the RHESSI instrument are preish pre-launch doc-
uments (Dennis et al. 1996; Lin et al. 1998, 2000a,b), as aslh post-lauch doc-
uments with first results (Lin et al. 2002a,b, 2004a,b), tydatthe special issue of
Solar Physcisrolume 210 (Lin et al. 2002a). A list of instrument characteristics is
given in Table 1.1. The major advances in solar hard X-rayeolagions provided
by RHESSI are the capabilities of the first high-resolutianchX-ray imaging spec-
troscopy (Fig. 1.5), the first high-resolution gamma-rayelispectroscopy, and the
first imaging above 100 keV, including the first imaging of gaasray lines (Lin et
al. 2002b). Imaging with RHESSI is accomplished with theorestruction of spatial
maps based on the Fourier components measured with themtabdulated colli-
mators (Hurford et al. 2002, 2003; Hurford 2003), using #pealgorithms such as
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Table 1.1:RHESSI Instrument Characteristics (adapted from Lin e2G02a).
Parameter Characteristics
Technique: Fourier-transform imaging with rotating madidn collimators
Angular resolution: 2.3 at 100 keV, increasing 8" at 15 MeV
Angular coverage: 2" — 180"

Field of view: Full Sun & 1°)

Temporal resolution: = 10 ms for coarse image&, s for fine image

Energy range: 3keVto 17 MeV

Energy resolution: < 1 keV FWHM at 3 keV, increasing te: 5 keV at 5 MeV

Detectors: 9 two-segmenttype germanium (7.1 cm diameter times 8.5 cm),
cooled to< 75 K with Stirling-cycle mechanical cooler

Effective area: ~ 1073 cm? at 3 keV,~ 32 cm? at 10 keV (without attenuators),
~ 60 cm? at 100 keVa 15 cm? at 5 MeV

Imager: 9 pairs of tungsten grids, with pitches from34 to 2.75 mm,
1.55 m front-to-rear grid separation

Aspect system: Sensor Aspect System (SAS) for Sun direetiars”

Roll Aspect System (RAS) for roll angle 3’
Spacecraft spinrate: 15 rpm, pointing®@° of Sun center

Spacecraft mass: 291.1 kg

Spacecraft power: 220.4W

Spacecraft size: 1.18 m diameter, 2.06 m height, 5.74 m palael span
Telemetry: 4 Mbps, downlink

On-board storage: 4 Gbyte solid state memory

Launch vehicle: Pegasus XL

Launch date: 2002 February 5

Orbit: 38° inclination, 587-600 km altitude

back-projection methogd<lean iterationsmaximum entropy methods (MEMpbato

2002) pixon reconstructiofMetcalf et al. 1996)forward-fitting method modulated
time profiles (Aschwanden et al. 2002c) orue-Fourier component visibilitiesSSince

RHESSI is a spinning spacecraft with a periodrofl s, time profiles with finer time
bins require a demodulation of the RHESSI count rates (Ar2082, 2004a,b). Nu-
tation of the spinning spacecraft can also lead to instruat@scillations in RHESSI
count rates with periods ef 75 s (Inglis et al. 2011).

Spectroscopy is carried out by inversion of the electronmggnmjection spectrum
from the observed bremsstrahlung photon spectrum, foarcst with aregulariza-
tion inversion methogMassone et al. 2003). The sophisticated RHESSI data asalys
software is described in Schwartz et al. (2002). Crosdtion of the RHESSI in-
strument has been investigated by comparisons with images TRACE (Phillips et
al. 2005; Tripathi et al. 2006), EIT and CDS from SOHO (Tripait al. 2006), and
fluxes measured with SMART-1 XSM and GOES (Vaananen &0419).

RHESSI is a NASA Samll Explorer Mission, operated and cdlgtdofrom the
ground systems at the University of Berkeley (Bester et @03). The hardware of
the RHESSI spacecraft includes the 9 bi-grid collimatord e spectrometer with
9 cryogenically cooled Ge detectors (Smith et al. 2002), rallngm (Be) scattering
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element that enables hard X-ray polarimetry (McConnell.2@02), theSolar Aspect
System (SAShnd aRoll Angle System (RAS)o control the pointing and the roll
angle of the rotating spacecraft (Henneck et al. 1999ayiafriet al. 2002, 2003;
Fivian 2005; Zehnder et al. 2003; Hurford and Curtis 2008) an/nstrument Data
Processing Unit (IDPUjhat handles up to 40 Mbps of telemetry during solar flares
(Curtis et al. 2002). An ancillar\RHESSI Experimental Data Center (HED@jh
data archive services was also established at ETH ZurmintSlilaire et al. 2002).

Since RHESSI successfully operated more than a decade walreaaly list the
major discoveries and new scientific breakthroughs, whaotelalso been reviewed in
the monograpltigh-Energy Aspects of Solar Flares: A RHESSI-Inspired blgnaph
in the Special Issue dépace Science Reviewwlumel1591-4 (2011). A good source
of novel results from RHESSI that are periodically annouhcan also be found on
the RHESSI Science Nuggetsebpagé. A subset of 10 solar and 3 non-solar iconic
results that constitute RHESSI'’s scientific legacy havenlsiiegled out at the occasion
of RHESSI's Tenth Anniversary (see RHESSI Science Nuggépage item 169 by
Dennis and Lin 2011):

1. Discovery of Gamma-Ray Footpoint Structuresthe largest solar flare obser-
ved by RHESSI, double ion footpoints have been imaged in rtleegy range of
~ 2.2 MeV (dominated by gamma-ray lines), which were found to lighgly
but significantly displaced from the electron precipitatgtes usually seen in
2 25 keV hard X-rays, which poses an interesting new problem tandard
particle acceleration models (Hurford et al. 2003, 2006iti$et al. 2003).

2. Energy Content and Spectrum of Flare Energetic Electiidreshigh spectral re-
solution of~ 1 keV allows unambiguously to separate the thermal (Gaussian
like) from the non-thermal (powerlaw-like) spectral compat, so that the ther-
mal and non-thermal flare energies can be determined selyaie well as in-
cluding the effects of Compton backscattering (Holman.e2@03; Kasparova et
al. 2005; Kontar et al. 2006, 2011; Massone et al. 2004; S#ilatre and Benz
2005; Sui et al. 2005, 2006).

3. Ubiquitous Nonthermal Emission from the Corona and Bulrgization:Non-
thermal hard X-ray emission is generally detected at thipfuiots of flare loops
(Krucker and Lin 2008), but RHESSI detects it also at cordraghts above
flare loops (Battaglia and Benz 2007; Ishikawa et al. 201 1cKer et al. 2010),
in occulted flares (Krucker and Lin 2008), in the preflare hsn et al. 2003),
in the absence of footpoint emission (Veronig and Brown 208gsociated with
jets (Bain and Fletcher 2009), and cospatial with coronalsegections (Krucker
et al. 2007).

4. Double Coronal X-ray SourceRHESSI detected double hard X-ray sources in
some limb flares, with a vertically symmetric energy gratitegiow and above
a supposed X-point reconnection site (Sui and Holman 20iGetal. 2008).

“http://sprg.ssl.berkeley.edu/~tohban/wiki/index.php/RHESSI_Science_Nuggets
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. MicroflaresRHESSI registered hard and soft X-rays from over 25,0000fl&r

res, distributed evenly in the northern and southern miitlslde band, associated
with active regions, which supports the conclusion thay theenot heat the quiet
corona (Benz and Grigis 2002; Krucker et al. 2002; Christ.e2008; Hannah

et al. 2007, 2008, 2010, 2011; Stoiser et al. 2007).

. Initial Downward Motion of X-ray Source#n unexpected initial downward mo-

tion of coronal hard X-ray sources was discovered in a nurabfares, appar-
ently associated with the propagation of reconnectiongftare ribbons (Sui et
al. 2004, Veronig et al. 2006; Ji et al. 2008).

. Hard X-Ray Flare Ribbonsthe chromospheric double ribbons that are often

visible in EUV, UV, or white-light, are generally not seenhard X-rays due
to the limited dynamic range of Fourier imaging, but RHES8haged larger
segments of them in some flares (Fletcher and Hudson 2002etLali 2007,
Dennis and Pernak 2009; Krucker et al. 2011).

. Location of Superhot X-Ray Sourcguperhot £30 MK) flare plasmas was de-

tected in large coronal altitudes (even during the pre-isipe flare phase),
and is thus of coronal origin, rather than caused by chrohmrsp evapora-
tion, which also generally produces a high-temperaturegumrant of~ 20 MK.
(Caspi and Lin 2010; Caspi 2010).

. Photospheric X-ray Albed®ack-reflected hard X-ray photons from the photo-

sphere were detected, where the solar surface acts Gkergoton mirro(Kontar
and Brown 2006).

511-keV Positron Annihilation LineRHESSI resolved the spectral width of the
511 keV positron annihilation line, with a line width of tygailly 2 5 keV, which
indicates a temperature of the accelerated-ion intemracggion aroundl’ =
10° K, which is much higher than the expected valueTof~ 10* K in the
chromosphere (Share et al. 2004).

The novel observations of RHESSI and the underlying thedlyb& discussed
in more detail in sections 11-14 on Solar Flares. Other sifiemighlights of the
RHESSI mission are not related to solar flares, such as nmexasuts of the oblateness
of the Sun (Fivian et al. 2008), the discovery of a huge flaoenfthe soft-gamma-
ray repeater (SGR) 1806-20 with quasi-periodic osciltadithat were interpreted as
“ringing” modes of the neutron star (Hurley et al. 2005; Wathd Strohmayer 2006),
and terrestrial gamma-ray flashes associated with ligh¢sndr sprites (Smith 2005;
Dwyer and Smith 2005).

1.3 The STEREO Mission

The twinSolar TErrestrial RElations Observatory (STERE§p)acecraft were launched
on 2006 October 26. At end of January 2007 the two spacee@édtrated and entered

Shttp://stereo.gsfc.nasa.gov/
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Figure 1.6:Left: Artist's concept of the STEREO twin spacecraft 3D perspeatin a coronal
mass ejection launched from the SiRight: Orbits of STEREO-A (red) and STEREO-B (blue)
with respect to the Earth’s annual orbit (green). (CredASA.).

heliospheric orbits in opposite directions, STEREO-A(daading in East direction
and STEREO-B(ehind) trailing in West direction around tlua 3ncreasing their sep-
aration by 45° per year, but maintaining their average distance:aof.0 + 0.1 AU
from the Sun all the time (Figure 1.6). At the time of writirthe two spacecraft are
separated by more tha®0°. These particular orbits provide solar data that are suit-
able for small-angle stereoscopy of active regions in thar smrona at the beginning
of the mission (or later whenever the separation angle is n&@ or 180 degrees),
while large-angle stereoscopy and tomography is feagiliedst later years, designed
to provide the 3D reconstruction of coronal mass ejectitias are launched in the
solar corona and propagate through interplanetary spaeealuBe of the varying dis-
tance of the two spacecraft from Earth, the data rate anchegty is highest at the
beginning of the mission, but drops continuously with irgiag distance later in the
mission. The STEREO mission concept was already antiadpate number of pre-
launch documents (Grigoryev 1993; Schmidt and Bothmer ;1986ker et al. 1996;
Davila et al. 1996a,b; Davila 1998; Socker 1998; Rust 1998ykr et al. 1998; Both-
mer et al. 1998; Socker et al. 2000; Michels 2002; Howard .e2@D2; Davila and
StCyr 2002; Mueller et al. 2003; Kaiser 2005; Harrison e28l05; Davis and Har-
rison 2005), including instrument-specific designs of tbeooagraphs (Thompson et
al. 2003), the EUV imager (Wilser et al. 2004), the heli@smhimager (Defise et
al. 2001a,b,c; 2003; Harrison et al. 2005; Davis and Hamr&05), the in-situ particle
detectors (Luhmann et al. 2005; Blush et al. 2005), and tfhie iastruments (Cecconi
and Zarka 2005; Rucker et al. 2005; Macher et al. 2007).

Each of the two identical STEREO spacecraft contains a sétwfinstrument
packages (Table 1.2): (i) theun Earth Connection Coronal and Heliospheric Investi-
gation (SECCHlpuite; (i) theln situ Measurments of PArticles and CME Transients
(IMPACT) experiment; (iii) thePLAsma and SupraThermal lon Composition (PLAS-
TIC) experiment; and (iv) th&STEREO/WAVES (SWAVES}Yadio antenna system.
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Table 1.2:STEREO instruments (adapted from Kaiser et al. 2008).
Instrument  Acronym  Purpose
SECCHI COR1 Coronagraph 1.4-4.0 solar radii
COR2 Coronagraph 2-15 solar radii

EUVI Extreme ultraviolet imager 1.6 solar radius

HI-1 Heliospheric imager 8-45 solar radii

HI-2 Heliospheric imager 35-215 solar radii
IMPACT SWEA Solar wind electrons to 3 keV

STE Suprathermal electrons 2-100 keV

SEPT Electrons 20-400 keV; protons 60-7,000 keV

SIT Composition He-Fe 300-2,000 keV/nucleon

LET Protons, He, heavy ions to 40 MeV/nucleon

HET Protons, He to 100 MeV; electrons to 8 MeV

MAG Vector magnetic field to 65,536 nT
PLASTIC SWS Protons, alpha dist. functions to 100 keV

Heavy ions to 100 keV

WAP Wide angle heavy ions to 100 keV
S/IWAVES HFR Electric field 125 kHz-16 MHz

LFR Electric field 2.5-160 kHz

FFR Fixed frequency 32 or 34 MHz

TDS Time domain to 250 k sample/sec

Essentially, STEREO is equipped with optical and EUV imag@ECCH]I), in-situ
particle detectors and magnetometers (IMPACT, PLASTIGY, dio wave detectors
(SWAVES). The SECCHI suite of instuments includes two wiiglt coronagraphs
(COR1 and COR2), an extreme-ultravioletimager (EUVI), tmal heliospheric white
light imagers (HI-1 and HI-2) which track CMEs out to 1 AU. TRdPACT suite of
instruments measures in situ solar wind electrons, protwesier ions, magnetic field
strenghts, and magnetic field directions. The PLASTIC ursgnt measures the com-
position of heavy ions in the ambient plasma as well as psotmd alpha particles.
The SWAVES instrument uses radio waves to track the locai@ME-driven shocks
and the 3D topology of open field lines along which particles/flproduced by solar
flares. In addition, each of the 4 instrument packages pmdunall real-time stream
of selected data for space weather predictions used by NOAA.

Technical descriptions of the STEREO instruments are masttumented in the
special issue oBpace Science Reviewslumel36(2008), which includes a descrip-
tion of the STEREO spacecraft (Driesman et al. 2008), the@HGnstrument suite
(Howard et al. 2008), the IMPACT instrument suite (Luhmahale2008; Ullrich et
al. 2008; Acuna et al. 2008; Sauvaud et al. 2008; Lin et al8200ason et al. 2008;
Mewaldt et al. 2008; Muller-Mellin et al. 2008; von Rosemge et al. 2008), the
PLASTIC instrument (Galvin et al. 2008), the SWAVES radistmmment (Bougeret
et al. 2008; Bale et al. 2008; Cecconi et al. 2008), the spaather beacon facility
(Biesecker et al. 2008), the STEREO ground operation (Eech®t al. 2008), and the
education and outreach program (Peticolas et al. 2008)-I&asch instrumental stud-
ies focused on the noise and stray light correction of EUVAges (Delouille 2008;
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Figure 1.7:Possible STEREO/IMPACT observations of SEPs at two maggistidisconnected
locations in the heliosphere: STEREO-A is located on an agpagnetic field line that is con-
nected to the coronal flare region and will probe flare-acatde particles, while STEREO-B
probes SEPs in-situ in a CME-driven shock in interplanesmgce at 1 AU (Credit: IMPACT
website).

Shearer et al. 2012), photometric calibration and backgt@uibtraction of the coron-
agraphs COR1 and COR2 (Thompson and Reginald 2008; Thor@dpd@nThompson
etal. 2011; Frazin et al. 2012), the performance, calibratind stray light rejection of
the heliospheric imagers HI-1 and HI-2 (Eyles et al. 200@v8T et al. 2009; Harrison
et al. 2009; Bewsher et al. 2010, 2012; Halain et al. 201¥)atftenna calibration of
SWAVES (Zaslavsky et al. 2011; Oswald et al. 2009), the STEGRBIar array design
(Tanzman 2008), imaging software with the FITS world cooadé system (Thomp-
son 2006; Thompson and Wei 2010), tomography software @eebal. 2011), and
multiscale visualization tools (Auchere et al. 2008).

The main purpose of the STEREO mission is to understand tiieesaand mech-
anisms of coronal mass ejection (CME) initiation and todellthe propagation of
CMEs through the inner heliosphere to Earth (Kaiser et d820STEREO measure-
ments are used to study the mechanisms and sites of engrgeitte acceleration and
to develop three-dimensional (3D) time-dependent modelseomagnetic topology,
temperature, density, and velocity of the solar wind betwds® Sun and Earth. A
conceptual cartoon of the STEREO observing strategy is shiowig. 1.7, involving
both remote-sensing and in-situ observations of a CME. Timeipal mission objec-
tives of the STEREO mission is to understand the origin am$equences of CMEs,
the most energetic eruptions on the Sun and the causes obtesavere nonrecurrent
geomagnetic storms at Earth (Kaiser et al. 2008). The spé¢atfks are:
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1. Understand the causes of mechanisms of CME initiation.
2. Characterize the propagation of CMEs through the hetiesg

3. Discover the mechanisms and sites of solar energeticleaaitceleration in the
low corona and the interplanetary medium.

4. Develop a three-dimensional, time-dependent modelefithgnetic topology,
temperature, density and velocity structure of the amisielar wind.

The scientific harvest of the STEREO mission clearly sugmtse modest expec-
tations of the pre-launch formulated science goals, wtsavident from the over 600
peer-reviewed STEREO-related publications with at le@80&itations during the first
6 years of the mission (2007-2012). In order to give a flavaB OEREO-related sci-
entific results and discoveries we select 10 key items tlztifed the highest citation
rates (according to ADS in January 2013):

1. Testing the Coronal Magnetic Field Modelifdodeling of the coronal magnetic
field with nonlinear force-free field (NLFFRhodels and quantitative compar-
isons with stereoscopically triangulated loops has led twitecal assessment
of modeling problems, such as insufficient area coverageeofov magnetic
field data that are needed to constrain the electric currantertainties in the
boundary data, and the non-force-freeness of the photosphd chromosphere
(DeRosa et al. 2009; Sandman et al. 2009).

2. Flux Rope Forward Modelling of CMEStereoscopic observations of 26 CMEs
were successfully modeled with a geometric model of a cofiicarope, which
allows to determine the 3D direction of propagation, the &weity and accel-
eration of the CME front, and the flux rope orientation andytér(Thernisien et
al. 2009)

3. Kinematics and Dynamics of Global Coronal EUV WavEse kinematics of the
coronal EUV wave is slower than the leading edge of the CME dexkler-
ates, suggesting a wave initiation by the CME expanding #afveronig et
al. 2008), consistent with an impulsively generated fasdenmagnetoacous-
tic wave (Long et al. 2008; Patsourakos et al. 2009). Nuraksimulations of
EUV waves suggest that both MHD wave and non-wave modelseapgired
(Cohen et al. 2009), especially as evident for events obdemith STEREO in
guadrature (Patsourakos and Vourlidas 2009; Kienreich &089), which can
even manifest a dome-shaped wave front (Veronig et al. 2010)

4. Firstimaging of Corotating Interaction Regions (CIR)stimaging of CIR was
accomplished with the HI cameras, revealing the formatioa GIR where the
fast solar wind from the equatorial coronal hole is intdragtvith the slow solar
wind from the streamer belt (Rouillard et al. 2008).

5. Heliospheric Images of the Solar Wind and CMEs at Egktkuccession of so-
lar wind wave fronts sweeping past Earth were observed \bighHI-2 cam-
eras from distance, synchronized with the Earth-deteatéghbof density en-
hancements at the leading edges of high-speed solar wieanstr (Sheeley et
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al. 2008). Synoptic views of Earth-directed CMEs (Harrisbial. 2008), Earth-
impacting CMEs (Davis et al. 2009), or other solar transigmbpagating to 1
AU can be tracked with HI time-elongation plots (Davies ef8i09).

6. First Stereoscopic Triangulation of Coronal Loo@gronal loops were stereo-
scopically triangulated for the first time when the spackseparation angle was
a few degrees (Feng et al. 2007; Aschwanden et al. 2008aghvpnovided 3D
constraints for magnetic modeling and independent deasitdytemperature di-
agnostics, measured with two identical spacecraft frorefiethdent viewpoints
(Aschwanden et al. 2008b).

7. Initiation of Polar Coronal JetStereoscopic triangulation of a polar coronal jet
reveals the helical untwisting during the initiation phéBatsourakos et al. 2008).

8. Synchronized CME acceleration and particle accelaraimultaneous obser-
vations with STEREO and RHESSI reveal a synchronized evoolatf the CME
acceleration profile in altitude and the evolution of thech&rray flux or ac-
celeration of nonthermal particles, which can be explaiwiti the standard
flare/CME magnetic reconnection flare model (Temmer et dl020

9. Relation between Radio Type Il Bursts and CMHEse average height of CMEs
when radio type Il bursts start is found =t 1.5 solar radii, corroborating the
cospatial relationship between CME shocks and type Il bii3bpalsmwamy et
al. 2009).

10. First Stereoscopic Triangulation of Erupting Filansefithe first 3D triangula-
tion of an erupting filament using EUVI followed the evolutiof the eruption
from 12 hours before to about 2 hours after the eruptionedrby a pre-eruptive
heating phase and subsequent magnetic reconnection (Lédwak 2009).

Other topics of STEREO research, besides the 10 hightliggtesd above, in-
clude: magnetically confined (non-eruptive), eruptive] acculted flares (Aschwan-
den et al. 2009), coronal loop (MHD fast-mode) oscillatigderwichte et al. 2009;
Aschwanden 2009), acoustic (MHD slow-mode) waves (Marsal.e2009), 3D re-
construction of active regions (Rodriguez et al. 2009)poat tomography and cavi-
ties (Vasquez et al. 2009; Kramar et al. 2009), solar fae-sidservations (Liewer et
al. 2012), coronal hole super-radial expansion (Krista@altiagher 2009), coronal-to-
interplanetary radio type Ill mapping (Pick et al. 2009; ieiet al. 2009; Thejappa
and MacDowall 2010), 3D kinematics and tracking of CMEs iteiplanetary space
(Boursier et al. 2009; Maloney et al. 2009; Webb et al. 2088gr wind sources (Luh-
mann et al. 2009), solar wind tomography in the heliosphBr& €t al. 2009), solar
wind reconnection exhausts (Lavraud et al. 2009), the &gtieric current sheet (Foul-
lon et al. 2009) solar energetic particle (SERyents (von Rosenvinge et al. 2009),
heliospheric transport of neutron-decay protons (Chaliet Mewaldt 2012), neutral
atom imaging of a substorm (Wang et al. 2010), interplagetast and nanoparticles
(Meyer-Vernet et al. 2009), spacecraft debris (St.Cyr.e2@09), interstellar dust (Bel-
heouane et al. 2012), very large amplitude whistler-modeewén the Earth radiation
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belt (Catell et al. 2008), auroral kilometric radiation (Rhenko et al. 2009), Jovian de-
cametric emission (Panchenko et al. 2010), comet taildgenkal. 2007), sun-grazing
comets (Thompson 2009), search of stars with exoplanetaifret al. 2011; San-
garalingam and Stevens 2011), magnetically peculiar $tdraight et al. 2012), and
tests of black hole theories using STEREO (Valtonen et dl120

Many scientific results of the STEREO mission are publishelriee Special issues
of the journalSolar Physicsnamely in the volume256, 259 (2009), and281(2012),
and in theJournal of Atmospheric and Solar-Terrestrial Phys@ame73(2011). Re-
views on STEREO-specific science can be found on theoretiodeling (Aschwan-
den et al. 2008; Jacobs and Poedts 2011), stereoscopy andreghy (Wiegelmann
et al. 2009; Aschwanden 2011), 3D reconstruction of actggons (Aschwanden and
Wilser 2011), EUV global waves (Zhukov 2011; Patsourakas @urlidas 2012),
3D reconstruction of prominences (Bemporad 2011), 3D rstroation of CMEs and
ICMEs (Thernisien et al. 2011; Rouillard 2011; Kleimann 2pHoward and Tappin
2009a,b; Tappin and Howard 2009), CME observations (Webld-Hmward 2012), and
3D tomography of heliospheric structures (Jackson et 41120

1.4 The Hinode Mission

The Japanese/US/UKinodé mission (named after the Japanese word for “sunrise”),
formerly known asSolar-8 was launched on 2006 September 22, just a month be-
fore the STEREO mission. The satellite was maneuvered imfoasi-circular Sun-
synchroneous orbit that is geostationary over the Earthinitgtyt terminator, which
allows near-continuous observation of the Sun. The firsgesadrom Hinode were
captured on 2006 October 28. The Hinode satellite contaireettelescopes; (i) the
Solar Optical Telescope (SQT)i) the X-ray telescope (XRT)and (iii) the Extreme-
Ultraviolet Imaging Spectrometer (ElSpictured in Fig. 1.8 and technical data are
listed in Table 1.3.

The SOT (Solar Optical Telescope) is a Gregorian type whmteter aperture and
with an angular resolution o 0.2” over a limited field-of-view of~ 400" x 400”.
The Focal Plane Package (FP&)nsists of three optical instruments: tBeoadband
Filter Imager (BFI)nvhich produces images of the solar photosphere and chrdreosp
in 6 wide-band interference filters; tiNarrowband Filter Imager (NFi¥hich is a tun-
able Lyot-type birefringent filter capable of producing matpgram and dopplergram
images of the solar surface; and tBpectropolarimeter (SRhich produces the most
sensitive vector magnetograph maps of the photospheradgoae FPP also includes
a Correlation Tracker (CTyhich locks onto solar granulation to stabilize the SOT
iamges to a fraction of an arcsecond. The spatial resolofitme SOT is about 5 times
finer than MDI/SOHO.

The XRT (X-Ray Telescope) is a modified Wolter 1 type telescdpsign that
uses grazing incidence optics to image the solar corondtesiccomponents (with
temperatures df, ~ 0.5 — 10 MK) with an angular resolution that is about twice the
CCD pixel size ofl”, over an imaging field-of-view of 34 arcminutes, which ighliy

Bhttp://hinode.msfc.nasa.gov/
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Figure 1.8:Artist's version of theHinodespacecraft in a Sun-synchroneous orbit. The large
central cyclinder with the open door is the SOT telescopdgathe EIS instrument is in the black
box on top, and the XRT instrument is attached below the S@UI@sy of Hinode Team).

larger than the solar diameter, so that it is capable to cagtdull-Sun image when
pointed at Sun center.

The EIS (Extreme-Ultraviolet Imaging Spectrometer) is amal incidence spec-
trometer in the extreme ultraviolet (EUV) wavelength rangenducing spatially re-
solved spectra in the two wavelength ranges of 17.0—21.2]rﬂﬁ—(212,&) and 24.6-
29.2 nm (246-29A). The spatial resolution is- 2 and the field-of-view is up to
560" x 512”. The emission lines in the EIS wavelength bands are emittedranal
temperatures ranging from 50,000 K to 20 MK.

Technical descriptions of the Hinode instruments are ginghe special issues of
Solar Physicsolume243(2007) and249 (2008), containing descriptions of the mis-
sion (Kosugi et al. 2007), the data archive (Matsuzaki €@0.7), the XRT instrument
(Golub et al. 2007; Kano et al. 2007), the EIS instrument@ok et al. 2007), and the
SOT instrument (Tsuneta et al. 2008; Shimizu et al. 2008rtausu et al. 2008; Ichi-
moto et al. 2008). Post-launch instrumental studies of Hénfocused on the point
spread function of SOT (Wedemeyer-Boehm 2008), the regpblimsction of SOT
(Wachter 2008), image processing techniques applied to @@Jabi et al. 2012),
magnetogram comparisons of SOT (Wang et al. 2009), pol#iitneoise and scat-
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Table 1.3:Hinode Instrument Characteristics (adapted from Kosugl.2007).

Parameter Characteristics

Spacecraft mass: 900 kg (wet), 770 kg (dry)
Spacecraft power: 1100 W

Spacecraft size: 40x16x1.6m

Data rate: up to 2 Mbps

Telemetry rate: 32 kbps (S-band), 4 Mbps (X-band)
On-board storage: 8 Gbhits

Orbit altitude: 680 km (circular, Sun-synchronous, poldyit)
Orbit inclination: 98.1°

Orbit period: 98 min

Attitude control: three-axis stabilized

Absolute pointing: 20"

Pointing determination: ~ X/Y axes: 0.1

Launch date: 2006 September 22

Instruments: Solar Optical Telescope (SOT)

X-ray telescope (XRT)
Extreme-Ultraviolet Imaging Spectrometer (EIS)

Angular resolution: SOT: 0’2 XRT: 2", EIS: 2’

Field of view: SOT: 400, XRT: 34', EIS: < 560’

Temporal resolution: SOT: 3.4 s, XRT: 2 s, EIS: scannifijnD.7 s

Spectral range: SOT: 3800-7080 EIS: 170-212A, 246-292A, XRT: 6-60A

tering polarization of SOT (Tiwari et al. 2009; Snik et al.12), spectro-polarimetric
inversion of Stokes profiles (Borrero et al. 2011; VanNod@12), the intensity con-

trast and stray light correction of SOT (Danilovic et al. 800/athew et al. 2009),

transverse flow measurements with optical flow techniquésé¢Ct al. 2008, 2009),
Fabry-Perot versus slit spectro-polarimetry analysiggéuet al. 2010), speckle inter-
ferometry comparisons with SOT (Woeger et al. 2008), theakength calibration of

EIS (Brown et al. 2007, 2008; Landi and Young 2010; Wang ét@l.1), on-orbit sensi-

tivity monitoring of EIS (Mariska 2012), and the Hinode sdlare catalog (Watanabe
etal. 2012).

As the successor of théohkoh(Solar-A) mission, Hinode aims to understand how
magnetic energy gets transferred from the photosphere toggher atmosphere and re-
sults in explosive energy releases. The principal sciergdials of the Hinode mission
are the following (Kosugi et al. 2007):

1. To understand the processes of magnetic field generatibimansport including
the magnetic modulation of the Sun’s luminosity.

2. Toinvestigate the processes responsible for energsfeinom the photosphere
to the corona and for the heating and structuring of the cbhephere and the
corona.

3. To determine the mechanisms responsible for eruptivegrhena, such as flares
and coronal mass ejections, and understand these phendmigeacontext of
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the space weather of the Sun-Earth system.

Hinode is designed to address the fundamental questionwfrhagnetic fields
interact with the ionized atmosphere to produce solar kditig which should be ac-
complished by the unprecedented high spatial resolutidtimbde (see examples in
Fig. 1.9) to measure magnetic fields from space, which is diffiaction-limited, com-
pared with ground-based optical telescopes that sufferadeg spatial resultion due to
the seeing conditions in the Earth’s atmosphere. The tim&euments were selected
to observe the response of the chromosphere and coronarigeshia the photosphere
by measuring the 3D vector magnetic field. This should cairsthe measurement of
electric currents and free magnetic energies (defined teyalifce between the force-
free non-potential and potential field). The response oktilar atmosphere to mag-
netic field changes is measured by the EUV Imaging Specten(tlS) and the X-Ray
Telescope (XRT).

Reviewing the scientific output of the Hinode mission, whiotals to over 750
peer-reviewed publications with 13,000 citations durihg first 6 years of the mis-
sion (2007-2012), we select 10 highlights and/or discagettat featured the highest
citation rates (according to ADS in January 2013):

1. Chromospheric Alfvénic Waves Powering the Solar WiHde signature of ubi-
quitous Alfvén waves have been detected in the chromosphighh SOT, mani-
fested as quasi-periodic jet-like extrusions called dpi&wwith amplitudes of 10-
25 km s~! and periods of 100-500 s, carrying sufficient flux to accétetize so-
lar wind and possibly to heat the quiet corona (DePontieli 2087a). Spicules
are believed to appear in two forms: shock-driven type Idpi and more dy-
namically and rapidly heated type Il spicules (DePontieale007b). Type
Il spicular jets may even contribute to coronal heating (&rfu et al. 2009,
2011).

2. Horizontal Magnetic Fields of the Quiet-Sun Internetivor SOT/SP measure-
ments of the 3D vector magnetic field in the quiet Sun revethlatthe internet-
work regions are permeated by relatively strong horizomiadjnetic flux, with
an average horizontal flux density &f = 55 Mx cm~2, as compared to the
corresponding average vertical flux density®f = 11 Mx cm~2, probably
organized by magneto-convection on meso-granular schits (et al. 2008).
Emergence of small-scale(2”) magnetic flux was detected with SOT/SP in
the quiet-Sun internetwork also (Centeno et al. 2007). Tiermetwork has
highly inclined fields ofB ~ 100 — 800 G, while the network areas have field
strengths ofB ~ 1 — 2 kG (Orozco Suarez et al. 2007).

3. Evidence for Alfvén Waves in Solar X-Ray Jdiinode/XRT observations of po-
lar coronal holes revealed that soft X-ray jets have twartitly different veloc-
ities, one near the Alfvén speedy ~ 800 km s'), and one near the sound
speed ¢, ~ 200 km s™!), which may contribute to the high-speed solar wind
(Cirtain et al. 2007).
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Figure 1.9:1mages obtained from Hinode that emphasize the high spagialution of SOT that
is needed to resolve the finest observed featufeg.left: Venus transit on 2012 June Bpttom
left: Prominence threads above the limfmp right: Postflare loopsBottom right: Sunspot and
solar granulation (Courtesy of Hinode Team).

4. Transverse MHD Waves in Prominenddsiode/SOT observations of fine-scale
thread-like structures in prominences reveal oscill&iaith periods of sev-
eral minutes, likely to be caused by MHD fast-mode Alfvénvas (Okamoto
et al. 2007).

5. Non-Linear Force-Free Magnetic Field (NLFFF) Modeliddolar Flares was
conducted with Hinode/SOT vector magnetic field data and 1BR¥ codes, re-
vealing strong electrical currents that emerge togethttr tve magnetic flux be-
fore a flare in a large-scale twisted flux rope topology, kitieig a free magnetic
energy ofx 1032 erg during an X3.4 GOES-class flare (Schrijver et al. 2008).

6. Quiet-Sun EUV Emission Lines and DiagnosticsThe EUV spectrum of the
Quiet Sun comprises many emission lines from iron (Fe VIKXV), oxygen
(O IV to O VI), magnesium (Mg V to Mg VII), silicon (Si VIl to X) ad oth-
ers, which enables unprecedented temperature and dersgityodtics with the
Hinode/EIS spectrometer (Young et al. 2007; 2009).

7. Chromospheric Anemone Jets as Evidence of UbiquitousiRectionHinode
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SOT observations of jets outside sunspots in active regiithdengths of 3-7”,
widths of 0.2-0.4", and velocities of 10-20 kms reveal inverted-Y geome-
tries that are indicative of ubiquitous small-scale maigrretonnection (Shibata
et al. 2007).

. Quiescent Prominence DynamicsHinode/SOT observed upflows with sonic

speeds ofz 10 km s~!, filamentary downflows, turbulent vortices, and large-
scale transverse oscillations with periods of 20-40 min amglitudes of 2-5
Mm in quiescent prominences, all dynamic phenomena thdaharenally and/or
magnetically driven (Berger et al. 2008).

. Continuous Plasma Outflows as Sources of Solar WAngbssible origin of the

fast solar wind has been identified with Hinode/XRT at theesaftactive regions,
where continuous outflows of soft X-ray emitting plasma glopen magnetic
field lines was observed, with a total mass loss ratedf/4 of the solar wind
(Sakao et al. 2007).

Solar Surface Emerging Flux Regidrave been modeled with 3D radiative MHD
simulations originating from the rise of buoyant magnetixx ftubes through
the convection zone into the photosphere, which can expieirfeatures ob-
served with Hinode/SOT, such as the pattern of emerging égions, magnetic
flux cancellation, associated high-speed downflows, cdiweecollapse of pho-
tospheric flux tubes, appearance of anomalous darkeniogsafion of bright
points, andB =~ 1 kG horizontal magnetic fields (Cheung et al. 2008).

Some initial scientific results frorilinodeare documented in the special issue of
Sciencevolume 318 (2007), while ongoing Hinode research is well captured & th
conference series of th&stronomical Society of the Pacifisuch as from the 2nd
Hinode Science Meeting (ASP volurdd5 2009), the 3rd Hinode Science Meeting
(ASP volume454, 2012), the 4th Hinode Science Meeting (ASP volugé, 2012),
and the 5th Hinode Science Meeting (ASP volud®®, 2012). An online source of
new Hinode/EIS scientific findings is thdinode/EIS Nuggets Archive Some partial
reviews of Hinode-specific science results can be found imaH2008), Sekii (2009),
McKenzie (2009), Suematsu (2010), Tsuneta (2011), and®atkos and Vourlidas
(2012).

1.5 The SDO Mission

The Solar Dynamics Observatory (SOQ$ the first space-based mission of NASAS
Living With a Starprogram. SDO was launched on 2010 February 11 and lifted into
a circular geosynchroneous orbit inclined B§° about the longitude of the SDO-
dedicated ground station in New Mexico (Fig 1.10). Scienperations started on
2010 May 1. The SDO spacecraft contains three instrumdregtmospheric Imag-

ing Assembly (AIA) the Extreme Ultraviolet Variability Experiment (EVEand the

http://msslIxr.mssl.ucl.ac.uk:8080/SolarB/eisnuggets.jsp
8http://www.nasa.gov/mission_pages/sdo/main/index.html
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Figure 1.10:The Solar Dynamics Observatory (SD€)acecraft is shown in an artist's impres-
sion. The four golden tubes represent the fatmospheric Imaging Assembly (AlAglescopes
(Courtesy NASA and SDO Team).

Helioseismic and Magnetic Imager (HMBuilt by NASA/GSFC, LMSAL, and LASP
(University of Colorado). Technical data of the SDO spaa#diFig. 1.10) are sum-
marized in Table 1.4.

The AIA (Atmospheric Imaging Assembly) consists of fouesgopes that employ
normal-incidence, multilayer-coated optics to provideroa-band imaging of seven
extreme ultra-violet (EUV) band passes centered mostlyamlines: Fe XVIII (94
A), Fe VIl and XXI (131A), Fe IX (171A), Fe XIl and XXIV (193A), Fe XIV (211
A), He 11 (304A), and Fe XVI (335A). One telescope observes C IV (near 160@nd
the nearby continuum (1708) and has a filter that observes in the visible to enable
coalignment with images from the other telescopes. The¢eatpre diagnostics of the
EUV emissions cover the range frdfa = 6 x 10* K to 7, = 20 MK. The field-of-
view of AlA images extends out to 1.5 solar radii, the CCD imagntaingl096 x 4096
pixels with a pixel size of).6” and has a spatial resolution sf 2 pixels. Images in
all wavelengths are recorded with a cadence of 12 s, 24 hadag,groducing over a
Terabyte of (uncompressed) data per day. Examples of cllaoyss, filaments, and
prominences imaged by AIA are shown in Fig. 1.11.

The EVE (Extreme Ultraviolet Variability Experiment) meses the solar EUV
irradiance from 0.1 to 105 nm (1—105&)) with unprecedented spectral resolution
(0.1 nm), temporal cadence (10 s), and accuracy (20%). EvlHdes several irradi-
ance instruments: Thi&lultiple EUV Grating Spectrographs (MEGS-#) a grazing-
incidence spectrograph that measures the solar EUV imadian the 5-37 nm range
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wit 0.1-nm resolution, and the MEGS-B is a normal-incidemkel-pass spectrograph
that measures the solar EUV irradiance in the 35-105 nm rauithe0.1-nm resolu-
tion. In-flight calibration is provided by thEUV Spectro-Photometer (ESRyhich
measures the solar EUV irradiance in broadbands betweesn@. B9 nm. All these
instruments are designed to accurately measure the s@diance in the entire EUV
wavelength range and its impact on the Earth’s ionosphere.

The HMI (Helioseismic and Magnetic Imager) onboard SDO igeter magneto-
graph that is designed to measure the Doppler shift, ingrsitl vector magnetic field
at the solar photosphere using the 61vBe | absorption line. The instrument con-
sists of a front-window filter, a telescope, a set of wavegddor polarimetry, an image
stabilization system, a blocking filter, a five-stage Lydefilwith one tunable element,
two wide-field tunable Michelson interferometers, a pait@d62 pixel CCD cameras
with independent shutters, and associatd electronics &anera takes a full-disk im-
age in Doppler velocity, intensity, and line-of-sight fielgeasurements with a cadence
of 45 s, and a slower cadence for a full vector magnetic field.

Technical descriptions of the SDO instruments are mostlgrgin the special is-
sue of Solar Physicsiolume 275 (2012), such as descriptions of the SDO mission
(Pesnell et al. 2012), the AIA instrument (Lemen et al. 20B8grner et al. 2012;
Golub 2007), the EVE instrument (Woods et al. 2012; Hock €2@12), the HMI in-
strument (Scherrer et al. 2012; Schou et al. 2012a,b; Waehi@. 2012), Couvidat
et al. 2012a, 2012b; Zhao et al. 2012), the solar event garaltion, calledHelio-
physics Event Knowledgebase (HEurlburt et al. 2012), the automated feature
detection algorithms (Martens et al. 2012), the educatimhautreach program (Drob-
nes et al. 2012), a German-based SDO center (Burton et &) 28CQtheVirtual Solar
Observatory (SVOjacility (Hill et al. 2009). Post-launch instrumental SD@idies
concerned the SDO/AIA response function (O’'Dwyer et al. ®@Q1ast inversion of
Stokes Vector profiles (Borrero et al. 2011), inter-comgiars of magnetograms (Liu
et al. 2012a,b; Pietarila et al. 2013), and intercompassinAIA and HMI images
(Chandrashekhar et al. 2012).

The science goals of solar-dedicated missions have beesasingly broadened
over the past, embracing now a fundamental understandirtigeophysics of solar
variations as well as its consequences on the Sun-Eartansyastd heliosphere. The
official SDO level 1 science requirements were formulatefthim of seven questions
(Pesnell et al. 2012):

1. What mechanisms drive the quasi-periodic 11-year cyfcdelar activity?

2. How is active region magnetic flux synthesized, concésdraand dispersed
across the solar surface?

3. How does magnetic reconnection on small scales reorg#médarge-scale field
topology and current systems, and how significant is it irtihgahe corona and
accelerating the solar wind?

4. Where do the observed variations in the Sun’s extremawuidtiet spectral irra-
diance arise, and how do they relate to the magnetic actyities?
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Table 1.4:SDO Instrument Characteristics.

Parameter Characteristics

Spacecraft mass: 3000 kg

Spacecraft power: 1500 W

Spacecraft size: 4.7x22x22m

Data rate: 150 Mbps

Orbit altitude: 35,800 km

Orbit inclination: 28°

Orbit period: geosynchronous

Attitude control: three-axis stabilited

Pointing accuracy: 0.12

Launch date: 2010 February 11

Misson Operation: NASA/GSFC

SDO Ground Station:  White Sands, New Mexico

Instrument: AlA HMI EVE
CCD detector: 4096 x 4096 4096 x 4096 1024 x 2048
Pixel size: 0.6 0.50%8’

Angular resolution: 15 0.97"

Field of view: 41" x 41’ 34" x 34’

Temporal cadence: 12s 45s 10s
Spectral range: 94 (Fe XVIII) 6173 A 1-1050A

131A (Fe VI XXI)
171A (Fe IX)

193A (Fe XII,XXIV)
211A (Fe XIV)
304A (He Il)

335A (He XVI)
1600A (C IV+cont)
1700A (cont)
4500A (cont)

5. What magnetic field configuration lead to the coronal m@stiens, filament
eruptions, and flares that produce energetic particlesadidtion?

6. Can the structure and dynamics of the solar wind near barttetermined from
the magnetic field configuration and atmospheric structeae the solar surface?

7. When will activity occur, and is it possible to make acterand reliable fore-
casts of space weather and climate?

These science questions then led to the design of the SD@unmesmts. All of the
guestions are related to developing a fundamental unaelisiof the solar magnetic
field. Three of the science questions emphasize prediotiiag activity.

At the time of writing, SDO completed the third year of its si® and produced
already some 300 peer-reviewed publications with over 2@@€ions. In order to give
a flavor of the scientific discoveries and new observatioeslits we select the 10
most-cited topics (according to ADS in January 2013):
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Figure 1.111mages taken by AIA/SDCTop left: Prominence observed with AIA in 30%on
2012 August 31Bottom left: Full disk EUV multi-wavelength image on 2012 August 3bp
right: An erupting filament that turns into a prominen@&nttom right: Two active regions near
the limb bridged by transequatorial loops, observed by AW®612 July 12 (Courtesy of NASA
and SDO Team).

1. Quasi-Periodic Fast-Mode MHD Global EUV Waveésiasi-periodic wave trains
with Alfvénic speeds# 1400 km s~1) were discovered to run ahead of the lat-
eral CME front, as well as ahead of the secondary slower EUVviside the
CME front (Liu et al. 2012). A similar fast-mode wave preagglthe slower
EUV wave was discovered earlier with AIA (Chen and Wu 2011).

2. Iso-thermal Cross-sections of Active Region Lodysze been inferred from dif-
ferential emission measure (DEM) analysis of backgrouratracted loop cross-
sections, using the full temperature range of AIA. This Hesun contrast to the
multi-thermal nature expected for coronal heating modgisiédnoflares (As-
chwanden and Boerner 2011). Multi-stranded loop ensemizes found to be
multi-thermal (Schmelz et al. 2011).
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3.

10.

Long-range Magnetic Coupling Between Flares and CM&ss study revealed
near-synchronous, long-distance global coupling (oveentwan a solar radius)
between magnetic domains that exhibit flares, eruptiond,raimor forms of
activity (Schrijver and Title 2011).

. Evolution of Magnetic Field during Major Eruptive FlaresFast magnetic flux

emergence (over 5 days) and strong shearing motion led tadrigpolar sunspot
complex that produced several major eruptions, includiegfirst X-class flare
(2011 February 14) of Solar Cycle 24. Magnetic (NLFFF) modgyields free
energies of~ 2.6 x 1032 erg. The flare-associated changes in the magnetic
field were found to be consistent with the coronal “imploSiarodel (Sun et

al. 2012).

. The 2011 February 15, X2 Flare and MHD Flux-Rope Modelirige 3D evolu-

tion of this major flare, its footpoint ribbons, coronal ftpand associated CME
is aided by the combined view of AIA and STEREO and is modeléti &
flux-rope MHD simulation, which reproduces the (streamamnfmed) lateral and
adiabatic volume expansion of the CME, as well as the glohAl ave self-
consistently (Schrijver et al. 2011). HMI revealed a raB@ (in) and irre-
versible enhancement in the horizontal magnetic field atfldrvéng magnetic
polarity inversion line byx 30% during the same flare (Wang et al. 2012) and a
“sunquake” wave in response (Kosovichev 2011).

. Heating of High-Temperature Active Region Looj$te core of active regions

appears to be steadily heated to temperaturés ef 4 MK, so that they reach an
equilibrium between heating and cooling loss rates (Wagtead. 2011). Warm
loops (. ~ 1 MK) have been consistently diagnosed with SDO/AIA and Hin-
ode/EIS (Del Zanna et al. 2011).

. Flux-Rope Formatiorithe flux rope formation during the CME impulsive phase

has been observed during the 2010 November 3 flare (Chengétldl), accom-
panied with a high-temperature erupting plasmoid (Reemd<Golub 2011).

. SigmoidsA transition from a sigmoid to a flux rope during a tether-imgtre-

connection with subsequent eruption of a loop-like CME wiasmtangled dur-
ing the 2010 August 1 event (Liu et al. 2010).

. Coronal Kink-Mode Loop Oscillationsthis first AIA detection of kink-mode

loop oscillations revealed vertical oscillations in thepglane (with periods of
~ 6.3 min), coupled cross-sectional and density oscillationsjamping of the
oscillation amplitude, multi-strand oscillations withgditly (=~ 10%) different
periods, a relatively cool loop temperatufé = 0.5 MK), and a magnetic field
of B ~ 4 G (Aschwanden and Schrijver 2011).

CME Shock WaveA particularly well-observed shock ahead of a bubble-like
CME was found to have a density compression of 1.56, a terhperaf 2.8
MK, a thickness ofs 20 Mm, a speed of 600 knTs decreasing to 550 knTs,
and a lateral expansion speed of 400 km @Ma et al. 2011).
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Figure 1.12:Artist's view of the CORONAS-Photon spacecraft in orbit éige credit: Roskos-
mos).

The content of the foregoing selection of SDO publicatioesidnstrates the pre-
ponderance and special aptitude of SDO observations totdisgle the dynamics of
flares, coronal mass ejections, associated shock wavesgtoagoustic waves, global
EUV waves, EUV dimming, sunquakes, active region loopsnsigs, flux ropes, jets,
polar crowns, filaments, and prominences. Many studiesoatesed on the role of the
magnetic field and the associated Lorentz and hydrodynamge$, which drive mag-
netic and fluid instabilities (e.g., kink instability, t@unstability, Kelvin-Helmholtz
instability, Rayleigh-Taylor instability), lead to a los$ equilibrium and to eruptive
magneto-hydrodynamic evolutions. Additional topics ofBtudies are coronal heat-
ing, nanoflare scenarios, spicular heating, solar cyclatians, local helioseismol-
ogy diagnostics, far-side helioseismology, magnetic fimeegence, subsurface flows,
coronal magnetic field modeling, space weather forecagtiglgp-climatology, as well
as Sun-grazing comets, and a Venus transit (Fig. 1.9).

1.6 The CORONAS Missions

The Russian Federal Space Agend@yoskosmos) launched a series of three solar-
terrestrial science mission€ORONAS-Iwas launched on 1994 March 2 and decayed
on 2001 March 4 (I stands for Izmiran, the site of the headtirt&in, thelnstitute of
Terrestrial Magnetism, lonosphere and Radio Wave PromayaCORONAS-Fwas
launched on 2001 July 31 and re-entered the atmosphere &ri@@mber 6 (F stands
for FIAN, the Lebedev Institute of Physics); a@DRONAS-Photorior CORONAS-
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Foton), which was launched on 2009 January 30, but lost powet009 December
1, and was declared as lost on 2010 April 18 (Fig. 1.12). TWHRONASproject, an
acronym forComplex ORbital Observations Near-Earth of Activity of then was en-
visioned to make observations during different phaseseflthryear solar cycle. The
CORONAS satellite series was equipped with a variety ofrimsents including UV,
EUV, and XUV imagers, X-ray and gamma-ray spectrometedipreeceivers, and
particle counters.

CORONAS-I carried a total of 12 science instruments, inicigdhe Terekspectro-
hliometer, theRES-Ksolar X-ray spectrograph, thi¢elikonsolar gamma-ray detector,
the SUVR-SP-Qlltravioet radiometer, thBIFOSoptical photometer, and other instru-
ments.

CORONAS-F was equipped with 18 instruments: the Multicle@olar Photome-
ter DIFOS the Full Sun XUV spectroscopy imagit8P/RIT(Zhitnik et al. 2002; Reva
et al. 2011), the Solar X-Ray Telescof&T, the X-Ray SpectroheliograpRES the
X-Ray Spectrometer and Photomef2tOGENESS(Plocieniak et al. 2002), the X-
Ray SpectrometeRESIK, the Solar Spectropolarimt&PR the Flare Spectrometer
IRIS, the Gamma SpectrometBiEL ICON, the X-Ray Spectrometd®PS(Pankov et
al. 2006), the Time-Amplitude SpectromefrS, the Solar UV RadiometeSUFR the
Solar UV Spectrophotomet&USS the Solar Cosmic Rays Compl&SKL, the Cos-
mic Ray MonitorMKL , the Spectrometer of Energy and lon Chemical Composition
SKI, the Solar Neutron and Gamma Ray Spectrom8@NG and the X-ray polarime-
ter PR-N Technical publications of the CORONAS-F instruments aosthy given in
the special issue dbolar System Researgblume45 (2011), and additional publica-
tions summarize the studies of solar activity on the CORONAStellite (Oraevsky
and Sobelman 2002), or deal with radiation doses in/titernational Space Station
(ISS) compared with CORONAS-F (Panasyuk et al. 2007), and the 6riats of
CORONAS-F (Boldyrev et al. 2007).

CORONAS-Photon is part of the internatioriaVing with a Star (LWS)program.
The scientific payload complex contains: the high energygtspmeterNatalya-2M
(Kotov et al. 2011c), the Roentgen TelescopRT22 (Kotoch et al. 2011; Sreekumar
etal. 2011; Sarkar et al. 2011; Debnath et al. 2011; Nandi 2041; Rao et al. 2011),
the hard X-ray polarimeter-spectromeRENGUIN-M (Kotov et al. 2011a), the X-ray
and gamma-ray spectrometéonus-RF the fast X-ray monitoBRM, (Trofimov et
al. 2011), the multi-channel ultraviolet monitBHOKA, (Kotov et al. 2011b), the X-
ray and gamma-ray spectromeka@nus-RF the solar telescope/imaging spectrometer
TESIS(Kuzin et al. 2009, 2011a,b), which contains t8phinX soft X-ray spectro-
photometefGburek et al. 2011a,b; 2013), the charged particle analisctron-M-
PESCA (Denisov et al. 2011), the satellite telescope of elestand protonSTEP-F
(Dudnik et al. 2011, 2012), the magnetome®&/-8M, and the global solar oscillation
experimentSOKOL (Levedev et al. 2011). Scientific goals and observationaabai-
ties of the CORONAS-Photon mission are summarized in Ka@oQ, 2011), the data
processing in Alikin et al. (2011), and the ground operaimrBuslov et al. (2011).

The main goal of the CORONAS project is the investigation mérgy accumu-
lation and its transformation into energy of acceleratetigas processes during so-
lar flares; the study of the acceleration mechanisms, paifagand interaction of
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fast particles in the solar atmosphere; the study of ther sativity correlation with
physical-chemical processes in the Earth upper atmosphkesspecific science tasks
include:

1. Determine the distribution functions of acceleratedtetens, protons and nuclei
and their dynamics with high time resolution.

2. Study the difference in the acceleration dynamics oftedes and protons (nu-
clei).

3. Obtain the distribution function variations for high egyeparticles (up to a few
GeV).

4. Study the interacting particle angular anisotropy byigiaal analysis of radia-
tion spectra and linear polarization parameters of hardyér

5. Study of directional effects in the region of high energyngna radiation.

6. Determination of mechanisms and requirements of eleetnal proton accelera-
tion in different flare phases, and parameters of propagegigion of accelerated
particles.

7. Determination of elemental abundance in the region ofrgafmay production by
gamma spectroscopy and capture of low energy neutrons gotaeatmosphere.

8. Determination of radiation generation altitudes by obeston of deuteron line
weakening from limb flares.

9. Determination of energy spectra in view of acceleratedgors and nuclei and
dynamics of these spectra according to nuclear gammasdtice r

10. Study of light elements generation (D, 3He, Li, Be) dgfiiares.

11. Research of chemical and isotopic compositions of mackelerated in flare on
the Earth orbit, and also energy and temporal parameterarefélectrons and
protons.

12. Monitoring of the Earth upper atmosphere by absorptioextreme ultraviolet
of the quiet Sun.

13. Study of hard X-ray and gamma radiation from gamma-ragtbu
14. Study of X-ray radiation from the bright local sourcesg the ecliptic plane.
Scientific results and instrumental descriptions of the OQRS missons are doc-
umented in at least 75 peer-reviewed publications in Endéisguage (not counting

publications in Russian) and the most-cited results irel{atcording to ADS in Jan-
uary 2013):
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1. Quasi-periodic pulsations in gamma-ray emission dutiegsolar flareof 2005
January 1, detected at photon energies up to 2-6 MeV witlstkar Neutrons
and Gamma-rays (SON@xperiment aboard the CORONAS-F mission, as well
as with RHESSI and the Nobeyama radio heliograph (Nakaviakal. 2010).

2. The Temperature Structure of the Low-Activity CorongflGOES-class A9-B5)
shows a double-peakefifferential emission measure (DEMistribution (based
on RESIK spectra) with a peakat ~ 2 — 3 MK, but also a much weaker peak
at hotter plasma df, ~ 10 MK (Sylwester et al. 2010a).

3. High-Temperature Diagnostics During Solar Flahes been systemtatically ob-
served with SPIRIT in the 280-338 wavelength rangel¢g(T.) ~ 6.8 —
7.2) during 2001-2005 with ten thousands of spectro-heliogréBhestov et
al. 2010). The solar X-ray continuum was also measured fditat8s during
2002-2003 with RESIK (Phillips et al. 2010a), and a DEM irsien algorithm
has been tested with SPIRIT spectra (Goryaev et al. 2010).

4. Potassium, Argon, and Chlorine Abundané&stassium lines were analyzed with
RESIK at3.53 — 3.57 A, revealing an enhancement of the first-ionization poten-
tial (FIP) effect by a factor of 5.5, suggesting fractiopatin the lower chromo-
sphere (Sylwester et al. 2010b). Argon lines analyzed wESK at3.9 — 3.7
A were found to have a very similar photospheric and corobhahdance (Syl-
wester et al. 2010c). Chlorine abundances determined vE&IR show a en-
hancement of 1.8 and 2.7 compared with infrared sunspotunemagnts (Syl-
wester et al. 2011).

5. High-Energy Gamma Radiation of Solar Flareas detected with SONG up to
energies of> 100 MeV, suggesting decay of neutral pions By300 MeV pro-
tons, during the 2001 August 25, X5.3 flare (Kurt et al. 20bf)and during the
2003 October 28, X17.2 flare (Kuznetsov et al. 2011).

A summary of scientific results from the CORONAS-F missiogiien in Kuznetsov
etal. (2011).

1.7 Other Solar Space and Suborbital Missions

In addition to the large space-based and solar-dedicateeradtorie$ (e.g., SOHO,
STEREO, Hinode, SDO) that are operational at the beginritiged?21st century, there
is in also an arsenal of other (mostly smaller, or partiatliasdedicated) space mis-
sions, suborbital rocket flights, and balloon-borne detsctthat provided significant
contributions to solar physics. In the following we will bfiy mention a few of these
missions that are operational at the beginning of the 2Igucg in order of launch
dates.

The Geostationary Operational Environmental Satellites (GDig. 1.13) pro-
gram, operated by the USational Oceanic and Atmospheric Administration (NOAA)

Shttp://www.scholarpedia.org/article/Solar_Satellites
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Figure 1.13:The Geostationary Operational Environmental Satellit®ES-10), which was
deactivated on 2009 December 2, after 12 years of servi@d{{ICNOAA).

consists of a series of geostationary satellites (orbitiegEarth at a height of 35,790
km), which overlap in time so that there are always one toettagacecraft present
and guarantee an essentially uninterrupted time serieslaf soft X-ray fluxes, be-
sides continuous meteorological observations of the Edittle GOES-1 satellite was
launched on 1974 October 16, and GOES-2 and GOES-3 follow&87%7 and 1978.
In the meantime the series continued up to GOES-15, laurmth2810 March 4, while
the future satellites GOES-R and GOES-S (with soft X-raygimg capabilities) are in
the queue for a launch in 2015 and 2017, respectively. Opeedtand technical details
of GOES satellites can be gleaned from Grubb (1975), Dopeehl. (1977), Bouwer
etal. (1982), Thomas et al. (1985), Kahler and Kreplin ()9&hrcia (1994), Shing et
al. (1999), Lemen et al. (2004), Stern et al. (2004), Hillle2005), Pizzo et al. (2005),
White et al. (2005), Vaananen et al. (2009), Evans et28l10), Neupert (2011), the
NOAA websité®, or the NASA/GOES websité. GOES is the longest-operated solar-
observing program in space and provides a basically comtisialata stream of soft
X-ray fluxes in the two 0.5-A and 1-8A wavelength bands, which are widely used for
the classification of solar flare magnitudes. The logarithiiuk values are labeled with
letters (A, B, C, M, X-class), which denote the order of magaé of the peak flux on a
logarithmicscaled =108, B=10"7,C =107 M =107°, X = 10~* Wm™2),
subdivided with an additional digit (e.g., an X2 class flass la flux of2 x 10~
Wm™2).

10http://www.0s0.noaa.gov/goes/
Uhttp:/igoespoes.gsfc.nasa.gov/project/index.html
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Interball? is an international solar-terrestrial program to study Haeth magne-
tosphere with two spacecraft, one flying through the magpdteric geotail (i.e., the
Tail Probe launched on 1995 August 3), and one flying over the polarrayice., the
Auroal Probelaunched on 1996 August 29). One of the instruments onb&dxil5,
comprises a solar photometer and an imager, designed failpaud high-resolution
measurements of the integral solar flux in the energy rangedem 2 keV and 240 keV
as well as for imaging of solar flares in the 2-8 keV energy earithe X-ray imager
has rotation-modulated collimators, similar to RHESSH #rus is capable of Fourier
imaging or solar flares (Sylwester et al. 2000).

TIMED-SEES is the Solar EUV Experiment (SEEB)strument onboard the NASA
Thermosphere lonosphere Mesosphere Energetics and DgsigmMED) mission,
developed at thé.aboratory for Atmospheric and Space Physics (LA&Bhe Uni-
versity of Colorado, launched on December 2001. It studizr srradiance and vari-
ability, in the VUV wavelength range of 0-200 nm, includirtetsoft X-ray (XUV)
range of 0-30 nm, the extreme-ultraviolot (EUV) range ofZB hm, and the far ultra-
violet (FUV) range of 120-200 nm. TIMED/SEE data served fass-calibration with
SOHOV/EIT irradiances (Hock and Eparvier 2008).

The SMEI (Solar Mass Ejection Imagéft)is an instrument designed to detect the
transient clouds of hot ionized gases that are launched bgranal mass ejection
(CME)from the solar surface and propagate through the entirgpiiateetary space and
heliosphere. Of most interest are those CMEs that are duldotvards Earth and have
impacts on Earth-orbiting satellites, electrical powestdbution networks, and long-
distance radio communication. The SMEI spacecraft wasclaeeh on 2003 January
6, operated successfully for eight years, and stoppedtekiag on 2011 September
28. SMIE data were used for tomographic reconstructioneftiénsity enhancements
associated with the propagation of interplanetary CMEsopimjunction with interplan-
etary scintillation data, and provided information for spaveather forecasting (Webb
et al. 2002; Eyles et al. 2003; Jackson et al. 2004).

TheSOlar Radiation and Climate Experiment (SOREE) a NASA-sponsored sa-
tellite, operated by LASP at the University of Colorado, idated to both solar and
terrestrial observations, making measurements in X-tdyraviolet, visible, and near-
infrared wavelengths, and total solar radiation. The SOR@&surements specifically
address long-term climate changes, natural variabilityearhanced climate prediction,
and atmospheric ozone and UV-B radiation. The SORCE spafteas launched on
2003 January 25 and placed into a 645 km orbit with inclination. SORCE contin-
ues to make precise measurements ottt solar irradiance (TSvhich started with
the ERBinstrumentin 1979 and has been continued to the presentivé#iCRIM se-
ries of measurements. SORCE provides also the solar shiectddance from 1 nm to
2000 nm, accounting for 95% of the spectral contribution . SORCE catrries four
instruments: theSpectral Irradiance Monitor (SIMjhe Solar Stellar Irradiance Com-
parison Experiment (SOLSTICEYcClintock et al. 2005a,b; Snow et al. 2005a,b), the

Lnttp:/iwww.iki.rssi.rufinterball/
L3http:/llasp.colorado.edu/seefindex.html
L4http://www.sr.bham.ac.uk/ mpc/p2/smei/
L5http://lasp.colorado.edu/sorce/index.htm
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Total Irradiance Monitor (TIM)YKopp et al. 2005), and th¥UV Photometer System
(XPS)(Woods and Rottman 2005; Woods et al. 2005; Woods et al. 20@hnical
documentations about SORCE are mostly given in the spessagiofSolar Physics
volume230, describing in addition the SORCE mission concept (Andeestwd Caha-
lan 2005; Rottman et al. 2005; Pilewskie et al. 2005; Lear.2G05), the SORCE
data system (Pankratz et al. 2005), and the spacecrafttmperéSparn et al. 2005).

SMART-1 (Small Missions for Advanced Research and Techmolb}® is a Swe-
dish-designed ESA satellite that was launched on 2003 Bdyete23 and orbited
around the Moon, and was ended by a planned crash into the 'Msorface three
years later, on 2006 September 3. Besides the new technol@ggolar-powered Hall
effect thruster propulsion system, SMART-1 carried out sseements to study chem-
ical elements on the moon, solar variability, and the soladwSMART-1 was used
for cross-calibration with GOES and RHESSI in soft X-ray el@ngths (Vaananen et
al. 2009). TheD-CIXS (Demonstration of a Compact X-ray Spectrometesjrument
(Huovelin et al. 2002, 2010) detected also the X-ray fluease of crystal componds
created through the interaction of the electron shell watlarswind particles.

SOXS/GSAT-3s a Solar X-ray Spectrometer (SOX®strument on board the In-
dian Geostationary Satellite (GSAT-2aunched on 2003 May 8 (Vadher 2000; Jain et
al. 2000, 2005). SOXS records the full-Sun hard X-ray fluxfibkeV to 10 MeV with
comparable (spectral) energy resolution as RHESSI. Sfitergsults from the SOXS
mission include the detection of the Fe-line feature at 6.d &7 keV during solar
flares (Jain et al. 2006a,b, 2010), the energy-dependeingtiof thermal emission in
flares (Jain et al. 2011), and a study of microflares (Jain €08i6¢).

SOLAR/SOLSPEGs one of three Sun-monitoring instruments on the exterag p
load facility of theInternational Space Station (ISS) Columpoeeasuring the total
and spectral absolute irradiance from 16 nm to 3080 nm, leeshon 2008 February 7
(Thuillier et al. 2009).

The IRIS (Interface Region Imaging Spectrogradtis a NASA-sponsored solar
space mission to be launched in April 2013, containing airchkinnel imaging spec-
trograph with a 20 cm UV telescope, capable of obtainingtspadong a slit (0.3wide)
and slit-jaw images. The primary objectives of the IRIS roigds the exploration of
the interface between the solar chromosphere, transgigiom, and corona, in order to
understand how the plasma flows generated by the internalet@gonvection drives
coronal activity:

1. Which types of non-thermal energy dominate in the chrghese and beyond?

2. How does the chromopshere regulate mass and energy sioppbrona and
heliosphere?

3. How do magnetic flux and matter rise through the lower aphese, and what
role does flux emergence play in flares and coronal massajeéti

8nttp://en.wikipedia.org/wiki/SMART-1
Ihttp://science.nasa.gov/missions/iris/
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A

Figure 1.14:HIREGS large balloon-borne X-ray and gamma-ray detectrsbserve solar
flares and astrophysical high-energy sources, launchetiebyniv. Berkeley Space Physics
Research Group (principal investigator Bob Lin), circuavigating Antarctica from November
1994 to January 1995 (Credit: Univ. Berkeley SPR).

Suborbital Rocket Flightsrovide only short-interval trajectories into the upper at
mosphere, typically lasting about 7 min, during which a sheell-planned, one-time
measurement in space can be made. Solar rocket flights sensty for testing new
technologies, as a proof of concept for major space-borssiaris to follow. Some of
the notable solar rocket flights during the beginning of thetZentury include: two
SWRI/LASP sounding rocket flights launched on 1997 May 15 89@8 November
2 provided inter-calibration with the EUV imagers on SOHQ arRACE (Auchere
et al. 2001); theMOSES (Multi-Order Solar EUV Spectragrapggunding rocket
payload, built by Univ. Montana, flown on 2006 February 8, ethdemonstrated
multi-order EUV tomography (Kankelborg 2001a,b, 2006¢ 8vlar XUV Doppler
Telescope (XDTflown by ISAS on 1998 January 31, which demonstrated Doppler
shift maps of the Fe XIV 214 line (Kano et al. 2000; Kobayashi et al. 2000); the
EUNIS-06and 07 missions with a EUV normal-incidence spectrometst,groposed
by Thomas and Davila (2001), flown on 2006 April 12 and 2007 &doler 6, which
provided absolute radiometric calibration in the wavetérizand of 170-20%\ (Wang
etal. 2010) and cross-calibration with SOHO/CDS and Hifiet®(Wang et al. 2011);
the Hi-C sounding rocket flight on 2012 July 11, which carried 4’&@YV imager and
revealed spatially resolved magnetic braids in the solar@with unprecedented spa-
tial resolution (Cirtain et al. 2013).

Balloon flightsBalloon-borne telescopes have been flown to test detectaaie-
lengths that are absorbed by the lower Earth’s atmosphard §rrays, soft X-rays,
EUV) or to test telescopes in optical wavelengths with a sopatmospheric seeing
compared with ground-based telescopes. Although somadrelights have been con-
ducted at low geographic latitudes (e.g., at NASA's ScfenBialloon Facility in Pales-
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tine, Texas), the preferred route for long-duration balncircling Antarctica, where
the air is very dry (yielding an optimum seeing at low moisjuand balloons return to
the same launch site after a 2-3 week period. Ultra-longditom balloon flights up to
100 days over Antarctica and Artcic are anticipated to mtevVull annual coverage and
lower cost than a space-borne payload (Smith 2004). We prieghtion a few balloon
flights with solar instrumentation. ThHé/lREGSpayload with hard X-ray and gamma-
ray detectors, designed to detect solar and astrophydigialemergy radiation, was
flown by the University of Berkeley Space Physics Researau@ifrom November
1994 to January 1995 (Fig. 1.14). An 80-cm Ritchey-Chredigar telescop&ENE-
SISthat acquired long time series of high spatial resolutidffréttion-limited 0.2)
and vector magnetograms was flown in January 2000 for 17 detyseistratosphere
above Antarctica (Bernasconi et al. 2000), studying alsatlagnetic topology of so-
calledEllerman bombgSchmieder et al. 2002). A Japanese balloon-borne Kawal/
Doppler Telescope (XDTip obtain high-resolution spectra (with 3 keV resolutioh) o
solar flares over the energy range of 15-120 keV was flown ol 2a@ust 29 and
2002 May 24, detecting an M1.1 flare (Kobayashi et al. 2008320004). The largest
optical telescope flown on a balloon is the (German built) &parture Gregory tele-
scope SUNRISE, which was launched on 2009 June 8 near Kinumarihern Sweden
and floated westward to land on Somerset island in northemadson 2009 June 13
(Solanki et al. 2010; Barthol et al. 2011). The SUNRISE twbge carried a UV fil-
ter imager and an imaging vector polarimeter (IMAX). The muous scientific results
obtained on the photospheric dynamics observed duringotilison flight are docu-
mented in over 20 publications in the special issu&fd Astrophysical Jorunal Letters
volume723

Future Solar Mission ConceptBrospects of future solar space missions will un-
doubtly continue in the “solar renaissance era” in which weeliing at the beginning
of the 21st century (Fleck and Marsden 2002). One of the upwpmajor solar mis-
sions is built by ESA, theSolar Orbitet®, which will explore the Sun from a unique
orbit that brings the probe to within 0.21 AU to the Sun anddfaslatitudes as high
as 38°, carrying a battery of remote-sensing and in-situ instnuisieexpected to be
launched in 2017 (Fleck et al. 2001; Fleck and Marsden 200&xtévis and Kankel-
borg 2001; Marsden 2003; Woch and Gizon 2007; Mueller et@122.

Direct hard X-ray imagers with focusing optics is a new cgidbat provides
higher spatial resolution and a much higher dynamic ranga thaditional Fourier
imagers (Dennis et al. 2012). One prototype, Boeussing Optics X-Ray Solar Im-
ager FOXShad a successful rocket flight on 2012 November 16 and denatedta
hard X-ray imaging quality superior to RHESSI (Krucker et24109, 2011).

One of the longest proposed missions is 8war Prob¥, which should approach
the Sun as close as 8.5 solar radii (0.034 AU), but a laun@hidaiot scheduled before
2018.

Other proposed ideas of future solar missions focus on tlae stagnetism from
the solar surface to space weathByfaMICCS Turck-Chieze et al. 2009a,b), a spectro-
polarimetrtic EUV imager with an occulter on two spaceciraformation flight (SolmeX

8nttp://en.wikipedia.org/wiki/Solar_Orbiter
Lhttp:/ien.wikipedia.org/wiki/Solar_Probe_Plus
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Figure 1.15:The Nobeyama Radioheliograph (NoRH) in Japan, consistfrgggarabolic
antennas with 80 cm diameter, arranged in two arms, one wihgth of 490 m in east/west
direction, the other with a length of 220 m in north-souttediion. First observations were made
in April 1992, and are continued already over 20 years (Cr&tRO/NAO).

Peter et al. 2011, 2012), a VUV imaging spectrograph for &AJSolar-C mission
(LEMUR: Korendyke et al. 2011), imaging X-ray polarimetry of sdlares on a bal-
loon payload [XPS Hosack et al. 2011), a solar particle acceleration ramtiasind
kinetics mission §PARK Matthews et al. 2012), Barth-Affecting Solar Causes Ob-
servatory (EASCO)n the Langrangian point L5 (Gopalswamy et al. 2011), orisola
radio observations from lunar sites (Lazio et al. 2011).

1.8 Radio Instrumentation

Solar observations in radio wavelengths can be made withngidbased instruments,
since the atmosphere is transparent in the radio band. delat radio observations
have been pioneered by Grote Reber as early as 1942, whifeeshsgolar radiospec-
trograph has been built at Penrith (Australia) in 1948 (&telet al. 2010). Since about
1970, a large number of radio spectrometers were built arttumworld and some are
still in use for solar observations. A major breakthrougls Wee advent of radio inter-
ferometers, which came online since about 1980, such aghd arge Array (VLA)
the Owens Varlly Radio Observatory (OVRCGhe FrenchNancay Radioheliograpn
the RussiarRatan-600or the Japanesdobeyama Radioheliograffhig. 1.15), which
are all still in use at the time of writing. In Table 1.5 we libte currently operat-
ing solar-observing radio interferometers. A more con®list of (radio and optical)
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Table 1.5:Solar-observing radio interferometers operational atogginning of the 21th cen-
tury.

Acronym Instrument name Frequency Imaging

and location range angular

resolution

VLA Very Large Array, New Mexico 80 MHz-4.3 GHz  0.05-700
OVSA Owens Valley Solar Array, California 1-18 GHz 7-128
NoRH Nobeyama Radioheliograph, Japan 17, 34 GHz '8-16
NRH Nangay Radioheliograpn, France 164-432 MHz 120”300
RATAN-600 Special Astrophysical Observatory, Russia  1HzG 12-23%
SSRT Siberian Solar Radio Telescope, Irkutsk 5.7 GHz " 15
GRH Gauribidanur Radioheliograph, India 30-110 MHz ‘300
BDA Brazilian Decimetric Array, Brazil 1.2-1.7 GHz 90

ground-based observatories can be found orMhag Millenium Progranwebsit&°.

The Very Large Array (VLAF! is the most powerful radio instrument regard-
ing imaging quality, spatial resolution, and frequencygarfmetric, decimetric, mi-
crowaves), but since it is not solar-dedicated, solar flarecaught only rarely during
the sparsely allocated observing time intervals of a few$iou

The Owens Valley Solar Array (OVSAJ, operated by th&lew Jersey Institute of
Technology (NJIT)is a solar-dedicated radio interferometer that is desigoémage
solar flares and active regions in microwaves. The ongoin§®¥xpansion project
complements the currently operating 7 antennas to a tot,ah the frequency range
of 1-18 GHz. Automated localization of solar flares is accbshed with theSolar
Radio Burst Locator (SRBLgapability (Dougherty et al. 2000; Gallagher et al. 2000,
Hwangbo et al. 2005),

The Nobeyama Radioheliograph (NoRFI\Fig. 1.15) is the major workhorse of
solar radio imaging during the last decade, and completgatafs of service in 2012.
The solar-dedicated NoRH consists of 84 dishes with a maxifsaseline of 490 m in
east/west direction, operating daily 8 hours since 1992 NoRH produces full-Sun
images, capturing active regions, flares, prominencespabdmass ejections, and has
even sufficient time resolution (0.1-1.0 s) to resolve rapidamic phenomena, such
as flare loop oscillations.

The Nangay Radioheliograph (NRH)is also a long-operating facility that images
the Sun at 164, 236, 327, 410, and 432 MHz on a daily basis. TRid Nas also
the capability of flare multi-channel imaging with sub-seddime resolution, which
allows it to image the trajectories of type Il bursts andar@l mass ejections.

20http://solar.physics.montana.edu/max_millennium/obs/GBO.html
2Lhttp://www.vla.nrao.edu/

22http:/www.ovsa.njit.edu/

23http://solar.nro.nao.ac.jp/

24nhttp://secchirh.obspm.frinrh.php
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RATAN-60C"° is a circular array of reflectors that provides high spatiabtution
in one scan dimension, in a large number (52) of frequencyrokla, which makes
it ideal for frequency-tomography of active regions. 2Dage reconstruction with
RATAN-600 data has been faciliated (Golubchina et al. 2088) recent upgrades in
data processing are described in Baldin et al. (2011).

The Siberian Solar Radio Telescope (SSERrovides 2D imaging of the Sun at
5.7 GHz and can switch to a very high time resolution of 56 médya flare mode. The
current status and upgrades with a future SSRT-based ralioghaph are described in
Grechnev et al. (2003) and Lesovoy et al. (2009).

First solar observations with th&len Telescope Array (ATAY interferometer, the
first widefield, panchromatic, snapshot radio camera for radi@asmy and SETI
(Welch et al. 2009), located near Hat Creek (Californiayehdemonstrated high-
quality mapping of the Quiet Sun from 1.43 GHz to 6 GHz (S&dilaire et al.2012).

Other radio interferometers came online in Gauribidanodi@f® in the low fre-
quency range of 40-150 MHz (Ramesh et al. 2006, 2008) Bitazilian Decimetric
Array (BDA) in the 1.2-1.7 GHz range (Sawant et al. 2000, 2003, 2007, )2@hd
further instruments are planned in Mongolia, Inner Chinan(¥t al. 2009).

TheLow-Frequency Array (LOFARY, built by the Netherlands astronomical foun-
dation ASTRON, is the largest connected radio telescopeguan array of about
20,000 small omni-directional antennas, distributed s&tbe Netherlands, Germany,
Great Britain, France, and Sweden. Initial LOFAR test statibecame operational
since 2003, and about 40 stations became operational by. 281tRough this ar-
ray is mostly dedicated to astrophysical observations tragalactic and cosmolog-
ical sources, solar physics and space weather is also artatem pursued (White et
al. 2003; Bastian 2004, Cairns 2004; Oberoi and Kasper 2004)

The Atacama Large Millimeter Array (ALMAX is located in the Atacama desert
in Chile, where the very dry air conditions allow measureta@m mm and sub-mmm
wavelengths. The ALMA array consists of 66 radio dishesi{wiand 12 m diameter)
and began scientific observationsin 2011, expected to lyedfpérational in 2013. The
primary science objectives are star birth during the eanlyarse and detailed imaging
of local star and planet formation, but ALMA is also thoughtdie an ideal probe of
the solar chromosphere (Loukitcheva et al. 2008).

The Frequency Agile Solar Radiotelescope (FASR3 a planned ultra-wideband
radio array designed to image the Sun and its atmosphera {fre chromosphere to
the corona) over a frequency range of 50 MHz to more than 20 @élzesponding to
wavelengths from 6 m down to 1.5 cm). The multi-frequencyging technique allows
3D frequency tomography of solar active regions, flares,G¥&s. The FASR project
is managed by a consortium that includes NJIT and NRAO, aratlaced prototype
version is currently installed and tested at OVSA (Basti@63a,b,c, 2004; Gary and

2Shttp://www.sao.ru/ratan/
26http://ssrt.iszf.irk.ru/
27http:/iral.berkeley.edu/ata/
28http://www.iiap.res.in/centers/radio
29http://www.lofar.org
SOhttp://www.almaobservatory.org/
S1http:/www.fasr.org/
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Keller 2003; Gary 2004; White et al. 2003; Liu et al. 2007).

Besides solar radio interferometry that provides image¢se$un, there are a num-
ber of radio spectrometers in operation, which all switcfredh the analog record-
ing technology of the last millenium to digital dynamic spra¢ which display fre-
quency spectra as a function of time with high time resotutidA world-wide net
of solar radio spectrometers, calledCALLISTO (Compound Astronomical Low-
cost Low-frequency Instrument for Spectroscopy in Tramtse Observatory} has
been created, which consists of identical programmablerbéyne receivers, con-
nected through the internet, operating in the 45-870 MHzndetic range (Benz
et al. 2005, 2009). Host observatories of e-CALLISTO are Bteien near Zirich
(Switzerland), Effelsberg (Germany), Humain (Belgiunie Rosse Solar Terrestrial
Observatory (RSTGJ in Birr Castle (Ireland) (Zucca et al. 2012), Glasgow (UK),
Metsahovi (Finland), Ondrejov (Czech Republic), Triefitaly), Hurbabova (Slo-
vakia), Crimea (Ukraine), Badary (Russia), Ulan Bator (Idolr), Almaty (Kaza-
khstan), Sri Lanka, Kuala Lumpur (Malaysia), Daejeon (8d{drea; Bong et al. 2009),
Gauribidanur, Ooty, and Pune (India), Helwan (Egypt), ak Flacg (Mauritius),
Hawaii (USA), Anchorage (Alaska USA), Mexico City (Mexigopan Jose (Costa
Rica), Cachoeira Paulista (Brazil), Perth and Melbournesffalia), Nairobi (Kenja).

Other new developments (after 2000) of solar radio speaters include: the
Ichon Solar Radio SpectrograjphKorea, operating in the 30-2500 MHz frequency
range and designed to track type Il bursts during CMEs (Chal.e2003; Choi et
al. 2005), the Chines8olar Broadband Radio Spectrometer (SBRggrating in fre-
quency bands from 0.7 to 7.6 GHz with antennas in Bejing, Kiagnand Nanjing (Ji
et al. 2003, 2005; Xu et al. 2003; Fu et al. 2004; Fang 201&)ARTEMIS |V solar
radio spectrograph with a frequency range of 20-650 MHzratpey at Thermopylae,
Greece (Alissandrakis et al. 2009), and the high-sensit&ssembly of Metric-band
Aperture TElescope and Real-time Analysis System (AMATISR® Tohoku Univer-
sity in Japan (lwai et al. 2012).

What are the major contributions of solar radio observatimnthe physics of the
solar corona over the last decade? Scanning the most-cipstpwe find the following
topics: A statistical study on prominence eruptions anealr mass ejections, using
Nobeyama observations (Gopalswamy et al. 2003), X-ray adit observations of a
large-scale solar coronal shock wave, using Nancay ingagi@ia and Potsdam radio
spectra (Khan and Aurass 2002), fast MHD sausage mode pegsdic oscillations
in coronal loops (Nakariakov et al. 2003), direct imagingaocforonal mass ejection
with the Nangay Radioheliograph (Bastian et al. 2001) ntlagnetic reconnection rate
in the decay phase of a long-duration flare (Isobe et al. 2@8&)volution of coronal
mass ejections in the early phase (Gopalswamy and ThomXub),Xirst imaging
of quasi-periodic pulsations related to the acceleratfagyoo-synchrotron producing
electrons during solar flares (Asai et al. 2001; Melnikovie2@05), loop-top nonther-
mal microwave emission associated with the acceleratigiomeof solar flare loops
(Melnikov et al. 2002); radio imaging of type Il and type llutsts with the Nancay

32http://www.e-callisto.org/
33http://www.rosseobservatory.ie
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Radioheliograph of 30-500 keV electrons that escape ineyptanetary space and in-
situ detected with th&Vind spacecraft (Klein et al. 2005), imaging of the Bastille-day
(2000 July 14) coronal mass ejection with the Nancay Radiograph and the Ooty
Radio Telescope (Manoharan et al. 2001), converging matidinating the fast relax-
ation of sheared magnetic fields during a solar flare (Ji @0416), hard X-ray radiation
from a fast coronal ejection (Hudson et al. 2001), statisstudies of solar flare radio
spectra obtained with OVSA (Nita et al. 2004), solar micregvAursts and injection
pitch-angle distribution of flare electrons (Lee and Gar@@Qhard X-ray and OVSA
microwave observations of microflares (Qiu et al. 2004), @mrawave tomography of
solar magnetic fields with RATAN-600 (Grebinskij et al. 200The most significant
solar observations in radio wavelengths are clearly madetbyferometers with good
imaging quality, but non-imaging radio spectrometersrofieovide very useful infor-
mation on the origin and propagation of non-thermal elextravhich can be traced
from their plasma emission and gyro-synchrostron emission

1.9 Optical and Infrared Instrumentation

Last but not least, we will give also an overview of grounddxh solar observato-
ries and instrumental capabilities in optical and infranedelengths that substantially
contributed to a better understanding of the physics of titerr €orona during the last
decade. Since the scope of this book is on the solar corompgheric and chro-

mospheric observations are not covered here, unless thardirect connection with

coronal phenomena. Complementary articles can be fougd oe.the history of solar

telescopes (Von der Lithe 2009), on innovative telescope&estrumentation for solar
astrophysics (Keil and Avakyan (2003), or on adaptive gptRimmele and Marino

2011),

A list of major optical solar telescop¥sthat are currently operating or in con-
struction is given in Table 1.6. Some of the new instrumedésielopments over the
last decade include, in chronological order: the contrstay for theSynoptic Opti-
cal Long-term Investigations of the Sun (SOLEE)KPNO (Goodrich 2000; Wampler
2000), which produces synoptic magnetic maps of the SurS@idS vector spectro-
magnetograph (VSM) (Jones et al. 2002), upgrades of theyHdmot interferometer
TESOS at VTT (Tritschler et al. 2002); teutch Open Telescod®utten et al. 2002;
Hammerschlag et al. 2009); tiMdulti Channel Subtractive Double Pass (MSOR)
THEMIS (Mein 2002; Briand and Ceppatelli 2002; Gelly et 208), solar polarime-
try in near-UV with the Zirich Imaging Polarimeter ZIMPOL, bperated at thds-
tituto Ricerche Solari LOcarno (IRSOLl) Switzerland (Gandofer et al. 2004); the
development of the Goettingen Fabry-Perot spectrometeEREGOR (Puschmann
et al. 2006), theSpectro-Polarimeter for Infrared and Optical Regions [&PR) for
the Dunn Solar Telescope at NSO (Socas-Navarro et al. 2006)new) Big Bear
Solar Observatory’s digital vector magnetograph with a t60aperture (Goode et
al. 2003; Didkovsky et al. 2004; Denker et al. 2006); Stokesging polarimetry using
image restoration at thBwedisth 1-m Solar Telescope (SVanNoort et al. 2008),

34http://en.wikipedia.org/wiki/List_of_solar_telescopes
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Table 1.6:A selection of currently operating large optical solar setgpes.

Acronym  Telescope name Aperture  Year Location

ATST Advanced Technology Solar Telescope 424 cm Maui, US
GREGOR GREGOR solar telescope 150 cm 2012- Tenerife, Spain
BBSO Big Bear Solar Observatory 160 cm 2008- Big Bear, US
SST Swedish 1-m Solar Telescope 100 cm 2002- LaPalma, Spain
DOT Dutch Open Telescope 45 cm 1997- La Palma, Spain
THEMIS  THEMIS Solar Telescope (French) 90 cm 1996- TeneBfeain

VTT Vacuum Tower Telescope (German) 70 cm 1989- Tenerifajrisp

DST Dunn Solar Telescope 152 cm 1969- Sacramento Peak
KPNO McMath-Pierce Solar Telescope 161 cm 1961- Kitt Pedk, U

straylight characterization in the post-focus imagingruinsientation of SST, and com-
parison with theCRISPImaging SpectroPolarimeter) (Loefdahl and Scharmer 2012)
the Tenerife Infrared Polarimeter Il (Collados et al. 2Q@vpolarization model for the
GermanVaccumm Tower Telescope (VTTBeck et al. 2005), the KIS/IAAVisible
Imaging Polarimeter (VIR)a post-focus instrument that upgrades the TESOS spec-
trometer at the VTT (Beck et al. 2010); tiRapid Oscillations in the Solar Atmo-
sphere (ROSAhigh-cadence, synchronized multi-camera (Jess et al.)2@h@ the
Interferometric Bidimensional Spectrometer (IBE&)the Dunn Solar Telescope with
the Spectro-Polarimeter (SRLavallini 2006; Reardon and Cavallini 2008; Righini et
al. 2010). The next major optical solar facility is tAelvanced Technology Solar Tele-
scope (ATST]Keil et al. 2004), which is currently under constructiontba Hawaiian
island Maui, where optimum seeing was measured (Lin and 26ad). Two work-
shops on prospective ATST science have already been helts@Weand Uitenbroek
2002; Rimmele et al. 2012).

What is the significance of optical and infrared observatifrom ground-based
telescopes to the understanding of the physics of the sotana? In the following
we outline a few topics of solar corona physics, based on thst finequently cited
publications, that have been pursued over the last decade.

Solar Eclipse ObservationSolar eclipses observations (Fig. 1.16), the only natu-
ral method to see the faint corona without being blinded leysilk orders of magnitude
brighter photosphere in optical light, still produces higlelity science results, al-
though we observed solar eclipses since millenia. Someeghtbst cited results during
the last decade deal with: the magnetic origin of ray-like fitructure of the white-
light corona (Wang et al. 2007), eclipse observations ofititgquency oscillations in
active region loops (Katsiyannis et al. 2003), a new nunaéritethod of total solar
eclipse photography processing (Druckmdiller et al. 200® Solar Eclipse Coronal
Eclipse Imaging System (SECI&hillips et al. 2000), the mapping of the distributon
of electron temperature and Fe charge states during esl{ptdbbal et al. 2010a), or
eclipse observations of hot prominence shrouds (Habb&l 2040b).

Coronagraphic ObservationSolar coronagraphs mimic natural solar eclipses by
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Figure 1.16:The solar eclipse of 2012 May 20 observed in Doyle, CalifariThe time se-
guence illustrates the flashing-up of the solar corona duthie totality, which is not visible at
other times due to the immense brightness contrast (Ciediitic Website).

blocking out the bright visible light from the photosphedick by an occulting disk,
invented by Bernard Lyot in 1930. In order to eliminate thg/lRgyh-scattered light in
the Earth’s atmosphere, ground-based coronagraphs ag thei polarization to dis-
tinguish the (unpolarized) sky brightness from the poktilight of the corona, which
is produced by near-perpendicular Thompson-scatterifgcé&based coronagraphs
are LASCO on SOHO, and COR-1 and COR-2 on STEREO. One of th¢ used
ground-based instruments is théark IV Coronagraploperated by thédigh Altitude
Observatory (HAOpn top of Mauna Loa, Hawaii. Mark IV Coronagraph observadion
helped to reconstruct the geometry of magnetic reconnesiies (Lin et al. 2005),
CME-associated current sheets (Ko et al. 2003; CiaravaetisdRaymond 2008), or the
initiation of a CME (Bemporad et al. 2007).

Coronal MagnetometryWleasuring the magnetic field in the solar corona is a very
important task, but current capabilities are very limitAdfeasibility study of coronal
magnetometry (Judge 2001) recommends more dedicatedrimestts that measure the
weak Zeeman-induced Stokes V signal in the Fe XllI line (46,]3() and the Hanle
effectin the He | line (10,83!&). Some first full-Stokes spectro-polarimetric measure-
ments of the forbidden Fe Xlll coronal emission line yieldadd strenths ofB ~ 4
G at an altitude of 10(bove the solar limb (Lin et al. 2004). Th&lvanced Tech-
nology Solar Telescope (ATSWill have the capabilities to measure the magnetic
field with high resolution in the photosphere (Fe I, 630and Mg |, 12,3204 lines)
and chromosphere (Ca ll 85439. Magnetic fields in the solar corona and solar wind
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are generally extrapolated from photospheric magnetog@nvector field data, but
these methods suffer from the non-force-freeness of théophbere and insufficient
knowledge of the magnetic field at the boundaries of the caatjpm box (DeRosa
et al. 2009). Improvedionlinear force-free field (NLFFFgxtrapolations in spheri-
cal geometry have been conducted with boundary data trea@pelied to the vector
spectro-magnetograpn (VSM) data of the SOLIS instrumemhfKPNO (Tadesse et
al. 2011). Alternatively, using EUV images instead of ogtimagnetograms, the coro-
nal magnetic field can also be calculated from analytical REBpproximations fitted
to the geometry of stereoscopically triangulated loopgh(\lwhown 3D geometry) or
loops traced in EUV images (with known 2D geometry) (Aschaem2013). Dur-
ing the launch of a CME, the magnetic field in the corona caa bés derived from
the Alfvénic Mach number of CME shock fronts, using EUV ireadGopalswamy et
al. 2012). And during flares, if oscillating loops are prastre magnetic field can also
be inferred from coronal seismology (Roberts 2000; Nakaxnand Verwichte 2005).

Coronal Loop Oscillations and Propagating WavEkere are a number of quasi-
periodic coronal phenomenathat have been detected irabpiiwelengths, associated
with standing oscillations or propagating waves in cordoaps. Early detections
were made with the Sacramento Peak coronagraph (Koutchraly #083), during
the eclipses in Hydrabad (Pasachoff and Landman 1984),9h Jaaa (Pasachoff and
Ladd 1987), in Chile (Pasachoff et al. 2000), in RomaniagPhasff et al. 2002), with
the Norikura coronagraph (Sakurai et al. 2002), with the ISE€gjuipment during the
eclipse in Bulgaria (Williams et al. 2001, 2002), during taipse in Anji, China
(Singh et al. 2011), with SOHO/UCVS in the outer corona (Qfreaal. 1997, 2000),
and most spectacularly in the 10,7A7and 10,7984 line with the Coronal Multi-
channel Polarimeter (CoMP)at the NSO’s Sacramento Peak Obsevatory (Tomczyk
et al. 2007; Tomczyk and Mcintosh 2009). The latter obsé@matof oscillations or
waves by Tomcyk et al. (2007) were found to be ubiquitous endblar corona, al-
though at such a small amplitude level that the waves canlmnbjetected in Doppler
shift, rather than from the spatial oscillation amplitudéevertheless, these observa-
tions in white light have spawned a broad discussion abeuinterpretation in terms
of MHD fast-mode kink oscillations, Alfvénic waves, pragsting waves, or quasi-
periodic flows.

Coupling of Photospheric and Coronal Phenoméiia the Earth’s oceans gener-
ate water moisture in the air, winds, and rain clouds, whiidtate the weather in
the atmosphere, the solar photosphere and chromosphetigeareservoirs of many
coronal phenomena, which can only be understood by studhdtigthe photospheric
origins and the coronal consequences as an integratedrsy$thite-light observa-
tions reveal to us the sub-photospheric magneto-convectiagnetic flux emergence,
the magnetic field evolution on the solar surface, but aledothild-up of non-potential
magnetic energy in form of sheared and twisted fields, whaeeld$ to eruptive fila-
ments, flares, and coronal mass ejections. There are a nwhbetar phenomena
that reveal a coupling between the photosphere, chromosplied corona, such as:
acoustic shocks, spicular upflows, soft X-ray jets, explsivents, Ellerman bombs,

S5http:/iwww.cosmo.ucar.edu/COMP.html
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chromospheric evaporation, nanoflares, bright points, &tkey question is which of
these mostly small-scale variabiliy phenomena contributoronal heating. The ob-
servational verification of coupled phenomena between ltihencosphere and corona
requires high spatial and temporal resolution in many wengths. One suitable in-
strument for this task is thRapid Oscillations in the Solar Atmosphere (RO$#jh-
cadence, synchronized multi-camera solar imaging systemently operated at the
Dunn Solar Telescope at NSO (Jess et al. 2010). The spaed-ldsrface Region
Imaging Spectrograph (IRIS¢ontaining a multi-channel imaging EUV spectrograph
has a complementary function to disentangle the interfateden the solar chromo-
sphere, transition region, and corona. And all the optitias ATST will provide in
this endeavour are discussed in the proceedings of the 2680-KERST Meeting on
Magnetic Fields from the Photosphere to the Corg&@aP volume463 Rimmele et
al. 2012.).

1.10 Summary

In this first chapter we familiarize ourselves with new or upgaded instrumenta-
tion in solar corona physics that became available or was opational during the
first decade of the 21st century, while the pre-2000 era was eered in Volume 1 of
the book “Physics of the Solar Corona. An Introduction”. We gart our overview
with a timeline of space-borne solar-dedicated missions apoint out the trend of
exponential growth in computer capacity (Moore’s Law) and publication volume
that characterizes and shapes the current era of solar physs (Section 1.1). We
describe the instrumental capabilities of the major solar pace missions, namely
the RHESSI mission (Section 1.2), the STEREO mission (Seati 1.3), the Hinode
mission (Section 1.4), and the SDO mission (Section 1.5),dadescribe the scien-
tific output of these flagship missions in the format of officidly formulated mission
goals, and somewhat more empirically, by singling out 10 topated scientific high-
lights or discoveries, mostly selected by the criterion ofte highest citation rates
at the time of writing. Besides these major solar observator missions built by
the US, European, or Japanese space agencies, we cover almwRussian series of
CORONAS missions (Section 1.6), ancillary space missionstivsolar capabilities,
suborbital sounding rocket flights, and balloon-borne expgments (Section 1.7).
The ground-based solar observing capabilities in radio waglengths (Section 1.8)
and white-light or infrared (Section 1.9) are described segrately, in particular
with respect to their contributions to solar coronal physics. This cursory overview
of solar instrmentation and novel scientific results given bre in chapter 1 serves
only as a starting point for a much more detailed discussion othe underlying
physics to follow in the subsequent chapters.



