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1 Introduction  

In this report we consider as ñEnergy Releaseò (ER) an explosive (fast) release of energy 

primarily accumulated in quasi-static magnetic structures on the Sun. This process is manifested in 

numerous observable solar activity phenomena: flares, coronal mass ejections (CMEs), outbursts of 

accelerated particles, interplanetary flows of solar energetic particles (SEP), and associated 

secondary phenomena. The ER processes strongly affect space environment and cause non-

recurrent geomagnetic storms and transient disturbances of the upper atmosphere and ionosphere of 

the Earth. The frequency of ER events is directly related to the solar activity commonly 

characterized by the Wolf numbers. However, even in the low activity epoch sporadic ER events 

may release significant amounts of energy and have considerable impact on the Earth. Therefore, 

the studies of different aspects of ERs, besides the fundamental meaning for solar physics, have 

indispensable practical importance to forecasting geoeffective phenomena and their effects on the 

geospace.  

Numerous observational and theoretical studies were devoted to specific signatures of ER 

processes - flares, CMEs, SEPs and statistical relations between them. The theoretical models 

developed so far to explain these phenomena, being more or less successful in particular cases, 

failed to describe ER as a whole. There are several reasons which hamper a further progress in this 

direction.  

The first is an insufficient input of the observational data, mainly, radiation fluxes, magnetic 

field strengths measurements and multi-spacecraft observations of the heliospheric evolution of the 

transient events. Measurements in different spectral regions provided by various instruments are 

often not coordinated and their data have not sufficient spatial and temporal coverage of the event, 

the missing data being approximated by interpolation. A successful modeling as well as a reliable 

forecast of the space weather disturbances both need accurate determination of the solar source 

regions (i.e. locations where the ER process occur) and their link with the interplanetary and 

geomagnetic consequences. 

New solar imaging and photometric space experiments with improved spatial and temporal 

resolution ï the multichannel instruments SPIRIT on CORONAS-F (2001-2005), TESIS and  

SphinX on CORONAS-Photon (launched in January 2009), SWAP and LYRA on PROBA-2 

(CORONAS and PROBA-2 consortiums are well represented in the framework of the SOTERIA 

project), as well as STEREO
1
 and the forthcoming SDO

2
 missions are aimed to improve this 

situation. 

To model and simulate dynamic processes in the solar plasma we ideally need instantaneous 

3D maps of magnetic field at different heights from photosphere to the outer corona. Currently the 

magnetic field over considerably large areas of the Sun is routinely determined from direct 

measurements only at the photospheric level. Magnetic field in the chromosphere and corona 

calculated with the common use of the potential and force-free field approximations often disagree 

with the observable features (e.g. coronal loops).  

At present, an intense development of new methods to measure vector magnetic fields with a 

series of new instruments at the photospheric level (Hinode/SOT Spectro-Polarimeter
3
, 

HAO/SOLIS Vector Spectro-Magnetograph
4
, SMFT at Huairou Solar Observatory

5
 etc.), in the 

chromosphere (Imaging Vector Magnetograph at Mees Solar Observatory
6
) and in the corona 

                                                

1 http://stereo.gsfc.nasa.gov 

2 http://sdo.gsfc.nasa.gov 
3 http://sot.lmsal.com 

4 http://solis.nso.edu 

5 http://sun.bao.ac.cn/index.html 

6 http://www.solar.ifa.hawaii.edu/mees.html 
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(SOLARC Vector Spectro-Magnetograph operating in Near IR wavelength band
1
) is under way. In 

parallel, new methods of data analysis are developed to recover the magnetic field structure using 

the force-free and non-force-free extrapolations. Detailed analysis of these results is beyond the 

scope of this report and will be the subject of further studies. 

The next origin of difficulties in modeling ER events results from insufficiency of existing 

diagnostic methods that are used to estimate plasma parameters (first of all, temperatures and 

densities of electrons and ions) from observational data. For example, the temperature of flaring 

plasma is frequently estimated using a single-temperature model based on the two-band GOES X-

ray data. Recent comparative study of the GOES and SPIRIT data has led to the conclusion that 

such method substantially overestimates the temperature and underestimates the emission measure 

in comparison with more accurate multi-temperature models.  

The present work was accomplished in accordance with Task 3.5 of the Working Package 3. 

The final goal of this task is to make numerical simulations of the ER phenomena for a number of 

the selected events and to relate the results to corresponding heliospheric and geomagnetic 

disturbances. The working plan foresees that investigations under this Task will be continued during 

the whole duration of the project. The given report presents the results of the first stage of the study 

devoted to a comprehensive consideration of the most important primary processes associated with 

ER (i.e. flares, CMEs, charged particle acceleration and shock waves) and their signatures, study of 

causal relations between them, a relationship with interplanetary and geomagnetic consequences 

and development of theoretical models for simulations. For further numerical simulations we 

composed a list of solar events which will be jointly analyzed with WP4.  

With respect to the scope of this report, activities of the participating Teams aimed at 

achieving new understanding in the following areas: 

1. Localization of source regions (SR) of solar eruptive events; 

2. Mechanisms of CMEs and flares and their energy contribution to the total ER budget;   

3. Kinematics and evolution of CMEs on their propagation from the Sun to the Earth; 

4. Advanced diagnostics of hot plasma dynamics in flare and CME events; 

5. Advanced MHD modeling of the ER events; 

6. Selection of specific solar events for analysis of the relationship between their solar origin 

and heliospheric impact (together with WP4). 

In the following Chapters of the report, we consider the state-of-the-art investigations of the 

ER processes as well as the link of ERs to interplanetary and geomagnetic consequences and the 

results obtained in the collaborative work of the project participants. 

In Chapter 2 we present new capabilities to study the phenomena related to ER: 

observational data and analysis techniques currently being developed by the participants of 

SOTERIA. The data are provided by new solar instruments:  

a) the TESIS EUV telescope/shectroheliograph and SphinX X-ray spectrophotometer launched 

in January 2009 on the CORONAS-Photon spacecraft in collaboration between LPI and SRC 

PAN; 

b) the SWAP EUV telescope and LYRA UV-photometer prepared for the launch onboard 

PROBA 2 in November 2009
2
;  

c) new instrumentation for full -disk observations of the solar chromosphere with high temporal 

resolution in the Ha and Ca II  K spectral line under preparation at the Kanzelhºhe 

Observatory.  

                                                
1 http://www.solar.ifa.hawaii.edu/solarc 
2
 The PROBA 2 satellite was successfully launched on Nobember 2, 2009. 

http://soteria-space.eu/wiki/index.php/D3_1_report#New_data.2C_observations_and_analysis_techniques
http://soteria-space.eu/wiki/index.php/D3_1_report#New_data.2C_observations_and_analysis_techniques
http://www.solar.ifa.hawaii.edu/solarc
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This chapter also describes novel methods for the data analysis applied by the project 

participants to study ER events: the CACTus software for automatic detection of CMEs from white-

light coronagraphic images (ROB), methods of hot plasma diagnostics by linear and broad-band 

imaging spectroscopy (LPI) and the procedure developed by SRC PAN to extract spectral 

information and to estimate plasma temperature from the diffraction patterns contained in the high 

resolution TRACE solar images.  

Chapter 3 describes the main observational features of transient solar phenomena commonly 

associated with the ER events: flares, coronal mass ejections (CMEs) and solar energetic particles. 

These phenomena are regarded as the main manifestations of energy release and conversion during 

explosive processes on the Sun. Classification of these phenomena and reliability of their 

parameters used to characterize and model ERs are considered.  

Chapter 4 describes new results in physical interpretation of observations and modeling of 

transient plasma achieved in the course of this collaborative study of ER. It includes studies of 

energy release in impulsive solar flares presented by SRC PAN, three works concerning CME 

formation and acceleration presented by UNIGRAZ, OBSPARIS and HVAR, study of space-time 

dynamics of hot coronal plasma structures by LPI, modeling of the special ñanemoneò magnetic 

field structures (OBSPARIS), theoretical study of particle acceleration processes in solar flares 

presented by LPI, new results obtained in collaboration of ROB and HVAR to elucidate the origin 

of coronal shock waves. 

Chapter 5 presents a review of modern ideas and concepts of impact of transient solar 

phenomena on the geospace presented by ROB and UGOE. The main aspects of this consideration 

are: propagation of CMEs in the heliosphere, propagation of solar energetic particles and magnetic 

connection to the source region, connection between solar and interplanetary phenomena and 

geomagnetic storm forecasting on the base of solar observations. 

Chapter 6 ñMHD Modeling and simulationsò presents modern simulation capabilities and 

new theoretical approaches in numerical modeling the main stages of the ER process in the 

chromosphere, corona and heliosphere developed at KUL, ROB and OBSPARIS. Achievements in 

these studies, like ñSimulation of Energy Release Events in the Chromosphere/Corona couplingò, 

ñAnalytical Model for Reconnection Outflow Jetsò or ñDevelopment of the flux cancellation MHD 

model of CMEsò may represent a milestone in the foundation of a general theory of solar activity. 

Conclusion summarizes the results of the studies described above and formulates 

recommendations for further joint activities.  

Appendix contains a list of the solar events selected together with WP4 for further numerical 

estimations.  

This report is the result of cooperative efforts of teams participating in the SOTERIA Work 

Package 3. It was prepared in joint studies, coordination of activities, common discussions and joint 

publications. Scientific problems as well as activities of the teams and the report content were 

discussed at the 1
st
 SOTERIA consortium meeting and 1

st
 SOTERIA Steering Board meeting in 

Saariselka, Finland (March 23-24, 2009) and at the coordination meeting at the Royal Observatory 

of Belgium, Brussels (June 22-23, 2009). Selection of special solar events for further analysis was 

discussed at the WP4 event workshop with a participation of WP3 members at Hvar Observatory 

(September 14-18, 2009). During the spring and summer 2009 there was a series of exchange visits 

of scientists between different groups for collaborative research and preparation of joint 

contributions to this report. The joint studies outlined in this report will be continued in the next 

stages of the SOTERIA project. 

http://soteria-space.eu/wiki/index.php/D3_1_report#Physical_interpretation_of_observations_and_modelling_of_transient_plasma
http://soteria-space.eu/wiki/index.php/D3_1_report#Physical_interpretation_of_observations_and_modelling_of_transient_plasma
http://soteria-space.eu/wiki/index.php/D3_1_report#Physical_interpretation_of_observations_and_modelling_of_transient_plasma
http://soteria-space.eu/wiki/index.php/D3_1_report#Energy_release_in_impulsive_solar_flares
http://soteria-space.eu/wiki/index.php/D3_1_report#Energy_release_in_impulsive_solar_flares
http://soteria-space.eu/wiki/index.php/D3_1_report#Energy_release_in_impulsive_solar_flares
http://soteria-space.eu/wiki/index.php/D3_1_report#Geo-space_impact_of_transient_solar_phenomena
http://soteria-space.eu/wiki/index.php/D3_1_report#Geo-space_impact_of_transient_solar_phenomena
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2 New observational data and methods of data analysis  

ERs are accompanied with a series of various phenomena observable in a wide wavelength 

range. Emissions in X-ray, EUV, white-light and radio spectral bands as well as charged particle 

fluxes contain information on the parameters and dynamics of elementary processes developed in 

the course of the ER event or are their consequences or precursors. Multi-wavelength study of the 

solar activity is the main observational method to obtain information necessary for understanding 

the physical nature of ERs and forecasting of its geophysical impact. Until recently the most 

researches were mainly addressed to a detailed study of specific processes such as flares, CMEs, 

eruptions, waves, radio bursts etc.. Except special cases, the data are provided by different space 

and ground-based instruments under their routine measurements and are synchronized a posteriori 

with temporal resolution within tens of minutes. Angular resolution varies from tenths of arc 

seconds to arc minutes, the higher resolution is often achieved in a limited field of view. 

A complex study of ER events and their signatures in the photosphere, chromosphere and 

corona needs data of coordinated measurements from well synchronized solar instruments or 

instrumental clusters with temporal resolution better than 1 minute and spatial resolution better than 

1000 km (equivalent to angular resolution of ~ 1.5ò). To study the development of active processes 

in their initial stage which often include global links, the data should cover the whole solar disk and 

the corona up to 2-3 RSun. For plasma diagnostics the data should contain spectral information in 

many channels to recover differential emission measure (DEM) functions. Velocities of directed 

and turbulent plasma motions of order v Ò 10 km/s can be measured from the Doppler broadening 

of monochromatic spectral lines of ions using narrow-band imaging spectrometers with the spectral 

resolution ŭɚ/ɚ Ò v/c ~ 3.10
-5
. 

Parallel quasi-synchronous multi-wavelength observations of the Sun in the EUV range 

were realized with EIT (Delaboudiniere et al. 1995) and CDS (Harrison et al., 1995) aboard SOHO 

and then in the XUV and EUV ranges with XRT (Golub et al., 2007, Kano et al., 2007) and EIS 

(Culhane et al., 2007) aboard Hinode. These instruments only partly satisfy the requirements stated 

above because they can operate with high resolution in the limited field of view and provide 

imaging in different spectral channels in the successive mode with a cadence of several minutes. 

Simultaneous observations of the whole Sun in different spectral channels are realized in the 

method of imaging spectroscopy in the X-ray and EUV spectral bands which is being developed for 

many years in Lebedev Physical Institute (LPI, Moscow). Series of solar instruments developed in 

LPI under the CORONAS program (Oraevsky and Sobelman, 2002)  included the first prototype 

Phobos/TEREK EUV telescope (1988, Sobelman et al., 1991), the CORONAS-I/TEREK-RES 

telescope/spectroheliograph (1994, Zhitnik et al., 1998) and the CORONAS-F/SPIRIT telescope/ 

spectroheliograph (2001 ï 2005, Zhitnik et al., 2002). The last novel CORONAS-Photon/TESIS 

telescope/specroheliograph was launched on January 30, 2009 (Kuzin et al., 2009).  

Below we briefly describe new solar instruments and observational methods developed in 

several institutes of the SOTERIA consortium for studies of the solar activity phenomena, in 

particular, the ER events.   

2.1 SPIRIT and TESIS EUV telescope/spectroheliometers ( LPI1) 

SPIRIT was the first XUV/EUV telescope/spectroheliometer in which the method of 

imaging spectroscopy was fully realized. It included two EUV telescopes: the first was similar to 

SOHO/EIT operating in 171, 195, 284 and 304 ¡ bands, the second had the Hershel optical 

                                                
1
 Authors of this chapter are S. Kuzin, V. Slemzin and A. Urnov 
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configuration with two channels 175 (Fe IX-XI) and 304 ¡ bands (Slemzin et al., 2005). The 

Hershel SPIRIT telescope was the first instrument with two imaging channels operating strictly 

simultaneous with temporal resolution up to 7 s in a partial field of view and 30 s in the full disk 

mode. This telescope was equipped with the movable outer occulter to operate as the EUV 

coronagraph. Due to the one-mirror configuration and larger distances between optical elements, the 

SPIRIT Hershel telescope in the coronagraphic mode had two-orders lesser stray light than the 

Ritchey-Chretien telescope SOHO/EIT and was able to observe the corona simultaneously in 175 

and 304 ¡ up to the distances of 3-5 RSun (Slemzin et al., 2008). 

The SPIRIT XUV spectroheliographs contained two monochromatic Mg XII  8.42 ¡ 

heliographs and two broadband 176-207 ¡ and 280-330 ¡ heliographs. These channels provided 

full -Sun images in spectral lines excited in a wide temperature range from 0.5 to 20 MK (Zhitnik et 

al., 2006). The Mg XII  heliograph was the first to discover long-lived hot plasma structures with the 

temperature 4-15 MK appeared in the middle corona and characterized by different size, 

morphology and lifetime from minutes to tens of hours. The EUV spectroheliographs produced one-

shot full-disk solar images in more than 165 spectral lines giving high resolution spectra of solar 

flares at different stages of their development (Shestov et al. 2008).  Specific methods of theoretical 

analysis have been developed to use these data for solar plasma diagnostics in the temperature range 

from T=1-2 to 15-20 MK in order to obtain spatial distribution of the electron temperature and 

density and their temporal dynamics (Urnov et al., 2007; Shestov et al., 2009). 

The TESIS telescope/spectroheliograph is a modified version of the SPIRIT instrument with 

significantly improved temporal and spatial resolution to continue observations during 24
th
 solar 

cycle (Kuzin et al., 2009). TESIS includes two EUV telescopes with combined Fe XX - Fe XXIII / Fe 

IX  132/171 ¡ and He II /Fe IX  304/171 ¡ wavelength bands, EUV coronagraph for the He II 304¡ 

line and two spectroheliographs for Mg XII 8.42¡ and 280-330 ¡ bands. The TESIS electronic 

system has unique ability to take simultaneous images in 4 spectral channels with temporal 

resolution up to 0.1 s, cadence of 10 s and angular resolution up to 1.7ò within the 1
0
x1

0 
field of 

view. The TESIS telescopes are designed with the use the Hershel optical configuration and have 

very high sensitivity, large dynamic range and low stray light allowing observations in minimum as 

well as maximum solar activity. 

. 

   

Figure 2.1. Examples of solar images obtained by TESIS. To the left: prominence eruption observed by in 304 ¡ on 

23April 2009; to the right: U-shaped plasma structure observed  in 171 ¡ on 13 May 2009 

(http://www.tesis.lebedev.ru). 

 

http://www.tesis.lebedev.ru/
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Since the beginning of the observations in February 2009, the total volume of the TESIS 

data exceeds 500 Gbytes increasing in about 700 Mbytes a day. Because of extremely low solar 

activity, the most results were obtained in the low temperature 304 and 171 ¡ bands. The high 

temperature channels operate in the testing mode. Fig. 2.1 demonstrates the images of prominence 

eruption in 304 ¡ observed on April 23 and U-shaped plasma feature in the corona observed in 171 

¡ on May 13, 2009. The TESIS diary and selected data are presented at http://www.tesis.lebedev.ru 

2.2 SphinX  X-ray spectrophotometer (SRC PAN1) 

The SphinX X-ray spectrophotometer (Sylwester et al., 2008), a part of TESIS instrument 

complex, consists of three Peltier-cooled PIN diodes (D1, D2, D3) placed behind precisely 

measured apertures with areas 21.50, 0.495, and 0.0101 mm
2 

and are sensitive to 1-15 keV (0.08-

1.0 nm) X-rays, similar to the emission in the GOES longer-wavelength channel. The PIN detectors, 

manufactured by Amptek (Bedford, Mass.), are silicon wafers, 500 ɛm thick, with 12.5 ɛm 

beryllium windows. SphinX was calibrated to better than 5% accuracy using the BESSY (Berlin) 

synchrotron source and a long-pipe facility at XACT Laboratory, Palermo, Italy.  

The Coronas-Photon instruments began observations on February 20, 2009.  The period 

from then till March 22 was characterized by extremely low, however slightly increasing level of 

solar activity, with only a few flares above the GOES threshold for most of the remaining time. 

Figure 2.2 shows the smoothed light curve from the SphinX detector D2 for a period from February 

to July, 2009.  Short interruptions in the plot are due to spacecraft night-time periods, passages 

through the aurora oval radiation belts, or other instrumental reasons. The yellow areas indicate 

times when CORONAS-Photon was in uninterrupted sunlight.  

 

The radiation between February 20 and March 22 is at the level of 10 counts s
-1
,
 
equivalent 

to 5 x 10
-10

 W/m
-2
 or 0.05 A1 level on the GOES scale. Over the entire period till July 23, there are 

variations of a few per cent between consecutive 5-minute intervals which appear to be real, i.e. are 

more than 5 standard deviations as seen in the D1 count rate. The spectroscopic capability of 

SphinX gives us information on the physical characteristics of the X-ray emission. The 1-15 keV 

band of the instrument includes prominent emission lines of helium-like Ne, Mg, Si, and S, with 

free-free and free-bound continua. Figure 2.3 shows the D1 spectrum obtained over the interval 

05:35-05:42 UT on February 21. 

The emission is measurable only in the 1.1-2.4 keV range.  This was fitted to a theoretical 

spectrum using the CHIANTI atomic database (Dere et al., 1997) and software package with a 

                                                
1
 Author of this chapter is J. Sylwester 

Figure 2.2. Total solar 0.1-0.8nm X-ray 

emission from February 20 to July 22, 2009 as 

measured by SphinX. Units are counts s-1 in the 

SphinX D2 detector. Gaps in the light curve are 

due to the CORONAS-Photon spacecraft 

entering the Earthôs shadow or instrument turn-
off. CORONAS-Photon was in uninterrupted 

sunlight during the yellow areas indicated. The 

equivalent GOES scale is indicated, based on 

pre-launch calibration measurements of 

SphinX.  

http://www.tesis.lebedev.ru/
http://soteria-space.eu/wiki/index.php/D3_1_report#Sphinx
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single temperature Te and emission measure (EM = Ne
2
 V: Ne = electron density, V = emission 

volume). Coronal values for element abundances were assumed, and a spectral resolution equal to 

0.48 keV FWHM was used (that of the D1 detector). 

 

 

The fit indicates that Te = 1.81 Ñ 0.02 MK, EM = 3.8 Ñ 0.3 x 10
53

 m
-3
, with a total flux of 4.7 Ĭ 10

-10
 

W/ m
-2

 (0.047 Ĭ A1 on the GOES scale). At this low temperature, there are hardly any recognizable 

line features, the chief ones being groups of dielectronic satellites due to Mg X (1.32 keV, 1.55 

keV) and Si XII  (1.82 keV). The total contribution of lines in this range is about 1.7 times that of the 

continuum.  For a 20-hour period starting on February 20 (19:50 UT), similar spectral fits indicate 

Te = 1.81 Ñ 0.06 MK, EM = 4.3 Ñ 1.0 x 10
53

 m
-3
: most of the quoted uncertainties are real variations 

with time. With an estimated emission volume to be V~3 Ĭ 10
25

 m
3
, an average density of 10

14
 m

-3
 

is indicated. The total thermal energy of the corona, Eth = 3 k T Ne V, is 2 Ĭ 10
39

 J.  

In Figure 2.4 we present an example of the observations taken on March 26, 2009, covering 

a series of three flares observed simultaneously by GOES and SphinX. Over the period from 

February 20 till present there were some 550 recognizable increases common in D1 and D2, 

identifiable with tiny flares, only 80 of which are above the GOES threshold.  This increased flare 

count comes as a result of unprecedented sensitivity of SphinX detectors. 

As a result, many flares have been observed with their peak intensities much below the 

GOES detection threshold. In order to characterize their importance it was necessary to introduce 

 

 

 

Figure 2.3. SphinX X-ray spectrum in the 1.2-2.4 keV 

range on February 20, 2009 (05:34-05:42 UT). The 

points with error bars shows the measured spectrum from 

the D1 detector and the blue line shows the best-fit 

CHIANTI spectrum, with temperature 1.81 Ñ 0.02 MK, 

emission measure 3.8 Ñ 0.3 Ĭ 1053 m-3. The total 

emission is 4.7 Ĭ 10-10 W m-2 (0.047 A1 on the GOES 
scale). 

 

 

Figure 2.4. SphinX light curve (in blue) 

as observed in the 1.2-2.4 keV range 

using D1 detector on March 26, 2009 

(00:00-03:00 UT). A large amplitude 

modulation of the signal is observed 

when the CORONAS-Photon spacecraft 

enter/leaves the S/C night. It is seen that 

SphinX is ~100 times more sensitive 

than GOES in its 1-8 ¡ band. Also it is 

seen is that the signal from the SAA is 
much lower than that resulting from the 

solar event of B1 class (see the first 

peak). 
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new activity classes (S and Q, cf. Fig. 2.4) extending two orders of magnitude below the lowest 

presently used A1 level (see Chapter 3, part 3.1).  

For all ~550 flare events detected, respective classes have been assigned and input to the 

SphinX flare catalogue. When available, references to the other observations have been 

incorporated. SphinX flare catalogue is available to SOTERIA members on request (contact 

js@cbk.pan.wroc.pl ). SphinX reformatted but unreduced data as well as detailed light curves can 

be accessed through the dedicated catalogue page at http://156.17.94.1/sphinx_catalogue/ 

SphinX_cat_main.html.  

2.3 SWAP and LYRA instruments on PROBA 2  and CME detecting 
software  (ROB1) 

The PROBA 2 platform is a technology demonstration mission of ESA, ready for launch on 

November 2, 2009
2
. It will be launched, together with the SMOS (Soil Moisture and Ocean 

Salinity) mission, in a Sun-synchronous orbit at an altitude of 700-km for a nominal duration of 2 

years. PROBA 2 is a small satellite (130 kg) developed under an ESA General Support Technology 

Program (GSTP) contract by a Belgian consortium led by Verhaert (Kruibeke, Belgium) with two 

main objectives: perform an in-flight demonstration of new space technologies and support a 

scientific mission for a set of selected instruments. The two main instruments onboard will monitor 

solar activity and radiance:  the "Sun Watcher using APS and image Processing" (SWAP, an EUV 

imager) and the "Lyman alpha radiometer" (LYRA). The spacecraft will be operated from the ESA 

ground station in Redu (Belgium). The instruments will be operated from the PROBA 2 Science 

Center at the Royal Observatory of  Belgium. 

SWAP one -channel EUV telescope  

The Sun Watcher using Active Pixel System Detector and Image Processing (SWAP) 

telescope is a compact instrument part of this mission that will observe the Sun in extreme 

ultraviolet (EUV). SWAP is an off-axis one-channel Ritchey Chretien telescope that will image the 

EUV solar corona at 17.4 nm on a specifically fabricated extreme ultraviolet (EUV) sensitivity 

enhanced CMOS APS detector (Berghmans et al., 2006).  The optical design and the optical 

coatings are derived from the Extreme Ultraviolet Imaging Telescope (EIT) operating on-board 

SOHO since 1995. It has been adapted for a single wavelength telescope with off-axis optics. This 

allows for smaller optics and filters, with simple internal baffles avoiding external protruding parts. 

The super-polished optics will receive a multilayer coating that provides spectral selection centered 

on 17.4 nm and EUV reflectivity in normal incidence. This compact design is specifically adapted 

for accommodation on PROBA 2, where mass and envelope requirements are very stringent 

spacecraft propulsion.  

SWAP will provide images of the solar corona at a temperature of roughly 1 million degrees 

and will continue the systematic CME watch program at an improved image cadence (typically 1 

image every minute). With this higher cadence, SWAP will monitor events in the low solar corona 

that might be relevant for space weather. These events include EIT waves (global waves 

propagating across the solar disc from the CME eruption site), EUV dimming regions (transient 

coronal holes from where the CME has lifted off) and filament instabilities (a specific type of 

flickering during the rise of a filament). SWAP will also take advantage of off-pointing provided by 

the agility featured of PROBA 2 platform to follow coronal mass ejections. 

                                                
1 Author of this chapter is D. Berghmans 

2
 The PROBA 2 satellite was successfully launched on Nobember 2, 2009 from the Russian Plesetsk cosmodrome. 

mailto:js@cbk.pan.wroc.pl
http://156.17.94.1/sphinx_catalogue/%20SphinX_cat_main.html
http://156.17.94.1/sphinx_catalogue/%20SphinX_cat_main.html
http://156.17.94.1/sphinx_catalogue/%20SphinX_cat_main.html
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LYRA UV radiometer  

LYRA is the solar UV radiometer on board PROBA 2 (Hochedez et al., 2006). It will 

monitor the solar irradiance in four UV passbands which have been chosen for their relevance to 

solar physics, aeronomy and Space Weather: 

¶ the 115-125 nm Lyman-Ŭ channel, 

¶ the 200-220 nm Herzberg continuum channel, 

¶ the Aluminium filter channel (17-50 nm) including He II at 30.4 nm, and 

¶ the Zirconium filter channel (1-20 nm). 

The radiometric calibration of the instrument is traceable to synchrotron source standards 

(PTB). Its stability will be monitored by onboard calibration light sources (LEDs), which allow 

distinguishing between potential degradations of the detectors and filters. Additionally, a 

redundancy strategy contributes to the accuracy and the stability of the measurements. LYRA will 

benefit from wide bandgap detectors based on diamond: it will be the first space assessment of a 

pioneering UV detectors program. Diamond sensors make the instruments radiation-hard and solar-

blind: their high bandgap energy makes them quasi-insensitive to visible light.  

SWAP and LYRA will have an open data policy. 

2.4 On ground observations (UNIGRAZ1)  

Multi-wavelength observations of high temporal cadence are of vital importance when 

studying initiation and propagation mechanisms of coronal mass ejections (CMEs) and flares. It is 

recognized that CMEs and flares are closely related phenomena which have to be seen under the 

aspect of their common underlying magnetic processes.  

For studying the relationship between CMEs and flares, high-cadence multi-wavelength 

observations of the entire solar atmosphere are needed. Simultaneous full-disk observations of the 

solar chromosphere performed on a regular basis with high temporal resolution in the H-alpha and 

Ca-II K spectral line at Kanzelhºhe Observatory are thus highly suitable for such analyses. 

The system at the Kanzelhºhe Observatory currently performs on a daily routine H-alpha 

observations and the data are provided within the global H-alpha network initiative. The system at 

Kanzelhºhe observatory will be enhanced by improving the H-alpha flare patrol telescope and by 

constructing in addition a Ca II  K telescope. This telescope will provide new and additional 

observations to the H-alpha patrol telescope to support studies on the flare energy release and 

related CME initiation processes. The Ca II  K as well as the HŬ data will be put at disposal to all 

SOTERIA participants.  

2.5 New software and advanced techniques of data analysis  

CME detecting software (ROB2)   

CMEs are regarded as the solar events causing the most hazardous space weather conditions 

on Earth.  Therefore, good and reliable messages reporting the occurrence of CMEs are an 

indispensable need for several communities vulnerable to space weather effects. The detection of 

                                                
1 Authors of this chapter are M. Temmer, A.M. Veronig and W. Otruba 

2
 Author of this chapter is D. Berghmans 
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CMEs has traditionally been addressed by visually checking coronagraph data for outward moving 

features.  However, the space weather community needs near-real-time alerts for (partial) halo 

CMEs, allowing sufýcient time to run 3D MHD simulations to estimate their geo-effectiveness. 

This makes manual work labor intensive and thus costly. For these reasons, events detection 

algorithms have been developed over recent years to automatically detect CMEs in the flood of 

incoming data. Such algorithms can be split in two types: they either detect the CMEs directly in the 

coronagraphic image sequences, or they detect events (filament eruptions, EIT waves, etc) in non-

coronagraphic data that are good proxies for CME eruptions. In what follows we discuss one 

algorithm of each type: CACTus and NEMO. 

The CACTus (Computer Aided CME Tracking) software package detects CMEs in height-

time maps constructed from LASCO  C2/C3 images. CMEs are seen as inclined lines in height-time 

maps and are detected using the Hough transform.  CACTus  detects straight lines in the height-

time maps. At present, the CACTus measures the following parameters: ýrst time of  appearance in 

C2, CME width, principal direction (deýned as the middle direction of the CME) and a linear speed 

proýle along the angular span of the CME. CACTus real-time detections are available for both 

LASCO and SECCHI data: http://sidc.be/cactus.  

 

Figure 2.5. Daily SOHO LASCO CME rates for cycle 23 (thin curves: smoothed per month, thick curves: smoothed 

over 13 months) from 1997 to 2006, extracted from the CACTus (red) and the CDAW (blue) CME catalog. As a 

reference, we have overplotted the daily and monthly smoothed sunspot number (SSN) (gray) produced by the SIDC-

Royal Observatory of Belgium. The CME rates have been corrected for duty cycle. (Reproduced from Robbrecht et al., 

2009). 

Recently, Robbrecht et al (2009) carried out a large scale statistical analysis all CMEs 

detected by CACTus over cycle 23 (limited to the period Sept 1999 - Jan 2007). It turned out that 

the CACTus CME rate follows the overall solar cycle modulation. In addition, evidence was found 

that the CMEs are scale-invariant: no typical size (angular width) for a CME can be found, 

progressively increasing numbers of CMEs are found as one looks among the smaller CMEs. 

NEMO (Novel EIT wave Machine Observing) is a software package that detects solar 

eruptions in image sequences from EIT and was first described in Podladchikova & Berghmans  

(2005).  Detecting EIT waves is a hard problem of feature recognition given their (1) large variety 

in physical appearance, (2) their weak intensity variation and (3) the fact that with the current 

instrumentation (the default EIT 195 cadence is 12 min) these events are strongly under-sampled: 

typically only three images are obtained of these highly dynamic events that last up till an hour and 

might cover the complete solar disc.  NEMO consists of a series of high level image processing 

techniques especially developed to extract eruptive features from the EUV solar disk under complex 

solar conditions. This technique is based on the general statistical properties and underlying physics 

http://sidc.be/cactus
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of eruptive on-disk events. At present NEMO is mainly focused to extract various "EIT waves" and 

eruptive dimmings.  NEMO's real-time detection, as well as a full solar cycle 23 catalog, can be 

accessed here: http://sidc.be/nemo/. 

 Methods of hot plasma diagnostics by linear and broad -band imaging 
spectroscopy (LPI1) 

EUV and soft X-ray (SXR) emission from the Sun is the unique source of in situ 

information about the main plasma characteristics, actually needed to constrain the class of relevant 

plasma models and fulfill a quantitative simulation of plasma processes ï space-time dynamics of 

electron temperature T and density N in the emitting plasma regions (Urnov et al., 2007). The only 

quantity, however, which in principle can be inferred from optically thin experimental spectra and 

XUV imaging spectroscopy is a (bivariate) differential emission measure (DEM) ï the density 

distribution function for the emission measure (EM) ɛ(N,T) over both variables N and T (Jefferis et 

al., 1972; Brown et al., 1991; Sylwester, Schriver and Mewe, 1980). Derivation of this function is a 

rather problematical task of spectral inversion, which at present can be reliably treated at additional 

conditions fulfilled in the plasma source. Nevertheless, in some special cases, when the spectral 

fluxes are measured with high spectral or spatial resolution respectively, the temperature 

distribution of the volume or column DEM(T) integrated over the density can be obtained. A 

knowledge of the DEM(T) and corresponding EM(T), characterizing the distribution of ñquantity of 

matterò over the temperature, makes it possible to study a temperature and energy content of 

emitting plasma structures.  

At present there are many methods of the DEM(T) reconstruction from the calibrated 

spectroscopic data. The basic approach to the inverse problem used for developing such methods 

has traditionally been formulated in terms of the Fredholm integral equation relating the volume or 

column (in the case of imaging spectroscopy with high spatial resolution) DEM(T). The 

probabilistic approach, based on another mathematical formalization of the spectroscopic problem 

is applied for the DEM(T) analysis in the frame of SOTERIA program (Goryaev et al., 2009, 

Shestov et al., 2009). In the framework of this approach, dealing with a relative fluxes and 

normalized functions being the probability distributions of the random variables, the iterative 

procedure is obtained in a straightforward way by means of the Bayes theorem (the Bayesian 

iterative method, BIM). This procedure occurred to be rather fruitful in solving a number of inverse, 

always positive problems such as image restoration (Richardson, 1970) and signal recovery from 

noisy data (Gelfgat et al, 1993). The method was successfully applied to the deconvolution of initial 

X-ray spectra recorded by means of Bragg spectrometers (Zhitnik et al, 1987) and to the DEM(T) 

reconstruction from EUV spectra measured on the CORONAS-F satellite (Urnov et al., 2007). A 

series of tests, in particular the analysis of the confidence level for the latter, made in the paper of 

Shestov et al. (2009), confirmed its advantages: being well conditioned it does not depend on the 

temperature grid and provides a fast convergence to the exact solution. It is worth noting here that 

the iterative (Withbroe-Sylwester, WS) method, proposed by Sylwester et al. (1980) on the basis of 

Withbroe technique (1975), tested  and successfully used for DEM reconstruction by soft X-ray 

spectra, have been actually developed in the framework of the same (probabilistic) approach. 

Therefore we have found it appropriate to compare both methods for the sake of further application 

to combined XUV (soft X-Ray and EUV) data from the TESIS experiment. 

In the framework of the SOTERIA program the further investigation of the BIM abilities for 

the DEM(T) reconstruction from the high resolution EUV spectra provided by the SOHO/ SUMER, 

CORONAS-F/RES and SERTS devices as well as from the broad-band spectroscopic data provided 

                                                
1
 Author of this chapter is A.Urnov. 
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by the Hinode/XRT have been carried out. The forward-and-back simulations by the BIM for a 

series of physically relevant model DEM(T) distributions as well as the level of confidence tests 

have been made along with a comparison with another methods (Goryaev et al., 2009). More 

detailed treatment of the BIM will be given elsewhere. An example of testing of the BIM and the 

comparison with the WS for EUV CORONAS-F/RES spectra are demonstrated in Figures 2.6 and 

2.7, respectively. As seen from Figure 2.7 both methods give similar results for the spectra under 

study.  

 

Figure 2.6. Testing of the BIM (y(T) = DEM). Left ï the effect of the temperature grid: solid line obtained with the grid  

ȹ log T =  0.001, dashed line ï with ȹ log T =  0.1.  Right ï the confidence level calculations: a set of DEM curves (100 
tests) for the same input data by introducing the random error Ñ 20% (Shestov et al., 2009).  

Figure 2.7. Comparison of the BIM with WS (Sylwester et al., 1980) one for the EUV CORONAS-F/RES spectra of the 

flare. N is a number of used lines. Note the excellent agreement of the DEM shapes as determined by these 

independently developed codes. 

Summarizing the results of the work carried out within the SOTERIA program, one can 

conclude that the testing have established the usefulness of the BIM for a linear and broad-band 

channel spectroscopy. It was shown that the BIM is an effective method for the reconstruction of 

the DEM temperature profiles. For a large number of lines N > 30 in the EUV region (SOHO / 

SUMER) the BIM provides a single-valued reconstruction of the given DEM(T) in the range log T 

= 6.5 ï 7.5 with high accuracy (of a few percent) and the confidence level of about 25% for the 20% 

errors introduced to the spectra given by forward modeling. For N >10 the accuracy is better than 

10% for the DEM value in vicinity of its maxima. For CORONAS-F/RES data this method gives the 



SOTERIA. Online report ñEnergy release through flares and CMEsò 

D 3.1_Report.pdf                                    

 

18 

DEM(T) curves similar to the semi-empirical WS one (Sylwester et al., 1980). For a broad-band 

(Hinode/XRT) channels the BIM provides a qualitative reproduction of the DEM(T) but needs a 

quantitative correction obtained by the analysis of different model examples. 

Reconstruction of EUV spectra from the diffraction patterns in the TRACE 
images  (SRC PAN1)  

Based on experience gained from determinations of the Yohkoh SXT X-ray telescope point 

spread function (PSF, Gburek, Sylwester and Martens, 2002), dedicated study has been performed 

in order to establish the TRACE EUV telescope PSF in all measurement channels. As a result 

appropriate theory has been developed which includes effects of energy-dependent diffraction of 

EUV on the mesh of wires supporting the entrance filters (Gburek, S., Sylwester, J. and Martens, P. 

2006). Within the framework of the SOTERIA, the analysis for the other TRACE filters (195 ¡ and 

284 ¡) has been performed and respective algorithms written.  

Updated point spread function PSF for TRACE spacecraft has been prepared. The model 

gives 2D distribution of the signal from a point source over the CCD area for all TRACE EUV 

passbands (Fig. 2.8). The model includes the TRACE diffraction pattern component which is 

substantially temperature dependent, particularly in high diffraction orders. A large temperature 

dependence of the PSF high-order diffraction emission allows the use of even single TRACE 

images for the analysis of the temperature and emission measure distribution in the source if the 

diffraction pattern is of significant magnitude in the image. Significant portion of the TRACE 

images with strong diffraction pattern has been identified in the entire TRACE archive and are 

under analysis at present in order to determine temperature and emission measure distribution in 

flaring kernels. 

 

 

 

 

 

 

 

 

 

 

 

These algorithms allow for calculations of the TRACE diffraction patterns for any specific 

plasma temperature.  By using advanced image deconvolution procedures like ANDRIL (Sylwester, 

J. and Sylwester, B. 1998) it is possible to remove the effects of instrumental distortions from the 

observed TRACE or TESIS images. Access to the IDL TRACE PSF routines is available through 

the SolarSoft at the path: ssw\trace\idl\util\trace_psf_isothermal.pro(http://www.lmsal.com/ 

solarsoft/sswdoc/solarsoft/ssw_whatitis.html ).

                                                
1
 Author of this chapter is J. Sylwester 

Figure 2.8. TRACE telescope point spread 

function calculated for 195 ¡ filter and for 

plasma of temperature T = 2 MK. 

Individual maxima on the cross represent 
peaks of diffraction for consecutive orders 

extending up to n = 22. For orders above 

n=10, modulation of the PSF pattern close 

to maxima correspond to individual spectral 

lines contributing to the band emission.  


