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3. How are Swiss addressing these questions?

Solar Astrophysics

Role of solar physics

Solar physicsis adiscipline with relations to several other branches of science because of
the uniqueness of the Sun: it is the only star that can be explored in great detail, and
being the energy source of our solar system it affects everything in our cosmic
neighborhood.

The Sun is often called the “Rosetta Stone of astrophysics’, since many astrophysical
processes and tools that are needed for exploring and understanding the more distant
universe are initially discovered, explored, and tested in the astrophysical |aboratory that
the Sun provides. Examples are the atomic-physics and radiative-transfer tools that are
needed for analyzing astrophysical spectra, the plasma physics, dynamo, and acceleration
processes that also occur in various forms elsewhere in the universe, magnetic variability
and structuring, heating processes and the generation of sellar winds, and
asterosei smology to determine the internal structure of stars.

The Sun with its solar wind, eruptions and coronal mass gjections governs the violently
fluctuating space weather, which is a major factor to reckon with for al manned space
travel. The magnetic variability of the Sun also influences its brightness, which affects
the Earth's ozone layer and the global climate in the troposphere. For the quantitative
understanding of global climate change and the man-made greenhouse effect one needs
to properly identify and sort out the component in the global climate system that islinked
to the variable solar irradiance. This hot topic has led to collaborations between solar
physicist and climatologists.

I nstitutional structure

Currently only one of the Swiss Chairs in astrophysics covers the field of solar physics,
placed at the Institute of Astronomy of ETH Zurich. Solar physics was the main topic in



astronomy at the ETH since the mid 19" century, starting with the Chair of Rudolf Wolf,
whose successors were all solar astronomers. Present solar research work at ETH has
widened its scope to also include stellar physics and molecular astrophysics (in particular
stellar magnetic activity, stellar coronae and winds, plasma astrophysics and particle
acceleration, molecular processes in stars and the Sun) and the terrestrial effects
(connection between solar variability and the global climate). The main research focusis
on magnetic fields, high-precision polarimetric techniques, heating processes and
coronal physics. The institute has a field station for solar radio astronomy at Bleien
(Aargau) with three types of spectrometers to record dynamic radio spectra with high
(milliseconds) time resolution, which are signatures of plasma and particle acceleration
processes in the solar corona.

Front-line solar research is also carried out by groups in Davos, Locarno, EAWAG
(Dubendorf), PSI, Geneva and Bern. Their research activities will be indicated below
under the headings of the various main research topics. The ingtitutes in Davos and
Locarno are specia in this context, since their research activities are entirely devoted to
solar physics. However, since they are not university institutes, they have been dependent
on an affiliation with the solar astrophysics Chair at ETH Zurich for having access to
PhD students and for other project support.

The Physical-Meteorologica Observatory Davos (PMOD/WRC) is the world’s leading
institution in measuring and monitoring the solar irradiance. PMOD was involved in
most of the space experiments that measured the solar irradiance since the 1980s. One of
its space experiments, VIRGO (Variability of Solar Irradiance and Gravity Oscillations)
also provided a fundamental data set for helioseismology to explore the internal structure
of the Sun.

The Laboratory for Astrophysics of the Paul Scherrer Ingtitut (PSI) has, in parale to
providing important contributions to solar and solar-terrestrial research satellites, been
strongly involved in solar high-energy astrophysics. The group has in particular taken
advantage of its profound knowledge of the RHESS| satellite to conduct leading studies
of solar coronal particle acceleration, polarization, and theoretical plasma processes.

The institute in Locarno, IRSOL (Istituto Ricerche Solari Locarno), was born in 1985,
when the observatory was acquired from the German DFG by a newly created
foundation, FIRSOL (Fondazione IRSOL). The observatory has since been upgraded to
become an internationally recognized facility for front-line research in solar spectro-
polarimetry. This development has been made possible through close collaboration with
various ingtitutes, in particular with the Ingtitute of Astronomy of ETH Zurich. In the
1980s the ETH institute used its Arosa observatory for observational work within
Switzerland, but as the IRSOL facility developed into a much more powerful scientific
tool than was available with the instrumentation at Arosa, ETH decided to give up the
Arosa observatory in favor of IRSOL as the foremost solar observing facility in
Switzerland.



PMOD/WRC, Davos

IRSOL



Solar radio telescope of ETH Zurich

Current Swissresear ch topics
Fundamental processesfor the formation of spectral lines

During the past decade ETH Zurich has developed nove instrumentation for high-
precision imaging spectro-polarimetry, which allows for imaging of the full Stokes
vector with a polarimetric accuracy of about 0.0005% in the degree of polarization,
which is close to two orders of magnitude better than other such systems in the
astrophysical world. This system (ZIMPOL — Zurich Imaging Polarimeter) has been
applied with great success at the world’s leading solar telescopes and opened the door to
a new world of polarization phenomena that could not be accessed by previous
instruments, in particular polarized signatures from coherent scattering processes (which
produce the so-called “second solar spectrum’, see figure below). One of the
applications is to explore various aspects of solar magnetic fields, in particular its fractal-
like and largely spatially unresolved fine structure. Another application is to explore
fundamental quantum physics phenomena that govern the formation of astrophysical
spectra.
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The figure above shows a small, 20 A section from the Atlas of the Second Solar Spectrum, which
was compiled from ZIMPOL observations at IRSOL. The diagram labeled Stokes I/I ¢ represents

the normalized intensity spectrum (which may be considered as the “ first solar spectrum’ ), while
the bottom diagram labeled Stokes Q/I represents the simultaneously recorded degree of linear
polarization. This polarized spectrum is called the “ second solar spectrum” since it has little
resemblance with the intensity spectrum and is formed by very different physical processes, and
therefore gives complementary information about the Sun as if it were an entirely new spectrum.
The spectral features that are identified in the above diagram are due to molecular lines from the
so-called Q branch of MgH.



Nature of magnetic fields at the spatial scales where fundamental astrophysical
pr ocesses occur

One of the areas in which ETH Zurich has played the internationally leading role over
the past decades is in the exploration of solar magnetic fields at the smallest spatia
scales. The magnetic field is the key physical parameter that governs the structuring,
variability, and thermodynamics of the solar atmosphere, processes that are prototypical
for the atmospheres of other stars. It is now realized that the magnetoturbulence of the
photospheric plasma generates a fractal-like pattern that continues on scales well beyond
the resolution limits of current telescopes (cf. figure below). At ETH Zurich diagnostic
techniques to explore the properties of this field at scales beyond the resolution limit
have been devel oped.

Illustration of the fractal-like pattern of magnetic fields on the quiet Sun. The rectangular area
covered by the left map is about 15% of the area of the solar disk, while the map to the right
covers an area that is 100 times smaller. The two maps represent patterns of circular polarization
caused by the Zeeman effect. The blue and red areas correspond to magnetic flux of positive and
negative polarities, separated by green voids of seemingly no flux. Analysis of Hanle-effect
observations of atomic and molecular lines made at IRSOL have now shown that these green
regions are actually no voids at all, but are teeming with turbulent magnetic fields that carry a
significant magnetic energy density. Since these turbulent fields are tangled with mixed polarities
on very small scales, they are invisible to the Zeeman effect, while they get revealed by the Hanle
effect, based on the Second Solar Spectrum. From Nature 430 (2004), 304-305.

Dynamo processesand internal structure



Various tools have recently been developed that allow us to explore the physica
conditions in the Sun’s interior, of fundamental importance for the understanding of
stellar structure and evolution, as well as for the understanding of the processes by which
macroscopic magnetic fields in the universe (in stars, planets, and galaxies) are being
generated. Swiss astronomers have made major contributions to these devel opments.

The currently most powerful tool to explore the interior structure of a star is that of
helioseismology. The Sun, like almost all other stars, exhibits global oscillations due to
resonant sound waves that propagate through the Sun’s interior. By observational
determination of the modal structure of these oscillations and the precise frequencies of
the multitude of resonant modes it is possible to determine the properties of the interior,
in a similar way as seismic sound waves are used to determine the interior structure of
the Earth. PMOD/WRC in Davos has been a major player in this field during the past
two decades, most recently with its VIRGO instrument on the SOHO satdllite, which
records the oscillation signatures in the fluctuations of the Sun’sirradiance.

Scientists at the Geneva Observatory have applied the results from helioseismol ogy to the
Sun’s interna rotational structure together with observations of the Sun’s low lithium
abundance to successfully model both the rotation profile and the surface abundance of
lithium in solar-type stars of various ages, and shown how the rotational profile is
coupled to the generation of magnetic fieldsin the star.

Cosmic magnetic fields are believed to be universally generated by dynamo processes, in
the Earth, planets, stars, and galaxies. Practically al stellar activity, including the Sun’s
11-year activity cycle, is the product of dynamo processes. The Sun is unique by being a
nearby astrophysical dynamo on which the fundamental physics can be studied in great
detail. The observational signatures of the solar dynamo express themselves on al scales
in the magnetic field pattern, from the smallest, subresolution scales, to the global scales.
Both the physical nature of the magnetic fields on the smallest scales as well as the solar-
cycle evolution of the global magnetic pattern and its modal structure have been central
research topics where ETH Zurich have made major contributions over the past decades.

Heating of outer solar and stellar atmospher es, acceler ation processes, and plasma
instabilities

The heating of the corona to millions of degrees and the stupendous energy release in
flares are big questions in astrophysics. There is general agreement that both are related
to energy stored in the corona magnetic field and a suspicion that they may be two
aspects of the same basic physics. In 1998 scientists at the Institute of Astronomy at ETH
Zurich have discovered small energy releases in quiet regions of the solar corona,
indicating minute events of coronal heating. The combination of soft X-ray observations
by the Japanese-American Y ohkoh satellite and simultaneous radio measurements by the
Very Large Array in the USA suggested that the events had characteristics typical for



flares, but are several orders of magnitude smaller in energy. Evidence later corroborated
by EUV observations using the European SOHO satellite suggested that the energy
released by these events was sufficient to heat the corona.

Still the flare process remains an enigma. Although the principle of magnetic
reconnection is widely recognized to be the constituting eement, the usual
magnetohydrodynamic approach disregards that a large fraction of energy is released into
accelerating electrons and ions. Non-thermal particles are the primary output of flares.
They are observed at the Institute of Astronomy at ETH Zurich both in hard X-ray
bremsstrahlung and various radio emissions, including coherent radiations of trapped
and beamed eectrons and synchrotron emission of rdativistic electrons. Radio
observations at ETH Zurich have focused on spectroscopy in a large band from meter to
decimeter wavelength. Most remarkable have been a first survey of decimeter flare
emissions and the timing and location of the radio emissions in relation to hard X-rays.
Pioneering works have been published on the characteristics of narrowband spikes,
suspected to be related to eectron acceleration, and the statistics of radio bursts. The
instrumentation, currently in operation at Bleen near Granichen AG, includes 3
spectrometers. The wideband, frequency-agile Phoenix-2, the low-frequency Callisto,
and the FFT multichannel Argos for high sensitivity observations.

Software and a data center for the Ramaty High Energy Solar Spectroscopic Imager
(RHESSI) have been developed at ETH Zurich in collaboration with institutes in
computer science to alow for fast browsing and data retrieval. RHESSI, a NASA Small
Explorer mission, observes the hard X-ray and gamma-ray emissions of solar flares. It
can measure individual photon energies with high precision and determine the spatial
origin with high resolution. RHESSI data have been used at ETH to determine the
spectral characteristics of electron acceeration of flares and to study the possible hard X-
ray source of the accelerator in the corona. The results are consistent with stochastic
acceleration by turbulent waves, excited by the reconnection process.

Temporal fine structures and polarization of RHESSI data have been investigated by the
PSI group. To this end, special algorithms and data reduction methods have been
developed, and the RHESSI instrument response has been modeled by Monte-Carlo
simulations. In order to improve our understanding of the physical processes involved in
particle acceleration in solar flares, numerical smulations of particle orbits have been
conducted at PSI in international collaborations, assuming an alternative dissipative
acceleration scenario. Within a more theoretical approach, the mobility of charged
particles in a turbulent plasma has been investigated, as it occurs in the solar corona.
Many of the statistical methods developed for RHESSI data analysis have proven
valuable for non-solar X-ray observations, which, conversely, have motivated new
approaches to the RHESSI data.



The RHESS spacecraft (designed and built partly at PS)
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RHESS (color code) and TRACE (brightness) observations of a solar flare. Blue
encodes hard emission, yellow soft emission.



Solar wind and heliospheric physics

The University of Bern has been a major player in numerous space missions to explore
the physical conditions in situ in the solar wind and heliosphere (e.g. ISEE-3, Ulysses,
WIND, SOHO, ACE) and interstellar gas (e.g. LDEF and COLLISA). The research work
has focused on explorations of the composition of the solar wind and of solar and
interplanetary energetic particles. The measured particle abundances are directly related
to the processes that heat the solar corona and to the mechanisms of particle acceleration
on the Sun. This research program has evolved largely from the deployment of the Bern
solar wind foil experiments on the Moon in the framework of NASA’s Apollo program.

The Cosmic Ray Group at the University of Bern uses neutron monitors at Jungfraujoch
and a solar neutron telescope (SONTEL) at Gornergrat to study high-energy neutrons
produced in extremely energetic eruptions on the Sun. The research further deals with
proton, gammarray and neutron emissions from solar flares, cosmic ray propagation in
the inner heliosphere, and space weather.

Solar irradiance variability and itsrolefor theglobal terrestrial climate

One of the burning issues facing mankind today is that of global warming. While it is
now widely understood that this problem is man-made, caused by the increasing
greenhouse effect as we are modifying the global atmospheric chemistry by the burning
of fossil fuels, it is urgent to improve on our capabilities to forecast how the climate will
evolve in the future. When doing this we need to understand how the climate system
responds to perturbations of different kinds. One such perturbation is the variable energy
input from the Sun, which fluctuates due to the Sun’s magnetic activity. In the visible
spectral range the solar irradiance fluctuations are only in the promille range, but they
affect the troposphere directly and dominate energetically. In comparison, the variations
in the solar UV may reach 100% or more, but these variations contain much less energy
and do not reach ground level. Still they cause large temperature variations in the
stratospheric ozone layer, and this might indirectly affect the climate through coupling
between stratosphere and troposphere. To clarify the various physical mechanisms a so-
called Poly project of ETH Zurich with the title “Variability of the Sun and Global
Climate” was set up, involving a close collaboration between the four institutes
PMOD/WRC in Davos, EAWAG in Dubendorf (research group of Jirg Beer), and the
Institute of Astronomy and the Institute for Atmospheric and Climate Science of ETH
Zurich.

Within the framework of this collaboration the Institute of Astronomy has focused on the
physical origins of the solar irradiance variability and been able to show that this
variability can be fully described in terms of changes in the distribution of surface
magnetic fields on the Sun, i.e,, it is possible to trandate maps of solar magnetic fields
into irradiance. A deep understanding of the internal structure of sunspots, in particular
cool and strongly magnetized sunspot umbrae, isimportant to correctly predict variations



of the solar irradiance and their effect on the evolution of the terrestrial climate. With the
developed tools it becomes possible to reconstruct the solar irradiance in the more
extended past from other indices of solar activity.

Research at PMOD/WRC has focused on the reconstruction of the solar irradiance
variability in the deep UV part of the spectrum. This involves using extensive non-LTE
radiative transfer codes to compute synthetic UV spectra that are representative of
various types of active features on the Sun (sunspots, faculae, network), to modd the
observed solar UV spectrum and its fluctuations.

The leve of solar activity in the past can be determined over time scales of thousands of

years by using cosmogenic radionuclides like 1OBe and 14C that are produced by galactic
cosmic rays in the terrestrial atmosphere. The Sun’s magnetic activity modulates the
propagation conditions in the heliosphere (the solar wind region), such that the

abundance of 14C in tree rings and 10Be in ice cores contain imprints from which the
level of solar activity can be extracted. The group at EAWAG has been aworld leader in
using such proxies for deducing the longer term variability of the Sun, and this work is
now coordinated as part of the ETH Poly project.

4. How will Swiss address these in the future?

Solar Astrophysics

The renaissance that solar physics currently experiences is expressed by the impressive
array of new and major telescopes/facilities that have come online or will do so soon.
Among the new ground-based telescope projects are GONG+ (international network of
observing stations for helioseismology), SOLIS (instrument system at Kitt Peak for solar
synoptic observations), SST (Swedish Solar Telescope on La Palma), Gregor (next-
generation German solar telescope on Tenerife), and ATST (Advanced Technology Solar
Telescope). In the next three years three major solar space missions will be launched
(Solar B, STEREO, SDO — Solar Dynamics Observatory). The currently operating
SOHO (Solar and Heliospheric Observatory) keeps producing vast amounts of excellent
data about our highly dynamic, magnetized Sun.

Since magnetic fields play a central role of all of solar physics, and imaging spectro-
polarimetry is the tool to access these fields, the Swiss leading position in polarimetry
places Swiss astronomers in a key position with unique opportunities within the major
new solar telescope projects in the world. The largest project, the US-led ATST



(Advanced Technology Solar Telescope) with 4 m aperture, which is scheduled to
become operationa in 2012 on Maui (Hawaii), plans to use a Swiss ZIMPOL (Zurich
Imaging Polarimeter) system as one of its key instruments. In the near future, before
ATST, attractive opportunities with the ETH ZIMPOL system are offered at the new
Swedish 1 m La Palma telescope and the new German GREGOR telescope on Tenerife
(to become operational within about two years).

ATST

The imaging polarimeter system ZIMPOL (Zurich Imaging Polarimeter), which has been
built at ETH Zurich and has its observational home base at IRSOL, reaches a polarimetric
accuracy that is nearly two orders of magnitude better than other such systems in the
world. ZIMPOL gives Swiss solar scientists a significant edge over other groups in the
world in the area of imaging spectro-polarimetry, which is the fundamental tool for the
diagnostics of solar magnetic fields, which has become a central topic of contemporary
solar physics. This is the reason why it is desired to include a ZIMPOL system in the
next-generation international ATST facility.

The Swiss capabilities in spectro-polarimetry are currently being grestly extended with
the development and implementation of a fully tunable narrow-band optical filter
system, based on two lithium-niobate Fabry-Perot etalons. This, in combination with
ZIMPOL, will provide a new dimension to the work in imaging polarimetry of the Stokes
vector, which includes explorations of the Sun’s fractal-like magnetic field and the



polarization physics of the “Second Solar Spectrum”. The solar telescope facility at
IRSOL, Locarno, is currently being upgraded with a state-of-the-art adaptive optics
system, which in combination with ZIMPOL and the tunable filter system will allow
imaging spectro-polarimetry with angular resolution near the diffraction limit of the
telescope. The IRSOL observations serve to complement the Swiss observing programs
with ZIMPOL at the world’s foremost international telescope facilities.

The Institute of Astronomy, ETH Zurich, has a world leading position in molecular
spectropolarimetry. Thisis a new and rapidly developing field in astrophysics which was
pioneered by the ingtitute scientists. The project is currently supported by the prestigious
European Young Investigator (EURY 1) Award from the European Science Foundation. It
ams at studying solar and stellar magnetic fields on different spatial scales with
diagnostic tools based on the molecular Zeeman, Paschen-Back and Hanle effects. An
enormous effort is invested into the development of the quantum theory of these effects,
and the Sun is an excellent astrophysical laboratory for testing the theory. The research
has a great potential for implementations in studying the generation and evolution of
magnetic dynamos in very cool astrophysical objects, including brown dwarfs, planets
and protoplanetary disks.

The Institute of Astronomy of ETH Zurich isin aleading position in solar flare physics,
including radio and X-ray observations. The development and operation of radio
spectrometers may continue in the future, when the American based Frequency-Agile
Solar Radio telescope (FASR) will finally provide spatia resolution at decimeter waves.
FASR, an interferometer with first science planned in 2009, will require complementary
spectrometer observations. Collaboration will be of mutual interest.

A new aspect in solar radio emission, particularly at meter wavelengths, isits usefulness
for studies on Sun-Earth relations and the origin of near-Earth space weather. The
impact of coronal processes on the state of the heliosphere from the Sun to the
termination shock at the interface of the solar wind to the interstellar medium is the aim
of several solar missions in the near future. The radio spectrometer Callisto of ETH
Zurich is proposed to be copied in the frame of the International Heliospheric Year in
2007 and to be distributed to places in India, Japan and the USA for 24 hour coverage of
the solar low-frequency radio emissions, relevant for space weather physics and
forecasts.

For the future, continued programs in solar X-ray astronomy place ETH Zurich and PSI
in an excellent position to study X-ray sources as close as possible to the energy release
site in the corona. As RHESSI has a projected life time of severa more years, the
chances are good for its continuation well into the next solar cycle, and for collaboration
with future solar missions such as Solar-B and Stereo.

The Sun is a unique laboratory in which the predictions of stellar evolution theory can be
compared with extremely accurate and detailed measurements. In the past, the theoretical
standard solar model properties (including atomic diffusion, but without hydrodynamical



processes) were in very good agreement with the helioseismologically determined sound
speed and density as functions of solar radius, as well as with the surface helium
abundance and the depth of the convection zone. However, recent solar models that
include the lower heavy e ement abundances inferred from sophisticated new analyses of
the solar atmosphere now strongly disagree with the helioseismic data. In this context,
scientists at the Geneva Observatory plan to test the importance of several processes that
are not included in the standard solar models, like meridional circulation and shear
mixing, internal gravity waves, and magnetic fields.



