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I.

Gegenstand und Methoden der Forschung
/ Subject and Methods of Research

Die verschiedenen Objekte des Sonnensystems bilden
den Gegenstand der Forschung am MPS. Ein grofies
Forschungsgebiet betrifft die Sonne, ihre Atmosphire,
das vom Sonnenwind beeinflusste interplanetare Me-
dium, sowie den Einfluss der schwankenden solaren
Partikel- und Wellenstrahlung auf die Erde und auf
andere Planeten. Das zweite groBe Forschungsthema
befasst sich mit dem Inneren, den Oberflichen, Atmo-
sphiren, Ionosphiren und Magnetosphiren der Plane-
ten, ihrer Monde, sowie von Kometen und Asteroiden.

Eine wichtige Rolle spielt die Auswertung von Bil-
dern und Spektren, die mit Instrumenten auf Raum-
sonden oder von erdgebundenen Teleskopen gewon-
nen werden. Damit werden die Sonne, Planeten (ins-
besondere Mars und Venus), Monde (Titan), Kome-
ten und andere Kleinkorper erforscht. Die Korona der
Sonne wird mit optischen Instrumenten im gesam-
ten Spektralbereich vom Sichtbaren bis zum weichen
Rontgenlicht vom Weltraum aus beobachtet, und ihre
Plasmaeigenschaften werden mit spektroskopischen
Methoden diagnostiziert. Die untere Atmosphére der
Sonne (die Photosphére und Chromosphire) wird an-
hand von spektropolarimetrischen Messungen sowohl
vom Boden wie auch vom Weltraum aus untersucht.
Dabei geht es vor allem um die Untersuchung des so-
laren Magnetfeldes, welches eine grundlegende Rolle
fiir eine Vielzahl solarer Phinomene spielt. Ein neues
Arbeitsgebiet ist die Untersuchung des Sonneninne-
ren durch Analyse von beobachteten Schwingungen
an ihrer Oberfliche (Helioseismologie). Geologische
Vorginge und die mineralogische Zusammensetzung
an den Oberflachen planetarer Korper, sowie die Ei-
genschaften von Planetenatmosphiren werden durch
abbildende und spektrometrische Verfahren im sicht-
baren Spektrum und nahen Infrarotbereich untersucht.
In-situ-Methoden zur chemischen Untersuchung von
Kometen- und Planetenoberflichen, sowie geophysi-
kalische Untersuchungen des Planeteninneren werden
in Zukunft eine Rolle spielen.

In den Magnetosphiren der Erde und anderer Plane-
ten, im Sonnenwind und in der Umgebung von Ko-
meten werden Teilchen und Wellen von Instrumen-
ten auf Raumsonden in-situ gemessen. Die chemi-
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sche Zusammensetzung, die riumliche Verteilung der
Teilchen sowie das Studium von Transportvorgingen
und Beschleunigungsprozessen stehen dabei im Vor-
dergrund. Bei der iiberwiegend experimentell ausge-
richteten Arbeitsweise des Instituts spielt die Entwick-
lung und der Bau von Instrumenten und die Gewin-
nung und Auswertung von Messdaten eine Hauptrol-
le. Diese Aktivitidten werden jedoch intensiv von theo-
retischen Arbeiten und der Bildung von physikali-
schen Modellen begleitet. Das Schwergewicht liegt
hierbei auf der numerischen Simulation in den Be-
reichen planetare und solare Dynamos, atmosphiri-
sche Zirkulationsmodelle, MHD-Prozesse in der Kon-
vektionszone und Atmosphére der Sonne, Physik io-
nosphirischer und magnetosphérischer Plasmen, Kon-
vektionsstromungen im Gesteinsmantel terrestrischer
Planeten und in den Gashiillen der Riesenplaneten.

The various objects of the solar system form the sub-
ject of research at MPS. One important area of re-
search includes the Sun, its atmosphere, the interplan-
etary medium filled with solar wind, as well as the in-
fluence of the variable radiation of solar particles and
waves on the Earth and other planets. The second ma-
jor research field involves the interiors, surfaces, at-
mospheres, ionospheres, and magnetospheres of the
planets and their moons, as well as those of comets
and asteroids.

The analysis of images and spectra obtained from in-
struments on board spacecraft or from ground-based
telescopes, play an important role for the exploration
of the Sun, the planets (especially Mars and Venus),
moons (Titan), comets, and other small bodies. The
solar corona is observed with optical instruments in
space in the entire spectral range from visible to soft
x-rays, and their plasma properties are analysed by
spectroscopic methods. The Sun’s lower atmosphere
(the photosphere and chromosphere) is investigated
by means of spectral polarisation measurements, both
from the ground and from space. In this case, it is
the solar magnetic field that is of interest, which plays
a fundamental role in a multitude of solar phenom-
ena. A new field of endeavour is the study of the
solar interior by analysing the observed oscillations
on the surface (helioseismology). Geological pro-
cesses and mineralogical composition on the surfaces

1
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of planetary bodies, as well as the properties of the
atmospheres of planets are investigated with imaging
and spectrometric techniques in visible and near in-
frared regions. In-situ methods for chemical analy-
sis if cometary and planetary surfaces, as well as geo-
physical investigations of the interiors of planets will
play an important role in the future.

In the magnetospheres of the Earth and other plan-
ets, in the solar wind and in the neighbourhood of
comets, particles and waves are measured in-situ from
space-borne instruments. The chemical composition,
the spatial distribution of particles, and the study of
transport mechanisms and energisation processes are
at the forefront. As the Institute is primarily involved
in experimental investigations, the development and
construction of instruments together with the analysis
of acquired data play a major role. These activities are
accompanied by intensive theoretical efforts and the
creation of physical models. Emphasis here lies in nu-
merical simulations of the fields of planetary and solar
dynamos, atmospheric circulation models, MHD pro-
cesses in the convection zone and solar atmosphere,
the physics of ionospheric and magnetospheric plas-
mas, convection currents in the solid mantle of ter-
restrial planets and in the gas envelopes of the giant
planets.

Struktur und Leitung des Instituts /
Structure and Management of the Institute

Auf Beschluss des Senats der MPG war das Institut
seit dem 6. Juni 1991 in zwei Abteilungen organisiert:
der von Dr.-Ing. H. Rosenbauer geleiteten Abteilung
experimentelle Planetenphysik und einer Allgemeinen
Abteilung, der die iibrigen Direktoren kollegial vor-
standen.

Mit der Emeritierung von Dr.-Ing. H. Rosenbauer am
30. Juni 2004 wurde das Institut neu strukturiert und
in drei Abteilungen gegliedert: der Abteilung Sonne
und Heliosphire unter den Leitung von Prof. Dr. S. K.
Solanki, der Abteilung Planeten und Kometen unter
der Leitung von Prof. Dr. U.R. Christensen, sowie
der Abteilung Magnetosphire unter der Leitung von
Prof. Dr. V.M. Vasylitinas. Am 1. September 2005
wurde das Institut um die Selbstidndige Nachwuchs-
gruppe Helio- und Asteroseismologie der MPG erwei-
tert. Eine technische Abteilung und die Verwaltung
sind zentral organisiert und stehen allen Abteilun-
gen zur Verfiigung. Die zentralen technischen Einrich-
tungen umfassen eine Mechanische Abteilung, beste-
hend aus Konstruktion und Werkstitten, ein Entwick-
lungslabor fiir Elektronik, ein Rechenzentrum und ei-
ne Fachbibliothek.

Im Rahmen der Umstrukturierungen wurde das Insti-
tut am 1. Juli 2004 von Max-Planck-Institut fiir Aero-
nomie (MPAE) in Max-Planck-Institut fiir Sonnensys-
temforschung (MPS) umbenannt.

Das Institut wurde durch das Gesamtkollegium der
Direktoren Prof. Dr. U.R. Christensen, Dr.-Ing. H.
Rosenbauer (bis 30. Juni 2004), Prof. Dr. S. K. Solanki
und Prof. Dr. V. M. Vasylitinas gemeinschaftlich gelei-
tet.

Geschiftsfiihrender Direktor war bis zum 31. Dezem-
ber 2004 Prof. Dr. S. K. Solanki. Er wurde in dieser
Funktion von Prof. Dr. U. R. Christensen abgelost.

Das Kollegium wird in seiner Arbeit durch einen
technischen Geschiftsfiihrer (Dr. I. Pardowitz), einen
Verwaltungsleiter (A. Poprawa), und einen Direk-
tionsberaterkreis unterstiitzt. Letzterer besteht aus drei
Mitarbeitern des wissenschaftlich-technischen Berei-
ches, die von allen Mitarbeitern des Instituts fiir eine
einjahrige Amtsperiode gewéhlt werden.

Fiir die einzelnen Forschungsvorhaben werden jeweils
Projektgruppen gebildet, die nach Abschluss des Pro-
jektes wieder aufgelost werden. Die Initiative zur Auf-
nahme eines Projektes und zur Griindung einer ent-
sprechenden Arbeitsgruppe kann jeder Wissenschaft-
ler im Institut ergreifen.

According to a decision of the MPG senate the insti-
tute was structured into two departments starting June
6, 1991: a department for general planetary physics
headed by Dr.-Ing. H. Rosenbauer, and a general de-
partment that was jointly managed by the other insti-
tute directors.

Following the retirement of Dr.-Ing. H. Rosenbauer
at June 30, 2004 the institute was reorganized into
three departments: the department Sun and Helio-
sphere headed by Prof. Dr. S. K. Solanki, the depart-
ment Planets and Comets headed by Prof. Dr. U.R.
Christensen, and the department Magnetosphere
headed by Prof. Dr. V.M. Vasylitinas. In addition,
the Independent Junior Research Group of the Max
Planck Society “Helio- and Asteroseismology” was
created on September 1, 2005. A technical depart-
ment and the administration are centrally organized
and serve all research departments. The technical de-
partment comprises a mechanical department, includ-
ing design office and workshop, an electronic labora-
tory, a computing center, and a library.

In line with the reorganization, the institute was
renamed from Max Planck Institute for Aeronomy
(MPAE) to Max Planck Institute for Solar System Re-
seach (MPS) on the first of July 2004.
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The institute was jointly managed by the directors
Prof. Dr. U.R. Christensen, Dr.-Ing. H. Rosenbauer
(until June 30, 2004), Prof. Dr. S.K. Solanki, and
Prof. Dr. V.M. Vasyliiinas (general board of direc-
tors).

Prof. Dr. S.K. Solanki served as managing director
until December 31, 2004 and was superseded by Prof.
Dr. U.R. Christensen.

The board of directors is assisted by a technical man-
ager (Dr. I Pardowitz), the head of administration
(A. Proprawa), and a director’s advisory committee.
The latter consists of three members of the scientific-
technical staff who are elected for a one-year period
by the complete staff.

A dedicated project group is formed for the duration
of each research project. Every institute member can
take the initiative to start a new project and to form the
corresponding group.

Emeritierung
Dr.-Ing. Helmut Rosenbauer /
Retirement Dr.-Ing. Helmut Rosenbauer

Zum 30. Juni 2004 wurde Dr. Helmut Rosenbauer
emeritiert. Die von ihm {iber viele Jahre geleitete
Abteilung fiir experimentelle Planetenphysik wurde
gleichzeitig aufgelost. Die meisten der verbliebenen
Mitarbeiter setzen ihre Arbeit in der Abteilung Pla-
neten und Kometen fort. Die wissenschaftlichen Be-
richte der Arbeiten in Abteilung Rosenbauer im Zeit-
raum 1.1.-30.6.2004 wurden aus diesem Grunde in
den entsprechenden Abschnitt Planeten, ihre natiirli-
chen Satelliten und Kometen (Seite 78) eingereiht.

Nach zehn Jahren am Max-Planck-Institut fiir
Extraterrestrische Physik in Garching wurde Dr.
Rosenbauer 1977 als Direktor an das Max-Planck-
Institut fiir Aeronomie berufen. Dort iibernahm er ab
dem 6. Juni 1991 die Leitung der neu gegriindeten Ab-
teilung fiir Experimentelle Planetenphysik.

Dr. Rosenbauers Verdienste in der experimentellen
Weltraumphysik sind zu zahlreich, um sie hier ein-
gehend zu wiirdigen. Sein Erfolg basiert nicht zu-
letzt darauf, dass sich in ihm tiefes wissenschaftliches
Verstindnis und hohe Ingenieurskunst vereinen. Die-
ser seltenen Kombination entsprangen raffinierte und
erfindungsreiche Instrumententwicklungen, die zum
Erfolg vieler Weltraummissionen beigetragen haben:
HEOS, HELIOS, Ulysses, GIOTTO und Phobos 1
sind nur einige Beispiele. In den letzten zehn Jahre
vor seiner Emeritierung hat er die Entwicklung des
ROSETTA-Landers wesentlich getragen und so dieses
ehrgeizige Projekt erst ermdoglicht.

Das MPS schitzt sich gliicklich, dass Dr. Ing. Helmut
Rosenbauer dem Institut weiter mit Rat und Tat zur
Seite steht.

Dr. Helmut Rosenbauer retired on June 30, 2004, and
the Department for Experimental Planetary Physics
which he headed for many years, was simultaneously
dissolved. The majority of his remaining colleagues
continue their work within the Department of Planets
and Comets. For this reason, the scientific reports for
the Department Rosenbauer for the period January 1
to June 30, 2004 appear in the chapter on Planets and
Comets (page 81).

After ten years at the Max Planck Institute for Ex-
traterrestrial Physics in Garching, Dr. Rosenbauer was
appointed director of the Max Planck Institute for
Aeronomy in 1977. There, on June 6, 1991, he be-
came head of the newly founded department for Ex-
perimental Planetary Physics.

Dr. Rosenbauer’s accomplishments in experimental
space physics are too numerous to fully acknowledge
in this limited space. His success depends to no small
measure on his being able to bring together a funda-
mental understanding for science with an enormous
knowledge of the art of engineering. This rare combi-
nation has led to many refined and innovative instru-
ment designs and to their success on numerous space
missions: HEOS, HELIOS, Ulysses, GIOTTO, and
Phobos 1 to name only some examples. In the past ten
years before his retirement, he contributed decisively
to the development of the ROSETTA lander, making
this very ambitious project possible in the first place.

The MPS appreciates very much that Dr. Ing. Helmut
Rosenbauer is still available to this Institute with all
his experience and devotion.

Personelle Entwicklung /
Personnel Development

In den Jahren 2004 und 2005 hat sich die Zahl der
Mitarbeiterinnen und Mitarbeiter des Instituts entspre-
chend dem Sozialplan verédndert.

Die Zahl der Planstellen verringerte sich bis Ende De-
zember 2005 auf 113. Davon waren 28 mit Wissen-
schaftlern besetzt. Die Zahl der am Institut wissen-
schaftlich Tidtigen war jedoch mit Einbeziehung der
aus Mitteln des BMBF finanzierten Wissenschaftler
und der Doktoranden betrichtlich groBer und betrug
am 31. Dezember 2005 etwa 130.

Mitarbeiter, die nach dem Sozialplan ausgeschieden
sind:
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2004: Herbert Ellendorff, Peter Fahlbusch, Hans-
Joachim Gebhardt, Monika Majunke, Wolfgang
Neumann, Waltraut Reich

2005: Waltherus Boogaerts, Hans-Adolf Heinrichs,
Horst Heise, Renate Heitkamp, Karin Kellner, Renate
Meusel, Ulrich Strohmeyer, Volker Thiel, Walter
Waichter, Hans-Dieter Waitz

In den Ruhestand traten:

2004: Bernhard Bleckert, Dr. Jiirgen Klostermeyer,
Rosemarie Rottger, Helmut Schild

2005: Dr. Reinhard Borchers, Prof. Dr. Klaus Jockers,
Dr. Erling Nielsen, Dr. Michael L. Richards, Prof. Dr.
Konrad Sauer

During the years 2004 and 2005 the number of insti-
tute staff was reduced according to the social plan.

The number of permanent positions decreased to 113
by the end of December 2005. Of these 28 were filled
by scientists. The number of people working scientit-
ically, through BMBF-financed scientists and through
Ph.D. students, was nevertheless substantially greater,
consisting of 130 on 31st December 2005.

Staff members who have left according to the social
plan are:

2004: Herbert Ellendorft, Peter Fahlbusch, Hans-
Joachim Gebhardt, Monika Majunke, Wolfgang
Neumann, Waltraut Reich

2005: Waltherus Boogaerts, Hans-Adolf Heinrichs,
Horst Heise, Renate Heitkamp, Karin Kellner, Renate
Meusel, Ulrich Strohmeyer, Volker Thiel, Walter
Waichter, Hans-Dieter Waitz

The following have retired:

2004: Bernhard Bleckert, Dr. Jiirgen Klostermeyer,
Rosemarie Rottger, Helmut Schild

2005: Dr. Reinhard Borchers, Prof. Dr. Klaus
Jockers, Dr. Erling Nielsen, Dr. Michael L. Richards,
Prof. Dr. Konrad Sauer

Das Kuratorium des Instituts /
Board of Trustees of the Institute

Dem Kuratorium des Instituts gehorten in den Jahren
2004 und 2005 die folgenden Mitglieder an:

Helge Engelhardt, Ministerialdirigent im BMBF
(Bundesministerium fiir Bildung und Forschung),
Bonn;

Prof. Dr. Klaus J. Fricke, Universitits-Sternwarte,
Gottingen;

Dr. Thomas Galinski, Raumfahrtmanagement Extra-
terrestrik DLR, Bonn;

Prof. Dr. Martin C.E. Huber, Kiisnacht, Schweiz;

Prof. Dr. Reiner Kree, Vizeprisident der Universitit
Gottingen;

Dr. Josef Lange, Staatssekretir im Niedersdchsischen
Ministerium fiir Wissenschaft und Kultur, Hannover;

Andreas Lindenthal, Earth Observation, Navigation
and Science, EADS Astrium GmbH, Friedrichshafen;

Prof. Dr. F. Jochen Litterst, Prasident der TU Braun-
schweig;

Prof. Dr. Oskar von der Liihe, Kiepenheuer-Institut fiir
Sonnenphysik, Freiburg;

Frau Erika Mann, Mitglied des Europdischen Parla-
ments, Hannover;

Dr. Fritz Merkle, OHB-System GmbH, Bremen;

Thomas Oppermann, Mitglied des Niedersichsischen
Landtags, Gottingen.

Das Kuratorium tagte am 10. November 2004 in Lin-
dau.

The following were members of the board of trustees
of the institute in the years 2004 and 2005:

Helge Endelhardt, Ministerialdirigent, BMBF (Ger-
man Federal Ministry for Education and Research),
Bonn;

Prof. Dr.
Gottingen;

Klaus J. Fricke, University Observatory,

Dr. Thomas Galinski, DLR (German space agency),
Bonn;

Prof. Dr. Martin C.E. Huber, Kiisnacht, Schweiz;

Prof. Dr.
Gottingen;

Reiner Kree, Vice President, University

Dr. Josef Lange, permanent secretary in the Lower
Saxony Ministry for Science and Culture, Hannover;
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Andreas Lindenthal, Earth Observation, Navigation
and Science, EADS Astrium GmbH, Friedrichshafen;

Prof. Dr. F. Jochen Litterst, President, Technical Uni-
versity Braunschweig;

Prof. Dr. Oskar von der Liihe, Kiepenheuer Institute
for Solar Physics, Freiburg;

Ms Erika Mann, member of the European Parliament,
Hannover;

Dr. Fritz Merkle, OHB-System GmbH, Bremen;

Thomas Oppermann, member of the Lower Saxony
parliament, Gottingen.

The board of trustees met on 10 November 2004 in
Lindau.

Der Fachbeirat des Instituts /
Scientific Advisory Board of the Institute

Im Jahr 2001 wurde vom Prisidenten der Max-Planck-
Gesellschaft ein neuer Fachbeirat fiir das Institut
berufen. In den Jahren 2001-2006 gehoren dem
Fachbeirat die folgenden Mitglieder an:

Prof. Dr. D. Crisp, Pasadena, CA, USA;

Prof. Dr. G. Hensler, Wien, Osterreich;

Dr. L.J. Lanzerotti, Murray Hill, NJ, USA;

Prof. Dr. Ph. Lognonné, Saint Maur, Frankreich;
Prof. Dr. E.R. Priest, St. Andrews, GroBbritannien;
Prof. Dr. R. Rosner, Chicago, IL, USA;

Prof. Dr. D.J. Southwood, Paris, Frankreich;

Prof. Dr. D.J. Stevenson, Pasadena, CA, USA.

Im Berichtszeitraum fand die Zusammenkunft des
Fachbeirats vom 8.—9. November 2004 im MPS in
Lindau statt.

In 2001 a new advisory board for the institute was
appointed by the President of the Max Planck Soci-
ety. During the years 2001 —2006 the following were
members of the scientific advisory board:

Prof. Dr. D. Crisp, Pasadena, CA, USA;

Prof. Dr. G. Hensler, Vienna, Austria;

Dr. L.J. Lanzerotti, Murray Hill, NJ, USA;
Prof. Dr. Ph. Lognonné, Saint Maur, France;
Prof. Dr. E.R. Priest, St. Andrews, UK;

Prof. Dr. R. Rosner, Chicago, IL, USA;

Prof. Dr. D.J. Southwood, Paris, France;

Prof. Dr. D.J. Stevenson, Pasadena, CA, USA.

During the period of this report the advisory board met
in Lindau from 8 — 9 November 2004.

Fiir das Institut aufgewendete Mittel /
Institute Resources

Die vom Bund und den Lindern getragene und durch
die Generalverwaltung der Max-Planck-Gesellschaft
zugeteilte Grundausstattung des Instituts an Personal-
und Sachmitteln betrug im Jahre 2004 8,7 Millionen
EURO fiir Personal und 2,6 Millionen EURO fiir Sa-
chen. An Investitionsmitteln (Gerite mit Preisen iiber
5.000 EURO) wurden 1,4 Millionen EURO bewilligt.
Fiir das Jahr 2005 lauten diese Zahlen: 8,5 Millionen
EURO fiir Personal, 3,1 Millionen EURO fiir Sach-
ausgaben und 0,4 Millionen EURO fiir Investitionen.

Besondere Forschungsvorhaben sind durch das BMBF
(Bundesministerium fiir Bildung und Forschung) und
die ESA (European Space Agency) gefordert worden.
Vom BMBF (DLR) erhielt das Institut 2004 insgesamt
5,2 Millionen EURO und 2005 7,9 Millionen EURO.
Die entsprechenden Betrige der ESA waren 0,9 Mil-
lionen EURO und 0,7 Millionen EURO.

Fiir diese Forderungen, ohne die viele experimentel-
le Forschungsvorhaben nicht durchfiihrbar gewesen
wiren, mochten wir auch an dieser Stelle ausdriicklich
danken.

The basic funding of the institute, from the federal
and state governments and allocated through the ad-
ministrative headquarters of the Max Planck Society,
amounted to 8.7 million EURO for personnel and 2.6
million EURO for materials in 2004. Capital invest-
ment funds (equipment over 5000 EURO) of 1.4 mil-
lion EURO were approved. For 2005 the figures are:
8.5 million EURO for personnel, 3.1 million EURO
for materials, and 0.4 million EURO for capital invest-
ment.

Special research needs were funded by BMBF (Ger-
man Federal Ministry for Education and Research)
and ESA (European Space Agency). From BMBF
(DLR) the institute received 5,2 million EURO in
2004 and 7.9 million EURO in 2005. The correspond-
ing sums from ESA were 0.9 million EURO and 0.7
million EURO.

For this financial assistance, without which many ex-
perimental research programmes would not be possi-
ble, we wish to express our gratitude.



6 I. ALLGEMEINES ZUM INSTITUT / INSTITUTE OVERVIEW

65 70 75 80 85
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
80
Beteiligung des MPS an Weltraummissionen
Instrumente fur Ballons, Raketen und Satelliten
70
Vorbereitungsphase
60 Flugphase und Auswertung
Start and geplante Flugphase
Q
1 <
50 g
= [
8 SOHO
>< Cluster
40] W E—
E CRESS m:ECBS
'O PHOBOS Il EQ$I§R-LET
— ESTER-SLED
; PHOBOS | EQ$I§R-LET
(O] ESTER-SLED
_ N VEGA | S(")WICOMS
30 - C - LEE'?EALGAS
< VEGA Il T PLASMAG
POLAR CEPPAD
HYDRA
WIND SWICS
VIKING MICS |
SWICS
_ ULYSSES EPAC
20 GAS
Galileo it
AMPTE - CCE CHEM
GEOS 2 S 321 |
SPACELAB 1/1 ES 019 ]
HMC
PICCA
Giotto IMS
10 :EIE’ONA
] |ISEE-1 und -2 o |
[GEOS-1 S 321 I
HELIOS-2 E; |
HELIOS-1 = |
AZUR E fo1
T T T T T T T T T T T T T T T T T T T T T T T
65 70 75 80 85

Jahr

Auflistung der Missionen unter Beteiligung des MPS. Dargestellt ist die Dauer der verschiedenen Projekt-
phasen (farbcodiert) einzelner Instrumente. Kurze Beschreibungen findet man in den einzelnen Jahres- bzw.
Tatigkeitsberichten des MPS.



FUR DAS INSTITUT AUFGEWENDETE MITTEL / INSTITUTE RESOURCES

1 Igol 1 1 1 I95I 1 1 1 IOOI 1 1 1 I05 1
[Dawn
Venus VMC
Express I ASPERA4
i SUPOS
Sunrise SUFI I
IMPACT
STEREO SECCHI
SECCHI/SCIP
[SMART | SIR
ASPERA3
Mars Express MARSIS
BEAGLE I |
LRAC Start nicht
Mars Surveyor 2001 Mikroskop erfolgt
SOFIA GREAT I
Herschel HIFI Start 2007
RAPID
ICIuster [} cls
Mars Polar SsI I Sonde verloren
Lander RAC
OSIRIS
MIRO
Rosetta ROSINA / RTOF
CONSERT
RolLand (Philae)
COSAC
Equator-S ESIC [ Satellit ausgefallen
Mars Pathfinder IMP
MIMI
Cassini DISR
uvIs
uvs-M
LWR Sonde verloren
MARS-94 / 96 SLED-2
MAREMF
FREJA UV + Elektronen
SUMER
SOHO LASCO
CELIAS
RAPID Start missgliickt
Cluster cis I
HEP-LD |

Kontakt nach 113 Umlaufen verloren

Sonde verloren

Jahr

80

70

60

S (34
Anzahl der Experimente

w
o

20

10

List of missions with MPS participation. The different project phases of each instruments are shown
colour-coded. Short descriptions of these instruments can be found in the annual reports of the MPS.



I. ALLGEMEINES ZUM INSTITUT / INSTITUTE OVERVIEW




IL.

Wissenschaftliche Arbeiten/Scientific Projects

1. Sonne und Heliosphdire/Sun and Heliosphere

Schwerpunktthema:

Woher kommt der Sonnenwind?
— Neuigkeiten iiber die Quellregionen des
Sonnenwindes in der Korona der Sonne

(E. Marsch)

(English version see page 16)

Drei Hauptarten von Sonnenwind

Wo und wie der Sonnenwind in der Sonnenat-
mosphire entsteht, bleibt selbst nach Jahrzehnten
der Sonnenforschung vom Weltraum aus eine der
Schliisselfragen der modernen Sonnenphysik. Allge-
mein gesprochen kann man sagen, dass der Son-
nenwind weitgehend durch das Magnetfeld der Son-
ne bestimmt wird, und dass er auf vielerlei Weise
auf die magnetische Aktivitdt und damit einhergehen-
de Verinderungen des photosphirischen Magnetfel-
des reagiert, welches wiederum das Magnetfeld der
Korona bestimmt und damit auch das interplanetare
Magnetfeld und die Sonnenwindstrome in der gan-
zen Heliosphire. Offensichtlich sind also die Quellen
des Sonnenwindes durch das koronale Magnetfeld be-
stimmt, und sein Ursprung ist aufs Engste verkniipft
mit und beeinflusst von der Struktur und Aktivitét des
magnetischen Netzwerkes und der solaren Ubergangs-
zone.

In diesem Beitrag werden wir neue Erkenntnisse zum
Ursprung des Sonnenwindes diskutieren, wobei die
Betonung auf der physikalischen Natur der Quellre-
gionen liegen soll, so wie sie aus den Mustern der ex-
tremen ultravioletten Strahlung von der Sonnenschei-
be und in der Korona sichtbar werden, und ebenso in
den Bildern von Koronagraphen. Wir geben einen kur-
zen Uberblick iiber Plasmaeigenschaften und Magnet-
feldstrukturen in den Quellregionen des Sonnenwin-
des. Die Art des Sonnenwindes wird festgelegt durch
die Randbedingungen in der unteren Korona. Diese
kann weitgehend geschlossen sein (in Streamern und
Bogen), oder voriibergehend offen (bei eruptiven Fila-
menten/Protuberanzen and Flussrohren), oder andau-
ernd offen (in koronalen Trichtern und Lochern). Die
Quellen des Sonnenwindes sollen hier untersucht wer-

Abb. 1: Das koronale Magnetfeld wie aus einem photo-
sphirischen Magnetogramm berechnet durch eine Poten-
tialfeldextrapolation. Die geschlossenen Magnetfeldschlei-
fen entsprechen bi-polaren Aktivititsgebieten, oder sie iiber-
briicken weit getrennte Regionen von entgegengesetzter ma-
gnetischer Polaritit, wohingegen die geraden Linien das ko-
ronale Magnetfeld darstellen, das zur Heliosphére hin offen
ist und dem magnetischen Fluss entspricht, der vom Son-
nenwind fortgetragen wird (nach Wiegelmann and Solanki
(2004b)).

den, insbesondere bei kleinen Skalen und aus dem
Blickwinkel des Magnetfeldes.

Wir wissen seit langem, dass es als Resultat von
sich verindernden Randbedingungen in der Koro-
na drei grundlegende Arten von Sonnenwind gibt:
Schnelle Strome aus groBlen Koronalochern; langsa-
me Strome aus kleinen Koronaldchern und Aktivitits-
gebieten, oder aus den Randschichten der koronalen
Streamer; und die variablen, voriibergehenden Strome
bei koronalen Massenauswiirfen (koronalen Massen-
auswiirfen). Transiente Ereignisse gehen oftmals ein-
her mit eruptiven Filamenten und Plasmoiden austre-
tend aus den Spitzen der Streamers, oder mit Plasmae-
jektionen von Aktivititsgebieten, die durch austreten-
den magnetischen Fluss oder Rekonnexion angetrie-
ben werden. Die koronalen Massenauswiirfee selbst,
oder ihre interplanetaren Manifestationen, werden hier
nicht angesprochen aber spiter kurz betrachtet. Die
Hauptarten von Sonnenwind sind eng verkniipft mit

9
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der Struktur und Aktivitit des koronalen Magnetfel-
des, welches sich mit dem Sonnenzyklus verandert.

Die groBskalige Korona und ihr Magnetfeld

Das koronale Magnetfeld ist noch nie direkt gemessen
worden, aber es kann mit Hilfe von Extrapolations-
techniken konstruiert werden, z.B. mit Hilfe von Po-
tentialfeldern, kraftfreien Feldern oder magnetohydro-
dynamischen Methoden. Ein typisches Resultat, das
mit der Potentialfeld-Methode gewonnen wurde, ist in
Abb. 1 gezeigt, welche die offenen und geschlossenen
Feldlinien des globalen Magnetfeldes der Korona il-
lustriert. Ein Aktivititsgebiet besteht im wesentlichen
aus geschlossenen Bogen (Schleifen), in dem dichtes
Plasma eingeschlossen werden kann. Ein Aktivitits-
gebiet gibt deshalb helle Strahlung ab und ist deut-
lich sichtbar im Ultravioletten und Rontgenlicht. Im
Gegensatz dazu kann das groBrdumig offene Magnet-
feld selbst diinnes Plasma nicht festhalten, das deshalb
freikommen und expandieren kann in Gestalt des Son-
nenwindes. Daher erscheinen die Regionen mit offe-
nem Feld dunkel. Sie wurden Koronalocher genannt,
denn ihre Strahlung ist vergleichsweise gering. Die-
se wesentlichen Eigenschaften der Korona sind klar
in jedem der ultravioletten Bilder zu erkennen, die re-
gelmiBig von SOHO aufgenommen werden.

Das Magnetfeld der Sonne bestimmt das Stromungs-
muster des Sonnenwindes und die Struktur der gan-
zen Korona. Thr Magnetfeld entwickelt sich lang-
sam mit wachsendem Abstand von der Sonne in das
heliosphirische (interplanetare) Magnetfeld. Ab ei-
ner gewissen Hohe, die gewohnlich zwischen zwei
und drei Sonnenradien angenommen wird, werden die
Feldlinen im Wesentlichen gerade und, in ihn einge-
froren, vom Sonnenwind davongetragen. Die entspre-
chende magnetische Quellfliche stellt man sich als
virtuelle Kugeloberfliche vor, von der aus das duf3e-
re koronale Magnetfeld hauptsichlich radial gerich-
tet ist. Bei der Potentialfeld-Methode extrapoliert man
das Magnetfeld der Sonne, so wie es in der Photo-
sphire gemessen wurde, in die Korona, wobei man
fordert, dass das Feld in der Korona frei von elek-
trischen Stromen ist. Im realistischeren Modell des
kraftfreien Feldes werden elektrische Strome in Be-
tracht gezogen, aber man nimmt an, dass sie in der
Korona nur entlang der Feldlinien flieBen. Die Po-
laritdt des Feldes dndert sich beim Durchgang durch
die Stromschichten, und im besonderen durch die he-
liospharische Stromschicht, die wéhrend des solaren
Minimums mit dem dquatorialen Streamer-Giirtel ver-
bunden ist. Dann erstreckt sich die heliosphirische
Stromschicht als flache Scheibe weit in den interpla-
netaren Raum hinaus.

Magnetic field lines 1.50

Abb. 2: Die sehr symmetrische Korona bei minimaler Son-
nenaktivitit und ihr zugehoriges Magnetfeld. Den Magnet-
feldlinien iiberlagert sind Bilder der Korona, die von LAS-
CO aufgenommen wurden (in der griinen koronalen Eisenli-
nie und im sichtbaren Licht) und ausgedehnte polare Koro-
nalocher zeigen sowie eine helle Stromschicht bei niedrigen
Breiten, die mit dem &quatorialen Streamer-Giirtel zusam-
menfillt (nach Forsyth und Marsch, 1999).

Die Struktur der Korona ist am einfachsten wihrend
minimaler Aktivitit, wenn das Feld gut als Uberla-
gerung eines Dipols mit einem Quadrupol und einer
Komponente von der Stromschicht herriihrend darge-
stellt werden kann. Diese Korona vom Minimum-Typ
ist in Abb. 2 illustriert. Die drei-dimensionale Struktur
des Sonnenwindes wurde von den beiden Missionen
Helios und Ulysses gemeinsam erschlossen. Die glo-
bale Struktur des Sonnenwindes und ihre Verianderun-
gen im Verlaufe des Sonnenzyklus wurden vollstindig
erst von Ulysses aufgezeigt, welcher bestitigte dass
der Hochgeschwindigkeitssonnenwind in den polaren
Koronalochern entsteht und iiber den Polen im sola-
ren Minimum vorherrscht, wenn der langsame Son-
nenwind vom Streamer-Giirtel kommend bei nied-
rigen Breiten dominiert. Das Magnetfeld wird zum
Multipol-Feld in Richtung maximaler Sonnenakti-
vitit, und die Quellen des Sonnenwindes dndern sich
entsprechend in ihren Lagen auf der Sonne und rdum-
lichen Ausdehnungen. Ebenso wird das Strémungs-
muster des Sonnenwindes komplexer und variabler.

Die sich verdndernde Sonnenkorona und der da-
zugehorige Sonnenwind werden in Abb. 3 gezeigt,
die im oberen Teil eine Reihe von Koronabildern
prasentiert und im unteren die Sonnenwindgeschwin-
digkeit als Funktion der Zeit und heliographischen
Breite. Deutlich zu sehen ist der Ubergang von ei-
ner Minimum-Typ Korona um 1995 herum zu einer
Maximum-Typ Korona um 1999. Er wird begleitet von
einem auffallenden Ubergang von stetig schnellem in
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Abb. 3: Die Veridnderungen der Sonnenkorona (oben) im Verlaufe des Sonnenzyklus und die entsprechenden Variationen
im Stromungsmuster des Sonnenwindes (unten) als Funktion der Zeit oder heliographischen Breite entlang des Orbits des
Ulysses Raumfahrzeugs. Man beachte die wiederkehrenden Strome nach dem Minimum. Das Auftreten von koronalen
Massenauswiirfen ist durch kleine senkrechte Balken an der unteren Skala angezeigt (nach McComas et al., 2000).

unstetig langsamen Wind. Die Oszillationen von wie-
derkehrenden Stromen zwischen 1996 und 1997 ha-
ben ihren Grund in der Rotation der Sonne, die in
dieser Zeit zu raschen Wechseln des Raumfahrzeu-
ges hinein in die und heraus aus der heliosphérischen
Stromschicht fiihrte, beziehungsweise rein in das of-
fene und raus aus dem offenen Magnetfeld (der He-
liosphére), das eng mit den polaren Koronaldchern
auf der Sonne zusammen hing. Diese Wechsel ver-
ursachten periodische Variation zwischen schnellen
und langsamen Stromen. Am unteren Rand der Ab-
bildung ist auch das Auftreten von koronalen Massen-
auswiirfen angezeigt.

Neben den stetigen Sonnenwindstromen stellen die
koronalen Massenauswiirfe einen anderen Typ von
(einem variablen und sporadischen) Sonnenwind
(oder besser Sonnensturm) dar. Was die Rate ih-
res Auftretens angeht, so tendieren koronale Massen-
auswiirfe dazu sich (mit einer Haufigkeitsrate von et-
wa drei pro Tag) um das Maximum der Sonnenak-
tivitdt zu hdufen, wenn die Korona stark magnetisch
strukturiert ist und eine komplexe Multi-Pol-Struktur
hat. Koronale Massenauswiirfe treten in zwei Haupt-
typen auf, als schnelle und langsame, wenngleich
diese grobe Einteilung nicht eindeutig ist. Eine be-
trichtliche Anzahl (etwa 30% oder mehr) von koro-
nalen Massenauswiirfen entstehen aus groflen erup-
tive Protuberanzen, deren Uberreste noch als Ar-
kaden nach der Eruption auf der Sonne zu sehen
sind. Fiir koronale Massenauswiirfe sind die Energie-

Anforderungen und Beschleunigungs-Mechanismen
noch weniger verstanden als fiir die normalen Son-
nenwindstrome. Auch sind die Bedingungen fiir das
Plasma extremer fiir die voriibergehenden koronalen
Massenauswiirfe als die stationidren Strome, denn die
Dichte des Plasma in koronalen Massenauswiirfen ist
oftmals viel hoher, und die Geschwindigkeit kann
leicht ein Vielfaches der mittleren Sonnenwindge-
schwindigkeit erreichen.

Kehren wir wieder zum stetigen Sonnenwind zuriick
und rufen uns ins Gedichtnis, dass er aus zwei
Hauptkomponenten besteht: schnelle, diinne und
gleichmifBige Strome, und langsame, dichte und va-
riable Strome. Die globalen Zuordnungen des schnel-
len Windes zu groien Koronalochern und des lang-
samen zum Streamer-Giirtel, oder auch den Grenzre-
gionen zwischen geschlossenen und offenen Magnet-
feldern und kleinen Koronaldchern, sind seit langem
etabliert.

Es gibt verschiedene Techniken den Sonnenwind auf
die Sonne zuriick abzubilden, um so seine Quellen in
der Korona zu identifizieren. Erst kiirzlich wurde, was
in Bildern im weichen Rontgenlicht als schmale Koro-
nal6cher erschien, untersucht und als mogliche Quel-
len des langsamen Sonnenwindes erkannt. Mit Hilfe
von in-situ Sonnenwinddaten von Raumsonden nahe
der Erde wurde gefunden, dass der langsame Sonnen-
wind auch aus kleinen Koronal6chern in der Nihe von
Aktivititsgebieten ausstromen kann.
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Jedoch ist es keine leichte Aufgabe, den in-situ ge-
messenen Sonnenwind zu seinen genauen Quellen bei
kleineren Skalen auf der Sonne zuriickzuverfolgen.
Aber nun werden wir einige neuere Resultate zeigen,
in denen die Quellen durch eine kombinierte Analy-
se an Hand von Doppler-Verschiebungen und Inten-
sitdten ultravioletter Emissionslinien zusammen mit
dem koronalen Magnetfeld identifiziert wurden. Es
wird aus gemessenen Magnetogrammen konstruiert
und kann dann zu allen relevanten Hohen iiber der
Photosphire extrapoliert werden.

Sonnenwind aus Trichtern und Koronaléchern

In mehreren neueren Studien analysierten wir detail-
lierte Beobachtungen von dquatorialen Koronalchern
und untersuchten die klein-skaligen Strukturen des
Magnetfeldes in den Quellregionen des schnellen Son-
nenwindes. Wir verglichen direkt die Dopplergramme
und Plasma-Stromungsgeschwindigkeit, wie sie vom
SUMER (Solar Ultraviolet Measurements of Emit-
ted Radiation) Instrument auf SOHO gemessen wur-
den, mit dem koronalen Magnetfeld, wie es aus pho-
tosphérischen Magnetogrammen am Boden des Ko-
ronaloches mit Hilfe der Potential oder kraftfreien
Magnetfeld-Extrapolation berechnet wurde. In den
untersuchten Féllen kombinierten wir so spektrosko-
pische Daten mit dem dreidimensionalen Magnetfeld,
eine Methode, die ein klareres Bild der Plasmabedin-
gungen und Stromungsmuster ergibt, wie sie in der
Korona vorherrschen.

In Abb. 4 zeigen wir eine Dopplerkarte eines
Teils eines &dquatorialen Koronaloches, wobei die
Doppler Verschiebungen sich tiber den Bereich von
+20 km s~ ! erstrecken, und Linien des extrapolier-
ten Magnetfeldes, die projiziert wurden zum Vergleich
mit dem Dopplerverschiebungsmuster. Die geschlos-
senen Feldlinien sind in gelb gemalt und die offenen in
rot-braun. Ein Areal von 250" x 300" auf der Sonnen-
scheibe wird gezeigt. Es umfasst einen grofien Teil des
Koronaloches und seiner Grenzbereiche. Bei genau-
em Anschauen der Abb. 4 findet man, dass fast iiberall
in dieser Koronaloch-Region nur Blauverschiebungen
auftreten, d.h. das Plasma stromt aufwérts entlang der
Sichtlinie mit typischen Geschwindigkeiten von bis zu
10 km s~!. Es gibt kaum irgendwelche signifikanten
Rotverschiebungen. In den gelben Bereichen mit ge-
schlossenen Magnetfeldschleifen ist das Plasma nahe-
zu in Ruhe.

Diese FErgebnisse wurden untermauert durch eine
Analyse der genauen Quellenregionen des schnellen
Sonnenwindes, der aus einem polaren Koronaloch
ausstromte. Wiederum wurden als Quellen die soge-
nannten koronalen Trichter identifiziert, d.h. die ex-

/e

Y direction (arcsec)

Doppler shift (kn

X direction (arcsec)

Abb. 4: Karte der Dopplerverschiebungen der Ne VIII
(77 nm) Emissionslinie zusammen mit den Projektionen
der extrapolierten koronalen Magnetfeldlinien. Gelb bedeu-
tet hier geschlossene und rot-braun offene Feldlinien. Ein
Bereich von 250" x 300" auf der Sonnenscheibe wird ge-
zeigt, der einen Teil von einem #quatorialen Koronaloch
und den Gebieten an seiner Grenze (angedeutet durch die
dunkle Linie) umfasst. Man beachte den gleichmiBig gel-
ben Bereich in der oberen rechten Ecke, der auerhalb des
Koronaloches liegt und zu geschlossenen Magnetfeldbogen
gehort. Die spinnenartigen Strukturen offenen Flusses in der
oberen linken Ecke fallen mit blauen Farbflecken zusam-
men und weisen daher auf betrichtliches Ausstromen des
koronalen Plasmas in dieser Region mit offenem Magnet-
feld hin. Es gibt auch viele Feldlinien welche gelbe Flecken
iiberbriicken, die zum geschlossenen magnetischen Teppich
gehoren, mit Fluss der auf die Nihe zur Sonnenoberfliche
beschrinkt ist (nach Wiegelmann ez al. (2005d)).

pandierenden offenen Strukturen des Magnetfeldes,
die in den Rindern des magnetischen Netzwerkes
verwurzelt sind. Diese neuen Resultate ergidnzen die
friiheren Arbeiten und bestétigten weiter, dass das,
was spiter der schnelle Sonnenwind wird, in den
Trichtern bei Hohen iiber der Photosphire zwischen
5 Mm (Megameter) und 20 Mm zu stromen anfingt.

Die neuen Entdeckungen werden in Abb. 5 illus-
triert. Im oberen Bild werden in zwei Ebenen bei
Hohen von 0 und 20 Mm die farbkodierten Karten
der Magnetfeldstirke gezeigt. Die Regionen mit Aus-
stromgeschwindigkeiten von mehr als 7 km s~! sind
durch schraffierte Flecken angedeutet, die mit offenen,
unipolaren und starken Magnetfeldern zusammenfal-
len, welche die Trichter darstellen. Unsere neuen Er-
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Abb. 5: In der linken unteren Ecke sieht man ein ultraviolettes Bild der ganzen Sonne mit einem grofen polaren Korona-
loch, von dem ein Ausschnitt mit einer ausgewéhlten Quellregion des schnellen Sonnenwindes durch einen weiflen Kasten
angedeutet ist. Die Quellen wurden als magnetische Trichter (oberes Bild) im Koronaloch identifiziert. Die magnetische
Feldstidrke wird in zwei Ebenen bei 4 Mm (Megameter) und 20 Mm gezeigt. Die schraffierten Bereiche zeigen an, wo die
Ausstromgeschwindigkeit der Neon Ionen grofler als 7 km s~1 ist. Offenes Magnetfeld ist durch schwarze Linien ange-
deutet und geschlossene Bogen durch magenta-farbige Linien. Sie erreichen kaum die Hohe von 10 Mm. Das untere rechte
Bild zeigt einen einzelen Trichter, so wie er durch Feldextrapolation konstruiert wurde. Der Querschnitt des Trichters ist
eingeschniirt durch die vielen benachbarten Magnetfeldbogen, die ihn stark zusammendriicken (nach Tu ez al. (2005a)).

gebnisse erhielten wir dadurch, dass wir im Detail
die Doppler-Geschwindigkeiten mit den Intensitits-
karten verschiedener Spektrallinien verglichen. Spezi-
ell die Ne’* Tonen strahlen hauptsichlich bei ungefihr
20 Mm, wo sie mit etwa 10 km s~! aufwiirts stromen,
withrend C3* Tonen ohne im Mittel zu strémen im We-
sentlichen bei 5 Mm abstrahlen. Die Interpretation von
alledem ist, dass wir den Sonnenwind in der Entste-
hung entdeckt und als seine Quellen die magnetisch
offenen Trichter identifiziert haben.

Diese Beobachtungen passen gut zum folgen-
den Szenarium der urspriinglichen Beschleunigung
des Sonnenwindes: Die Ubergangszone in Koro-
naléchern wird von Magnetfeldschleifen unterschied-
licher GroBe erreicht, oft mit Hohen niedriger als
5 Mm. Die Konvektion der Supergranulen in der
Photosphire hilt ihre FuBpunkte in Bewegung und
iiberfiihrt so kinetische in magnetische Energie, die
sich in den Magnetfeldschleifen ansammelt. Diese
stolen schlieBlich mit einem Trichter starker Magnet-
feldkonzentration zusammen und verbinden sich dabei
durch Rekonnexion mit dem schon vorhandenen of-
fenen Magnetfeld. Das Plasma der Magnetfeldschlei-
fen wird so frei gesetzt, und das kann zu Auf- und

Abstromungen fiihren. Schlussendlich wird ein Teil
des Plasmas aus den sich verbindenden Magnetfeld-
schleifen in die offene Korona gebracht. In der un-
teren Ubergangszone unterhalb von 5 Mm haben wir
hauptsichlich einen horizontalen Austausch von Mas-
se und Energie zwischen benachbarten Flussrohren,
der durch die supergranulare Bewegung angetrieben
wird. Oberhalb von 5 Mm oder hoher, wo die Rekon-
nexion zwischen den Feldlinien von Trichtern und um-
liegenden Magnetfeldschleifen langsam aufthort, wird
der vertikale Transport bedeutender als der horizon-
tale, und dann fingt die Beschleunigung des Sonnen-
windes richtig an.

Am MPS in Lindau durchgefiihrte numerische Simu-
lationen ergaben, dass hierfiir tatsdchlich die magne-
tische Rekonnexion zwischen niedrigen Bogen und
Trichtern verantwortlich sein kann. Abb. 6 zeigt die in
der Simulation erhaltenen Gebiete verschiedener Plas-
mageschwindigkeit. Die auf den Betrachter zugerich-
teten Plasmastromungen sind blau dargestellt, und die
in Richtung zur Sonne in rot (Farbskala in km/s), mit
Geschwindigkeitswerten wie sie bei Messungen der
Dopplerverschiebun in etwa gefunden werden.
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Abb. 6: Am MPS in Lindau durchgefiihrte numerische Si-
mulationen ergaben, dass hierfiir tatsidchlich die magneti-
sche Rekonnexion zwischen niedrigen Bogen und Trich-
tern fiir die anfidngliche Beschleunigung des Sonnenwin-
des verantwortlich sein kann. Die Abbildung zeigt die in
der Simulation erhaltenen Gebiete verschiedener Plasmage-
schwindigkeiten. Die auf den Betrachter zugerichteten Plas-
mastréomungen sind blau dargestellt, und die in Richtung zur
Sonne in rot (Farbskala in km/s) (Biichner and Nikutowski,
2005).

Sonnenwind aus aktiven Gebieten?

Wie schon oben bemerkt wurden erst jiingst Ak-
tivititsgebiete nahe beim Sonnenmaximum klar als
Quellregionen des langsamen Sonnenwindes erkannt.
So wurde zum Beispiel die magnetische Topologie ei-
niger Aktivitdtsgebiete in Verbindung mit Bildern im
extremen Ultraviolett (EUV) und Rontgenlicht unter-
sucht. Synoptische Karten der Korona wurden ver-
wendet, um die erschlossenen Quellen des Sonnen-
windes von der magnetischen Quellfliche runter in
die Photosphire abzubilden. In den meisten Fillen
wurde eine dunkle Furche, wie sie typisch ist fiir ein
schmales Koronaloch, in den EUV Bildern entdeckt,
was auf ein offenes Magnetfeld hinwies. Mehrere ver-
schiedene Quellregionen (Aktivititsgebiete und Koro-
nalocher) des Sonnenwindes konnten so klar identi-
fiziert werden. Die in-situ Daten der Ladungszusam-
mensetzung des Sonnenwindes, der zu diesen Regio-
nen gehort, weist auf hohe Koronatemperaturen der
schweren Ionen hin, ein Resultat das konsistent ist mit
dem Schluss, dass ein Aktivititsgebiet in der Tat eine
echte Quelle von Sonnenwind sein kann.

Wir haben ebenfalls Aktivitidtsgebiete in Verbindung
mit ihrem aus einer Extrapolation gewonnenen koro-
nalen Magnetfeld und zusammen mit den Dopplerver-
schiebungen und Bildern im EUV studiert. Auf die-
se Weise konnten wir feststellen, dass die dunklen (in

der ultravioletten Strahlung) Regionen in der Nachbar-
schaft von geschlossenen Magnetfeldschleifen eines
Aktivitdtsgebiets tatsdchlich magnetisch offen sein
konnen. Sie zeigen offensichtlich in heiflen koro-
nalen Emissionslinien auch starke Aufwirtsstromun-
gen. Ein Beispiel dafiir ist in Abb. 7 gezeigt, in der
das kraftfreie Magnetfeld eines aktiven Gebietes, das
mit einem Sonnenfleck assoziert ist, dargestellt wird.
Wir fanden, dass das Plasma im Sonnenfleck deutlich
aufwirts stromte mit einer Geschwindigkeit von ei-
nigen 10 km s~!. In den anliegenden geschlossenen
Magnetfeldschleifen wurden hauptséichlich Abwiérts-
stromungen beobachtet. Ob sich diese wirklich in die
obere Korona fortsetzen, musste fiir dieses Aktivitats-
gebiet offen bleiben, aber es ist wahrscheinlich.

Abb. 7: Die Topologie des koronalen Magnetfelds in drei Di-
mensionen fiir ein bipolares aktives Gebiet. Nur solche Feld-
linien sind iiber der Sonnenoberfldche dargestellt, fiir die in
der Photosphédre B; > 50 G war. Die Farbkodierung gibt
die Feldstirke wieder. Eine entsprechende Karte der Dopp-
lerverschiebung wird in der nachfolgenden Abb. 43 dieses
Jahresberichts préisentiert (nach Marsch ez al. (2004b)).

Wir kénnen schlussfolgern, dass der Sonnenwind ge-
legentlich von der aktiven Sonne kommt, d.h. von Ak-
tivitdtsgebieten und ihren benachbarten kleinen Koro-
nalochern. Wieviele solcher Regionen im Sonnenma-
ximum mit dem langsamen Sonnenwind einhergehen
bleibt zu untersuchen. Offen ist auch die Frage, ob
der Sonnenwind in der ruhigen (weder assoziert mit
einem Aktivititsgebiet noch Koronaloch) Korona, die
hauptsichlich aus geschlossenen Magnetfeldschleifen
unterschiedlicher Grof3e besteht, entstehen kann.

Sonnenwind von der ruhigen Sonne?

Aus den Korrelationen zwischen der Stirke der sola-
ren ultravioletten Strahlung und der vertikalen Kom-
ponente des Magnetfeldes, wie man sie aus der Extra-
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Abb. 8: Links: Magnetfeldstiarke in Farbkodierung mit den iiberlagerten Kontouren der Si II Strahlungsstirke in einer
Region der unteren Korona fiir die ruhige Sonne. Man beachte die deutliche Korrelation zwischen Magnetfeldstiarke und
Linienintensitéit. Hohe Intensitét ist in starken Feldern konzentriert. Rechts: Die Korrelationshohe, welche die mittlere Hohe
der Strahlungsquelle angibt, fiir drei ultraviolette Linien wie angezeigt. Die effektive Hohe der Ubergangszone ergibt sich

zu nur etwa 2 Mm (nach Tu et al. (2005b)).

polation von photosphirischen Magnetogrammen zu
verschiedenen Hohen erhilt, 1468t sich ungefihr die
Emissionshohe der Strahlung bestimmen, ndmlich in-
dem man die Hohe feststellt, wo der Korrelationsko-
effizient zwischen Strahlungs- und Magnetfeld-Stirke
sein Maximum hat. Auf diese Weise wurden fiir die
ruhige Sonne die Korrelationshohen fiir Si 1I bei
2.1 Mm, C 1v bei 1.4 Mm, und Ne VIII bei 3.7 Mm
bestimmt. Die Dicke der Ubergangszone wurde so bei
nur 2 Mm festgelegt. Die entsprechenden Profile der
Korrelationshohen werden im rechten Bild der Abb. 8
dargestellt, welche im linken Bild auch die zugehorige
Karte des Magnetfeldes bei 2.1 Mm zeigt, wobei hier
die Kontourlinien der Silizium-Linienintensitét {iber-
lagert sind. Sie fallen mit den Gebieten groBer Stirke
des Ubergangszonen-Magnetfeldes zusammen.

Ein Vergleich der extrapolierten Feldlinien mit den
Dopplerverschiebungen von Ne VIII zeigt, dass
schwache Blauverschiebungen von ungefihr 5 km s~!
in nur wenigen kleinen Gebieten mit hoher Feldstirke
auftreten. Einige der geschlossenen Feldlinien mogen
Hohen von bis zu 10 Mm erreichen. Kleine Blauver-
schiebungen treten sowohl in geschlossenen bipola-
ren Regionen als auch in offenen unipolaren Gebie-
ten auf. Ob diese Aufwirtsstromungen eine Quelle des
Sonnenwindes darstellen bleibt ungewiss. Die unte-
re Ubergangszone scheint in der Form eines Teppichs
magnetischer Schleifen unterschiedlicher Grofe stark
strukturiert zu sein. Die meiste beobachtete ultravio-
lette Strahlung kommt ganz sicher von solchen Ma-
gnetfeldschleifen. Es ist jedoch unklar, wieviel offener
magnetischer Fluss zwischen den geschlossenen Fel-
dern in der ruhigen Sonne existiert, und wie dort der
langsame Sonnenwind entstehen konnte.

Zusammenfassung

Wir haben eine knappen Uberblick gegeben iiber den
Ursprung des Sonnenwindes in der Korona und die
Quellen der schnellen und langsamen Strome. Offen-
sichtlich ist das Magnetfeld der Hauptakteur bei den
relevanten physikalischen Prozessen, denn es gibt der
Korona ihre Gestalt und bestimmt die Eigenschaften
und Dynamik des Sonnenwindes bei seiner Entste-
hung. Die Topologie und Aktivitit des Magnetfelds
sind die Schliissel zum Verstindnis dafiir, wie der Son-
nenwind in der Korona seinen Anfang nimmt. Da der
Betrag des radialen magnetischen Flusses bei 1 AE zu
allen Zeiten und iiber die ganze Himmelskugel als in
etwa konstant gemessen wird, muss es zu jedem Zeit-
punkt des Sonnenzyklus einen konstanten Anteil von
offenem magnetischen Fluss in der Korona geben. So
wie das Magnetfeld der Sonne sich systematisch im
Verlaufe des Zyklus veridndert, von einer einfachen
Dipol- zur komplexen Multipol-Struktur, verdndern
sich die Quellen des Sonnenwindes, und dementspre-
chend variiert auch der Sonnenwind selbst. Plasma
und Energie miissen laufend fiir ihn angeliefert wer-
den, durch das magnetische Netzwerk in die Uber-
gangszone und die untere Korona hinein. Rekonne-
xion im magnetischen Netzwerk scheint bei dieser
Nachlieferung eine wesentliche Rolle zu spielen, wie
numerische Simulationen bestitigten.

Zusammenfassend konnen wir sagen:

e Das koronale Magnetfeld auf allen Skalen be-
stimmt den Ursprung und die Entwicklung des
Sonnenwindes in Raum und Zeit.

e Es gibt drei Arten von Sonnenwind: stetige
schnelle Strome, variable langsame Strome und
voriibergehende koronale Massenauswiirfe.



16 II. WISSENSCHAFTLICHE ARBEITEN / SCIENTIFIC PROJECTS

e Die schnellen Strome scheinen im Aktivitdtsmi-
nimum ihren Ursprung in den Trichtern der po-
laren KoronalGocher zu haben, aber in anderen
Phasen des Aktivititszyklus auch in den Trich-
tern der dquatorialen Koronaldcher bei niedrigen
Breiten.

e Die langsamen Sonnenwindstrome kommen im
Aktivitdtsminimum hauptsédchlich von den Strea-
mern und ihren Grenzgebieten, wihrend sie im
Aktivitdtsmaximum ihren Ursprung iiberall auf
der Sonne in kleinen Koronaléchern und in der
Nihe von Aktivititsgebieten haben konnen.

Highlight:

Where does the solar wind come from?
— News on the source regions of the solar
wind in the Sun’s corona

(E. Marsch)

Three main types of solar wind

Where and how the solar wind originates in the solar
atmosphere remains, even after decades of solar re-
search from space, one of the vital and key questions
of modern solar physics. Generally speaking, the so-
lar wind is largely determined by the Sun’s magnetic
field, and it responds in various ways to solar mag-
netic activity and the accompanying changes in the
photospheric magnetic field, which in turn determines
the coronal magnetic field and therewith the interplan-
etary magnetic field and solar-wind stream structure
in the entire heliosphere. Apparently, the sources of
the solar wind are defined by the coronal magnetic
field, and the origin of the solar wind is closely linked
with and influenced by the structure and activity of the
magnetic network and the solar transition region.

In this highlight article we will discuss some new
results on the origin of the solar wind, with em-
phasis on the physical nature of its source regions,
which become evident in the solar extreme ultravio-
let (EUV) emission patterns from the solar disk and
in the corona, and from coronagraph images. The
plasma characteristics and magnetic structures of the
solar wind source regions are briefly reviewed. The
solar-wind type is determined by the boundary con-
ditions in the lower corona. It may be mostly closed
(in streamers and loops), or transiently open (in erup-
tive prominences and flux tubes) or lastingly open (in

coronal funnels and holes). The sources of the fast so-
lar wind in particular will be discussed, especially at
small scales and from the magnetic field point of view.

We have known for a long time that, as the result of
varying boundary conditions in the corona, there ex-
ist three basic types of solar wind: Fast streams from
large coronal holes; slow streams from small coronal
holes and active regions, or from the boundary layers
of coronal streamers; and the variable transient flows
such as coronal mass ejections. The transients are of-
ten associated with eruptive prominences, plasmoids
stemming from the top of streamers, or ejections from
active regions that are driven through magnetic flux
emergence and reconnection. Coronal mass ejections
themselves, or their interplanetary manifestations, will
be not discussed here but briefly considered later. The
basic types of solar wind are closely associated with
the structure and the activity of the coronal magnetic
field that changes over the solar cycle.

Fig. 1: The coronal magnetic field as obtained by a potential-
field extrapolation from photospheric magnetograms. The
closed magnetic loops mainly correspond to bipolar active
regions, or they may also bridge widely separated regions
of opposite polarity, whereas the straight lines illustrate the
coronal magnetic field that is open to the heliosphere, and
thus corresponds to the magnetic flux carried away by the
solar wind (after Wiegelmann and Solanki (2004b)).

The large-scale solar corona and its magnetic field

The coronal magnetic field has never been measured
directly, but it can be constructed by the help of extrap-
olation techniques, e.g. using potential-field, force-
free-field or magnetohydrodynamic methods. A typi-
cal result obtained by a potential-field extrapolation is
given in Fig. 1, which illustrates the open and closed
field lines of the global coronal magnetic field. An ac-
tive region mainly consists of closed magnetic loops,
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in which dense plasma can be confined. Therefore,
the active region causes bright emission and is clearly
visible in ultraviolet and X rays. In contrast, the large-
scale open magnetic field cannot even hold tenuous
plasma, which can therefore escape freely in the form
of the solar wind. Hence the open-field regions ap-
pear dark. They were named coronal holes since their
emission is comparatively low. These main coronal
features are obvious in any of the ultraviolet images
that regularly are obtained by SOHO.

The solar magnetic field determines the solar wind
flow pattern and the structure of the entire corona. Its
magnetic field gradually evolves with increasing dis-
tance from the Sun into the heliospheric (interplan-
etary) magnetic field. At some height, which usu-
ally is assumed to range between two and three so-
lar radii, the field essentially becomes straight and is
carried away, while being frozen into it, by the solar
wind. The related magnetic source surface is consid-
ered a virtual sphere from which on the outer coronal
field is mainly radial. In the potential-field model one
extrapolates the solar magnetic field, as it was mea-
sured in the photosphere, into the corona, while pos-
tulating that the coronal field is free of currents. In
the more realistic force-free-field model, electric cur-
rents are considered but assumed to flow along field
lines only in the corona. The field polarity changes
across current sheets, and in particular through the he-
liospheric current sheet which during solar minimum
is linked with the equatorial streamer belt. Then the
heliospheric current sheet extends as a flat disk far out
into interplanetary space.

The structure of the solar corona is most simple around
minimum activity, where the field can well be mod-
eled by a superposition of dipolar, quadrupolar, and
current-sheet-related components. This minimum-
type corona is illustrated in Fig. 2. The three-
dimensional structure of the solar wind was revealed
together by the Helios and Ulysses missions. The
global structure of the solar wind and its variation
over the solar cycle were fully established by Ulysses,
which confirmed that high-speed solar wind originat-
ing in the polar coronal holes prevailed over the poles
in solar minimum, when slow wind coming from the
streamer belt dominated at low latitudes. The mag-
netic field becomes multipolar towards solar maxi-
mum activity, and the solar wind source regions ac-
cordingly change in their locations on the Sun and
spatial extents. Similarly, the solar wind flow pattern
becomes more complex and variable.

The changing solar corona and associated solar wind
are shown in Fig. 3, which presents a sequence of
coronal images in the top panel and shows the solar
wind speed in the bottom panel versus time and helio-

Magnetic field lines 1.50

Fig. 2: The highly symmetric solar corona at minimum so-
lar activity and the associated coronal magnetic field. Super-
posed on the model field lines are coronal images obtained
from LASCO (in the green coronal iron line and white light),
which indicate the wide dark polar coronal holes and the
low-latitude bright current sheet coinciding with the narrow
equatorial streamer belt. It appears as elongation on both
sides of the Sun (after Forsyth and Marsch, 1999).

graphic latitude. The transition from a minimum-type
corona around 1995 to a maximum-type near 1999 is
obvious and accompanied with a striking transition
from steady fast to variable slow solar wind. The
recurrent stream oscillations between 1996 and 1997
were due to solar rotation, which in that period caused
rapid transitions of the spacecraft into and out of the
heliospheric current sheet, respectively into and out of
the open magnetic field (of the heliosphere) that was
closely related with the polar coronal holes on the Sun.
These changes resulted in a periodic variation between
fast and slow flows. At the bottom of the panel, the
occurrence times of coronal mass ejections are also
indicated.

In addition to the steady streams, the coronal mass
ejections represent the other basic type of (variable
and sporadic) solar wind (or better solar storms). Con-
cerning their ocurrence rate, the coronal mass ejec-
tions tend to accumulate (with an occurrence rate of
about three per day) around maximum solar activ-
ity, when the corona is highly magnetically structured
and of complex multi-polar nature. They seem to
come in two main types, as slow and fast coronal
mass ejections, although this rough classification is
not unique. A sizable fraction (about 30% or more)
of the coronal mass ejections have a large eruptive
prominence at their origin, the remnants of which can
still be observed as post-eruptive arcades. For coronal
mass ejections the energy requirements and acceler-
ation mechanisms are even less understood than for



18 II. WISSENSCHAFTLICHE ARBEITEN / SCIENTIFIC PROJECTS

mum

500 E-

Vo [km s7']

CMEs 4-—|

| IO
30 T3

NORTH

~
&l

Heliolatitude [degrees]

=

0 =} 30 45

SOUTH

Fig. 3: The changes of the solar corona (top) over the solar cycle and the corresponding variations in the solar wind flow
pattern (bottom) as a function of time or heliographic latitude along the Ulysses spacecraft orbit. Note the recurrent streams
after minimum. The occurrence of coronal mass ejections is marked by the small vertical bars attached to the bottom scale

(after McComas et al., 2000).

the steady solar wind streams. The constraints on the
plasma are also more extreme for a transient coronal
mass ejection than for a steady wind stream, as the
coronal mass ejection plasma density is often much
higher, and its flow speed may easily reach a multiple
of the average solar-wind speed.

Returning to the steady solar wind, we recall that it
consists of two major components: fast, tenuous, and
uniform flows, and slow, dense, and variable flows.
The global associations of the fast solar wind with
large coronal holes and of the slow solar wind with the
streamer belt, or often the boundaries between closed
and open magnetic fields and small coronal holes are
long well established.

There are various techniques of mapping solar wind
flows back to the Sun in order to identify their sources
in the corona. Recently, what appeared to be narrow
coronal holes in soft X-ray images for example, were
studied and identified to be the possible sources of
the slow solar wind. By using solar wind in-situ data
from near-Earth spacecraft, it was also found that slow
streams can emanate from small coronal holes in the
vicinity of active regions.

Yet, tracing the in-situ measured solar wind back to its
detailed sources at smaller scales on the Sun is not an
easy task. But, here we will now present some new
results, in which the sources were identified through
a combined analysis of Doppler shifts and radiances
of ultraviolet emission lines together with the coronal

magnetic field. It is constructed from measured mag-
netograms and can then be extrapolated to all relevant
heights above the photosphere.

Solar wind from funnels and coronal holes

In several recent studies we analysed detailed observa-
tions of equatorial coronal holes and investigated the
small-scale magnetic field structures in the source re-
gions of the fast solar wind. We directly compared
the Dopplergrams and the plasma flow velocity, as
obtained by the SUMER (Solar Ultraviolet Measure-
ments of Emitted Radiation) instrument on SOHO,
with the coronal magnetic field, as constructed from
photospheric magnetograms at the bottom of the coro-
nal hole via either potential or force-free magnetic-
field extrapolation. In the cases studied, we thus com-
bined spectroscopic data with the three dimensional
magnetic field, an approach that provided a clearer
physical picture of the plasma conditions and flow pat-
tern prevailing in the corona.

In Fig. 4 we present a Dopplermap of a part of an
equatorial coronal hole, with the Doppler shift over the
range of £20 km s~!, and the extrapolated magnetic
field lines shown in projection for comparison with the
Dopplershift pattern. The closed field lines are drawn
in yellow and the open ones in red-brown colour. An
area of 250” x 300" on the solar disk is shown, cover-
ing a large fraction of the coronal hole and its bound-
ary regions. Detailed inspection of Fig. 4 indicates
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that we find almost everywhere in this coronal hole
region blue shifts, i.e. plasma outflow along the line
of sight at flow speeds of typically up to 10 km s~
There are hardly any significant redshifts. In the yel-
low domains, with closed magnetic loops, the plasma
is nearly at rest.

/)

Y direction (orcsec)

Doppler shift (kn

150 200 250

X direction (orcsec)

Fig. 4: Map of the Doppler shift of the Ne vIII (77 nm)
emission line, together with the projections of the extrapo-
lated coronal magnetic field lines. Here yellow means closed
and red-brown open field lines. An area of 250” x 300" on
the solar disk is shown, covering a fraction of an equatorial
coronal hole and its boundary (indicated by the dark line)
regions. Note the uniformly yellow domain in the top right
corner, which lies outside the coronal hole and corresponds
to closed loops. The cross-shaped spines of open flux in
the top left corner coincide with blue patches and thus in-
dicate sizable coronal plasma outflow in this open field do-
main. There are many open field lines overarching the yel-
low patches, corresponding to the closed-field carpet, with
magnetic flux being confined to near the Sun’s surface (after
Wiegelmann ez al. (2005d)).

These findings were corroborated by an analysis of
the detailed source regions of the fast solar wind em-
anating in a polar coronal hole. The sources were
again found to be identical with the so-called coro-
nal funnels, i.e. with the expanding open magnetic
field structures that are rooted in the magnetic network
lanes. The new results complemented the earlier work
and further established that what becomes the fast so-
lar wind starts flowing out of the corona at heights
above the photosphere between 5 Mm (Megameter)
and 20 Mm in the funnels.

The new findings are illustrated in Fig. 5, which in

the top panel shows in two planes at heights of 0
and 20 Mm the colour-coded maps of the magnetic
field strength. Regions with outflow speed larger than
7 km s~! are indicated by the hatched patches that
coincide with the open, unipolar and strong magnetic
fields representing the funnels. Our novel results were
obtained by a detailed correlation of the Doppler-
velocity and radiance maps of different spectral lines.
Specifically, Ne’* ions were found to mostly radiate
around 20 Mm, where they have outflow speeds of
about 10 km s—!, whereas C3* jons with no average
flow speed mainly radiate around 5 Mm. The inter-
pretation of all this is that the nascent solar wind was
detected, and its sources identified as the magnetically
open coronal funnels.

These observations correspond well to the following
scenario of the original acceleration of the fast so-
lar wind: The transition region in coronal holes is
reached by magnetic loops of different sizes, mostly
with a height of less than 5 Mm. The supergranu-
lar convection in the photosphere keeps the feet of the
loops moving and thus transfers kinetic energy to mag-
netic energy that is stored in the loops. They may
finally collide with a funnel and thereby reconnect
the with pre-existing open field. Plasma of the loops
is thus released, and this may lead to both upflows
and downflows. Ultimately, parts of the plasma con-
tained in reconnecting loops are brought into the open
corona. In the lower transition region below about
5 Mm, we mainly have horizontal exchange of mass
and energy between neighbouring flux tubes, which
is driven by supergranular motion. Above 5 Mm or
higher, where reconnection between field lines of fun-
nels and surrounding loops gradually ceases, vertical
transport will become more important than horizontal,
and the radial acceleration of the solar wind will actu-
ally start.

Numerical simulations carried out at the MPS in Lin-
dau revealed that for this the magnetic reconnection
between low-rising loops and funnels can in fact be re-
sponsible. Fig. 6 shows the regions of different plasma
velocity as obtained in the simulation. The plasma
flows in the direction of the observer are shown in blue
and toward the Sun in red (colour scale in km/s), with
velocity values as they are about found in measure-
ments of the Doppler shift.

Solar wind from active regions?

As already mentioned above, it is only recently that
active regions near solar maximum were clearly iden-
tified as the source regions of slow solar wind. For ex-
ample, the magnetic topology of several active regions
was investigated in connection with EUV and X-ray
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Fig. 5: In the bottom left corner there is an ultraviolet image of the full Sun with a large polar coronal hole, of which a
segment with selected source regions of the fast solar wind is indicated by a white box. The sources were found to be the
magnetic funnels (top panel) in the coronal hole. The magnetic field magnitude is shown in two planes at 4 Mm and 20 Mm.

The hatched areas indicate outflow speeds of neon ions larger than 7 km s™—

1 The open field is indicated by black lines,

and the closed loops are shown in magenta colour. They hardly reach a height of 10 Mm. The bottom right panel shows a
single funnel as constructed by means of the coronal field extrapolation. The funnel’s cross area is constricted by multiple
adjacent loops pushing strongly against it (after Tu et al. (2005a)).

images. Synoptic coronal maps were employed for
mapping the inferred sources of the solar wind from
the magnetic source surface down to the photosphere.
In most cases, a dark lane, as it is familiar for the small
coronal holes, was seen in the EUV images, thus sug-
gesting an open magnetic field. Several different solar
wind sources (active regions and coronal holes) could
thus clearly be identified. The in-situ charge compo-
sition data of the solar wind associated with these re-
gions indicates high coronal temperatures of the heavy
ions, a result that is consistent with the inference that
an active region can indeed be a genuine source of so-
lar wind.

We have also studied active regions in connection with
their coronal magnetic field as obtained by extrapola-
tion and together with EUV Doppler shifts and im-
ages. Thus we could establish that the dark (in ul-
traviolet emission) areas adjacent to the closed active
region loops can indeed be magnetically open, and
apparently reveal strong upflows in hot coronal emis-
sion lines. One example is shown in Fig. 7, where the
force-free model magnetic field of active region asso-
ciated with a sunspot is shown. The plasma was found
to clearly stream upward in the sunspot with a speed of
several 10 km s~!. In the adjacent closed loops mostly

downflows were observed. Whether the upflows actu-
ally continue into the upper corona for this active re-
gion remained unclear, but it appears to be likely.

In conclusion, solar wind can at times come from the
active Sun, i.e. from active regions and their small
neighbouring coronal holes. How many such regions
during solar maximum are associated with slow solar
wind remains to be investigated. The question still is
open if the solar wind can originate in the quiet (i.e.
being neither associated with an active region nor a
coronal hole) corona, which mainly consists of closed
magnetic loops of different sizes.

Solar wind from the quiet Sun?

From correlations between the radiance of the solar
ultraviolet emission and the vertical magnetic field
component, as obtained by extrapolation from pho-
tospheric magnetograms to different heights, one can
roughly determine the correlation height of the emis-
sion source, namely by identifying the altitude at
which the correlation coefficient between the radiance
and field strength has its maximum. In this way it
was found that for a quiet-Sun region the correlation
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Velocity in z direction
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Fig. 6: Numerical simulations carried out at the MPS in Lin-
dau revealed that the magnetic reconnection between low-
rising loops and funnels can in fact be responsible for the
initial solar wind acceleration. This figure shows the re-
gions of different plasma velocity as obtained in the simu-
lation. The plasma flows in the direction of the observer are
shown in blue and toward the Sun in red (colour scale in
km/s) (Biichner and Nikutowski, 2005).

height for Si 11 was near 2.1 Mm, C 1v at 1.4 Mm,
and Ne vIII at 3.7 Mm. The thickness of the quiet-
Sun transition region was thus determined to be only
about 2 Mm. The respective correlation height pro-
files are illustrated in the right panel of Fig. 8, which
also shows on its left side the related magnetic-field
map at 2.1 Mm, with the superimposed contours of the
silicon-line radiance. These contours coincide with re-
gions of a strong transition region magnetic field.

A comparison between the extrapolated field lines
and the Dopplershifts of Ne VIII indicates that weak
blueshifts of about 5 km s~! occur in a few small
regions with strong magnetic fields. Some of the
closed field lines may reach as high as 10 Mm. Weak
blueshifts also appear in both closed bi-polar regions
and open unipolar regions. Whether these outflows
correspond to a solar wind source, or are related with
mass supply to the myriad of coronal loops, remains
unresolved. The lower transition region appears to be
highly structured by a carpet of magnetic loops of dif-
ferent sizes. Most of the observed ultraviolet radiation
certainly comes from such loops. However, it is un-
clear how much open magnetic flux exists in between
such closed loops in the quiet corona, and how the
slow solar wind could originate from there.

Summary

We have briefly reviewed the coronal origin of the so-
lar wind and the sources of the fast and slow streams.

Fig. 7: The coronal magnetic field topology in three dimen-
sions for the bipolar active region. Only field lines above
the solar surface with B; > 50 G on the photosphere are
plotted. The colour coding represents the magnetic field
strength. A corresponding Doppler-shift map is presented
in the subsequent Fig. 43 of this annual report (after Marsch
et al. (2004b)).

Obviously, the magnetic field is the main player in the
relevant physical processes, since it shapes the solar
corona and thus defines the properties and dynamics
of the nascent solar wind. The field topology and
activity are the keys to understand how the solar wind
originates in the corona. Since the magnitude of the
radial magnetic flux at 1 AU is measured to be almost
constant over the full sphere and at any time, there
must be a constant fraction of open magnetic flux in
the lower corona at any time of the solar cycle. As
the Sun’s magnetic field varies systematically over
the solar cycle, from a simple dipolar structure to a
complex multipolar structure, so do the solar wind
sources, and correspondingly varies the solar wind
itself. Its plasma and energy have continuously to
be supplied through the magnetic network into the
transition region and lower corona. Reconnection in
the magnetic network appears to play a main role in
this supply, as confirmed by numerical simulations.

In summary we may say:

e The coronal magnetic field at all scales deter-
mines the origin and evolution of the solar wind
in space and time.

e The solar wind comes in three types, as steady
fast streams, variable slow flows and transient
coronal mass ejections.

e The fast streams in solar activity minimum ap-
pear to originate in the funnels of the polar coro-
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Fig. 8: Left: Magnetic field intensity colour-coded with superimposed contours of the Si 1I radiance for a quiet-Sun region
of the lower solar corona. Note the clear correlation between field strength and line intensity. The high radiances are
concentrated in the strong fields. Right: Correlation heights, defining the mean altitude of the emission region, for three
ultraviolet lines as indicated. The effective transition region height is found to be only about 2 Mm (after Tu ez al. (2005b)).

nal holes, but in other phases of the activity cycle
also from the funnels of the low-latitude equato-

rial coronal holes.

e The slow streams in solar activity minimum

mainly come from streamers and their bound-
aries, whereas in activity maximum they can
originate all over the Sun in small coronal holes
and near active regions.
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Wissenschaftliche Einzelberichte/
Individual scientific reports

(nur in Englisch)

Solar interior, photosphere and
chromosphere

Nonlinear dynamo saturation

The Sun’s magnetic field, which is generated by dy-
namo action in the convection zone, has a total energy
which is thought to be comparable with the kinetic
energy of the differential rotation near the tachocline.
The maintenance of such strong magnetic fields by dy-
namo action, especially in highly conducting plasmas,
is not well understood. In order to understand some
of the fundamental issues, we have studied some dy-
namos which saturate with almost equal magnetic and
kinetic energies (Alfvénic solutions).

The Archontis dynamo is the best studied example
of this type of dynamo (see Fig. 9). The velocity is
driven by the spatially periodic force, in addition to the
Lorentz, pressure, and viscous forces, and is periodic
in all three spatial dimensions. In the non-magnetic
case, and with small diffusivities, this forcing pro-
duces turbulence. Given a weak seed magnetic field,
however, dynamo action occurs and the flow is driven
to a stable time-independent equilibrium with almost
equal magnetic and kinetic energies.

Important for this dynamo is the fact that the stream-
lines are chaotic. That is to say they are extremely effi-
cient at stretching and twisting the streamlines, and the
accompanying figure partly explains why this is the
case. The figure shows some topologically important
features of the flow in one of the periodic cubes: blue
balls show the location of stagnation points (which
are also magnetic null points); the black and orange
lines are streamlines connecting the stagnation points;
the green, yellow and red show surfaces of stream-
lines which connect to the central stagnation point.
The black streamlines connect with stagnation points
in pairs, and the yellow surface is bounded by a pair
of such black streamlines. The red streamlines lie
between black streamlines connecting different stag-
nation points, as do the green. Because the flow is
incompressible as the second stagnation point is ap-
proached the yellow streamlines go in the opposite di-
rection to the red and green streamlines. The red and
green streamlines are then brought together. The im-
portant point is that streamlines which were originally
close together (red and yellow or green and yellow) are
efficiently separated and streamlines which were orig-
inally separated (green and red) are pushed together.

Fig. 9: This image shows the topology of the one and two-
dimensional manifolds associated with a stagnation point of
the Archontis dynamo. The Archontis dynamo is the first
known example of a dynamo which, at low resistivity and
viscosity, is Alfvénic when it saturates (i.e. the flow every-
where is at the local Alfvén speed).

The importance of this type of action is captured by
the phrase “stretch, twist and fold”.

The Archontis dynamo is far from unique: we have
shown that many such Alfvénic solutions exist, al-
though we have not been able to show they are all sta-
ble. The issues raised by this class of dynamo relate
both to astrophysical dynamo action and magnetohy-
drodynamic turbulence.

(R. Cameron in collaboration with David Galloway
(University of Sydney))

Magnetic flux emergence in the solar photosphere

The most prominent magnetic structures on the sur-
face of the Sun are bipolar active regions. These mag-
netic complexes comprise of a hierarchy of magnetic
structures of different sizes, the largest of which are
sunspots. Observations indicate that the appearance
of active regions on the solar surface result from the
emergence of bundles of magnetic flux from the un-
derlying convection zone.

The aim of this project is to study the magnetic flux
emergence process by carrying out 3-dimensional, ra-
diative magnetohydrodynamic (MHD) simulations. In
the simulations, an initially buoyant magnetic flux
tube is introduced into the near-surface layers of the
convection zone. Subject to the buoyancy force, the
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flux tube rises towards the photosphere. Fig. 10 shows
an example of an arched magnetic flux tube emerging
into the photosphere.

Fig. 10: The emergence of a twisted, arched magnetic flux
loop from the convection zone into the photosphere. The
greyscale indicates the vertical velocity (within the range +3
km s, upflows bright, downflows dark) at the base of the
photosphere. The subsurface trunks of the arched flux tube
are indicated by the yellow isosurfaces of |B| = 2000 G.
The winding of the field lines around the axis of the tube
indicates its inherent twist.

Our simulations highlight the importance of magneto-
convection on the evolution of the magnetic flux tube.
The external convective flow field has an important
influence on the morphology of the emerging mag-
netic field. Depending on the initial properties of the
flux tube (e.g. field strength, twist, entropy etc.), its
emergence can disturb the local granulation pattern.
The observational signatures associated with emerg-
ing magnetic flux in our simulations are in qualitative
and quantitative agreement with observational studies
of emerging flux regions.

(M. C.M. Cheung and M. Schiissler in collaboration
with F. Moreno-Insertis (Instituto de Astrofisica de
Canarias, Spain))

Simulation of solar pores

Pores are dark magnetic features at on the solar sur-
face, similar to sunspots except they lack a penumbra.
Using the MURaM code, we have carried out realis-
tic radiation MHD simulations of pore-sized magnetic
flux concentrations. Starting with already established
pores, we have followed their development and decay
in the course of time. Fig. 11 shows three snapshots
from the simulation, which cover about one hour sim-
ulated time.

We have compared the simulations with observational
results from other authors. As an example, Fig. 12
shows the profiles of the temperature and density (av-
eraged over the pore) as a function of continuum opti-
cal depth in comparison with observations .

(R. Cameron, M. Schiissler, A. Vogler)
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Fig. 11: Snapshots showing the decay of a pore. Upper row:
brightness images, lower row: strength of the vertical com-
ponent of the magnetic field.
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Fig. 12: Comparison of the average optical-depth profiles of
density (left) and temperature (right) from three simulations
of pores of different sizes (orange lines) with observational
results (solid black lines) by P. Siitterlin (A&A, 333, 305;
1998). The dashed line shows the quiet-Sun temperature
profile).

Modelling of solar mesogranulation

Mesogranulation is a pattern of horizontal flows in the
solar photosphere at scales of 4 — 10 Mm, intermediate
between granulation (the convection pattern carrying
the energy) and supergranulation (outlining the mag-
netic network). The physical nature of mesogranula-
tion and whether it has a preferred scale are open ques-
tions. Proposed explanations range from a genuine
convection pattern to collective phenomena of gran-
ulation cells.

We have constructed highly idealized one- and two-
dimensional granulation models employing different
cell-interaction rules in order to analyze the conditions
for the emergence of mesogranular patterns (Fig. 13).
We analyze our synthetic patterns in a similar way as
done in observational studies (e.g., by employing lo-
cal correlation tracking). We find that the so-defined
mesogranular cells naturally appear in such multicell
systems as a pattern of longer-lived downflows to-
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Fig. 13: Mesogranulation cells in a map of (time-averaged)
horizontal flow divergence determined from the motions of
an underlying system of triangular granules (not shown).
Red colour indicates positive divergence (horizontal ex-
pansion), blue colour mean negative divergence. Lengths
are given in units of the average granule size. The white
lines show long-lived granular downflow lanes (lifetime > 1
hour). The correspondence between the divergence pattern
and the long-lived downflow lanes indicates a purely statis-
tical origin of the mesogranular pattern.

gether with the associated average horizontal flows.
The spatial scale of the pattern grows with increasing
averaging time, indicating that it does not represent an
intrinsic scale of the system. On the other hand, the
statistical properties of the mesocells (size and life-
time) do not strongly depend on the local granule in-
teraction rules (including purely random cases). These
results support the interpretation of mesogranulation
as a purely statistical phenomenon due to the lifetime
distribution of granular downflows.

(L. Matloch, R. Cameron, D. Schmitt, M. Schiissler)

Decay of a mixed-polarity magnetic field

The cancellation and decay of a mixed-polarity field in
the solar photosphere are not well understood since the
relevant processes operate on small length scales. We
have carried out realistic radiation MHD simulations
with the MURaM code to follow the evolution of an
initially vertical field of mixed polarity (2x2 ‘checker-
board’ pattern). An early phase of the simulation is
shown in Fig. 14. We find that the exponential decay
rate for the magnetic energy is well approximated by
the conventional estimate for the turbulent magnetic
diffusivity, namely n ~ U - L/3 ~ 3. 102 cm?.s~!
with U ~ lkm-s~! and L ~ 1 Mm, which are typical
values for granulation.

[Mm]

Fig. 14: Early phase of the decay of a mixed-polarity field.
Shown is the strength of the vertical magnetic field on a
horizontal plane in the simulation box located near the vis-
ible surface. The grey scale covers fields between about
+1500 G (white) and —1500 G (black).

The decay (cancellation) of magnetic flux threading
the surface layers layers is mainly caused by recon-
nection of opposite-polarity field in current sheets in
the upper photosphere. The resulting N-loops and U-
loops are then drawn downward and upward, respec-
tively, by the magnetic tension forces and eventually
leave the computational box through the lower and up-
per boundaries. Observationally, such a cancellation
event corresponds to the retraction of a N-loop through
the visible layers.

(A. Vogler, R. Cameron, M. Schiissler)

Magneto-convection in a sunspot umbra

The dark central part of a sunspot, the umbra, emits
only 10-20% of the average energy flux outside
sunspots, owing to the suppression of vigorous con-
vective flows by the strong magnetic field.

However, even this strongly diminished energy flux
cannot be carried by radiation alone below the umbral
photosphere, so that some form of reduced convective
energy transport is required. The observation of um-
bral dots, relatively bright features of sub-arcsecond
size embedded in the dark umbral background, has of-
ten been taken as a signature of such convective energy
transport, being either in the form of overstable oscil-
lations (‘elevator convection’) in thin vertical columns
or as intrusions from below of non-magnetic plasma
into a shallow cluster-type sunspot. We have used our
MURaM code to carry out the first realistic simula-
tions of 3-D radiative magneto-convection in a sunspot
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umbra with full radiative transfer and partial ioniza-
tion effects.

We find that the convective energy transport is dom-
inated by narrow upflow plumes with downflows at
their sides, which become almost field-free near the
surface layers (see Fig. 15). The strong external mag-
netic field forces the plumes to assume a cusp-like
shape in their top parts, where the upflowing plasma
loses its buoyancy. The resulting bright features in
intensity images correspond well (in terms of bright-
ness, size, and lifetime) to the observed umbral dots
in the central parts of sunspot umbrae. Most of the
simulated umbral dots have an elongated form with a
central dark lane. Above the cusp, most plumes show
narrow upflow jets, which are driven by the pressure
of the piled-up plasma below. The large velocities
and low field strengths in the plumes are effectively
screened from spectroscopic observation because the
surfaces of equal optical depth are locally elevated, so
that spectral lines are largely formed above the cusp.
Our simulations demonstrate that nearly field-free up-
flow plumes and umbral dots are a natural result of
convection in a strong, initially monolithic magnetic
field.

/<>

Fig. 15: Vertically emerging intensity (brightness) from the
simulation box. The length unit is Mm. The vertical mag-
netic field has a (horizontally averaged) strength of 2500 G.
The bright features in the intensity image can be identified
with umbral dots. They are caused by strong upflows in re-
gions of significantly reduced magnetic field. Their bright-
ness, size, and lifetime correspond well to observational re-
sults. The dark lane in many of the umbral dots is caused by
cooler, stagnant matter located in the cusp-shaped top parts
of the upflow plumes.

(M. Schiissler, A. Vogler)

Using simulations of magnetoconvection to
estimate the magnetic flux in the internetwork
quiet-Sun

The amount of magnetic flux in the quiet Sun is a sub-
ject of considerable debate, with different techniques
giving different results. We have made use of real-
istic solar magneto-convection simulations including
the photospheric layers to study the polarization of
the Zeeman-sensitive Fe I photospheric spectral lines
at 6301.5 and 6302.5 A in the visible and at 15 648
and 15 652 A in the infrared. This provides a novel
technique to set limits on the spatially averaged field
strength, (B), and thus the magnetic flux in the quiet
Sun. The Stokes spectra are synthesized in a series of
snapshots with a mixed-polarity magnetic field whose
average unsigned strength varies from (B) = 10 to
140 G. The effects of limited spatial resolution and
of the amount of magnetic flux in the simulation box
on the Stokes profile shapes, amplitudes and shifts are
discussed. The synthetic spectra show many prop-
erties in common with those observed in quiet solar
regions. In particular, the simulations reproduce the
width and depth of spatially averaged Stokes I pro-
files and the amplitude and area asymmetries of Stokes
V profiles, as well as the abundance of the irregular-
shaped Stokes V profiles.

A direct comparison of the amplitudes of Stokes spec-
tra of the Fe I 630 nm and 1.56 pm lines produced by
these MHD simulations with simultaneous observa-
tions of the quiet Sun shows that the probability distri-
bution function of Stokes V amplitudes depends sen-
sitively on (B). We find that the Stokes V amplitudes
of both infrared and visible observations are best re-
produced by the simulation snapshot with (B) =20 G.
Our analysis also reveals that in observations with 1”
resolution, up to 2/3 of the magnetic flux can remain
undetected.

(S.K. Solanki, A. Vogler and S. Shelyag, in collabo-
ration with E.V. Khomenko, M. J. Martinez Gonzélez,
M. Collados and B. Ruiz Cobo (Instituto de As-
trofisica de Canarias, Tenerife, Spain) and C. Beck
(Kiepenheuer-Institut fiir Sonnenphysik, Freiburg))

Spectro-polarimetric diagnostics of radiation
MHD simulations

In order to compare the results of realistic 3-D simu-
lations of a mixed-polarity region in the solar photo-
sphere with observational results, we have calculated
synthetic spectra of the Stokes parameters on the ba-
sis of the simulation results. We have also tested the
quality of inversion procedures by feeding the syn-
thetic spectra into a Milne-Eddington inversion code
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and comparing the results (magnetic field, tempera-
ture, etc.) with the original data from the simulation.
In performing such a test, the degradation of the obser-
vations by the finite aperture of the optical device, by
seeing effects in the terrestrial atmosphere, and by de-
tector noise have to be taken into account. In order to
to quantify how well the structure of the magnetized
solar atmosphere can be determined from such a de-
graded data, we have convolved the synthetic Stokes
maps with the point spread function corresponding to
the optical system as well as with the spectral filter
function and added noise of various amplitudes. The
resulting maps of Stokes profiles were used as input
for the inversion code and the resulting parameters of
the solar atmosphere were compared with the original
structure from the MHD simulation.

(L. Yelles-Chaouche, A. Lagg, M. Schiissler, S.K.
Solanki)

High spatial resolution imaging of photospheric
bright points

High-resolution simultaneous observations of the
Sun in three spectral bands, the blue continuum
(436.4 nm), the G band (430.5 nm) and the violet
CN band-head (387.9 nm), have been carried out with
the 1-m Swedish Solar Telescope (SST). The unprece-
dented high spatial resolution of better than 0.18 arc-
sec, which corresponds to 130 km on the Sun, of the
solar images in all three spectral bands was achieved
by means of the Joint Phase Diverse Speckle image
reconstruction method (see Fig. 16). Our investigation
of the intensity contrast of photospheric bright points
(BP — a class of small-scale bright structures, which
show enhanced contrast in the G band as compared to
that in the continuum) in the obtained filtergrams of
active regions at disc centre showed that:

e On average over all bright points in the
27 x 43 arcsec? filtergram triplet the contrast of
the BP intensity relative to intensity of the quiet
Sun is 1.4 times higher in the blue CN band-head
than that in the G band and it is 3.4 times higher
in the blue CN band-head than that in the blue
continuum. Similarly, in the G band the contrast
of bright points is on average 2.4 times higher
than in the blue continuum. This is in reason-
able agreement with earlier theoretical predic-
tions, but contradicts more recent simulations by
Uitenbroek and Tritschler.

e The ratio of the bright points contrast in the blue
CN band-head to that in the G band decreases
with increasing continuum intensity of the bright
points. The minimum value of this ratio is 1.25
for the brightest BPs.
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Fig. 16: Maps of the vertical component of the magnetic
field on a horizontal plane of the simulation box. Upper
panel: Values from the simulation (height average weighted
with the Stokes response function for the spectral line Fel
6173 A). Lower panel: Result of a Milne-Eddington inver-
sion of degraded synthetic Stokes profiles of the same spec-
tral line (point spread function: width = 150 km, filter func-
tion: width = 50 mA, six wavelength points, noise: sig-
nal/noise = 1000). Apart from missing the very weak fields
and underestimating the strongest small-scale flux concen-
trations, the inversion works remarkably well.

The significantly higher contrast seen in the violet CN
band-head compared with the G-band makes the for-
mer a promising wavelength band for solar high reso-
lution studies, although there are factors making con-
temporary high-resolution ground-based solar obser-
vations in this wavelength more complex than in the
G band.

(V. Zakharov, A. Gandorfer, S. K. Solanki)

High resolution spectra of photospheric bright
points

High-resolution spectra of small-scale magnetic ac-
tivity manifestations in the solar photosphere were
obtained simultaneously in the blue CN band-head
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(387.588—388.473 nm) and in a blue spectral band
(436.1—-436.9 nm) containing absorption lines of
CH with the spectrograph installed on the SST (see
Fig. 17). These are the first high resolution spectra
of the CN band-head. These data have the advantage
that they allow individual spectral lines to be analyzed.
The data analysis yielded that:

e At the disc centre, the change of the line-core de-
pression in BPs relatively to the quiet Sun of a
CN spectral line (A = 387.844 nm vacuum) is on
average 1.28 stronger than that of a CH spectral
line (A = 387.829 nm vacuum). In faculae at u
=0.65 and at u = 0.56 these values are 1.32 and
1.46, respectively.

e At the disc centre the CN line-core intensity for
the same spectral lines has higher BP contrast
than the contrast in the CH line-core by a factor
of 1.9. The ratio decreases with increasing con-
tinuum intensity, becoming 1.5 for the brightest
BPs. This trend is similar to that obtained from
filtergram observations although the data are not
directly comparable (individual spectral lines vs.
broad spectral bands).
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Fig. 17: Spectra of quiet Sun (black lines) and of bright
points (red lines) in the CN band head (middle panel) and
in a region containing CH lines (lower panel), showing the
reduced line core depression in the bright point.

A detailed synthesis of the spectra at these wave-
lengths using 3-D MHD simulations and a direct com-
parison with observed data would be of considerable
interest. In particular, an inversion of observed CH
and CN spectral lines is desirable.

(V. Zakharov, A. Gandorfer, S. K. Solanki)

Systematic exploration of the second solar
spectrum near the atmospheric cut-off

To investigate the second solar spectrum in the wave-
length interval below 316 nm down to the atmo-
spheric cut-off the Zurich Imaging Polarimeter ZIM-
POL II has been attached to the largest solar telescope,
the 1.5 m McMath-Pierce facility on Kitt Peak (Ari-
zona). We were able to observe the linear polariza-
tion in the wavelength range from 305 nm to 316 nm.
The strong atmospheric extinction due to ozone, start-
ing around 310 nm renders high precision spectropo-
larimetry more and more difficult, and limits the accu-
racy of the obtained results. By careful analysis of dif-
ferent systematic error sources like polarized and un-
polarized straylight inside the spectrograph, we could
derive confidence levels for our data.

(A. Gandorfer in collaboration with D. Gisler (Insti-
tute of Astronomy, ETH Ziirich))

Systematic exploration of the second solar
spectrum in the near UV

The linearly polarised spectrum, which can be ob-
served at the solar limb, has been referred to as the
second solar spectrum. It shows a remarkable spectral
structuring (see Fig. 18), since different physical pro-
cesses contribute to its formation. In the absence of
magnetic fields, scattering is the primary source of po-
larisation, which can be altered by magnetic fields via
the Hanle effect, which allows measurement of mag-
netic fields not directly accessible to the Zeeman ef-
fect. Before the Hanle effect can be efficiently used
for solar magnetic field diagnostics we have to ex-
plore and understand the wealth of spectral structures
in the second solar spectrum. The observation of the
second solar spectrum requires highly sensitive spec-
tropolarimetry in combination with very high spectral
resolution. Therefore the Zurich Imaging Polarime-
ter ZIMPOL II has been used at the largest solar tele-
scope, the 1.5 m McMath-Pierce facility on Kitt Peak
(Arizona). A complete survey of the scattering polar-
isation could be completed in the wavelength interval
from 7000 A down to 3160 A. With the recent pub-
lication of Vol. 3 of a series of books, the dataset is
now completely accessible to the science community
to serve as a reference for future observations and to
guide theoretical studies in this rapidly evolving field
of solar science.

(A. Gandorfer)
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Fig. 18: Fraunhofer (upper panel) and second solar spectrum (lower panel) around 377nm showing strong polarisation due

to resonance scattering at the CN molecule.
Ground Based Solar Observations (GBSO)
Supersonic flows in the solar chromosphere

We present spectropolarimetric observations of 13 ac-
tive and 3 quiet-Sun regions in the chromospheric He I
triplet taken with the Tenerife Infrared Polarimeter
(TIP). By inverting the Stokes profiles of the He I
1083.0 nm multiplet lines we have obtained the full
magnetic vector and the line-of-sight velocity. We
have seen that supersonic downflows are a surprisingly
common feature in almost all scanned solar regions,
independently of whether they contain strong mag-
netic fields (active regions) or only weak fields (quiet-
Sun). Multiple velocity components can often be dis-
tinguished, two being most common — a high speed
downflow component and a second component almost
at rest — but also three are seen in some cases. Line-
of-sight velocities of the order of 30 km s~ (Mach
number M, = 2.9) turn out to be quite common
and are generally found in several locations of most
scanned regions. Strongly supersonic downflows up
to 60 km s~! (Mach number M, = 5.8), where a third
component is necessary to fit the chromospheric He 1
1083.0 nm line profiles (see Fig. 19), are observed
in some cases. Although less common, supersonic

downflow velocities of the order of 30 km s~! are also
observed in quiet-Sun regions scanned close to disk
centre. Supersonic upflows are also present in some
active regions, but are rarer.

(R. Aznar Cuadrado, S. K. Solanki, A. Lagg)

The uncombed structure of the chromosphere

A detailed knowledge of the magnetic structure of
the chromosphere is essential for the understanding of
the coupling between the photosphere and the corona.
The measurement of the chromospheric magnetic field
poses a challenge to the observers: low gas densities
and low magnetic field strengths lead to very weak and
difficult to interpret observational signatures, usually
the presence of polarized radiation caused by the Zee-
man effect.

Highly sensitive spectropolarimetric observations in
the chromospheric He I line (1083.0 nm) made with
the new TIP camera (Tenerife Infrared Polarimeter)
mounted at the German Vacuum Tower Telescope
were analyzed with a sophisticated technique, based
on the solution of the radiative transfer equation and a
genetic inversion algorithm. A relatively common fea-
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Fig. 19: Stokes I and V profiles showing three atmospheric
components, each containing magnetic field, obtained in
NOAA 10436.

ture in this He I line is the presence of two atmospheric
components within the resolution element of the tele-
scope (*1”), shifted by wavelengths corresponding to
velocities of up to 60 kms~!'. We were for the first
time able to determine the magnetic field vector for

the two components independently (see Fig. 20).

The genetic inversion algorithm (PIKAIA) reliably
retrieves the atmospheric parameters, magnetic field
strength and direction, if the separation of the two
components is larger than 10 kms™!, and if the com-
ponents are of comparable strength. It was not possi-
ble to reproduce the observed Stokes profiles satisfac-
torily by assuming the same magnetic field parameters
for both atmospheric components (see green line in
Fig. 20). Only under the assumption of two indepen-
dent magnetic components were we able to fit the ob-
served profiles (red line in Fig. 20). The derived mag-
netic topology is sketched in Fig. 21. The differently
inclined magnetic field points to a similar structure as
the uncombed fields in the penumbrae of sunspots.

In a time series at the footpoint of a magnetic arcade
spanning over a site of flux emergence we were also
able to investigate the evolution of this magnetic con-
figuration. We found it to be quite stable over the du-
ration of the time series (73 minutes). Since the typi-
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Fig. 20: Stokes profiles showing two distinct magnetic com-
ponents. The observed profiles are shown in black, the fits
in red (two independent magnetic components, Bgjy,y =
725 G, Ysiow = 30° and Byasr = 1194 G, ya5r = 68°)
and green (2 magnetic components with coupled magnetic
field Byjow = Bfast = 642 G, Ysiow = Vfast = 61°). The
two components are shifted by 28 km s~1 relative to each
other. The fit involving two independent magnetic compo-
nents reproduces the observed Stokes vector better.

cal time to empty a loop filled with gas by drainage is
in the order of 20 minutes, subsequent upward trans-
port of material is needed to maintain the high down-
flow velocities over this time interval. The downflow
is therefore most likely the consequence of mass up-
flow correlated with the emergence of magnetic flux
tubes at the solar photosphere. The presence of the
uncombed magnetic structure remains a riddle, how-
ever.

(A.Lagg, S. K. Solanki, R. Aznar Cuadrado, C. Sasso,
J. Woch, N. Krupp)

Signature of current sheets as seen by TIP at VIT in
the He 1 multiplet at 1083.0 nm

Electric current sheets are sharp boundaries separat-
ing regions of opposite magnetic polarity. Hence, a
minimum of the magnetic field should be present at
that boundary. A large jump of the magnetic field in-
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Fig. 21: Sketch of the magnetic field topology at a loop foot-
point. The “uncombed model” is indicated by the different
inclination angle between the field lines harbouring the rapid
downflows (yellow) and the surrounding field lines (red) in
the upper chromosphere. The photospheric field obtained
from the inversion of the Si I line at 1082.7 nm is indicated
by the green arrows. The inclination angles of the arrows
represent the measured magnetic field direction.

clination angle between the two regions (ideally close
to 180°) is also necessary. The azimuthal direction of
the magnetic field vector is generally parallel to the
current sheet. The first two requirements for a current
sheet to be present can be detected by means of the
analysis of the Stokes V profile, while the azimuthal
angle of the magnetic field is only measurable through
the inversion of the Stokes profiles revealing the full
magnetic vector (i.e. Stokes Q and U are also neces-
sary). Infrared spectropolarimetric observations were
obtained with the Tenerife Infrared Polarimeter (TIP)
at the German Vacuum Tower Telescope (VTT) of the
Spanish observatory of Izafia, Tenerife. The observa-
tions taken in the chromospheric He 1 1083.0 nm mul-
tiplet were used to create maps in the Stokes param-
eters I, Q, U and V. A number of active regions have
been scanned. A technique to invert Stokes profiles
of the He 1 1083.0 nm multiplet lines was applied in
order to obtain the full magnetic vector and the line-
of-sight velocity. The retrieval of the full magnetic
vector is important in order to detect current sheets.
From a total of roughly 12 scanned active regions,
only 3 showed strong evidence for a current sheet (see
Fig. 22 for an example), indicating that detectable cur-
rent sheets are not very common. The optimal config-
uration for this detection is when the current sheet is
pointing towards the observer. Hence, the detection of
current sheets is limited by geometric effects, i.e., cur-
rent sheets are more likely to be detectable when the

line-of-sight is in the direction of the plane of the cur-
rent sheet. This could mean that current sheets may be
more common than our analysis suggests.
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Fig. 22: Atmospheric parameters, magnetic field strength
(top) and orientation (inclination: colour coded, azimuth:
white lines), and line-of-sight velocity (bottom) around the
position of a current sheet. The polarity inversion line
(change of sign in Stokes V) is indicated by the magenta
contour line.

(R. Aznar Cuadrado, S.K. Solanki, A. Lagg, R.M.
Thomas)

The influence of the Paschen-Back effect on
chromospheric magnetic field measurements

The Paschen-Back effect influences the Zeeman sub-
levels of the He I multiplet at 1083.0 nm, leading to
changes in strength and in position of the Zeeman
components of these lines. We analysed the influence
of the Paschen-Back effect on the Stokes profiles of
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the He I 1083.0 nm multiplet lines, estimating its rele-
vance using synthetic profiles and investigating its in-
fluence on the inversion of a spectropolarimetric scan
of an emerging active region obtained with the Tener-
ife Infrared Polarimeter (TIP) at the German Vacuum
Tower Telescope (VTT). We found that taking into ac-
count the incomplete Paschen-Back effect into our in-
versions code, on average 16% higher field strength
values are obtained (Fig. 23), while other atmospheric
parameters are affected less significantly. We show
also that this effect is not the main cause for the blue-
red area asymmetry exhibited by many He I 1083.0
Stokes V-profiles. The fact that the area asymmetry of
the observed V-profiles is considerably stronger than
of the synthetic V-profiles indicates that some other ef-
fect drives the area asymmetry more strongly than the
Paschen-Back effect. The main candidate is gradients
of atmospheric parameters like magnetic field vector
and the velocity, over the formation height range of
these lines.
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Fig. 23: Difference between the values of the magnetic field
strength for a synthetic profile computed including incom-
plete Paschen-Back splitting (IPBS) and the ones obtained
from the linear Zeeman splitting (LZS) inversion of this syn-
thetic IPBS profile (AB), as a function of the magnetic field
strength of the synthetic profile for different inclination (y)
and azimuthal angles () of the magnetic field vector (in de-
grees). The retrieved values for magnetic field deviate sig-
nificantly from the correct values (horizontal solid line).

(C. Sasso,
Cuadrado)

A. Lagg, S.K. Solanki, R. Aznar-

On the fine structure of sunspot penumbrae and the
Evershed effect

Sunspot penumbrae exhibit prominent fine structure.
Different interpretations of spectropolarimetric obser-
vations suggest different, sometimes contradictory,
properties of this fine structure. We have analyzed
polarized profiles of different spectral lines within
the context of different models of the penumbral fine

structure. Thus we show that the results of inver-
sions of penumbral infrared profiles based on one-
component models with gradients of the atmospheric
parameters and two-component models without gradi-
ents are compatible with each other (see Fig. 24). Our
analysis reconciles the results of previous investiga-
tions and provides further support for the picture that
sunspot penumbrae are composed of penumbral flux
tubes embedded in a magnetic background. The mag-
netic field in the tubes is more horizontal and weaker
than that of the background atmosphere. While the
tubes carry most of the Evershed flow, the background
is essentially at rest. We notice also that the magnetic
field strength in the flux tubes drops much more slowly
with radial distance than the background field.
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Fig. 24: Radial variation of the magnetic field strength in
a sunspot. The results of the 1-component inversions with
gradients (bottom panel) leads to similar results as the 2-
component inversion without gradients (top panel). For the
1-component inversions we extract the values at logt = 0
(solid lines) and logz = —1 (dashed lines). In the 2-
component inversion component #1 (solid line) represents
the background whereas component #2 (dashed line) repre-
sents a flux tube.

In a next step we investigate the fine structure of the
sunspot penumbra by means of a model that allows
for a flux tube in horizontal pressure balance with the
magnetic background atmosphere in which it is em-
bedded. We apply this model to spectropolarimetric
observations of two neutral iron lines at 1.56 um and
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invert several radial cuts in the penumbra of the same
sunspot at two different heliocentric angles. In the in-
ner part of the penumbra we find hot flux tubes that
are somewhat inclined to the horizontal. They be-
come gradually more horizontal and cooler with in-
creasing radial distance. This is accompanied by an
increase in the velocity of the plasma and a decrease
of the gas pressure difference between flux tube and
the background component. At large radial distances
the flow speed exceeds the critical speed and evidence
is found for the formation of a shock front. These re-
sults are in good agreement with simulations of the
penumbral fine structure and provide strong support
for the siphon flow as the physical mechanism driving
the Evershed flow.

(J.M. Borrero, S.K. Solanki, A. Lagg, S. K. Mathew
in collaboration with L. R. Bellot Rubio (Kiepenheuer
Institut fiir Sonnenphysik) and M. Collados (Instituto
de Astrofisica de Canarias))

The molecular Zeeman effect in the Paschen-Back
regime

Molecular transitions are a far more sensitive probe of
the cool parts of the solar photosphere and cool-star
atmospheres than atomic lines. However, the reaction
of molecular lines to a magnetic field is only very in-
completely known. In contrast to atomic lines many
diatomic molecules present in the atmospheres of the
Sun and cool stars exhibit the Paschen-Back effect at
field strengths typical of sunspots and active cool stars.
We have produced a complete theoretical description
of the molecular Paschen-Back effect in Hund’s cases
(a), (b) and all cases intermediate to them. This is an
extension of previous work carried out by us on the
linear Zeeman effect in diatomic molecules. This de-
scription allowed us to compute the splitting of levels
of any multiplicity and the transitions between them.
We also introduced a generalized description of the
effective magnetic Landé factor applicable not just
in the Zeeman regime, but also in the Paschen-Back
regime. We found that in the regime of the partial
Paschen-Back effect strongly asymmetric Stokes pro-
files are produced, whose strengths and asymmetries
depend sensitively on the magnetic field. In the regime
of the complete Paschen-Back effect the profiles be-
come symmetric again (although they may be strongly
shifted). The strength of the forbidden and satellite
transitions increases rapidly with field strength in the
partial Paschen-Back regime, while the strength of the
main branch transitions decreases. These signatures
hold promise to form the basis of new diagnostics of
solar and stellar magnetic fields.

(S. K. Solanki in collaboration with S. V. Berdyugina

and D. M. Fluri (ETH Ziirich, Switzerland) and P. A.
Braun (St.-Petersburg University, Russia))

The dynamics of the solar chromosphere:
millimeter—interferometer observations and
comparison with model predictions

The nature of the solar chromosphere is a topic of in-
tense debate, with a major uncertainty being the role
played by chromospheric dynamics in shaping this
layer of the solar atmosphere. Visible and UV atomic
line observations of the chromosphere suffer from the
fact that they are practically blind to potentially signif-
icant amounts of cool gas in a dynamic chromosphere.
Observations at millimeter wavelengths have the ad-
vantage that they sample both the hot and the cool gas.
Up to now, however, no time series with an acceptable
spatial resolution has been available.

We have obtained interferometer observations of the
Sun at a wavelength of 3.5 mm (frequency of 85 GHz)
with the 10-element Berkeley-Illinois-Maryland Ar-
ray (BIMA). With these data we have constructed two-
dimensional maps of the solar chromosphere with a
resolution of 10", which represents the highest spatial
resolution achieved so far at this wavelength for non-
flare solar observations.

Fourier and wavelet analyses of the BIMA data reveal
intensity oscillations with RMS brightness tempera-
ture amplitudes of 50— 150 K in the frequency range
1.5-8 mHz. There is a tendency toward short period
oscillations in the quiet-Sun internetwork and longer
periods in active regions and the network (see Fig. 25),
which agrees with the results obtained at other wave-
lengths. Most of the oscillations are short wave trains
lasting for typically 1 -3 wave periods.
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Fig. 25: Histograms of the period of maximum Fourier
power for the QS (solid line) and active region data (dashed
line). For each pixel the period with most significance in the
power spectrum is determined and at this period the pixel is
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Due to the limited spatial resolution of 10”, a direct
comparison of the observational data with the pre-
dictions of the radiation hydrodynamic simulations of
Carlsson & Stein (hereafter CS) exhibits large differ-
ences. In particular, the RMS of the brightness tem-
perature is nearly an order of magnitude larger in the
model (~800 K at 3 mm) than in the observations
(~100 K). Thus an accurate comparison requires a de-
scription of the influence of the spatial smearing on the
parameters of chromospheric dynamics.

We are able to obtain reasonable agreement between
the observed millimeter oscillations and those pre-
dicted by the CS model if we assume that the coher-
ence length of oscillating elements is of the order of
1”. This supports the picture that the chromosphere
is highly dynamic and contains significant fractions of
both hot and cold gas. This work has demonstrated
the usefulness of millimeter wavelength observations
for uncovering the nature of the solar chromosphere,
but unfortunately, the currently available spatial res-
olution of 10” hinders a final answer to the question
on the structure of the chromosphere. It will have
to await observations with higher spatial and partly
temporal resolution, which may come from the Com-
bined Array for Research in Millimeter-wave Astron-
omy (CARMA), but in particular from the Atacama
Large Millimeter Array (ALMA).

(M. Loukitcheva and S.K. Solanki in collaboration
with S. White (University of Maryland, College Park,
USA))

Inferring plasma flow velocities from photospheric
field measurements

The vertical and horizontal motion of magnetized
plasma in the photosphere might be crucial for under-
standing the solar atmospheric dynamics. It should,
therefore, be used as an input parameter for dynamic
models of the solar atmosphere. Unfortunately, the
motion cannot be determined directly. Hence, it has
to be estimated using other measured quantities. We
used three methods to estimate the photospheric mo-
tion from vector magnetic field observations: local
correlation tracking (LCT), a combination of induc-
tion equation and the LCT method (ILCT) and Mini-
mum Energy Fit (MEF). These methods were applied
to different active regions and the results were com-
pared. The goal of this study is to obtain reliable pho-
tospheric plasma flows velocities to be used as an in-
put parameter for solar coronal models and to study
the influence of the photospheric motion in the evolu-
tion of the plasma and magnetic field of active regions
associated with flares and CMEs.

Fig. 26 shows the results of the application of

the methods to AR9077, between July 13, 2000
(02:50 UT) and July 14 (10:25 UT). The last one cor-
respond to the peak of activity of the famous ’Bastille
day’ flare. The first and second panels show the hor-
izontal and vertical components of the velocity field
obtained by ILCT, respectively. The third and fourth
panel show the corresponding MEF results. Fig. 26
depicts also with the horizontal and vertical veloc-
ity results the normal component of the magnetic
field and the contour plot of the normal component
of the magnetic field, respectively. The results ob-
tained by ILCT and MEF for the horizontal motion
show the characteristics of the evolution of the main
polarity regions, as described in many papers. The
main positive-polarity region fragments into two new
positive-polarity regions. The negative polarity south-
ward of this main positive-polarity also splits. One
part of it moves northwest squeezing the positive-
polarity region. The values obtained for the modu-
lus of the horizontal velocity are of the order of the
daily averaged values. The obtained pattern of verti-
cal velocities obtained by the MEF method show high
values in some points of the field of view. These val-
ues occur mostly in regions where the magnetic field
normal component is weak. The variation of the nor-
mal component of the magnetic field calculated using
the resulting velocity fields and the vertical compo-
nent of the induction equation provided similar results
for both methods. The results are comparable with
the variation obtained using the measurements of the
magnetic field.

(J. Biichner, J. C. Santos, B. Nikutowski, M. V. Alves,
and H. Zhang)

Solar Transition region and corona

The structure and dynamics of the lower
transition region as inferred from observations in
the hydrogen Lyman-« line

The hydrogen Lyman lines dominate the Vacuum Ul-
traViolet (VUV) radiance spectrum of the Sun. The
resonance («) line at 121.6 nm, in particular, dom-
inates the solar radiative losses in the temperature
regime between 8 000 K and 30 000 K. Hence, H1 Ly-
« is the most important line formed in the lower tran-
sition region and upper chromosphere. This is the re-
gion where the expansion of the photospheric mag-
netic field takes place, and it is important for studies of
the coupling of the solar outer atmosphere with the un-
derlying photosphere. Surprisingly, the H I Ly-« has
so far been relatively rarely observed and analysed, so
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Fig. 26: Results of ILCT and MEF methods for the horizontal velocity component and the vertical component of the plasma
flow velocity. a) Horizontal component of the velocity field (arrows) obtained by ILCT method and normal component of
the photosperic magnetic field; b) vertical component of the velocity field obtained by ILCT method and contour lines of
the normal component of the photospheric magnetic field; c) results from MEF method for the horizontal component of
the velocity (arrows) and vertical component of the magnetic field; d) vertical component of the velocity field obtained by

MEF method and contour lines of the vertical magnetic field.

that many of the characteristics of solar features seen
in this line are not well known.

Using the SUMER spectrograph aboard SOHO, we
have built simultaneous raster scans in H I Ly-« and in
the optically thin Si 111 120.6 nm line (7 = 60 000 K).
The images look quite similar at the SUMER spatial
resolution of 1.5” (see Fig. 27). This result shows
that the integrated H 1 Ly-« radiance is a good diag-
nostic of the lower transition region. The radiance
frequency distribution of the H 1 Ly-« line is fairly
well represented by a lognormal function, although
the fit is not as good as in the case of mid-transition-
region lines. The average size of network structures,
when seen in H 1 Ly-«, is consistent with the size
obtained in other lines that form at similar tempera-
tures, but larger than in the lines formed around 10° K.
The H I Ly-o radiance clearly shows the presence
of the 3-min internetwork oscillations, while oscilla-
tions with larger periods seem to be present in the net-
work. Above the limb, the variability is dominated by

spicules and macrospicules. Several of them show a
quick (= 100 s) raise up to around 30” to 40", fol-
lowed by a slower fall back (200 to 300 s). An in-
dication of a periodicity of about 10 minutes is also
present.

The high spectral resolution of SUMER, orbiting
around the first Lagrangian point, allows us to study in
detail the H 1 Ly-« profile without the contamination
of geocoronal emission. Quiet-Sun profiles, averaged
over areas ranging from cell centres to bright network,
show that the relative amplitude of the central reversal
becomes smaller with increasing line radiance.

High-spatial-resolution profiles show a high degree
of variability, revealing the signatures of transition-
region explosive events.

Due to the very high count rates achievable even with
short (around 1 s) exposure times, the H I Ly-« allows
the evolution and dynamics of the different features
characterising the lower transition-region to be stud-
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Fig. 27: Square-root radiance images of the north-east limb (top row) and of a quiet region near Sun centre (bottom row).
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thickness of H 1 Ly-«. Above the limb, solar spicules are better seen in H 1 Ly-«. The bottom-right Si 11T image is displayed

with a maximum value of the line radiance of 4 W m™2 sr™

ied with unprecedented detail. Its diagnostic potential
should be utilised in future missions such as Solar Or-
biter.

(L. Teriaca, U. Schiihle, S.K. Solanki, W. Curdt, E.
Marsch)

Solar prominence parameters derived from
SUMER hydrogen Lyman-« spectra

We derive the thermodynamic propierties of a promi-
nence from a SUMER raster in the H 1 Lyman-o
121.57 nm line by comparing the observed spectra
with synthetic ones obtained using 2-D fine structure
models of vertical threads in magnetohydrostatic equi-
librium (see Fig. 28). Starting with a grid of 18 mod-
els, we found the model producing a profile similar
to the chosen observed profile. By varying the input
model parameters (central temperature 7y, boundary
pressure po and temperature 77, horizontal magnetic
field at the centre of the thread B, (0), central col-
umn mass and turbulent velocity v; as a function of
the sound speed c;) we obtained synthetic H I Lyman-
« profiles which are in good agreement with the ob-
served ones. In this way we are able to determine the
structure of the magnetic dip and the thermodynamic
parameters of the observed prominence.

(L. Teriaca, U. Schiihle in collaboration with S. Gunar
and P. Heinzel (Astronomical Institute, Academy of
Sciences, Ondrejov, Czech Republic))

, in order to better reveal structures at the limb.

On the nature of the broad solar emission near
117 nm

Spectral observations of the Sun in the vacuum-
ultraviolet wavelength range by SUMER on SOHO
led to the discovery of unusual emission features at
116.70 nm and 117.05 nm on either side of the Hel
58.43 nm line (see Fig. 29). This resonance line is
seen in the second order of diffraction, whereas the
broad features are recorded in the first order with the
SUMER spectrometer. In its spectra both orders are
superimposed. Two less pronounced broad emissions
can be detected at 117.27 nm and near 117.85 nm.
After rejecting various possibilities of an instrumen-
tal cause, the emissions are studied in different so-
lar regions. Most of the measurements, in particular
those related to the limb-brightening characteristics,
indicate that they are not part of the background con-
tinuum. An assembly of spectrally-unresolved atomic
or ionic emission lines might be contributing to the
feature at 117.05 nm, but no such lines are known near
116.7 nm. Itis concluded that we detect genuine radia-
tion, the generation of which is not understood. A two-
photon emission process, parametric frequency down
conversion, and molecular emissions are briefly con-
sidered as causes, but a final conclusion could not be
reached. The observations was published by Wilhelm
et al. (2005b) together with a request for an identifica-
tion.

In the meantime, an answer to this request has been
communicated by Avrett, Kurucz and Loeser (A&A,
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Fig. 29: Spectra of the Sun from 116 nm to 118 nm in the first

Wavelength (first order), A,/nm

order and 58 nm to 59 nm in the second order. The quiet-Sun

(QS) spectrum was observed near the centre of the Sun on 28 April 1996, and the polar coronal-hole spectrum on 5 June
1996. The data of the equatorial corona ~ 30" above the west limb are shown for 25 June 1996. Also shown (with a scale
on the right-hand side) is the spectral radiance ratio, L; (CH)/L;(QS), measured on 7 March 1999, when sections of the

SUMER slit covered both regions.
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panel. Bottom panel: Observed data points (red) together
with the synthetic profile (black) obtained with the labelled
parameters.

in press) with an explanation of the broad emission
features based on the identification as auto-ionization
lines of neutral sulfur. In agreement with the original
observations, they stem from the low chromosphere,
and can be utilized as diagnostics of the physical con-
ditions in that region.

(K. Wilhelm, W. Curdt, M. Hilchenbach, E. Marsch

in collaboration with P. Lemaire (IAS, Paris), J.-
L. Bertaux (Service d’Aeronomie, Paris), S.D. Jor-
dan (NASA-GSFC, Washington), U. Feldman (NRL,
Washington))

A new 3-D magnetic null-point reconnection
model of EUV- Bright Points

Recently, by means of a singular value decomposition
(SVD) of the photospheric magnetic fields below EUV
Bright Points (BPs), we had found that the presence
and motion of weaker magnetic polarities additionally
to the well-known bi-polar structure, usually associ-
ated with EUV- and X-ray BPs, seems to be essential
to understand the observed energization (see the last
MPAe bi-annual report 2002-2003, pages 24-25).

In order to better understand the mechanism of BP
heating we have developed a model, which bases on
the observed photospheric magnetic fields and the mo-
tion of the polarities below BPs. Our model de-
scribes the magnetic coupling between photosphere,
chromosphere and corona considering the interaction
of plasma and neutral gas in the chromosphere, where
collisions dominate, implying friction between plasma
and neutral gas as well as their thermal contact. We
basically solve the coupled MHD-neutral gas equa-
tions. The model is initialized by observed longitu-
dinal photospheric magnetic fields which are extrapo-
lated to the corona by solving the force-free field equa-
tion V x B = «B. For the sake of modelling we had
to develop an extrapolation methods which also sat-
isfies MHD boundary conditions. For an appropriate
Fourier expansion one needs periodicity in the solar
photospheric x and y directions. Choosing a MHD-
compatible symmetry condition for B, at the x and y
boundaries of the system, we constructed a periodic
domain —Ly < x < Ly, —Ly < y < Ly four
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times as large as the original region (0 < x < L,
0 < y < Ly). This region is fully periodic and the
total magnetic flux through it is balanced to a high
degree. We then “fill” this observation-based initial
force-free solar magnetic configuration with plasma
and neutral gas in accordance with the VAL model.
As a boundary condition we also utilize the cross-field
plasma motion derived from the observations of time-
dependent photospheric magnetograms.

Applying this model to the BP observation of Octo-
ber 17-18th, 1996 (see the last MPAe bi-annual report
2002-2003, pages 24-25) we found that enhanced per-
pendicular currents form, but not above the main two
polarities neither between them as predicted by tradi-
tional models. Instead deviations for force-freeness
occur at the side-position, where, indeed, the actual
BP was observed. The physical mechanism of this
new physical mechanism of Bright Point heating is il-
lustrated by Fig. 30. The Figure depicts iso-surfaces
of enhanced currents and the magnetic field structure
for field lines closely encountering a 3-D magnetic
null. While the enhanced chromospheric currents (the
chromosphere is located below a height of 2 where the
transition region is located in the model’s normaliza-
tion) are immediately dissipated in the highly resistive
chromospheric plasma, the current structure, which
extends through the transition region into the less col-
lisional corona, can accumulate magnetic energy. The
accumulated energy is released by reconnection in the
following way: while the footpoint motion perma-
nently drives magnetic flux though the current sheet,
the magnetic connection of the footpoints changes dis-
continuously from the strong opposite polarity region
to a neighboring opposite polarity region. As one can
see in Fig. 30 nearby started field lines discontinuously
change their connectivity through the current sheet.
The dynamics of this process can be seen by watching
its animation on the web (see http://www.mps.mpg.de/
buechner).

The reconnection process is also the height-localized.
The reason for this is the stratification of the solar
atmospheric density which drops in the transition re-
gion. This latter leads to an enhancement of the cur-
rent carrier velocity which, finally, exceeds a thresh-
old of current instabilities causing collisionless dissi-
pation (the so called “anomalous resistivity”), neces-
sary for reconnection.

(J. Biichner, B. Nikutowski in collaboration with A.
Otto (Fairbanks))

Perpendicular Current Density and Magnetic Field

Fig. 30: Modelled magnetic field and current concentrations
around a magnetic null point in the region of an EUV-Bright
Point observed on October 17th-18th, 1996 by EIT (SOHO).

On the network structures in solar equatorial
coronal holes

By combining the solar observations made by
SUMER and MDI aboard SOHO, we studied the fine
structures of the magnetic network in an equatorial
coronal hole, in particular with respect to possible cor-
relations between the ultraviolet line parameters (such
as radiance, Doppler shift and width) and the mea-
sured photospheric magnetic field. Some typical ob-
servations are presented in Fig. 31. The base regions
of coronal holes when seen in chromospheric spec-
tral lines with low formation temperatures do gener-
ally have similar properties as the normal quiet-Sun
regions. Small bright patches with sizes of about two
to ten seconds of arc are the dominant features in the
network as well as in cell interiors. With increasing
formation temperature, these features become more
diffuse and have enlarged sizes. Loop-like structures
are the most prominent features in the transition re-
gion. In coronal holes, many of these structures seem
to have one footpoint rooted in the intra-network and
to extend into the cell interiors.

The Doppler shifts of the C 11 and O VI lines are mea-
sured relative to the chromospheric lines of O 1, while
the Lyg line is referenced to its average position due
to the lack of reliable reference lines in its spectral
neighbourhood. In Dopplergrams of the O VI line at
1032 A, there are also fine structures with apparent
blue shifts, but on average they are red shifted. Struc-
tures with blue shifts have usually also broader line
widths. They seem to represent plasma above large
concentrations of unipolar magnetic field, without ob-
vious bipolar photospheric magnetic features nearby.

(L.D. Xia, E. Marsch, K. Wilhelm)
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Fig. 31: Partial images of a CH in magnetogram and line
shift. From left to right: The MDI magnetogram (units:
gauss), and three Dopplergrams in H 1 Lyg, C 11 and O VI
(units: km/s). The equatorial CH was observed on 11 March
1999 between 12:09 and 13:09 UTC. All figures are overlaid
by contours of the continuum emission observed simultane-
ously in order to outline the network region (* 33 % of the
CH area is occupied by the network). The positive magnetic
field is plotted in red colour, while the negative in blue.

Links between magnetic fields and plasma flows in
a coronal hole

We compare the small-scale features visible in the
Ne viil Doppler-shift map (not shown here explic-
itly) of an equatorial coronal hole (CH) as observed
by SUMER with the small-scale structures of the mag-
netic field as constructed from a simultaneous photo-
spheric magnetogram by a potential magnetic-field ex-
trapolation. The combined data set is analysed with re-
spect to the small-scale flows of coronal matter, which
means that the Ne VIIT Doppler-shift used as tracer
of the plasma flow is investigated in close connection
with the ambient magnetic field. The magnetic struc-
tures found in the CH are shown in Fig. 32. Unipolar
open-field coronal funnels prevail in the CH, but some
small closed-field regions in this largely open CH are
also found in the coronal volume considered. The
Doppler-shift patterns are found to be clearly linked
with the field topology.

The results of this phenomenological correlative study
are discussed with the intention to understand how the
magnetic field determines mass supply to the extended
CH, and with respect to the role played by the field in
guiding plasma flows at all scales resolved.

(T. Wiegelmann, L. D. Xia, E. Marsch)

Plasma acceleration due to transition region
reconnection

Modern observations allow to diagnose plasma accel-
eration in the solar atmosphere. A most probable en-
ergy source for these acceleration processes is the pho-

Fig. 32: Magnetic structures in a coronal hole. The gray-
coding shows the field strength in the photosphere. The
black line gives roughly the boundary of the coronal hole.
The field of view for SUMER is marked as a red rectangle
in both panels. The magnetic field was constructed from a
MDI magnetogram. Left figure: mostly closed loops at var-
ious scales. Only closed magnetic field lines with B > 30 G
are shown. Right figure: Only open fields with large pho-
tospheric values, B > 100 G. The open flux is bundled in
narrow funnels and originates in stronger fields concentrated
at small-scale footpoints.

tospheric motion, powered by the sub-photospheric
plasma convection. Among others magnetic reconnec-
tion is a major possible mechanism for the observed
plasma acceleration. In order to understand, where
and how reconnection can accelerate solar plasma, we
developed a fully three-dimensional dissipative MHD
simulation approach based on observed photospheric
magnetic fields and plasma motion. Our model starts
with a force-free extrapolation of the longitudinal
photospheric magnetic fields and with a stratified
equilibrium distribution of the chromospheric-coronal
plasma. Heat conduction, radiation cooling and grav-
ity are neglected in the present version of the model.
The applied photospheric boundary conditions do not
consider magnetic flux emerging from or submerg-
ing to the solar interior. The horizontal photospheric
plasma motion drives the chromospheric and coronal
plasma dynamics. The resulting currents are gener-
ated not only parallel, but also perpendicular to the
magnetic field. Using plasma-microphysical results
we consider an anomalous resistivity that is switched
on as soon as the local current density exceeds a crit-
ical value. As a result we obtain plasma acceleration
mainly in the transition region between chromosphere
and corona, where the plasma density decreases and
plasma collisions become less efficient. The resulting
vertical plasma velocities (see Fig. 33) are consistent
with those observed for the same photospheric bound-
ary conditions.

(J. Biichner, B. Nikutowski in collaboration with A.
Otto (Fairbanks))
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Fig. 33: Vertical plasma velocities in the lower corona due
to reconnection in the transition region below.

Doppler-shift oscillations in coronal loops

Hot coronal loop Doppler-shift oscillations were dis-
covered by SUMER in 2002. Studies of their oscil-
lation characteristics, in particular their wave speeds
and phase shifts between velocity and intensity os-
cillations, suggest that they are slow mode standing
waves.

We have now looked in more detail at the evolution
of the spectral line profiles in the initial phase of the
oscillations, when they get excited. In particular the
evolution of the spectral line profiles reveals insights
into the triggering mechanism of these oscillations. In
many events, about 50%, the oscillations are triggered
by a pulse of hot plasma flowing through the loop from
one footpoint (Fig. 34). The events start with the ap-
pearance of a highly shifted component in the wing of
a background component. This highly shifted compo-
nent reaches its maximum shift and intensity almost
simultaneously, which is consistent with the signature
of a pulse of ejected hot plasma, as seen by a slit spec-
trometer.

The signature of strong ejected hot flows suggests that
the excitation of standing slow mode waves in the
coronal loops is by a pulse of hot plasma at or near
one footpoint and not by chromospheric evaporation.
Such an excitation model is also supported by the fact
that the initiation of hot loop oscillations has been as-
sociated with X-ray brightening at one footpoint.

(T.J. Wang, D. Innes, S. K. Solanki, W. Curdt)

loop (outlined with diamonds) is fit with a circular model
(white curve). The SUMER slit is indicated by two verti-
cal lines, and positions of two cuts (denoted A and B) are
marked. (b) Spectra along the slit in the Fe XIX lines at
three times during the event onset phase. Note the presence
of a second component of the line profile at location A. The
other leg of the loop (location B) reacts later to the initial
pulse.

Vertical oscillations of a coronal loop observed by
TRACE

Various wave modes have been found in coronal loops.
One of the most widely studied is a kink mode, a hor-
izontal transverse oscillation, in which the loop sways
from side to side. This oscillation is clearly seen in on-
disk data gathered by TRACE. In this study, we dis-
covered the first observational evidence for a vertical
loop oscillation, which exhibits alternately expanding
and shrinking motions in a loop seen at the solar limb
(see Fig. 35).

TRACE 195

17 Apr 2002
¥y

Fig. 35: (a)-(c) Running difference images with an interval
of ~2 min. Black indicates where the loop was in the earlier
image and white where it has moved to. The initial position
of the loop prior to the oscillations is represented by a solid
curve.

Based on the derived 3-D geometry of an oscillating
loop seen in the 195A bandpass, we simulate these two
kinds of global kink modes and find that only the ver-
tical oscillations produce a signature in the difference
images that is in agreement with the observations. In
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a curved loop vertical and horizontal oscillations are
quite distinct from each other and have different prop-
erties.

We also find that the oscillating loop is associated with
intensity variations. Based on the measured displace-
ment amplitude, the simulation predicts an intensity
variation of about 13% due to density changes pro-
duced by the change in loop length. The observed in-
tensity changes have the same sign, but are consider-
ably larger than these predictions. This suggests that
these oscillations are compressible.

(T.J. Wang and S. K. Solanki)

Numerical simulations of vertical oscillations in a
solar coronal loop

Vertical oscillations of coronal loops (i.e. kink oscilla-
tions polarized vertically) were recently observed in
TRACE data. In the work described here we con-
sidered the impulsive excitation of fast vertical kink
standing waves in a solar coronal loop that is em-
bedded in a potential arcade (Fig. 36). The two-
dimensional numerical model we implemented in-
cludes the effects of field line curvature and nonlin-
earity on the excitation and damping of standing fast
magnetosonic waves. The effect of gravity is not in-
cluded, however. The results of the numerical simula-
tions revealed wave signatures which are reminiscent
of TRACE observations.

A pulse launched below a loop is in general found
to excite multiple wave modes, in particular a verti-
cal oscillation with many properties of a kink mode,
fast mode oscillations and a slow mode pulse (or two
slow mode pulses, depending on the location of the
original pulse). The main emphasis of our analysis lay
on the vertical kink oscillations. From our paramet-
ric studies we deduced that wave periods and attenua-
tion times of the excited waves depend on the position
below the loop summit, as well as the width of the
pulse. Wider pulses launched closer to a foot-point
and to the loop apex trigger wave packets of longer
period waves which are more strongly attenuated. A
perturbed loop does not return to its initial state but is
stretched instead, with its apex shifted upwards. As a
result, the perturbations propagate along the stretched
loop, so that stronger and wider pulses which stretch a
loop more lead to longer period oscillations.

A pulse located near one of the foot-points is found to
excite a distortion mode leading to asymmetric oscil-
lations which are distinct from the vertical or horizon-
tal kink modes that have been identified in TRACE
data. We predict that such a distortion mode should
also be present in TRACE data. We also found strong
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Fig. 36: Upper frame: Configuration of the simulated loop
(region with higher density; colour scale) at the moment that
a pulse launched below it begins to reach it. Magnetic field
lines are shown as solid white lines. Lower frame: Time
signature of the mass density (colour scale) along a vertical
cut through the loop’s apex. L is chosen to be 100 Mm.

evidence that the rapid damping of the vertical oscilla-
tions, seen both in the observations and the numerical
simulations, is due to wave leakage from the loop in
the form of fast waves.

(S.K. Solanki, T.J. Wang in collaboration with M.
Selwa, K. Murawski (UMCS Lublin, Poland), U.
Shumlak (University of Washington, Seattle, USA),
and G. Toth (University of Michigan, Ann Arbor,
USA))

Excitation and damping of slow magnetosonic
standing waves in a solar coronal loop

Standing slow magnetosonic waves in solar coronal
loops were detected by the MPS solar group using
the SUMER instrument on board SOHO. The obser-
vations show that these waves are impulsively excited
and that a standing oscillation is set up rather quickly.
We have carried out the first theoretical investigation
of the excitation of these waves. The one-dimensional
numerical model we implemented includes the effects
of nonlinearity and, optionally, thermal conduction,
heating, and cooling of the solar plasma. We nu-
merically evaluated excitation and damping times of
a standing wave in hot coronal loops on the basis of
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a parametric study. Results of the numerical simula-
tions reveal that initially launched pulses mainly trig-
ger the fundamental mode. Its first harmonic is ex-
cited if the initial pulse is located very close to the
loop’s apex. The parametric study shows that these
standing waves are excited in a dozen or so wave peri-
ods corresponding roughly to 13 min and that they are
strongly damped over a similar time-scale. The time
over which the oscillations are excited corresponds
roughly to the observed excitation time. However, due
to the fact that the length of the loop in the numeri-
cal simulation is shorter than in the observations, the
number of wave periods is larger.

(S. K. Solanki in collaboration with M. Selwa and K.
Murawski (UMCS Lublin, Poland))

Shock wave driven by an expanding system of
loops

We have analyzed a Coronal Mass Ejection (CME)
observed by the UltraViolet Coronagraph Spectrome-
ter (UVCS) and the Large Angle Spectroscopic Coro-
nagraph (LASCO) operating on board the SOHO
spacecraft. Emission of unusually hot material was
recorded by UVCS propagating in front of an opening
system of loops generated by the CME. The evolu-
tion of the UVCS structure is highly correlated to the
evolution of the opening loop. The data reveal excess
broadening of the O VI doublet lines and a strong en-
hancement in the intensity of the Si XII A520.66 and
A499.37 lines due to the motion of the expanding hot
gas. The hot gas emission seems to be due to a shock
wave propagating in front of a very fast gas bubble
traveling along the opening loop system.

(N.-E. Raouafi, S. K. Solanki, B. Inhester, M. Mierla
in collaboration with S. Mancuso and C. Benna
(Osservatorio Astronomico di Torino), G. Stenborg
(NASA GSFC), and J.P. Delaboudiniére (IAS, Or-

say))

Using direct observations of magnetic loops to test
magnetic field extrapolations

We compare direct observations of magnetic loops in
a newly developed active region with the magnetic
field extrapolated from a photospheric magnetogram.
This is the first time that the 3-D-structure of the mag-
netic field is available to test the extrapolations. We
compare the observations with potential fields, linear
force-free fields and non-linear force free fields (see
Fig. 37). Our results show that a potential field ex-
trapolation is not suitable for a reconstruction of the
magnetic field in a newly developed active region. The
inclusion of field line parallel electric currents, the so

called force-free approach, provides much better re-
sults. The non-linear force-free approach reproduces
the observations better than the linear force-free ap-
proximation, although no free parameters are available
in the former case. This clearly demonstrates that even
while emerging magnetic loops already possess signif-
icant shear.

Fig. 37: Top: Original observed loops. Second row: po-
tential fields, Third row: linear force-free fields, Bottom:
nonlinear force-free fields.

(T. Wiegelmann, A. Lagg, S.K. Solanki, B. Inhester,
J. Woch)

How to use magnetic field information for coronal
loop identification

The structure of the solar corona is dominated by the
magnetic field because the magnetic pressure is about
four orders of magnitude higher than the plasma pres-
sure. Due to the high conductivity the emitting coronal
plasma (visible e.g. in SOHO/EIT) outlines the mag-
netic field lines. The intensity gradient of the emit-
ting plasma structures is significantly lower parallel to
the magnetic field lines than in the perpendicular di-
rection. Consequently information regarding the coro-
nal magnetic field can be used for the interpretation of
coronal plasma structures. We extrapolate the coronal
magnetic field from photospheric magnetic field mea-
surements into the corona. The extrapolation method
depends on assumptions regarding coronal currents,
e.g. potential fields (current free) or force-free fields
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(current parallel to magnetic field). As a next step we
project the reconstructed 3-D magnetic field lines on
an EIT-image and compare with the emitting plasma
structures. Coronal loops are identified as closed mag-
netic field lines with a high emissivity in EIT and a
small gradient of the emissivity along the magnetic
field (see Fig. 38).
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Fig. 38: EIT picture of AR 7953 and projections of linear
force-free magnetic field lines. The field lines have been
computed with the help of our loop identification method.
It is obvious from the pictures that a linear force-free model
with a negative value of « = —0.01 IMm~! (panel a) fits the
EIT-image better than a potential field (panel b) or a linear
force-free field with a positive value of @ = 0.011Mm™!
(panel c¢). Panel d) rates the quantitative agreement of the
magnetic field model and EIT-image as a function of the
force-free parameter «. The smaller the value of C, the bet-
ter the agreement of magnetic field and EIT emission.

(T. Wiegelmann, B. Inhester, A. Lagg, S. K. Solanki)

The SUMER Spectral Atlas of Solar Coronal
features

The solar corona cannot be seen with the naked eye
except for rare eclipse observations, when it becomes
visible for several minutes. The nature of the corona
remained for long time unexplained, despite the many
attempts to determine it, which began around the mid-
dle of the 19th century. Spectroscopic observations in
the visible had shown that the coronal light is com-
posed of discrete emission lines of which the most
prominent are the “red” and the “green” lines. In spite
of the enormous progress in atomic physics and the
systematic research in laboratories all over the world
all attempts to identify the coronal lines as known lab-
oratory spectral lines failed. In desperation some sci-
entists postulated the presence in the solar corona of
an element “coronium” lighter than hydrogen to which
they attributed the coronal emission.

The first major breakthrough in coronal research oc-

curred in 1939, when Grotrian suggested that the coro-
nal line emission is due to forbidden transitions in
highly ionized atoms. By studying energy levels of
Cl-like iron (Fe®t) that were derived by Edlén from
laboratory-generated spectra, he noticed a coincidence
between the difference of levels within the ground
configuration and one of the unidentified coronal lines.
Motivated by Grotrian’s suggestion, Edleén in 1943
succeeded identifying additional lines as transitions
within the ground configuration of several other highly
ionized atoms. Confident in the identifications he con-
cluded that the coronal emission must emerge from
million-degree plasmas. This identification was the
starting point of modern coronal physics. It took, how-
ever, another decade until space-borne instruments be-
came available and the full dimension of Edlen’s dis-
covery became apparent.

An EUV spectral atlas of the Solar Corona between
670 and 1609 A has been derived from observations
obtained with the SUMER spectrograph on SOHO.
The atlas contains off-disc spectra of the quiescent
corona, the corona above a coronal hole, the active
corona and the flaring corona. The physical parame-
ters of the coronal plasma are very different from those
in the lower solar atmosphere, so the coronal spectrum
includes a number of emission lines, which are diffi-
cult to observe elsewhere. Most of the lines in the
spectrum have been identified (see Fig. 39), some of
them for the first time. 40% of the coronal emission
lines still remain unidentified. The present atlas (Curdt
et al., 2004) complements the disk atlas (Curdt et al.,
2001). It represents the most comprehensive and ac-
curate line list for the solar corona in this wavelength
range. Wavelengths are given with an uncertainty of
typically ~30 mA and spectral radiances are deter-
mined with a relative uncertainty of 0.15 to 0.40 (1o).
This atlas also provides an excellent reference for as-
trophysical applications.
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Fig. 39: Alltogether, 504 emission lines have been found
with clear coronal origin. 60% of these lines have been iden-
tified or reconfirmed — including several new identifications
-— from 90 ions.

(W. Curdt, E. Landi)
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Nonlinear force-free coronal magnetic fields

A good knowledge of the coronal magnetic field is
necessary to understand and predict basic processes
like coronal mass ejections and flares. Coronal mag-
netic fields are assumed to be force-free, because the
magnetic pressure is about four orders of magnitudes
higher than the plasma pressure. Further popular sim-
plifications are potential (current free) fields and linear
force free fields. Potential fields and linear force-free
fields do not contain free energy and are a poor ap-
proximation for active region fields prior to an erup-
tion. Consequently we use a nonlinear force-free coro-
nal magnetic field model, which has to obey the equa-
tions

(VxB)yxB = 0,
V-B = 0.

)
)

We solve (1) and (2) by minimizing the functional

L= f [3—2 I(V x B) x B> + |V - B|2] &P,
\4
3)

where an observed preprocessed vector magnetogram
specifies the photospheric boundary conditions (see
Fig. 40). Other methods to solve (1) and (2) exist, but
a recent comparison of six different nonlinear force-
free extrapolation codes revealed that minimizing the
functional (3) is the fastest and most accurate currently
available method.

Fig. 40: Active Region AR7321: Nonlinear force-free mag-
netic field extrapolation with vector magnetogram data from
the Solar Flare Telescope in Tokyo.

(T. Wiegelmann, B. Inhester)

Alternative algorithms for force-free field
extrapolation

We have compared the performance of two alterna-
tive algorithms which aim to reconstruct a force-free

magnetic field given suitable boundary conditions on
the solar surface. For this comparison, we have im-
plemented both algorithms on the same finite element
grid using Whitney forms to describe the fields within
the grid cells. The additional use of conjugate gradient
and multigrid iterations results in quite effective codes
for the reconstruction.

The two algorithms tested were the Grad-Rubin
algorithm, a non-linear iteration scheme and the
Wheatland-Sturrock-Roumeliotis algorithm based on
a variational approach. Both algorithms perform well
for the reconstruction of known analytic force-free
fields when exact boundary conditions are supplied.
For more general boundary conditions the Wheatland-
Sturrock-Roumeliotis approach has some difficulties
because it requires an overdetermined set of boundary
informations which may include inconsistencies with
the force-free constraints. The Grad-Rubin code on
the other hand has been reported to lack convergence
for strong current densities.

For the example we have investigated, however, the
maximum current density achieved in a converging re-
construction seems to be not far from the limit beyond
which a force free field cannot exist anymore, given
the normal magnetic field intensity on the boundary
(Fig. 41). We speculate therefore that the lack of con-
vergence observed by other authors may have physical
reasons rather than being due to an inadequacy of the
algorithm.

Fig. 41: An example of a force-free magnetic field recon-
struction in the case of a simple antisymmetric twisted bipo-
lar region on the solar surface

(B. Inhester, T. Wiegelmann)
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Physically consistent non-force-free
chromospheric and coronal magnetic fields

Photosphere, chromosphere and corona are coupled
by the solar magnetic field. Since direct measure-
ments of chromospheric and coronal magnetic fields
usually are not available, in most investigations of the
solar atmospheric magnetic field one mathematically
extrapolate the photospheric magnetic field to chro-
mosphere and corona. In order to solve the math-
ematical problem the assumption of force-free fields
is used. This excludes Lorentz-forces, i.e. the force-
free extrapolation approach neglects major physical
processes which correspond to, e.g., coronal heating
or solar plasma acceleration. In order to investigate
the consequences of this limitation of the force-free
approach we compared the force-free current compo-
nents of extrapolated magnetic fields with those, ob-
tained after taking into account the physical Lorentz
forces. For this sake we carried out coronal plasma
simulations based on measured photospheric fields
and inferred plasma motions. We considered four
cases - one of a directly observed chromospheric cur-
rent sheet, one of an observed EUV bright point, a
coronal hole and of one active region. The pertur-
bation of the initial equilibrium situation by plasma
motion generates currents in the chromosphere and
corona. We diagnosed the relative strength of the per-
pendicular currents, causing Lorentz forces, and force-
free parallel currents. We find that after the plasma
motion has started perpendicular currents immediately
build up. Fig. 42 shows, for the first case considered,
a perpendicular current sheet, observed in the chro-
mosphere by Solanki et al. (2004), the resulting iso-
surface of a constant perpendicular current density (in
brown colors) causing Lorentz forces and distort the
magnetic field structure around the current sheet in-
dicated by yellow field lines. The strongest deviation
from the force-free field was obtained, however, in the
active region case, which was analyzed for the time
period before an observed eruption. In dependence on
the collisionless resistivity which we switched on af-
ter when the parallel current carrier velocity exceeded
a certain threshold, reconnection, however, can reduce
the accumulated current energy. Generally speaking,
the action of perpendicular currents always has to be
taken into account if one wants to quantitatively inves-
tigate the consequences of the magnetic coupling be-
tween photosphere and corona for the energetics and
dynamics of the solar atmosphere.

(J. Biichner, B. Nikutowski)

Fig. 42: Simulated chromospheric perpendicular current
sheet, based on observations by Solanki e al. (2004). The
resulting isosurface of a constant perpendicular current den-
sity (in brown colours) that causes Lorentz forces and dis-
torts the magnetic field structure around the current sheet
indicated by yellow field lines.

Coronal plasma flows and magnetic fields in solar
active regions

During the early days of the SOHO mission, the
SUMER spectrometer observed a few active regions
connected with sunspots on the Sun and took their im-
ages and spectra in various ultraviolet emission lines.
In addition to these spectroscopic data magnetograms
of the photospheric footpoint regions of the active re-
gion loops were available from the Michelson Doppler
Imager (MDI) on SOHO and the National Solar Ob-
servatory/Kitt Peak, data which were used to construct
the coronal magnetic field of the active regions by
force-free-field extrapolation. The combined data set
was analysed with respect to the large-scale circula-
tion of coronal matter, which means that the Doppler-
shifts of various lines used as tracers of the plasma
flow were investigated in close connection with the
ambient magnetic field, which was found to be either
closed or open in the coronal volume considered.

Close inspection of the Fig. 43 shows that the region
of the bipolar active region with negative field polar-
ity (blue contours) indicates outflow in the area cor-
responding to the visible sunspot, where correspond-
ingly the magnetic field lines form a compact bundle,
whereas the region of positive polarity mostly shows
downflows, is widely spread and consist of a group
of spotty fields (yellow contours on the left), which
are at the origin of open as well as closed field lines.
There are two dark red and blue Dopplershift domains
in the location of the sunspot proper, separated by
rather sharp boundaries between these regions of up
and down flows.

We also estimated the coronal currents in the active re-
gion, and discussed the results of this correlative study
with the perspective to understand coronal heating and
mass supply to the extended corona, and with respect



46

II. WISSENSCHAFTLICHE ARBEITEN / SCIENTIFIC PROJECTS

Fig. 43: SUMER Dopplergram (with colour scale in km s~/
on the right bar) in Ne VIII (A 77 nm) and a two-dimensional
projection of some reconstructed magnetic field lines (with
the force-free-field parameter « = —1.1 1078m~1). Ad-
ditional contours (colour bar at the bottom) of the magnetic
field strength are drawn on the photosphere.

to the role played by the field in guiding and constrain-
ing plasma flows. Our study clearly illustrated the fu-
ture need for simultaneous measurements on all scales
of the (vector) magnetic field and of the plasma by
means of imaging and spectroscopy. Only through
such a combined effort can further progress be ex-
pected in understanding the dynamics and energetics
of the active corona.

(E. Marsch, T. Wiegelmann, L. D. Xia)

Locating current concentrations in the solar
corona

Reconnection is thought to release magnetic energy
in the solar atmosphere. However, where and how is
still under investigation. Before one can understand
and predict the consequences of reconnection one has,
first, to find out, where it takes place. Different sites
were suggested: regions of vanishing magnetic field —
magnetic nulls, separatrices — surfaces through nulls
of different sign or bald patches, separators — the lines
of intersection of separatrices, quasi-separatrix layers
(QSL) and hyperbolic flux tubes, all peculiar regions
in the topology of current-free (potential) magnetic
fields. But, in the first place, reconnection needs dissi-
pation. In the hot, collisionless solar corona the dissi-
pation due to Spitzer-Harm binary collisions does not
suffice to provide the necessary dissipation, e.g., of
currents. Hence, it is necessary to find out were in
the complex coronal structure the dissipation can be-

come enhanced, e.g., due to high current concentra-
tions. Numerical simulations are appropriate to locate
such current concentrations.
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Fig. 44: Simulated parallel current densities, integrated
along the magnetic field lines. The red dots indicate the
positions of two chromospheric magnetic nulls located just
above the photosphere. The black solid and dashed circles
show the approximate size and location of the main mag-
netic flux concentrations in the field of view, the same line
style means the same polarity.

For observed potential reconnection sites we located
current concentrations by numerically simulating the
dynamic response of the corona to the photospheric
plasma motion. Fig. 44 depicts the resulting, inte-
grated along the magnetic field, parallel current den-
sities, mapped to their photospheric footpoints. Fur-
ther, we compared the resulting locations of current
concentrations with those predicted by different meth-
ods characterizing the magnetic field complexity and
topology. Fig. 45, for example, depicts the squash-
ing factor Q, which is the symmetrized norm of the
mapping of a shift of a photospheric footpoint of a
field line to the shift vector of the magnetically con-
jugate footpoint. Large Q correspond to the presence
of QSL. We calculated Q for the magnetic field above
the same photospheric area as the one, for which the
simulation was carried out that revealed the current
concentration shown in Fig. 44. The colour coding
depicts the logarithm of the squashing factors. As in
Fig. 44 the red dots indicate the positions of two chro-
mospheric magnetic nulls located just above the pho-
tosphere. The black solid and dashed circles show the
approximate size and location of the main magnetic
flux concentrations in the field of view, the same line
style means the same polarity. Note that the magnetic
nulls are located just above the photosphere, while
no coronal nulls were found in this area. Comparing
the photospheric footprints of the parallel current con-
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centrations (Fig. 44) with the location of QSL (large
squashing factors Q, see Fig. 45), where the magnetic
connectivity changes strongly, we found that the cur-
rent sheet location correlates with QSL only, if be-
low the QSL a photospheric plasma motion was ap-
plied as a boundary condition. Also, the strongest cur-
rents are generated not in regions of the largest squash-
ing factors, i.e. near separatrices, i.e. near magnetic
nulls, but in regions of large squashing, where addi-
tionally energy inflow from the photosphere was took
place. Hence, in order to predict current locations in
the corona one has always to combine the calculation,
e.g., of the squashing factor with some information
about the photospheric energy.

Squashing factor Q
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Fig. 45: Squashing factor Q for the same photospheric area
as shown in Fig. 44. The colour coding depicts the loga-
rithm of the squashing factors. The red dots indicate the
positions of two chromospheric magnetic nulls located just
above the photosphere. The black solid and dashed circles
show the approximate size and location of the main mag-
netic flux concentrations in the field of view, the same line
style means the same polarity.

(J. Biichner)

Vector tomography for the reconstruction of the
coronal magnetic field

The magnetic field contains the dominant energy per
unit volume in the solar corona and therefore plays an
important role in most coronal processes. However,
the coronal magnetic field cannot be measured directly
but is often extrapolated from magnetic surface mea-
surements. These extrapolations are prone to errors at
greater distances from the surface and in presence of
strong electric currents in the corona.

Some information about the coronal magnetic field
can, however, be obtained by spectropolarimetric ob-
servations of the Zeeman and Hanle effect on coronal

infrared lines. The Hanle effect observations of long-
lived forbidden coronal lines provide roughly the ori-
entation of the coronal magnetic field in the plane of
the sky while the Zeeman effect observation yield the
line-of-sight component of the field. Especially the
latter type of measurements are very difficult and have
only recently been performed successfully.

We have investigated whether a tomographic recon-
struction based on these observations allows us to ob-
tain a reliable model of the vector magnetic field in the
corona. The inversion problem is strongly ill-posed.
To improve the condition of the inversion we make ex-
plicit use of the divergence-free constraint of the mag-
netic field besides the fact that the field has to comply
with the spectropolarimetric line observations. The
use of the divergence-free condition requires the ad-
ditional knowledge of the solar surface magnetic field
which is, however, observed regularly. A full dataset
for the inversion includes therefore the surface mag-
netic field and coronagraph line observations of all
four Stokes components during half a solar rotation.
The spatial and temporal resolution of these observa-
tions influence the resolution that can be achieved in
the magnetic field reconstruction.

In our test inversion calculations we have demon-
strated that with our new method we can reproduce de-
tails of the magnetic field which cannot be obtained by
mere extrapolation of the surface fields. Zeeman effect
or Hanle effect observations alone are not enough to
yield a reliable reconstruction because the individual
observations do not fully constrain the coronal mag-
netic field.

Further tests still need to be done to investigate the ro-
bustness of our inversion with respect to noise and data
gaps. On the other hand additional stabilising con-
straints, like the requirement for the field to be force-
free have not been exploited yet.

(B. Inhester, M. Kramar, S. K. Solanki)

The widths of vacuum-ultraviolet spectral lines in
the equatorial solar corona observed with CDS
and SUMER

Observations of the solar equatorial corona between
heights of 36 Mm and 184 Mm above the limb ob-
tained by the SOHO spectrometers CDS and SUMER
in December 2003 are presented and discussed with
special emphasis on the widths of the spectral lines
Mg X at 62.50 nm, Al XI at 55.00 nm and 56.82 nm,
Ca X at 55.78 nm, and Si XI at 58.09 nm. SUMER
observed, in addition, the lines Mg X 60.98 nm, Ca X
57.40 nm, Fe X1 124.20 nm, Fe XvII 115.31 nm, and
Ca x111 113.37 nm. The Si X11 52.11 nm line was only
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observed by CDS. A different behaviour of the line
width of Mg X 62.50 nm as a function of height above
the limb had been found in studies carried out inde-
pendently with both instruments at different times. It
is the aim of this joint investigation to (a) study instru-
mental effects on line-width results; and (b) provide a
thorough analysis of line profiles with altitude for the
new campaign. No line width decrease with height
was observed with the exception of the hot Fe XVII
115.31 nm observed above an active region.

(K. Wilhelm, L. Teriaca in collaboration with A. Flu-
dra, R. A. Harrison, C.D. Pike (Rutherford Appleton
Laboratory, Didcot, UK) and with B. N. Dwivedi (Ba-
naras Hindu University, Varanasi, India))

Coronal heating by transition region reconnection

Plasma waves and magnetic reconnection are the main
mechanisms thought to explain the heating of the so-
lar corona. We addressed the question about the driver
of reconnection in the quiet-Sun and of the location,
where it heats the corona. As a driver we consid-
ered the photospheric plasma motion determined by
using the MDI line-of sight magnetic field informa-
tion for a local correlation tracking analysis. We
numerically simulated the consequent formation of
non-force-free currents in chromosphere and corona.
Based on plasma-physical results we switched on, in
places where the current carrier velocity exceeds a
certain critical level, an anomalous plasma resistivity
which allows reconnection. Both the current carrier
velocity (due to the decreasing plasma density) and
the threshold of a instability which drives anomalous
resistivity, grow with height, the latter slower due to its
square-root dependence on temperature. Hence, there
might be a characteristic height range, where the cur-
rent carrier velocity might exceed the threshold of cur-
rent instability. Our simulations showed that the most
favorable region for reconnection is located near the
transition region and the attached lower corona, fol-
lowing a flux tube, strongly driven by the photospheric
plasma motion at its footpoint. Fig. 46 depicts the sim-
ulated chromospheric and coronal magnetic field and
the region of enhanced current carrier velocity as it is
driven by the footpoint motion of the flux tube, taken
from observations.

(J. Biichner, B. Nikutowski in collaboration with A.
Otto (Fairbanks))

A nanoflare model of quiet Sun EUV emission

Nanoflares have been proposed as the main source of
heating of the solar corona. However, detecting them
directly has so far proved elusive, and extrapolating to

time=562.5529

Fig. 46: Simulated chromospheric and coronal magnetic
field and region of enhanced current carrier velocity, driven
by the footpoint motion of the flux tube, taken from obser-
vations. The scales are given in Mm.

them from the properties of larger brightenings (mi-
croflares and flares) generally gives too few of them
to be relevant for coronal heating. Here we take the
approach of statistically modelling light curves repre-
sentative of the quiet Sun as seen in EUV radiation.
The basic assumption is that all quiet-Sun EUV emis-
sion is due to micro- and nanoflares, whose radiative
energies display a power-law distribution. Thus, the
quasi-constant background radiation is, in this model,
assumed to be produced by the overlap of many weak
brightenings. The free parameters of the model are
constrained by requiring the simulated time series to
simultaneously reproduce the lognormal probability
distribution function of the intensity in transition re-
gion and coronal spectral lines, as well as the power
spectra obtained from the light curves emitted by these
lines. We show that these distributions and spectra can
be reproduced by a simple model, which assumes that
the radiance is produced by a stochastic (micro-, nano-
flaring) process. A good statistical match of the mea-
surements is obtained for a steep power-law distribu-
tion of nanoflare energies, with power-law exponent
o > 2 (see Fig. 47). This is consistent with the re-
quirement that the dominant heat input to the corona
is provided by nanoflares.

(S.K. Solanki in collaboration with A. Pauluhn (Paul
Scherrer Institut, Switzerland))

Waves and turbulence in the solar corona

As chapter in the book The Sun and the Heliosphere as
an Integrated System, a short review was written about
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Fig. 47: SUMER time series of a quiet-Sun cell interior
recorded in the transition region O V1 line at 79.0 nm (upper
frame), and a corresponding simulated spectrum with power
law exponent of the nanoflare energy distribution, ¢ = 2.5
(lower frame). Note the similarity between the two light
curves.

waves and turbulence in the solar corona. The content
of the article was summarized in the abstract reading:

In the solar corona (and solar wind) waves and tur-
bulence occur at all scales ranging from the particles’
gyroradii to the size of a solar radius (or even to an
astronomical unit). A concise review of some new
observations and theories of waves in the Sun’s at-
mosphere and corona is given, with the focus being
on coronal waves that are magnetically confined to
loops, as well as on waves in the open coronal funnels
and holes. In the corona all kinds of kinetic (plasma)
waves and fluid (magnetohydrodynamic) waves, at
wavelengths that may range from the size of a loop
(about several Mm) down to the inertial lengths of
a coronal ion (about a km), are believed to play a
key role in the transport of mechanical energy from
the chromosphere to the Sun’s outer corona and wind,
and through the dissipation of wave energy in heat-
ing and sustaining the solar corona. Recent evidence
obtained from spectroscopy of lines emitted by coro-
nal ions points to cyclotron resonance absorption as
a possible cause of the observed emission-line broad-
enings. Novel remote-sensing solar observations re-
veal low-frequency loop oscillations of the type ex-
pected from MHD theory. They appear to be excited
by magnetic activity and are strongly damped. Kinetic
models of the corona indicate the importance of wave-
particle interactions, which may hold the key to un-
derstand coronal particle acceleration and heating by
high-frequency waves.

(E. Marsch)

Plasma waves and instabilities in a coronal funnel
within the multi-fluid description

We studied the wave propagation in the low-8 plasma
of a coronal funnel, using a collisionless multi-fluid
model. Neglecting the electron inertia, this model al-
lowed us to take into account ion-cyclotron wave ef-
fects absent in the MHD model. First we performed
a Fourier plane-wave analysis, and then numerically
solved the dispersion relations for a two- and three-
fluid model. Thus the local wave dispersion properties
for representative parameters of the corona could be
calculated. The crossings of the dispersion branches
were found to generate mode couplings. We also con-
sidered alpha particles («) as a third, aside from pro-
tons (p) and electrons (e), particle population. A real-
istic two-dimensional funnel model was used to define
the open magnetic field in the a polar coronal hole.

3
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Fig. 48: Dispersion relations in a coronal funnel for a three-
fluid plasma. Five dispersion curves for oblique wave prop-
agation (0 = 30°) are shown. The quantities @ and k are
normalized, respectively, to 2, and €2,/ V4p, where 2 is
the proton cyclotron frequency and Vg, the proton Alfvén
speed. From top left to bottom right we have the mag-
netosonic, the two Alfvén waves, and the two slow mode
waves. Typical plasma parameters are given at the top.

As Fig. 48 shows, the oblique slow mode reveals a
resonance frequency at w ~ 2,cos6. Five modes ex-
ist in the three-fluid model. They are subject to mode
conversion and show the appearance of a cut-off fre-
quency and additional resonance. The numerical re-
sults indicate that the free energy provided by a heavy
ion beam can excite waves through ion-cyclotron and
Cherenkov resonance, and may thus lead to plasma in-
stability. In particular, the absorption and dissipation
near the resonance frequencies of the minor heavy ions
play an important role in coronal heating by waves.

(R. Mecheri, E. Marsch)
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Kinetic aspects of coronal ion heating

In order to understand coronal heating, the micro-
physics of the dissipation at small scales of various
forms of mechanical, electric and magnetic energy
(contained in waves, turbulence and nonuniform flows
and currents) must be addressed. In fluid treatments
this difficult problem is often circumvented by en-
hancing artificially the dissipation, e.g. through an in-
crease of the Coulomb collision rates for the corona,
and by thus lowering the Reynolds number by many
orders of magnitude.

In two invited contributions to the SOHO 15 and Solar
Wind 11 conferences, we critically reviewed the basic
assumptions underlying collisional transport theory,
discussed the related ion heating rates, and then also
described collisionless alternatives. We further eluci-
dated the kinetic aspects of coronal heating in associ-
ation with Landau and cyclotron resonant damping of
plasma waves, and discussed results numerically ob-
tained by solving the Vlasov equation.

Kinetic processes are important in the solar corona
and solar wind, because the plasma is tenuous, multi-
component and nonuniform. Owing to weak collision-
ality, there is a lasting influence of the coronal bound-
ary conditions on the interplanetary solar wind, which
are reflected in its microscopic state.

Solar wind ions, once being beyond their sonic crit-
ical point and detached from the Sun, behave very
differently than electrons. The ion velocity distribu-
tions are prone to sizable distortions in phase space
and strongly shaped by wave-particle interactions in
the turbulent wind. Two typical examples in fast
wind are given in Fig. 49. The pertinent traits of
these non-thermal distributions are the core tempera-
ture anisotropy and the beam travelling faster than the
local Alfvén speed. The origin of these features in the
solar corona remains still unclear.

(E. Marsch)

A new conservative unsplit method for a
numerical solution of the Vlasov equation for solar
applications

If one wants to understand and predict the conse-
quences of plasma processes taking place in the hot,
dilute, collisionless, strongly magnetized solar corona
one has to solve essentially kinetic physical problems.
Since the resulting dynamical processes are, as a rule,
strongly nonlinear, analytic methods most of the time
fail and numerical simulation is appropriate. In or-
der to resolve the important in collisionless plasmas
phase space effects a direct solution of the Vlasov
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Fig. 49: Proton velocity distribution functions in the fast so-
lar wind as measured by the plasma instrument on the Helios
spacecraft at 0.3 AU (right) and 0.4 AU (left). The isodensity
contours in velocity space range from the maximum down to
the one percent level. Note the core temperature anisotropy
and the beam.

equation is desired. Since existing splitting meth-
ods are not synchronous and non-conserving in prin-
ciple, they add a too large amount of numerical dis-
sipation to ab initio solve the most urgent problems,
e.g., of energy dissipation causing corona heating, of
collisionless resistivity and heat conduction. In or-
der to address these numerical challenges adequately
by means of modern massively parallel computers we
have developed a new conservative method for solving
the Vlasov equation without using any splitting tech-
nique. Our code ultimately maintains the positivity of
the distribution function and avoids any un-physical
oscillations which usually lead to numerical instabili-
ties. Based on a finite volume conservative discretiza-
tion of the Vlasov equation in its conservative form
we implemented a highly accurate second order up-
wind scheme. We avoid un-physical oscillations and
their possible numerical instability by applying a flux-
limiter in the second order. The scaling of the code
on massively parallel computers is excellent, 75% on
128 processors. A validation of our new Vlasov solver
by considering a standard ion-acoustic instability re-
vealed a weak growth of the relative numerical entropy
for fixed grids which we further improved by applying
a stretched grid approach around the main resonances.
The performance of the code can be judged upon, e.g.,
looking at Fig. 50, where Str denotes the stretching
factor and the numbers correspond to the number of
mesh points in the velocity- and in the spatial dimen-
sion. The Figure shows that the relative numerical en-
tropy growth is limited to about 0.1 even for very long
run times.

(N. Elkina, J. Biichner)
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Fig. 50: Relative entropy evolution in the ion-acoustic insta-
bility simulation for high resolution fixed grids and a lower
overall resolution stretched grid.

Kinetic physics of electron and ion heating by
solar coronal currents

The mechanism of heating the solar corona to temper-
atures of the order of 10° K is a still unresolved is-
sue. One of the hypotheses is heating by DC currents,
which are driven by the photospheric plasma motion.
Since binary collisions are too inefficient to dissipate
currents in the corona, microscopic instabilities will
have to generate fluctuating electric fields which might
irreversibly energize electrons and ions in the corona.
By means of an ab initio kinetic approach we inves-
tigated the question whether current-driven nonlinear
field perturbations will heat preferably ions or elec-
trons and at which rate.

The linear stability theory of isothermal current-driven
space plasmas predicts an ion-acoustic instability if
the relative drift velocity of the current-carrying par-
ticles exceeds a certain threshold, which, generally
speaking, depends on the plasma parameters. The
spectrum of waves, excited by a marginal instability,
is very narrow. Hence, the wave power at satura-
tion and the resulting heat transfer rate due to wave-
particle interaction cannot be obtained by means of a
quasi-linear, weak turbulence approach and the non-
linear single-mode theory provides too small satu-
ration amplitudes. To solve the nonlinear problem
we applied our newly developed unsplit conservative
Eulerian Vlasov code to simulate the heating of the
strongly magnetized current-driven coronal plasma in
a 1D1V (one spatial, one velocity space direction) ki-
netic approach. Instead of periodic boundary con-
ditions, traditionally used in simulations since they
are simpler to treat, we implemented open boundaries
which allowed us to maintain the current constant. We
found that the nonlinear saturated state of the coro-
nal plasma are dominated by the formation of coher-
ent phase space structures. Fig. 51 depicts the conse-

quences for coronal plasma heating: Most of the en-
ergy, transferred to the electric field fluctuations (see
the heating rate, shown against the time axis, by a solid
blue line) leads to electron heating (the electron heat-
ing rate vy, is depicted by a green dashed line), while
the ions are heated much, by an order of magnitude
less efficiently (the ion heating rate v,’; ear 18 depicted
by the red dash-dotted line).
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Fig. 51: Kinetically simulated effective turbulence energy
transfer rate vfu b (blue ‘solid line) electron- (vz ear» 2reen
dashed line) and ion- (v;wa ;» red dash-dotted line) heating

rates.

(J. Biichner, N. Elkina)

Helium Line Formation and Abundance in a Solar
Active Region

Despite the high Helium abundance in the universe,
its photospheric solar abundance ([He]= Npge/Np) is
unknown. The inversion of helioseismic data leads to
values of [He], in the convection zone, in the range
0.078 —0.08. Direct measurements of [He] in the in-
ner solar atmosphere are available only for the corona
where, at R~ 1.1Rp, values between 0.05 and 0.08
are found. An average value of 0.05 is found in-
situ in the fast solar wind. Detailed theoretical cal-
culations including diffusion effects seem to confirm
that [He] undergoes strong changes from the chromo-
sphere to the lower corona before stabilizing at the val-
ues observed in the solar wind. Therefore, it would
be very important to determine [He] at chromospheric
and transition region (TR) levels directly from line
profiles. Simultaneous ground-based and CDS/SOHO
spectroheliograms of the same active region have been
acquired in several spectral lines (Ca 11 K, Ho, Na 1D,
He 1 10830, 5876, 584, and He 11 304 A). The EUV
radiation at A < 500 A and in the range 260 <
A < 340 A has also been measured at the same time.
These simultaneous observations allow us to build
semi-empirical models of the chromosphere and low
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TR of an active region, taking into account the esti-
mated total number of photoionizing photons imping-
ing on the target active region and their spectral distri-
bution. We obtained a model that matches very well
all the observed line profiles, using a standard value
for the He abundance ([He]=0.1) and a modified dis-
tribution of microturbulence. For this model we study
the influence of the coronal radiation on the computed
helium lines. We find that, even in an active region,
the incident coronal radiation has a limited effect on
the UV He lines, while it is of fundamental impor-
tance for the D3 and 10830 A lines. Finally, we build
two more models, assuming values of He abundance
[He]=0.07 and 1.5, only in the region where temper-
atures are > 1 x 10* K. This region, between chro-
mosphere and TR, has been indicated as a good candi-
date for processes that might be responsible for strong
variations of [He]. The set of our observables can still
be well reproduced in both cases, changing the atmo-
spheric structure mainly in the low TR. This implies
that, to choose between different values of [He], it is
necessary to constrain the transition region with dif-
ferent observables, independent of the He lines.

(L. Teriaca in collaboration with P.J.D. Mauas (In-
stituto de Astronomia y Fisica del Espacio, Buenos
Aires, Argentina), V. Andretta (INAF-Osservatorio
Astronomico di Capodimonte, Napoli, Italy), A.
Falchi, G. Cauzzi (INAF-Osservatorio Astrofisico di
Arcetri, Firenze, Italy), R. Falciani (Universitd di
Firenze, Italy))

RHESSI Images and spectra of two small flares

We studied the evolution of two small flares (GOES
class C2 and C1) that developed in the same active re-
gion with different morphological characteristics: one
is extended and the other is compact. We analyzed the
accuracy and the consistency of different algorithms
implemented in RHESSI software to reconstruct the
image of the emitting sources, for energies between 3
and 12 keV. We found that all tested algorithms give
consistent results for the peak position while the other
parameters can differ at most by a factor 2. Pixon and
Forward-fit generally converge to similar results but
Pixon is more reliable for reconstructing a complex
source. We investigated the spectral characteristics of
the two flares during their evolution in the 3 -25 keV
energy band. We found that a single thermal model
of the photon spectrum is inadequate to fit the ob-
servations and we needed to add either a non-thermal
model or a hot thermal one. The non-thermal and the
double thermal fits are comparable. If we assume a
non-thermal model, the non-thermal energy is always
higher than the thermal one. Only during the very fi-
nal decay phase a single thermal model fits fairly well

the observed spectrum.

(L. Maltagliati, L. Teriaca in collaboration with
A. Falchi (INAF-Osservatorio Astrofisico di Arcetri,
Firenze, Italy))

Dynamics and evolution of an eruptive flare

Flares arise from the sudden release (through magnetic
reconnection) of free magnetic energy stored in the
corona in non-potential configurations. The energy
is then transported down to the chromosphere along
the magnetic field lines by accelerated particles and/or
by a thermal conduction front. Hydrodynamic simula-
tions indicate that, for sufficiently high energy fluxes,
the evaporation is explosive and leads to downflows
in the chromosphere and upflows of very hot plasma
that is injected into the corona to fill coronal loops. Al-
though this general picture seems well established, the
details of some of the key processes assumed to take
place remain to be verified. The CDS spectrograph
aboard SOHO, facilities at the Sacramento Peak So-
lar Observatory, and the TRACE and RHESSI space-
crafts were used to obtain multiwavelength observa-
tions of a C2.3 two-ribbon flare. CDS spectroheli-
ograms in the Fe X1X, Fe XvI, O v and He I lines
allows us to determine the velocity field at different
heights/temperatures during the flare and to compare
them with the chromospheric velocity fields deduced
from Ho image differences. TRACE images in the
17.1 nm band greatly help in determining the morphol-
ogy and the evolution of the flaring structures. Dur-
ing the impulsive phase a strong blue-shifted Fe X1X
component (—250 km s™1) is observed at the foot-
points of the flaring loop system (see Fig. 52), together
with a red-shifted emission of O v and He I lines
(20 km s~!). In one footpoint simultaneous Ha data
are also available and we find, at the same time and lo-
cation, downflows with an inferred velocity between
4 and 10 km s~!. We also verify that the “instanta-
neous” momenta of the oppositely directed flows de-
tected in Fe X1X and He are equal within one order of
magnitude. These signatures are in general agreement
with the scenario of explosive chromospheric evapo-
ration. Combining RHESSI and CDS data after the
coronal upflows have ceased, we prove that, indepen-
dently from the filling factor, an essential contribution
to the density of the post-flare loop system is supplied
from evaporated chromospheric material. Finally, we
consider the cooling of this loop system, that becomes
successively visible in progressively colder signatures
during the gradual phase. We show that the observed
cooling behaviour can be obtained assuming a coronal
filling factor of & 0.2 to 0.5.

(L. Teriaca, L. Maltagliati in collaboration with A.
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Fig. 52: Large upflows are observed in the Fe XIX line profiles aquired at the flaring kernels visible in the 14:41 UTC
TRACE image. These are the footpoints of a large loop system that cools down to the ~#1 MK formation temperature of
the Fe IX - X lines of the 17.1 nm TRACE bandpass in about one hour. In the 14:41 UTC TRACE image, the green line
indicates the east edge of the He FOV while the red contours show dowflowing speeds of 4 and 7 km s~ ! detected in Ha.
The white dashed line shows the location of the magnetic neutral line. The Fe XIX profile on the right panel was obtained
integrating over the area within white solid lines in the 14:41 UTC image while the profile on the left panel is obtained

integrating over three CDS pixels.

Falchi, G. Cauzzi (INAF-Osservatorio Astrofisico di
Arcetri, Firenze, Italy) and R. Falciani (Universita di
Firenze, Italy))

Using LASCO-C1 spectroscopy for coronal
diagnostics

The LASCO-C1 telescope was designed to perform
spectral analysis of coronal structures by means of a
tunable Fabry Pérot interferometer acquiring images
at different wavelengths (see Fig. 53). Results from
spectral scans of the Fe XI1v 5303 A green coronal
emission line are presented. Physical quantities like
the ion temperature (line widths), and the flow veloc-
ity along the line of sight (Doppler shifts) are obtained
over the entire corona.

(M. Mierla, R. Schwenn, L. Teriaca, B. Podlipnik
in collaboration with G. Stenborg at NASA-GSFC,
Greenbelt, USA)

Is a velocity distribution anisotropy in the solar
corona really needed?

Coronagraphic spectral observations carried out with
the UltraViolet Coronagraph Spectrometer (UVCS)
on SOHO show extremely broad spectral lines of O VI
in coronal holes above the solar poles, while Doppler
dimming measurements of these lines suggest that
they appear relatively narrow to the radiation coming
from lower in the corona. These observations are usu-
ally interpreted in terms of a highly anisotropic veloc-
ity distribution in the solar corona. This anisotropy is
taken to provide evidence for ion-cyclotron waves and

radiance (counts/s)
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Fig. 53: Maps of radiance (upper left), speed (lower left) and
line width (upper right) as deduced from fitting the Fe X1v
emission line profiles acquired on 28th March 1998. Neg-
ative speed values represent plasma moving away from the
observer.

has major implications for heating the coronal hole
plasma and accelerating the fast solar wind.

We have examined the influence of the density strati-
fication on the interpretation of such observations. In
particular, we investigated spectral line profiles emit-
ted in the corona by employing an analytical 2-D
model of the large scale coronal magnetic field and so-
lar wind. We concentrated on the polar coronal holes
and took into account the integration along the line of
sight. We found that at distances greater than 1 Ry
from the solar surface the widths of the emitted lines
are significantly affected by the details of the adopted
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electron density profiles. In particular, the densities
deduced from SOHO data (Doyle et al., 1999) result in
O V1 profiles whose widths and intensity ratio are rel-
atively close to the values observed by UVCS/SOHO,
although only isotropic velocity distributions are em-
ployed (see Fig. 54).
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Fig. 54: Computed O vI 103 nm doublet line width (upper
frame) and line ratio (lower frame) plotted vs. height. Dif-
ferent symbols represent outputs of calculations with differ-
ent density profiles. These values are to be compared with
values observed by UVCS (solid lines). Note the relatively
good agreement between the computations based on the den-
sity model of Doyle et al. (1999) and the observation.

The Ly and Mg X profiles are also well reproduced.
Hence we expect that the magnitude of anisotropy of
the velocity distribution deduced from UVCS data de-
pends strongly on the adopted density profile. The role
played by ion-cyclotron waves may, therefore, need to
be reconsidered.

(N.-E. Raouafi, S. K. Solanki)

Solar wind and heliosphere

Source regions of the solar wind

The solar wind has been an essential topic in space
physics, ever since it was in 1951 inferred from
cometary observations and predicted from coronal
models. Its properties were then analysed through in-
situ observations. But even after five decades of space-
craft exploration and theoretical modelling, the exact
source of the solar wind in the solar atmosphere re-
mains a mystery.

Outflow in the magnetic funnels of a coronal hole

In a paper in Science, we now established that the solar
wind starts flowing out of the corona at heights above
the photosphere between 5 Mm and 20 Mm in mag-
netic funnels (see Fig. 55). This result was obtained
by a detailed correlation of the Doppler-velocity and
radiance maps of various spectral lines emitted by dif-
ferent ions with the force-free magnetic field as ex-
trapolated from photospheric magnetograms to differ-
ent altitudes in the corona. Specifically, we found that
Ne’* ions mostly radiate around 20 Mm, where they
have outflow speeds of about 10 km/s, whereas C3*
ions with no average flow speed mainly radiate around
5 Mm. Based on these results, a new scenario for un-
derstanding the solar wind origin was suggested.

Z=0EMm BG 410G
Contours at 4 Mm indicate the 80% |evel of Si Il radiance;
Shaded regions al 20.6 Mm denote where he il Doppler shift<-7 kmis

Fig. 55: Magnetic field structures in the 3-D solar atmo-
sphere. The black solid curves illustrate open and the red
ones closed field lines. Since the magnetic field strength de-
creases with increasing height (Z) in the corona, the scales
on the colour bars differ for different Z. In the plane inserted
at4 Mm, we compare the Si 1T radiance with the extrapolated
vertical magnetic field component, B;. The contours delin-
eate the 80% level of the Si 11 radiance. In the plane inserted
at 20.6 Mm we compare the Ne VIII Doppler shifts with the
extrapolated B;. The shaded areas indicate where the Ne’+
outflow speed is larger than 7 km/s.
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Solar wind mass and energy supply through funnels

Considering the estimated height of solar wind ori-
gin, the shape and size of funnels and loops, and the
Doppler shifts of C3* as identified from the SUMER
and MDI data, we suggested a new scenario for the
solar wind formation. Fig. 56 describes this model in
detail. In this scenario the photospheric supergranular
convection is the main driver of the solar wind. The
advected side loops of the funnels with sizes of sev-
eral megameter are the main carriers of the energy and
plasma for the solar wind.
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Fig. 56: Sketch to illustrate the scenario of the solar wind
origin and mass supply. The plot is drawn to show that su-
pergranulation convection is the driver of solar wind outflow
in coronal funnels. The sizes and shapes of the funnels and
loops shown in the figure are drawn according to the real
size of the magnetic structures.

Previously, it was believed that the solar wind possi-
bly originated in the ionization layer of the hydrogen
atom, only slightly above the photosphere. However,
the Doppler shift of the emission line of the carbon
ions shows that a significant solar wind bulk flow has
not yet occurred at a height of 5 Mm. The solar wind
matter is considered to be supplied by plasma stem-
ming from small adjacent magnetic loops with a few
Mm in height. By magnetic reconnection, driven by
the supergranular convection, the plasma in magnetic
side loops is fed into the funnels. Part of this plasma
is accelerated in the funnel and may finally form the
solar wind.

Correlation heights of the sources of solar ultraviolet
emission lines in a quiet-Sun region

The radiance and Doppler-velocity maps of the emis-
sion lines of Si 11, C 1V and Ne VIII obtained in a quiet
region of the Sun by SUMER are found to be cor-
related with the vertical component, B,, of the mag-
netic field vector as extrapolated, by means of a force-
free field model, from the photospheric magnetic field.
With increasing vertical height, each of the correlation

coefficients initially increases to a maximum value be-
fore it decreases again. The altitude corresponding
to this maximum is called correlation height. For the
data sets selected from a quiet-Sun region, the corre-
lation heights of Si 1T and C 1V are near 2 Mm, and for
Ne VIII near 4 Mm. At their correlation heights the av-
eraged square root of the radiance of the lines of Si II
and C 1V, considered as a proxy of the plasma density,
has a linear relationship with B,. This is illustrated in
Fig. 57 which supports the empirical concept that the
quiet solar transition region is thin.

Sill

Square root of radiance (arbitrary unit)

Fig. 57: Dependence of the square root of the radiances of
the C 1v and Si 11 lines on B;. The asterisks show the av-
erages of the square root of the radiance in each bin as a
function of B;. The uncertainties show the corresponding
standard deviations of the averages. The solid lines repre-
sent linear fits to the averages.

(E. Marsch and K. Wilhelm in collaboration with C.-
Y. Tu (Peking University, China) and with L.D. Xia
(University of Science and Technology, Hefei, China))

Acceleration of the fast solar wind by reconnection

We carried out computer simulations of the plasma
dynamics above a polar coronal hole observed by
SOHO on September 21, 1996. We started the sim-
ulation with the observed line-of-sight components of
the photospheric magnetic fields and the derived pho-
tospheric plasma motion. The cross-field motion of
the magnetized plasma causes currents flowing both
parallel (force-free) and perpendicular to the magnetic
field. We address the physics of current dissipation
by applying threshold and dependence of finite resis-
tivity on macroscopic plasma parameters according to
the results of kinetic investigations of the collisionless
dissipation. In particular we link the collisionless re-
sistivity and the current carrier velocity as obtained
by the MHD model. For the observed polar coronal
hole we investigated the interaction between low ris-
ing loops and funnel-shaped magnetic fields rooted in
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the supergranule boundary. The resulting reconnec-
tion heats the plasma at the funnel-loop interfaces and
accelerates it to the initial velocities larger than 10
km/s. The accelerated plasma flows change their di-
rection around the source region of the fast solar wind
above a coronal hole as shown in Fig. 58.

Velocity in z direction

Fig. 58: Isosurfaces of upward (blue) and downward
(red) accelerated plasma flow velocities changing their sign
around the source region of the fast solar wind above a coro-
nal hole. These results were obtained by the simulation of
reconnection above an observed coronal hole. The linear
scales are given in Mm.

(J. Biichner, B. Nikutowski)

Radial evolution of solar wind electrons between
0.3 and 1.5 AU

The observed electron distribution functions of the so-
lar wind exhibit three different components: a ther-
mal core and a supra-thermal halo, which are always
present at all pitch angles, and a sharply magnetic-
field aligned “strahl” which usually moves away from
the Sun. Whereas Coulomb collisions can explain
the relative isotropy of the core population, the ori-
gin of the halo population, and more specifically of
its sunward-directed part, are not well understood.
We studied the radial evolution of the electron ve-
locity distribution functions in the fast solar wind be-
tween 0.3 and 1.5 AU (see Fig. 59). For this purpose,
we combined data obtained separately by the Helios,
Wind and Ulysses spacecraft.

We first computed the average distributions over dis-
tance and normalized them to 1 AU, to remove the ef-
fects of solar wind expansion. Then we modeled sep-
arately the core, halo and strahl components to com-
pute their relative number densities or fractions of the
total electron density. While the core fractional den-
sity remained roughly constant with radial distance,
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Fig. 59: Radial variations of the relative number densities
of the core (red), halo (blue) and strahl (black) electrons in
the solar wind. The core fractional density remains roughly
constant over the whole radial range. While they are about
equal between 0.3 AU and 0.5 AU, beyond 0.5 AU the halo
and strahl fractional densities vary oppositely with radial
distance. This suggests that a significant number of strahl
electrons are scattered into the halo electron population.

we found that the halo and strahl fractional densities
varied in an opposite way. The relative number of halo
electrons increased, while that of strahl electrons de-
creased with distance. This is evidence that the elec-
tron halo population partly consists of electrons that
have been scattered out of the strahl.

(E. Marsch in collaboration with M. Maksimovic (Ob-
servatoire de Paris-Meudon, France))

Kinetic properties of proton velocity distributions
in fast solar wind

Resonant diffusion plateaus

In a collisionless plasma, such as the fast solar wind,
wave-particle interaction plays the decisive role in de-
termining the shape of particle velocity distribution
functions (VDFs). We provided convincing obser-
vational evidence for cyclotron-resonant absorption
of Alfvén/cyclotron waves, which propagate outward
from the Sun along the interplanetary magnetic field,
by the fast solar wind protons. According to quasi-
linear theory the protons thereby diffuse in velocity
space, a process leading to the formation of diffusion
plateaus in their VDF as shown in Fig. 60. In this re-
spect, we investigated a large number of data from sev-
eral distinct fast solar wind streams between 0.3 and 1
AU. The measurements were made on Helios 2 dur-
ing solar minimum in 1976. The cyclotron-resonant
absorption of Alfvén waves and the associated pitch-
angle diffusion naturally explain the observed thermal
anisotropy in the core of the proton VDFs.

(M. Heuer and E. Marsch)
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Fig. 60: Contours (in red dashes) of a symmetrized mea-
sured proton velocity distribution. The diffusion plateaus
(in black continuous lines) are superimposed, and have the
same vy -intercepts with the ordinate in the center of the core
as the measured contours.

Dependence of the beam drift velocity on the core
plasma beta

A distinct correlation, between the proton core plasma
beta and the proton beam drift speed in units of the
local Alfvén speed, was found in high-speed solar
wind data obtained by the Helios 2 spacecraft in 1976.
This empirical relation reads: vg/vq = (2.16 +

0.03) 8071 #0% for the range B = 0.1 to 0.6,
where B is the proton core plasma beta determined
from the proton core thermal velocity component par-
allel to the magnetic field, vy is the proton beam drift
speed relative to the core, and v4 is the local Alfvén
speed. This result places a tight constraint on the the-
oretical models which describe the formation of the
proton beam in the fast solar wind. It was also found
that most of the observed proton beam distributions
were stable with respect to the electromagnetic beam
instability. The results of this analysis are summarized
in Fig. 61, which also gives, for comparison with the
data, several theoretical thresholds for instabilities.

(E. Marsch in collaboration with C.-Y. Tu and Z.-R.
Qin (Peking University, China))

On the core temperature anisotropy

We analysed the temperature anisotropy of the VDFs
of the protons measured by the Helios spacecraft in
fast solar wind. We concentrated on data obtained dur-
ing the primary mission, including the first perihelion
passage, of Helios 2 in a distance range between 0.98

Fig. 61: Beam drift speed versus plasma beta. Each cross
point represents a single Helios 2 (at 40.5-s cadence) plasma
measurement of the proton beam drift speed plotted against
the core plasma beta, f|.. The dash-dot line shows the result
of a linear least-squares fit to the logarithm of the observed
data points. The dotted line and the dashed line show the
theoretical threshold of the Alfvén I instability with a con-
stant ratio of the proton beam relative density, for values of
0.05 (top) and 0.2 (bottom line). The maximum instability
growth rate at the threshold is y;, / Q2 = 0.01.

and 0.29 AU for the days 23 to 114 of the year 1976.
The main goal was to provide solid statistical evidence
on the relation between the proton core anisotropy and
core plasma beta, which play a key role in the regula-
tion of the shape of the core. It is formed by resonant
interactions between ion-cyclotron waves and protons,
as described by the quasilinear theory of pitch-angle
diffusion. Particular attention in our analysis of the
VDF was paid to the symmetry axis, which can be
determined by the directions of either the magnetic
field, proton heat flux or alpha-proton relative drift.
We analysed in detail the core part of the proton VDF,
thereby avoiding carefully a possible influence of the
proton beam component. The results are presented in
Fig. 62, which gives, for comparison with the data,
relevant thresholds from plasma instabilities.

(E. Marsch in collaboration with X.-Z. Ao and C.-Y.
Tu (Peking University, China))

Freezing-in temperature profiles in ICMEs

We have used data from the Solar Wind Ion Com-
position Spectrometer (SWICS) and the magnetome-
ter on Ulysses to investigate Coronal Mass Ejections
(CME?s). Magnetic clouds (MCs) represent nearly one
third of all the interplanetary coronal mass ejections
(ICMEs) seen by Ulysses. Among the many open
questions regarding their origin and evolution, one of
the most challenging scientific problems is to gain in-
sights into their internal structure. Furthermore, a still
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Fig. 62: Comparison of the measured proton core tempera-
ture ratio, 7y /Tjc = A + 1, with theoretical predictions.
This empirical ratio is plotted versus the plasma beta, S,
based on the core only. A least-squares fit to the binned
data with variance bars is also given, together with several
lines indicating various A-p relations as published in the lit-
erature.

outstanding question is whether cloud and non-cloud
ICMEs represent different kinds of mass ejections.
The ionization level of the solar wind plasma serves as
a robust tool to characterize the different types of so-
lar wind. We have used charge states of heavy ions to
infer the temperatures in the source region of ICME:s.
MCs show increased temperatures with respect to non-
cloud ICME:s and surrounding solar wind. By combin-
ing these data with a magnetic field model, insights
into the internal structure of magnetic clouds can be
provided. We fitted a non-force-free, elliptical CME
magnetic field model to about 40 MC events observed
by Ulysses. One of the parameters obtained after fit-
ting the data is the azimuthal angle between the space-
craft path inside the MC and the flux rope axis (at-
titude angle, with 90° corresponding to a cut through
the flux rope center). Based on a kind of superimposed
epoch method, Fig. 63 shows the variation of the oxy-
gen freezing-in temperature versus the attitude angle
for the MC events.

The high temperatures are clearly confined to the flux
rope region. There is no clear difference between the
trailing and the leading solar wind, nevertheless lower
temperatures cover a larger region in the trailing zone.
Regarding the attitude angle, there is no clustering of
high temperatures at 90° as it would have been ex-
pected if one considers that the hottest material will
be found near the center of the cloud and not at its
sides. At low angles, the high temperatures appear
more spread and not so well confined as at higher an-
gles. Also carbon and iron ions show a clear tem-
perature enhancement in the flux rope region. How-
ever, differences in the profiles are found, pointing to
a distinctive temperature history of MCs in the low

Angle

Fig. 63: Filled contour plot showing the Ulysses Magnetic
Cloud events ordered by attitude angle and time (unity is 3
hours). Colour represents oxygen freezing-in temperature.
The dashed lines represent the average flux rope size.

corona, since the various elements freeze-in at differ-
ent heights. The processes heating the plasma seem to
act differently as the CME rises, since the profile for
oxygen shows larger differences with the surrounding
solar wind when compared with carbon and iron.

(L. Rodriguez, J. Woch, N. Krupp)

Observations of Energetic Neutral Atoms and
their Implications on Modeling the Heliosheath

Since 1996, energetic hydrogen and helium atoms
(ENAs) have been identified and their fluxes are
monitored by the High-Energy Suprathermal Time-
of-Flight sensor (HSTOF) of the Charge, Element,
and Isotope Analysis System (CELIAS) on the Solar
and Heliospheric Observatory (SOHO) near the La-
grangian point L1. Potential sources of ENAs in the
heliosphere are CIRs, solar energetic particle events,
pre-accelerated pickup ions as well as low-energy (up
to few hundred keV) anomalous cosmic ray (ACR)
ions in the outer heliosphere, close to and beyond the
solar wind termination shock. ENAs, neutralized via
charge transfer reactions, can penetrate into the inner
solar system, unaffected by the interplanetary mag-
netic field. The observed ENA fluxes set limits on
potential theories of the dominant sources of the en-
ergetic neutral atoms and on the modelling parameters
of the heliospheric plasma simulations.

ENA fluxes of energetic hydrogen and helium atoms
are plotted with respect to observation direction in
the apex direction of the heliosphere for 28 to 58
keV/nuc energy/mass (Fig. 64) and 58 to 88 keV/nuc
energy/mass (Fig. 65). To improve statistics, observed
ENA fluxes are binned. Still, the counting statistics
is poor, as revealed by the lo statistical error bars.
ENH flux time variations might to be rather higher
than ENHe flux time variations, but this is not statisti-
cally significant.
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Fig. 64: Fluxes of energetic neutral helium (ENHe) in the
28 to 58 keV/nuc energy/mass range plotted versus the he-
liocentric coordinates in the region between 210° and 300°.
Bars refer to 1 statistical flux errors and 15° bins.
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Fig. 65: Fluxes of energetic neutral hydrogen (ENH) in the
58 to 88 keV/nuc energy/mass range plotted versus the he-
liocentric coordinates in the region between 210° and 300°.
Bars refer to 1 statistical flux errors and 15° bins.

The ENH and ENHe  observations  of
SOHO/CELIAS/HSTOF do reveal a variation
pattern of the apex and tail directions of the helio-
sphere, i.e. the observed ENH and ENHe fluxes are
higher from the tail direction while the fluxes from
the apex direction are only just above the detection
threshold, only significant on the lowest statistical
level (10). As the observation of ENAS constitutes an
integral observation along the line of sight, one does
not expect large variations from year to year, however,
the observed fluxes in the ecliptic plane do not support
nor exclude the possibility of such variations.

If other ENA sources, as outlined above, would have
contributed to the observed ENA fluxes to a differ-
ent extent than our previous estimates implied, the
ENA flux observations would have to be interpreted
rather as upper flux limits for the ACR contribution
towards the observed ENA fluxes than as ACR- ENA
fluxes. Models of the heliosphere and the heliosheath
should subsequently predict heliospheric ACR- ENA
fluxes smaller or equal to ENA fluxes observed with
SOHO/CELIAS/HSTOF in the last decade.

(M. Hilchenbach in collaboration with A. Czechowski
(Polish Academy of Sciences, Poland) and K. C. Hsieh
(University of Arizona, USA))

Past solar activity and Sun-Earth
relations

Meteorites, cosmogenic nuclides and past solar
activity

Long-term solar activity is usually estimated from cos-
mogenic isotopes measured in terrestrial archives, in
particular '°Be in polar ice and '#C in tree rings. Such
an approach suffers, however, from uncertainties due
to the sensitivity of the data to climate, geomagnetic
field, reservoir exchange, etc. An independent and
direct measure of the cosmic ray flux near the Earth
is provided by the activity of the cosmogenic isotope
4Ti in meteorites fallen during the past 250 years.
This isotope (half life 59 years) is produced by galac-
tic cosmic rays impinging on the meteorite. Its pro-
duction stops once the meteorite has fallen. Measure-
ments of **Ti activity in meteorites with a known time
of fall allow a weighted average of the solar modu-
lation in the roughly 100 years prior to the fall to be
determined completely independently from terrestrial
influences. In our work we aimed at verifying ear-
lier reconstructions of galactic cosmic ray modulation
based on sunspot number and cosmogenic isotopes.
We showed that a model based on the sunspot num-
ber record is consistent with the data on **Ti activity
in meteorites (see Fig. 66). Specifically, the **Ti mea-
surements support a doubling of the Sun’s open mag-
netic flux in the last century. We also demonstrated
that the **Ti data can distinguish between various re-
constructions of past solar activity based on '*C, al-
lowing realistic models to be identified and provide an
independent estimate of the deposition factor of 1°Be.
The “*Ti data currently available are already able to
rule out one '#C-based reconstruction. As the mea-
surements become finer in the coming years, the sen-
sitivity of this independent diagnostic will continue to
increase.

(S. K. Solanki in collaboration with I. G. Usoskin (So-
dankyld Geophysical Observatory, Finland), C. Tar-
icco (University of Torino, Italy), N. Bhandari (Basic
Sciences Research Institute, Ahmedabad, India), and
G. A. Kovaltsov (Ioffe Physical-Technical Institute, St.
Petersburg, Russia))

Do cosmogenic isotope data harbour the signature
of solar proton events?

The concentration of cosmogenic isotopes in terres-
trial archives is determined mainly by the flux of
galatic cosmic rays, modulated by the magnetic field
of the Sun (open magnetic flux) and of the Earth.
There may, however, also be a contribution of solar en-
ergetic particle events to such concentrations. We have
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Fig. 66: 4413 activity in stony meteorites as a function of
time of fall. Large dots with error bars depict measure-
ments (Taricco et al., J. Geophys. Res., in press) in mete-
orites fallen in 1766-2001. Curves correspond to the the-
oretically expected 44Ty activity based on different recon-
structions of the solar modulation parameter & which deter-
mines the level of cosmic ray flux modulation by solar activ-
ity. These reconstructions are due to the MPS group based
on sunspot numbers (GSN), on l4c [14C(S0O4)] and 10ge
[10Be-A(U03)], but also due to other groups based on 10ge
[McCracken et al.: 10Be-A(MCO04)] and l4c [Muscheler et
al.: 14C(M05-M) and 14C(MO05-A)]. Note that the main re-
construction by Muscheler et al., which shows a large en-
hancement in solar activity around 1780, is not consistent
with the **Ti data. Uncertainties in the absolute values of
the *Ti production rate include both the measurement er-
rors and model uncertainties.

studied the production of cosmogenic '°Be and 4C
in the atmosphere. The solar particle effect is found
to be negligible in most '“C data. Exceptional, ex-
treme events may be detectable in high-resolution '*C
data, however. Although the overall effect is small in
10Be data, strong events could well contribute, notably
on the inter-annual time scale. In combination with
the 11-year solar modulation of galatic cosmic rays,
it may lead to an intermittent 5.5-year periodicity,
which is seen in high resolution 'Be data. We have
identified ten episodes during the interval 1750-1950
when 1°Be may hold signatures of strong solar proton
events. Thus, including such events in physics-based
reconstructions of '°Be production increases their cor-
respondence with the Dye-3 data set. This opens a new
possibility to study extreme solar particle events in the
past using high resolution cosmogenic isotope data.

(S. K. Solanki in collaboration with 1. G. Usoskin (So-
dankyld Geophysical Observatory, Finland), G. A. Ko-
valtsov (Ioffe Physical-Technical Institute, St. Peters-
burg, Russia), J. Beer (EAWG Diibendorf, Switzer-
land), and B. Kromer (Institut fiir Umweltphysik, Hei-
delberg))

Reconstruction of solar irradiance since 1700

Observations of total solar irradiance are availble only
since 1978, so that they cannot provide any reliable
information on longer-term secular trends. Originally,
stellar evidence was invoked for a secular change in ir-
radiance. This evidence has recently been questioned.
The aim of this research is to understand the physi-
cal mechanisms responsible for solar brightness vari-
ations and to carry out quantitative modelling of vari-
ations of the surface magnetic flux and total solar irra-
diance. In a first step the magnetic flux and irradiance
since the Maunder minimum (a time of extended lack
of sunspots which coincided with the little ice age)
have been reconstructed using a simple, but consistent
physical model. By using all available data on total
and open magnetic flux and total irradiance the cycle-
averaged increase in the total solar irradiance since the
Maunder minimum could be estimated to be approxi-
mately 0.1%.

(L. A. Balmaceda, N. A. Krivova, S. K. Solanki)

A cross-calibrated sunspot area time series since
1874

A complete and homogeneous historical record of
sunspot areas is a valuable proxy of solar variability
and has been widely used, e.g., to study the charac-
teristics of the solar cycle or to reconstruct total and
spectral irradiance at earlier times. The Royal Green-
wich Observatory (RGO) regularly measured this and
other related parameters between 1874 and 1976. Af-
ter that records from a row of different observatories
are available. These, however, show systematic dif-
ferences and often have significant gaps. We com-
pare the data from different observatories when they
overlap and determine the corresponding calibration
factors. Using these data we compile a complete and
cross-calibrated time series. The Greenwich data set
is used as a basis until 1976, the Russian data (a com-
pilation of observations made at stations in the former
USSR) between 1977 and 1985 and data compiled by
the USAF network since 1986. Other data sets (Rome,
Yunnan, Catania) are used to fill in the remaining gaps.
This combination provides a set of observations al-
most free of gaps after 1976, which correlates rela-
tively well with the sunspot number record. The new
composite sunspot areas record will serve as the basis
for various models, e.g. of solar irradiance variations.

(L. A. Balmaceda, S. K. Solanki, N. A. Krivova)
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Fig. 67: Composite record of total solar irradiance (solid line) and reconstructed daily TSI (filled circles, connected by the
dotted curve when there are no data gaps) from the minimum prior to cycle 21 to the declining phase of cycle 23 (top panel).
The 4 smaller panels show enlargements of four shorter intervals at different activity levels. The times corresponding to
these zoom-ins are marked in the top panel by the double-headed arrows under the roman numerals. The bottom panel shows
the difference between the reconstructed total solar irradiance based on KP data and the PMOD composite measurements.
The solid line indicates difference = 0, the dashed line is a regression. The dotted vertical lines indicate periods when data
sets from the radiometers HF, Al & AIl (ACRIM I & II) and V (VIRGO) were used for the irradiance composite.

Reconstruction of solar total irradiance back to
1974: identifying the cause of irradiance
variations

The Sun’s total irradiance is known to vary by about
1 W m~2 over the solar activity cycle. Due to the po-
tential importance of this parameter for global climate
change on Earth, an identification of the source of this
variability is of considerable importance. For cycle 23
we had shown in an earlier investigation that over 90%
of the irradiance variations are due to the evolution of
the surface magnetic field. However, it has been ar-
gued in the literature that cycles 22 and 23 were dif-
ferent in that cycle 23 shows a similar variation in total
solar irradiance (TSI) as cycle 22, although according
to solar activity indices (e.g. sunspot number, or to-
tal magnetic flux) cycle 23 was weaker than cycle 22.
Therefore it is important to extend the accurate recon-
struction of solar irradiance over as long a period of
time as possible.

Magnetograms and continuum images recorded at the
National Solar Observatory (NSO) Kitt Peak allow
such reconstructions back to 1974. In a first step we

have compared and intercalibrated the magnetograms
and continuum images recorded at the NSO Kitt Peak
with the Spectro-Polarimeter (NSO-SPM) to those
from the MDI (Michelson Doppler Interferometer) in-
strument on board SOHO which were earlier used for
cycle 23. We have demonstrated that NSO-SPM data,
available since 1992, can be employed to reconstruct
TSI variations with almost the same accuracy as ear-
lier shown for MDI data.

Next, using also data obtained by the older and lower
quality NSO 512-channel magnetograph, we have ex-
tended the reconstruction back to the year 1974, i.e.
over nealy 3 activity cycles. The reconstructed irra-
diance is compared with three composites of total so-
lar irradiance measurements, which combine the mea-
surements carried out by radiometers flying on dif-
ferent space platforms. A good correspondence is
found with the total solar irradiance composite from
PMOD/WRC, with no bias between the three cycles
on time scales longer than the solar rotation period
(Fig. 67). This suggests that the same driver, namely
the evolution of the magnetic flux at the solar surface,
is causing the irradiance variations over the whole pe-
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Fig. 68: Butterfly diagram for variations of the total solar irradiance relative to the quiet-Sun, AS;,;, reconstructed from
NSO-512 data for 1734 days between 1974 and 1992 and NSO-SPM data for 2055 days between 1992 and 2003, i.e. from
the minimum of cycle 21 to the declining phase of cycle 23 (top panel). The other two panels show the same but for the
irradiance coming from faculae (middle panel) and sunspots (bottom panel) separately. The red and black curves are the
2-year running means of the corresponding mean latitudes. The y-axes are linear in sin(/). The colour bars on the right
indicate the absolute scale of irradiance variations relative to the quiet-Sun (i.e. the irradiance of the quiet Sun corresponds

to 0 W/m? on this scale).

riod of time that measurements exist.

(T. Wenzler, S. K. Solanki, N. A. Krivova, in collabo-
ration with C. Frohlich (Physikalisches Meteorologis-
ches Observatorium Davos))

Statistical analysis of solar activity indices

We have carried out a statistical study of the daily total
solar irradiance in cycles 21 —23 reconstructed using
the NSO Kitt Peak magnetograms and intensity im-
ages obtained between 1974 and 2003. Based on this
analysis we have identified the contributions of differ-
ent magnetic features on the solar surface to the vari-
ations of the total solar irradiance and evaluated the
ratio of umbral to sunspot area. We have also created
a butterfly diagram of the solar irradiance, which is
shown in Fig. 68.

We have also studied the latitude distribution of so-
lar activity as presented by sunspot positions and ar-
eas using the five lowest statistical moments of the
latitudinal distribution of all complete sunspot cycles
since 1874 and compared these moments with each
other. Remarkable correlations are found between
some of the moments. The same analysis when ap-
plied to different dynamo models reveals significant

differences between the models and demonstrates that
such moments are a powerful diagnostic to distinguish
between rival dynamo models. Such an analysis also
provides the possibility for improved estimates of the
butterfly diagram for earlier times when only sunspot
numbers were available and hence to improve activity
and irradiance reconstructions for the period between
the Maunder minimum and 1874 when sunspot posi-
tions were also recorded.

(T. Wenzler, S. K. Solanki, D. Schmitt, N. A. Krivova)

Reconstruction of solar UV irradiance in cycle 23

Solar irradiance variations show a strong wavelength
dependence. Whereas the total solar irradiance varies
by about 0.1% over the solar cycle, variations at wave-
lengths around the Ly-o emission line near 121.6 nm
reach up to 100%. These variations may have a sig-
nificant impact on the Earth’s climate system. Being
almost completely absorbed in the upper atmosphere,
solar UV radiation below 300 nm affects stratospheric
chemistry and controls production and destruction of
ozone.

In spite of considerable progress in modelling the ir-
radiance variations longwards of about 200—300 nm
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the agreement with SUSIM measurements has in the
past been unsatisfactory. We show that after correcting
for the exposure dependent degradation of the SUSIM
channels sampling irradiance at A > 240 nm (mak-
ing use of the Mg II core-to-wing ratio) the agreement
between model and measurement is significantly im-
proved.
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Fig. 69: The relative contribution of different wavelength
ranges to the total solar irradiance (red histogram) and its
solar cycle variations (blue histogram). About 60% of the
total irradiance variations over the solar cycle are produced
at wavelengths shorter than 400 nm (marked by the light yel-
low area), whereas the contribution of this spectral range to
the total irradiance is only around 8%. Note different size of
bins: about 40 nm below 200 nm, 50 nm between 200 nm
and 400 nm, 100 nm between 400 and 1000 nm and 500 nm
at yet longer wavelengths.

At shorter wavelengths the LTE approximation often
made in such models fails, which makes a reconstruc-
tion of the solar UV irradiance a rather intricate prob-
lem. We choose an alternative approach and use the
observed SUSIM UV spectra to extrapolate available
models to shorter wavelengths. The model reproduces
observed solar cycle variations of the irradiance at
wavelengths down to 115 nm and indicates an impor-
tant role of UV irradiance variability: up to 60% of the
total irradiance variations over the solar cycle might be
produced at wavelengths below 400 nm (see Fig. 69).
This implies the need for more research into the effects
of solar irradiance variations on stratospheric chem-
istry and the propagation of such disturbances into the
troposphere.

(N. A. Krivova, S. K. Solanki, in collaboration with L.
Floyd (Interferometrics Inc., Herndon, USA))

On the size distribution of sunspot groups in the
Greenwich sunspot record 1874-1976

Sunspots are the largest and the best studied photo-
spheric magnetic structures. It is therefore surpris-

ing that their size distribution is only partly known.
The distribution of their sizes at a random time within
their lifetime has previously been shown to follow a
log-normal function. For many purposes, however, it
is of greater interest to know the distribution of their
maximum Ssizes, since a sunspot’s size varies strongly
in the course of its lifetime. We have, therefore, in-
vestigated the size distribution of the maximum ar-
eas in addition to the instantaneous distribution of ar-
eas of sunspot groups using the Greenwich sunspot
group record spanning the interval 1874 —1976. Both
distributions are found to be well described by log-
normal functions. Using a simple model taking into
account the evolution of a sunspot’s area with time
we can transform the maximum area distribution into
the instantaneous area distribution if the sunspot area
decay rates are also distributed log-normally. For
single-valued decay rates the resulting snapshot distri-
bution is incompatible with the observations. The cur-
rent analysis therefore supports the results of Howard
(1992, Sol. Phys., 137, 51) and Martinez Pillet et al.
(1993, A&A, 274, 521), who found that decay rates
are log-normally distributed.

(I. Baumann and S. K. Solanki)

Reconstruction of sunspot activity in the Holocene
from terrestrial records of 14C

The sunspot number record is one of the longest run-
ning scientific time series and is of great interest for
solar, stellar and climate research, as well as for the
physics of magnetic field generation in astrophysical
systems in general. Direct observations of sunspot
numbers are available for four centuries, but for many
purposes much longer series are required. We have
carried out reconstructions of the sunspot number cov-
ering up to 11,400 years, which are based on den-
drochronologically dated '“C concentrations. Our
method combines physical models for the whole chain
of processes connecting the '“C concentration with the
sunspot number.

The cosmogenic isotope '“C is produced in the ter-
restrial atmosphere by cosmic-ray induced spallation
of oxygen and nitrogen nuclei and deposited in tree
rings, which allow a precise dating. Since the cos-
mic ray flux is modulated by solar activity, the '4C
concentration measured in tree rings serves as a proxy
for past solar activity. Using physical models we have
provided the first quantitative reconstruction of past
solar activity (sunspot numbers) from '“C data. To
this end, we have inverted a model we had previously
derived to compute the concentration of cosmogenic
isotopes starting from sunspot number: from the '“C
data we first determine the cosmic ray flux, which in
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turn depends on the strength of the heliospheric mag-
netic flux (open coronal source flux of the Sun); the
latter is then used to infer the sunspot number.

According to the reconstructions, the level of solar ac-
tivity present during the last 70 years is exceptional.
In the course of the whole reconstructed time series,
the Sun spent only about 8% of the time at a similarly
high level of magnetic activity, and most of the earlier
periods of similarly high activity were shorter than the
current episode. The statistics suggest that the current
period of high solar activity will probably come to an
end within the coming 2 —3 decades.

Fig. 70 shows the time series of the sunspot number re-
constructed from the '4C record. The result indicates
that, throughout the whole interval covered, periods
of high solar activity (cycle-averaged sunspot number
exceeding a value of 50 over an extended period of
time) are quite rare. These results have potential im-
plications for the present discussion about the level of
the solar contribution to global warming.
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Fig. 70: Upper panel: 10-year averaged sunspot number
reconstructed from A14C data since 9500 BC (blue curve)
and 10-year averaged group sunspot number obtained from
direct telescopic observations since 1610 (red curve). The
horizontal dotted line marks the threshold above which we
consider the Sun to be exceptionally active. The chosen
threshold of 50 corresponds to 1.3 standard deviations above
the mean. Lower panel: a detail from the full time series
of reconstructed sunspot numbers with expanded temporal
scale. The chosen interval (corresponding to the shaded part
of the upper panel) exhibits three episodes of high solar ac-
tivity and a grand minimum. The error bars indicate the total
uncertainty of the reconstruction.

An important quantity that affects the reconstructed
sunspot number is the geomagnetic dipole moment.
Besides carrying out a reconstruction with a widely

used time series of the virtual axial dipole moment
available through the whole Holocene, we have also
employed a more recent compilation of the dipole mo-
ment reaching back to 7000 BP. The new series, which
displays lower values of the dipole moment in the past,
leads to somewhat higher values of the reconstructed
sunspot number (by approximately 1o on average),
but does not change the main conclusions.

(S.K. Solanki, M. Schiissler in collaboration with I.
Usoskin (University of Oulu, Finland), B. Kromer
(Institut fiir Umweltphysik, Heidelberger Akademie
der Wissenschaften), J. Beer (EAWAG, Diibendorf,
Switzerland), and M. Korte (GeoForschungsZentrum
Potsdam))

Status of ongoing and future solar
missions

The SUMER instrument on SOHO

During the last years the Solar Ultraviolet Measure-
ments of Emitted Radiation (SUMER) spectrograph
has been operated only in campaign mode with 4 to
6 observational blocks per year. The pointing was se-
lected preferably to off-limb targets. This policy was a
reaction to extrapolations showing that otherwise the
instrument would reach the overall limit of accumu-
lated photons seen by the detectors much too early.
While this measure was very successfull in extend-
ing the expected rest life time, it came out as a sur-
prise that what at first glance could be interpreted as
a restriction was more a change of scientific objec-
tives - focussing now on new questions - rather than
a drawback (cf., the highlight ’Coronal Seismology’
on page 12 of the 2002/2003 report).

In June 2004, however, an unexpected problem with
detector ’A’ started: multiple rows of the active detec-
tor array were accumulated into single rows just like
an artificial binning (recently, a similar effect was re-
ported by the UVCS team, the UVCS instrument on
SOHO is equipped with identical, SUMER-type de-
tectors). Since this degradation was progressing also
during no-activity periods, the data-taking policy was
changed again, and now observations with high pho-
ton loads were allowed for detector A’. This opened
new opportunities for joint observations with ground-
based observatories focussing on chromospheric sci-
ence. Even raster scans in the very bright HI Lyman-«
emission line at 1215 A were performed for the very
first time (cf., article *The structure and dynamics ...
by Teriaca et al. in this volume).

Detector 'B’, which was only used occasionally, is
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fully operational. It was kept as a resource to be used
for joint observations with the Japanese-US-UK mis-
sion Solar-B scheduled for launch in September 2006,
and the NASA mission Solar Dynamics Observatory
(SDO) scheduled for launch in August 2008.

The scientific analysis of SUMER spectra continues
almost untouched despite of the instrumental restric-
tions mentioned here. The level of peer-reviewed pub-
lications using SUMER data is unchanged and reaches
high values of about 40 papers per year.

(W. Curdt, U. Schiihle, K. Wilhelm)

LASCO (Large Angle and Spectrometric
COronagraph on SOHO)

Again, for another 2 years, the LASCO telescopes C2
and C3 worked almost without any non-scheduled in-
terruption, as did the SOHO spacecraft as a whole.
Not even the slightest signs of degradation are visible.

By the end of 2005, solar activity has almost reached
minimum conditions. For several days, the Sun has
already been completely spotless, and the number of
flares and CMESs has never before been that low. On
the other hand, because of these low rates associations
between solar transients and effects at the Earth can
now more easily and uniquely be done. This helped us
to improve our prediction tool further and develop an
easy-to-use IDL program (G. Munoz and A. Dallago)
for practical space weather forecasting. We applied it
several times and found that it performed significantly
better than other schemes.

The spectral data obtained with the LASCO-C1 in-
strument were evaluated by M. Mierla (see separate
report) and showed very promising results.

(R. Schwenn, G. Munoz, M. Mierla, B. Podlipnik)

MICA (Mirror Coronagraph for Argentina)

The MICA telescope is a ground-based coronagraph
located at 2400 m altitude on the Precordillera de los
Andes near San Juan, Argentina. MICA and the H-
alpha telescope HASTA installed by MPE Garching
have been taking images of the Sun and the corona
almost everyday. The team of the Observatorio As-
tronémico Félix Aguilar (OAFA) in San Juan is oper-
ating the instruments and takes care of their mainte-
nance. In fact, the responsibility for the instruments,
the operations and data management has been shifted
gradually to the Argentinean side. Our colleagues
from San Juan began a major refurbishment of both
instruments, for general cleaning, exchange of aged
filters, software updates etc.

In November 2005 the Third El Leoncito Summer
School was held with 20 students from Brazil, Ar-
gentina, and Chile attending. R. Schwenn gave a
lecture series “Introduction to Physics of the Helio-
sphere”.

(R. Schwenn and B. Podlipnik in collaboration with
IAFE Buenos Aires Argentina and OAFA San Juan
University, San Juan, Argentina)

The NASA STEREO Mission

The aim of the NASA STEREO mission is to observe
the genesis, the eruption and interplanetary propagata-
tion of coronal mass ejections (CME) (see Fig. 71).
These are eruptive releases of some 10” tons of coro-
nal plasma warped in a helically twisted magnetic
field. Imbedded in the solar wind these plasma clouds
then drift away from the Sun with speeds of up to 1000
km/s. On their front side, individual solar wind parti-
cles may be accelerated by shocks to energies of sev-
eral 100 MeV. If the Earth’s magnetosphere happens
to be hit by such a CME, strong deformations of the
Earth’s magnetosphere along with inductive electric
fields and currents may result which could cause se-
rious damage to Earth orbiting satellites.
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Fig. 71: A coronal mass ejection as observed with the
LASCO/SOHO coronagraph. The Sun is occulted behind
the ~ 2 R wide disk in the upper left.

Unfortunately, single view observations made of
CME:s in the past did not allow to resolve the three-
dimensional coronal magnetic field conditions ex-
pected to trigger the ejections nor could reliable pre-
dictions be made about their propagation direction.
These shortcomings are intended to be overcome by
the STEREO mission.
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This mission (see Fig. 72) comprises two almost iden-
tical space crafts which will be launched in July 2006
into orbits surrounding the Sun. Their respective orbit
period will be slightly slower (STEREO B) and faster
(STEREO A) than the Earth’s period such that they re-
spectively lagg and lead the Earth in heliospheric lon-
gitude on average by 22° per year.

The spacecrafts are equipped with a set of telescopes
and particle instruments, which will provide for the
first time a stereoscopic view of the Sun and the sur-
rounding heliosphere and measure in-situ the plasma
and energetic particles emitted from the Sun and from
propagating CMEs. The MPS contributes to two of
the four spacecraft instruments, to the particle detec-
tor IMPACT and the solar telescope set SECCHI.

“B” Observatory
Orbital View

IMPACT (STE-U) —— ) = " & SECCHI (SCIP,
R S //f/}(,./ ¢ )
. g '% e PLASTIC
IMPACT — \
deployed boom——>
IMPACT (LET,
HET, SIT)
SECCHI (HI)
S/WAVES
antennas
IMPACT ——
(Magnetometer)
IMPACT
(STE-D)
€ IMPACT
(SWEA)

Fig. 72: One of the STEREO spacecrafts and its instrumen-
tation in an approximate view from Earth. The Sun’s posi-
tion is in upward direction.

The IMPACT instrument

The name of the instrument is an acronym for ‘In-situ
Measurements of Particles and CME Transients’. It
consists of seven particle spectrometers which mea-
sure the three-dimensional distribution of energetic
electrons (up to 20 keV) and of energetic ions (up to
100 MeV) and discriminates ion masses up to the mass
of the Fe atom. The spectrometers are supplemented
by a magnetometer which measures the ambient solar
wind magnetic field.

The institute’s contribution to this instrument is the
A/D conversion electronics for the suprathermal ion
telescope (SIT) (see Fig. 73). A special feature of the
electronics is a fast ‘constant-fraction’ discriminator
with a temporal resolution of 1.2 ns. The device has

been delivered early in 2005 and has passed all tests
and calibration experiments successfully.

The SIT telescope will measure the energy and the di-
rection of ions in the range from 0.1 to 100 MeV per
nucleon. With the help of heliospheric magnetic field
models, the orbits of these particles will be mapped
back to their acceleration sites in the vicinity of the
CME cloud.

STEREOQ/IMPACT/SIT/
ATOF and DTOF Board
05.08.2002
MPAE/IDA

Fig. 73: The SIT A/D converter electronics board built at
MPS

The SECCHII instrument

The SECCHI instrument is a set of five telescopes: an
EUYV instrument which observes the Sun in four EUV
wavelengths, two stacked coronagraphs and two helio-
spheric imagers with an almost 27 field of view.

The institute has contributed to this instrument the six
entrance apertures for the EUV telescopes and coron-
agraphs (see Fig. 74). Being a heritage of similar de-
vices built for SOHO instruments, these new aperture
doors had to meet much higher mechanical stresses.
They were delivered in fall 2004 and successfully in-
tegrated and tested in 2005.

In preparartion for the STEREO observations, the
CME shape and topology and their projection onto
coronagraph images in dependence on the CME erup-
tion site on the Sun has been investigated. In another
study, relationships between magnetic field topologies
as deduced from, e.g., post-eruptive magnetic arcades
and CMEs were determined.

Once in operation, the two STEREO spacecrafts will
enable for the first time continuous and simultaneous
observations of all these phenomena from two differ-
ent vantage points in space. This allows to recon-
struct the three-dimensional structure and evolution of
the coronal magnetic field. A further part of the in-
stitute’s contribution to the STEREO project consists
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Fig. 74: One of MPS’s aperture doors on a test stand

of software tools for the three-dimensional analysis
of the SECCHI data by means of stereoscopic and
tomographic algorithms. The three-dimensional re-
construction is a deeply ill-posed problem. However,
experiments with artificial data have shown, that the
information about the magnetic field can greatly im-
prove the outcome of these reconstructions. The soft-
ware contributions we are working on are threefold:

e Modelling of the coronal magnetic field from photo-
spheric surface observations,

e Stereoscopic reconstruction of active region loops
from EUV observations,

e Tomographic inversion of white-light coronagraph
observations to obtain the 3-D density distribution of
the corona.

To some extent these tools interact with each other.
The magnetic field information has turned out to be
the key information to be exchanged. For this reason
a major effort has gone during the last two years into
the magnetic field modelling part.

The STEREO project at the MPS is supported by
the Bundesministerium fiir Bildung und Forschung
(BMBF) and the Deutsches Zentrum fiir Luft-
und Raumfahrt (BMBF) under contract number
500C0501.

(V. Bothmer, H. Cremades, W. Deutsch, O. Hawacker,
K. Heerlein, B. Inhester, A. Korth, U. Mall, H.
Oberldnder, B. Podlipnik, R. Schwenn, D. Triphathi,
T. Wiegelmann)

SUNRISE: A balloon-borne telescope for
high-resolution observations of the Sun

The central aim of SUNRISE is to understand the
structure and dynamics of the magnetic field in the
solar atmosphere. The magnetic field is the source
of solar activity, controls the space environment of
the Earth and causes the variability of solar irradi-
ance, which may be a significant driver of long-term
changes of the terrestrial climate. Interacting with the
convective flow field, the magnetic field in the solar
photosphere develops intense field concentrations on
scales below 100 km, which are crucial for the dy-
namics and energetics of the whole solar atmosphere.
These spatial scales cannot be studied systematically
from the ground because of image distortion by turbu-
lence in the lower atmosphere of the Earth.

The balloon-borne SUNRISE telescope will, for the
first time, provide measurements of the magnetic
structure of the solar atmosphere on its intrinsic spa-
tial and temporal scales. These measurements will di-
rectly attack basic problems:

e What are the origin and the properties of the in-
termittent magnetic structure?

e How is the magnetic field brought to and re-
moved from the solar surface?

e How does the field provide momentum and en-
ergy for the outer solar atmosphere?

e How does the magnetic field variation modify the
solar brightness?

These questions are of fundamental importance, not
only for understanding the influence of solar activity
on the human environment but also for astrophysics in
general. The universe abounds with objects that are
dominated by magnetohydrodynamical and plasma
processes, but of all astronomical objects only the Sun
offers the possibility to directly and quantitatively in-
vestigate these processes with sufficient resolution.

SUNRISE is a light-weight solar telescope with 1 m
aperture and instrumentation for spectro-polarimetric
observations of the solar atmosphere on the intrinsic
spatial scale of its magnetic structure. The telescope
will be operated in long-duration stratospheric balloon
flights at 35 km to 40 km altitude in order to obtain
diffraction-limited image quality and to study the UV
spectral region down to 220 nm, which is not accessi-
ble from ground.

The SUNRISE telescope is a classical Gregory design
with a parabolic main mirror (M1) and an elliptical
secondary mirror (M2). A carbon fiber Serrurier truss-
work keeps M1 and M2 parallel under any gravita-
tional deformation of the structure. After reflecting
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off M2, the light passes through a central hole in M1
onto two flat folding mirrors feeding the instruments
mounted inside a dedicated structure on top of the tele-
scope central frame (see Fig. 75). The attitude control
and Sun pointing of the telescope is maintained by a
gondola system with azimuth and elevation drives (see
Fig. 76). The gondola provides the electrical power
via solar panels and serves as mounting platform for
system and instrument electronics. Acquired data are
stored onboard in two large-capacity hard-disk arrays.

Fig. 75: The SUNRISE telescope with its science instrumen-
tation ontop.

Fig. 76: Right: The SUNRISE instrument in flight con-
figuration with telescope, gondola structure, solar panels
and crush pads (to reduce landing shocks). Left: Assem-
bled gondola structure elements with telescope central frame
dummy (courtesy by HAO/NCAR).

SUNRISE features two innovative elements: 1) the
telescope is actively kept aligned and focused in flight
by re-positioning the secondary and the two fold mir-
rors. For this, the image quality is permanently
checked by a wavefront sensor, which creates con-
trol signals for the closed-loop telescope alignment.
2) Residual image jitter due to gondola pointing er-
rors and micro-vibration is cancelled by a high-speed
steering mirror in front of the science instrumentation
controlled by a correlation tracker.

The focal plane instrumentation consists of an Image
Stabilisation and Light Distribution module ISLiD, a
filter imager (SUFI: SUNRISE Filter Imager) for high-
resolution images in the visible and the UV, which will
provide diffraction-limited spatial resolution down to
0.05 arcsec at 220 nm, corresponding to 35 km on the
Sun, a magnetograph (IMaX: Imaging Magnetograph
Experiment) providing two-dimensional maps of the
full magnetic field vector and the line-of-sight veloc-
ity, and a spectrograph-polarimeter (SUPOS: SUN-
RISE Polarimetric Spectrograph) for high-precision
measurements of the four Stokes parameters.

SUNRISE is a project led by MPS, with participation
of the Kiepenheuer-Institut fiir Sonnenphysik (KIS),
Freiburg, the High Altitude Observatory (HAO), Boul-
der, the Lockheed-Martin Solar and Astrophysics Lab.
(LMSAL), Palo Alto, and a Spanish consortium led by
the Instituto de Astrofisica de Canarias (IAC), Tener-
iffa.

MPS is responsible for system design aspects, the
main telescope (subcontracted to industry), the instru-
ments ISLiD, SUFI and the post focus instrumentation
structure, as well as for the central computer and data
storage units. The experiment has sucessfully passed
the initial preliminary design and study phases. All
components are either in the detailed design phase or
already in the manufacturing phase (see Fig. 76). The
first long-duration balloon flight of about 2 weeks will
take place from either ESRANGE / Sweden in sum-
mer 2009 or from Antarctica in winter 2009/2010. A
test flight of the gondola system is planned for 2007.

(S.K. Solanki, P. Barthol, A. Gandorfer and the MPS
engineering team in cooperation with teams led by W.
Schmidt (KIS), B. W. Lites (HAO), A. M. Title (LM-
SAL), and V. Martinez Pillet (IAC))

KuaFu, A Sun-Earth-System Explorer Project
Mission description

The KuaFu project (named after a chinese
mythodological figure, see Fig. 77) is a new space
science mission selected by China’s National Space
Administration (CNSA), upon advice by and in close
collaboration with a group of European scientists
under the lead of R. Schwenn from MPS. It will be an
essential element of the International Living With a
Star (ILWS) programme. The scientific goal of KuaFu
is to study globally the complex Sun-Earth system.
The mission is designed to observe the complete chain
of disturbances from the solar atmosphere to geo-
space, including solar flares, Coronal Mass Ejections
(CMEs), interplanetary clouds, shock waves, and
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their respective geo-effects, such as magnetospheric
sub-storms, magnetic storms, and aurora activities.

Fig. 77: KuaFu as shown here on a Chinese stamp is the
hero of an old Chinese myth. He tried to catch the Sun and
to enter it. As he became terribly thirsty he went to drink in
the Yellow River and Wei river, but all water was not enough
for him. So he turned northward to the sea. Before he could
reach it he still died of thirst. His stick was lost in the wild
field and then grew into a forest.

The KuaFu mission consists of three spacecraft:

e KuaFu-A will be located near the L1 Lagrangean
point and have solar instruments to continuously
observe the solar disk in ultraviolet emission (in-
cluding Lyman alpha), to register CMEs in white
light and Lyman alpha radiation, and to measure
in-situ radio waves, the solar wind plasma, the lo-
cal magnetic field, and solar energetic particles.
Another remote-sensing instrument will observe
the solar hard X-ray and Gamma-ray spectrum.

e KuaFu-B1 and KuaFu-B2 will be in polar Earth
orbits that enable continuous observations to be
made of the northern hemisphere auroral oval and
the ring current, as well as systematic observa-
tions of the conjugate aurora. KuaFu B will also
carry a limited suite of in situ instruments, in-
cluding a magnetometer and charged particle de-
tectors.

In the development of the scientific concept of the
whole mission, R. Schwenn, E. Marsch and E. Dono-
van (Canada) made major contributions. An assess-
ment study of the mission was performed and a de-
tailed report was reviewed under the arrangement
made with the ILWS steering committee. KuaFu was

thereby rated between excellent and very good. ESA’s
Solar System Working Group (SSWG) found the
KuaFu mission concept good and noted a widespread
interest within the relevant scientific community in
Europe. The SSWG therefore endorsed the payload
participation by national agencies in the KuaFu mis-
sion. It may start at the next solar maximum (planned
launch in 2012), with an initial mission lifetime of two
to three years.

Possible MPS participation in KuaFu

German scientists designed and suggested three im-
portant instruments for KuaFu A. Among them is
the far/extreme ultraviolet (FUV/EUV) Disk Imager
(EDI) proposed by U. Schiihle and E. Marsch. It will
obtain solar disk images in both, the comparatively
cold Lyman-alpha emission line and the hot 19.5 nm
line, and will thus permit the first observations of the
origin and development of CMEs from the upper chro-
mosphere and transition region into the lower corona.
S. Solanki has further suggested to try making the first
ever direct observation of the coronal magnetic field,
by using the Lyman-alpha line polarization.

(R. Schwenn and E. Marsch in collaboration with C.-
Y. Tu (Peking University, China), E. Donovan (Uni-
versity of Calgary, Canada), J.-S. Wang (Meteorol-
ogy Administration of China), L.-D. Xia (University
of Science and Technology of China), Y.-W. Zhang
(DFH Satellite Co. LTD, China).)

SOLAR ORBITER, A high-resolution mission to
the Sun and inner heliosphere

Science goals, assessment studies and orbit design

The Solar Orbiter mission was conceived and pro-
posed by a European team led by MPS scientists. Af-
ter a successful first assessment study, it was selected
by the ESA executive in September 2000 as ESA’s
next solar physics mission. In the following years the
mission went through many ups and downs, concern-
ing its status in the science programme of ESA. How-
ever, the past two years brought substantial progress,
and the mission was reconfirmed as an essential part
of the present science program. The Payload Defini-
tion Document (PDD) was released in August 2005.
The Science Management Plan of Solar Orbiter was
also approved by the Solar System Working Group
in 2005. The ESA Space Science Advisory Commit-
tee again reviewed the mission, which then was con-
firmed by the Science Programme Committee (SPC)
for a launch in 2015.
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The comprehensive assessment study carried out in
2005 by ESA with the help of industry had the fol-
lowing goals: Consolidation of the science require-
ments, definition of the mission requirements enabling
the spacecraft platform design, identification and se-
lection of the optimal mission profiles, a further matur-
ing and specification of the reference payload, prelim-
inary definition of flight segment design (by industry),
confirmation of overall feasibility and potential tech-
nology development needs, preliminary definition of
ground segment and mission operations requirements,
identification of the BepiColombo commonalities, and
finally the assessment of the overall development risks
and estimation of the cost at completion.

Turning now to the science, the Solar Orbiter will
provide, at very high spatial and temporal resolution,
novel observations of the solar atmosphere and unex-
plored inner heliosphere. The science goals of the So-
lar Orbiter with a combination of remote-sensing and
in-situ instruments are, for the first time, to

e determine the properties, dynamics and interac-
tions of plasma, fields and particles in the near-
Sun heliosphere,

e investigate the links between the solar surface,
corona and inner heliosphere,

e cxplore, at all latitudes, the energetics, dynamics
and fine-scale structure of the Sun’s magnetized
atmosphere,

e probe the solar dynamo by observing the Sun’s
high-latitude field, flows and seismic waves.

The Solar Orbiter scientific requirements define the
basic characteristics of the mission, in terms of or-
bital parameters, launch windows and payload mass.
The celestial constellation of Sun, Venus and Earth
leads to a launch window of three weeks in every 19
months. The science-phase orbits can be reached us-
ing either high specific impulse (solar electric) or low
specific impulse (chemical) propulsion. A strategy us-
ing chemical propulsion and planetary gravity assists
is now baselined. Chemical propulsion has a lower de-
velopment risk, but means a longer cruise phase. The
(ballistic) mission using chemical propulsion and be-
ing launched in 2015 has the best mass margins. The
ecliptic projection of the Solar Orbiter trajectory is
shown in Fig. 78.

The selected orbit assures that the spacecraft design is
thermally feasible. The total mass of the Solar Orbiter
is compatible with a Soyuz-Fregat 2-1b launch. The
launch date is currently baselined in May 2015, with
a backup opportunity in January 2017, and the cruise
phase will last 3.4 years. The mission exploits gravity
assist manoeuvres at Venus and Earth. In the science
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Fig. 78: Orbit design of Solar Orbiter: Ecliptic projection of
the spacecraft trajectory.

phase we have a 3:2 resonant orbit with Venus and a
period of 149.8 days. The total mission duration, in-
cluding the extended phase, will be 10 years. The min-
imum perihelion distance will be 48 solar radii (corre-
sponding to 0.22 AU), and the maximum solar latitude
34° (in the extended phase).

The Solar Orbiter will, through its novel orbital de-
sign, for the first time

e explore the uncharted innermost regions of our
solar system,

e study the Sun from close-up (48 solar radii or
0.22 AU),

e fly by the Sun tuned to its rotation and examine
the solar surface and the space above from a co-
rotating vantage point,

e provide images of the Sun’s polar regions from
heliographic latitudes up to 34°.

These four important new aspects to the Solar Orbiter
mission will allow unique science investigations to
be performed. The near-Sun interplanetary measure-
ments together with simultaneous remote-sensing ob-
servations of the Sun will permit us to disentangle spa-
tial and temporal variations during the co-rotational
phases. They will help us to understand the character-
istics of the solar wind and energetic particles in close
linkage with the plasma conditions in their source re-
gions on the Sun. By approaching as close as 48 solar
radii, the Solar Orbiter will view the solar atmosphere
with unprecedented spatial resolution. Over extended
periods the Solar Orbiter will deliver the first images
of the polar regions and the side of the Sun not visible
from Earth.

The Solar Orbiter mission will have variable transmis-
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sion phases, the durations of which vary with distance
from Earth. Three scientific observation periods (each
ten days long) are considered per S/C revolution about
the Sun, with the strategy that these periods are cen-
tred on the passages through maximum southern and
northern latitude and perihelion. The spacecraft will
be 3-axis stabilised and always Sun-pointed. Given
the extreme thermal conditions at 48 solar radii (20 so-
lar constants), the thermal design of the spacecraft has
been considered in detail during the assessment study,
and viable solutions for the instrumentation have been
identified (see Fig. 79).

Fig. 79: Industrial concept of the Solar Orbiter spacecraft,
with its major components (various antennas, solar arrays,
main body). The remote-sensing instruments are looking
through the heat shield (yellow plate) at the front towards
the Sun.

Payload and programmatic issues

Over the years, the MPS has been a major player in
the design of Solar Orbiter and its objectives, and has
continued this role in various groups. The Payload
Working Group (PWG) was established by ESA in
2002 with the task to address payload-related issues,
study instrument feasibility, and to produce the Pay-
load Definition Document (PDD, delivered to ESA in
May/June 2003). A Science Definition Team (SDT)
was also appointed by ESA (Chair: E. Marsch) to re-
view the scientific goals and to help in writing the Sci-
ence Requirements Document (SRD), the final version
of which was issued in March 2005.

Future milestones of the mission are: In May 2006 the
mission workplan will be presented to ESA’s SPC. In
the middle of 2006 a call for letters of intent to propose
will be issued, and the Announcement of Opportunity
(AO) release is expected in spring 2007. With the SPC
approval of the payload in 2008 the definition phase
(lasting 18 months) of the mission will start. In 2010
the implementation phase will begin.

The Solar Orbiter will achieve its wide-ranging aims

with a suite of sophisticated instruments, which are
optimised to meet the main solar and heliospheric sci-
ence objectives. The baseline payload presently has a
total mass of 168 kg, a power consumption of 170 W,
and a telemetry rate of about 90 kbs. The remote-
sensing suite consists of five instruments:

e Visible Light Imager and Magnetograph (VIM)
e EUV Imager (EUI, encompassing 3 telescopes)
e EUV Spectrometer (EUS)

e Coronagraph (COR)

e Spectrometer Telescope Imaging X-rays (STIX)

Our institute intends to participate in this mission with
key instrumentation for imaging and spectroscopy in
visible and extreme ultraviolet light. The three instru-
ments of main interest to MPS are the VIM, EUI, and
EUS, which are described below in separate sections.

There always was strong European as well as US sup-
port in the PWG and SDT activities, in anticipation
of some US-led instrumentation as NASA contribu-
tion to the mission. Solar Orbiter was highlighted as
important for the US community in a number of doc-
uments, such as the Sun-Earth connection Roadmap
and the Decadal report of the National Science Foun-
dation. Solar Orbiter will be ESA’s prime contribution
to the ongoing International Living with a Star (ILWS)
programme, which involves NASA, ESA, RSA, the
Japanese, Chinese, Indian and other space agencies.

(E. Marsch)

The Solar Orbiter EUS instrument

Of the four top mission goals of the Solar Orbiter,
as described in the previous section on page 69, the
first three require EUV spectroscopy. The Extreme
Ultraviolet imaging Spectrograph (EUS) is a high-
resolution telescope/spectroscope designed to reach
ambitious performance parameters such as a spatial
resolution of 150 km and a spectral resolution good
enough to resolve Dopplershifts of 1 km/s over a wide
temperature range. Three spectral bands are foreseen
to cover the entire range of temperatures of the solar
atmosphere: the 116-126-nm band with the bright H1
Ly-« line, the 95-105-nm band with the O vI doublett,
and the 70-80-nm band with the Ne vIII doublett. The
latter will be particularly suited to observe the emanat-
ing solar wind at higher latitudes, a capabiliy unique
to Solar Orbiter.

The consortium forming now around the CDS and
SUMER teams involved in the SOHO (Solar and
Heliospheric Observatory) mission will be led by
the Rutherford-Appleton-Laboratory (UK) and will
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Fig. 80: The proposed EUS optical design

greatly benefit from the SOHO heritage. Severe lim-
itations in mass and power require a simple design,
and the instrument will be built with a two-mirror op-
tic (cf., Fig. 80). The collimator will also act as the
dispersion element and carry a toroidal variable line
space grating (TVLS).

(W. Curdt, U. Schiihle, L. Teriaca)

The Solar Orbiter EUI instrument

The Solar Orbiter EUI instrument is a package of fil-
ter telescopes for quasi-monochromatic imaging of the
solar corona in selected spectral emission lines. The
lines are selected to cover the base of the corona as
well as higher regimes at temperatures above 1 mil-
lion degrees. The primary goals of this instrument are

e To provide EUV images with at least a factor 2
higher spatial resolution than currently available,
in order to reveal the fine-scale structure of coro-
nal features,

e To provide full-disc EUV images of the Sun in
order to reveal the global structure and irradiance
of inaccessible regions such as the ffar sideof the
Sun and the polar regions,

e To study the connection between in situ and re-
mote sensing observations.

Providing both high spatial resolution and a full-disc
field of view, would pose very challenging techni-
cal problems if a single telescope design should ful-
fil these requirements. This led to the design of a
package consisting of a High Resolution Imager (HRI)
with 3 telescopes operating in different wavelength
bands and a Full Sun Imager (FSI) based on a sin-
gle telescope with a larger field of view. To image
the lower temperature regime of the corona, the chro-
mosphere and the lower transition region, a telescope
with a spectral band centered at the Lyman-« line is

g
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best suited to follow dynamic features with the high
cadence needed at small spatial scales. One of the
HRI chanels shall therefore be a telescope using the
hydrogen 121.6-nm line, the most intense line of the
solar emission spectrum in the VUV. An optical study
has been made to verify that a two-mirror (Gregory)
design can fulfil the performance requirements within
the boundary conditions given by the Solar Orbiter
Payload Definition Document (PDD). The aperture
size of the telescope will be dictated by the resolu-
tion attainable within the diffraction limitation. Such
an instrument can be built with current technology, but
nevertheless ways have been investigated to limit the
heat input into such an instrument during the close ap-
proach to the Sun. We also started to develop imaging
detectors that are specifically sensitive at the wave-
length of hydrogen Lyman-«. A radiometric model
calculation has shown that such an instrument will al-
low us to image the base of the solar corona with un-
precedented speed and signal-to-noise ratio. MPS has
committed itself to build the Lyman-o telescope as
part of the EUI-HRI instrument.

(U. Schiihle, W. Curdt, E. Marsch, S. Solanki, L. Teri-
aca)

The Solar Orbiter VIM instrument

The Visible Light Imager and Magnetograph (VIM)
is a primary instrument of the remote sensing pack-
age of ESAs Solar Orbiter mission. A consortium for
implementation of VIM, led by the MPS, has been es-
tablished.

VIM is based on two optical telescopes — a High Res-
olution Telescope (HRT) and a Full Disk Telescope
(FDT) — as well as a Filtergraph Optics (FO) alter-
nately coupled to the telescopes (see Fig. 81). This
design allows measuring magnetic and velocity fields
at the photospheric level by scanning across a mag-
netically sensitive spectral line. The FOV of the HRT
is approximately 1000” x 1000” which corresponds
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to 150 x 150 Mm? at minimum perihelion distance.
Its spatial resolution is 150 km on the Sun. Powerful
on-board data reduction (Milne-Eddington RTE inver-
sion) provides a data flow compatible with science re-
quirements and telemetry rates. The MPS contribution
consists of a full opto-mechanical design of the instru-
ment and simulations of the instrumental performance
and data.

HRT: High Resolution Telescope FO: Filtergraph Optics
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Fig. 81: Functional diagram of the VIM instrument

VIM will carry out full-disk and high-resolution ob-
servations simultaneously with all science instruments
on Solar Orbiter and, thus, will give rise to study an
ample variety of solar phenomena with hitherto un-
precedented detail. The major science topics are:

e Magnetic coupling science: Photospheric vector-
magnetograms will allow 3-D field extrapola-
tions into the transition region and corona.

e Polar view: Helioseismic and magnetic field
measurements at the Sun’s polar regions will pro-
vide crucial constraints on the solar dynamo the-
ories.

e Stereoscopy: Simultaneous observation from dif-
ferent viewpoints (co-ordinated with near-Earth-
orbit instruments) will establish a stereographic
view of photospheric structures. VIM will pro-
vide even data from the Sun’s backside.

e Co-rotation: Long-term observations of struc-
tures from almost non-variable vantage points
will be enabled during perihelion passages.

e Helioseismology: VIM will continuously pro-
vide high-cadence velocity maps, excellently
suitable for both local and global helioseismic
studies of sub-surface flows and magnetic field
structures.

(A. Gandorfer, H. Hartwig, J. Hirzberger, A. Lagg, U.
Schiihle, S. K. Solanki, J. Woch, L. Yelles Chaouche
in collaboration with T. Appourchaux (IAS, Paris),

M. Sigwarth (KIS, Freiburg), V. Martinez Pillet (IAC,
Tenerife) and others)

Stars and extrasolar Systems

Magnetic flux transport on active cool stars

Rapidly rotating cool stars with outer convection
zones typically show a much higher degree of mag-
netic activity as the Sun. Moreover, the ‘starspots’ and
magnetic field structures that are observed by (Zee-
man) Doppler imaging are much larger than the cor-
responding structures on the Sun. Many such active
stars show prominent long-lived magnetic features on
the polar caps, but also a wide latitude distribution of
more transient magnetic structures.

In order to investigate the evolution and lifetime of
magnetic regions on active stars, we have carried out
numerical simulations of the evolution of the radial
magnetic flux on the stellar surface under the influ-
ence of surface flows (differential rotation, meridional
flow) and turbulent diffusion. We start from a (freshly
emerged) bipolar magnetic region and vary its initial
size, latitude, tilt angle with respect to latitude circles,
and substructure. Using the observed differential rota-
tion profiles for stars we find that the lifetimes of our
simulated bipolar magnetic regions in low and mid lat-
itudes (i.e., the time until the field strength everywhere
falls below a threshold value) (see Fig. 82) correspond
well to the observed values.

The lifetimes of high-latitude magnetic regions is in-
creased by a local convergence of the meridional flow
and by a large tilt angle, favoring the formation of a
unipolar magnetic cap. Its roughly circular form then
minimizes the effect of the rotational shear. Therefore,
the lifetime of such a region is increased by a factor of
about two as compared to the case without tilt.

(E. Isik, M. Schiissler, S. K. Solanki)

Large-scale magnetic field of the G8 dwarf &
Bootis A

The G8 dwarf & Bootis A (¢ Boo A) has long been
known as a magnetically active late-type dwarf star,
but little was known about the large-scale structure
of the field. We investigated the magnetic geometry
of this star from spectropolarimetric observations ob-
tained in 2003 with the MuSiCoS échelle spectropo-
larimeter at the Télescope Bernard Lyot (Observatoire
du Pic du Midi, France). We repeatedly detected a
photospheric magnetic field, with periodic variations
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Fig. 82: Magnetic field distribution on a star of solar ra-
dius. Shown is the instant when the field strength of the
bipolar regions are about to fall under a detection threshold.
Black and yellow show opposite magnetic polarities. White
regions covered by black contours indicate the regions still
above the threshold. a,b): solar-like magnetic regions in low
(a) and high (b) latitudes, respectively, 61 days after their
emergence. c,d): Very large stellar magnetic regions with an
initial tilt with respect to the equator (c) and without tilt (d),
after 219 and 123 days, respectively.

consistent with rotational modulation. Circularly po-
larized (Stokes V) line profiles present a systematic
asymmetry, showing up as an excess in amplitude and
area of the blue lobe of the profiles. Direct modelling
of Stokes V profiles suggested that the global mag-
netic field is composed of two main components, with
an inclined dipole and a large-scale toroidal field. We
derived a dipole intensity of about 40 G, with an incli-
nation of 35° of the dipole with respect to the rotation
axis. The toroidal field strength is of the order of 120
G. A noticeable evolution of the field geometry was
observed over the 40 nights of our observation win-
dow and resulted in an increase in field strength and
dipole inclination.

This study is the first step of a long-term monitoring of
& Boo A and other active solar-type stars, with the aim
of investigating secular fluctuations of stellar magnetic
geometries induced by activity cycles.

(P. Petit in collaboration with J.-F. Donati, M. Auriere,
F. Lignieres, D. Mouillet, F. Paletou, N. Toqué (Lab-
oratoire d’ Astrophysique de Toulouse-Tarbes, Obser-
vatoire Midi-Pyrénées), J. D. Landstreet (University of
Western Ontario, London, Canada), S. Marsden (ETH
Ziirich, Switzerland), and G. A. Wade (Royal Military
College of Canada, Kingston, Ontario, Canada))

The binary IM Pegasi, the guide star for the
Gravity Probe B mission

The spectroscopic binary system IM Pegasi (HR 8703)
was chosen as the guide star for the NASA-Stanford
relativity gyroscope mission Gravity Probe B. Given
its central role for the mission, it is important to learn
as much as possible about this binary. In support
of this mission, high-resolution echelle spectra of IM
Peg were obtained on an almost nightly basis. Ap-
plying the technique of least-squares deconvolution,
we achieved line profiles with a very high signal-to-
noise ratio line profiles and detected the orbit of the
secondary of the system. This was the first detection
of the secondary. Combining almost 700 new radial
velocity measurements of both the primary and sec-
ondary of the system with previous measurements, we
derived improved orbital parameters of the IM Peg
system. Using these estimates along with the previ-
ously determined range of orbital inclination angles
for the system, we found that the primary of IM Peg is
a giant of mass 1.8 £ 0.2Mg, while the secondary is a
dwarf of mass 1.0 £ 0.1Mg.

(P. Petit in collaboration with S. C. Marsden and S. V.
Berdyugina (ETH Ziirich, Switzerland) and 10 others)

Fundamental parameters and granulation
properties of Alpha Centauri A and B

The study of convection (granulation) on cool-stars is
hampered by the fact that stellar surfaces in general
cannot be spatially resolved, so that practically only
the line bisector is available as a diagnostic. Prop-
erties of stellar granulation are obtained by inverting
spectra of the late-type stars o Centauri A and B. Our
inversions, the first of their kind, are based on a multi-
component model of the stellar photosphere and take
into account the center-to-limb variation and rotational
broadening. The different atmospheric components
describe the areas harboring up-, down- and horizon-
tal flows. The inversions are constrained by fitting not
only the flux profiles, but also their line bisectors, and
by using a simple mass conservation scheme. The in-
versions return the properties of convection at the stel-
lar surface, including the stratification of the thermo-
dynamic parameters, as well as fundamental parame-
ters such as the gravitational acceleration, v sini and
the element abundances. For o Cen A (G2V) the de-
rived stratifications of the temperature and convective
velocity are very similar to the Sun, while for « Cen
B (K1V) we find similar up- and down-flow veloci-
ties, but lower horizontal speeds and a reduced over-
shoot. The latter is consistent with the smaller scale
height of the atmosphere, while mass conservation ar-
guments taken with the lower horizontal speed imply
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that the granules on o Cen B are smaller than on the
Sun. Both these properties are in good agreement with
the hydrodynamic simulation of Nordlund & Dravins
(1990, A&A, 228, 155). The inversions also return
the fundamental parameters (7ef, log g, abundances,
v sini, etc.) of the two stars, which do not strongly de-
pend on the details of the inversion. These values are
on the whole in good agreement with literature values.
However, importantly, the element abundances are 0.1
to 0.15 dex lower when a 2- or 3-component inversion
is carried out than with a 1-component inversion.

(S.K. Solanki in collaboration with C. Frutiger (ETH
Ziirich, Switzerland) and G. Mathys (European South-
ern Observatory, Chile))

Numerical modelling of extrasolar planetary
magnetospheres

Since 1995 approximately 126 extrasolar planets have
been discovered. In contrast to the solar system, with
Mercury as the closest planet to the Sun, about 36%
of the planets around main-sequence stars have been
found within Mercury’s semi-major axis of 0.387 AU,
the closest being located only 0.0225 AU away from
its star. Shkolnik et al. (2003) reported on planet
induced chromospheric heating for one of the stars
(HD 179949 with planet at 0.045 AU). The observed
“hot spot” is assumed to be related to some kind of
magnetic interaction between star and planet.

We used this hint to search for possible star-extrasolar
planetary interaction mechanisms. The “hot spot” ob-
servation in the HD 179949 system does not only hint
at the existence of a planetary magnetic field. It also
favors our earlier results, that the close-in extraso-
lar planets may be located within sub-Alfvénic stel-
lar winds ((see the bi-annual report 2002 —2003 of the
Max-Planck-Institut fiir Aeronomie). We had obtained
those results by modelling the stellar wind regime for
planets closer to their star than 0.6 AU on the basis of
the solar wind models of Parker (1958) and Weber &
Davis (1967).

Now, in order to gain more insight into the impli-
cations of these special stellar wind regimes for star
— planetary interaction processes, we have started to
simulate the interaction of a planetary magnetosphere
with the stellar wind. For this purpose we adapted
a code which previously was used to investigate so-
lar wind — planetary and — cometary interactions. Our
code numerically integrates the equations of resistive
magnetohydrodynamics (MHD) on a 3-dimensional
cartesian grid. As an initial configuration we com-
pute the Weber & Davis stellar wind solution, which
yields stellar wind density, velocity, gas pressure and
magnetic field. Moreover, we add a dipolar magnetic

field for the planet. We then integrate until a stationary
state is reached. Fig. 83 is an example for magnetic
field lines connected to the planet v And b (a star at
0.0597 AU with a stellar mass 1.37 Mg and a radius
of 1.45 Rg). In our model the magnetic field strength
at the base of the stellar corona was set to 5 - 1074 T
and the coronal temperature to 2.0-10° K. Furthermore
the corona was assumed to be isothermal. Our prelim-
inary simulation results already indicate that, indeed,
an efficient magnetic interaction is possible between
an extrasolar planet and its star.

2

-3

-4
4

Fig. 83: Simulated magnetic field structure for an interac-
tion of the star v And b with its observed first planet. The
sphere in the center of the box indicates the planet, whose
radius was taken to be equal to Jupiter’s radius. The origin
of the coordinate system is the center of the planet, while
the y-axis connects it to the star. The planetary magnetic
dipole moment is aligned with the z-axis. The initial stellar
wind consists of mainly radial and azimuthal velocity and
magnetic field components according to the Weber & Davis
stellar wind solution.

(S. Preusse, A. Kopp, J. Biichner in collaboration with
U. Motschmann, TU Braunschweig)

Current systems of extrasolar planets

Since their discovery starting 1995 more than 100
extrasolar planets were recognized. Observations of
these systems are so difficult that only a few details
are known. Many of the planetary systems are very
different to our Solar System, e.g. with gaseous giant
planets very close to their stars. If Mercury, the in-
nermost planet of the Solar System, has a semi-major
axis of about 0.387 AU. This is about 17 times larger
than the semi-major axis of OGLE-TR-56 b, the clos-
est of today’s known planets. OGLE-TR-56 b is only
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4.4 stellar radii away from its star. In the Solar Sys-
tem such small distances exist only between planets
and their moons, e.g. between Jupiter and it’s moon
To. A strong electromagnetic interaction takes place
between Io and Jupiter. With this in mind we inves-
tigated, by means of numerical plasma simulations,
whether extrasolar planetary systems with planets at
such extremely small orbital distances could act like
Io and Jupiter.

Fig. 84 illustrates our findings: The yellow circle to
the left of the figure is the star. The white circle in the
figure presents a planet of Jupiter size. The distance
between both is 0.0225 AU. What you see is a cut per-
pendicular to the ecliptic of the system. We simulated
the interaction of an assumed planetary magnetic field
with the stellar wind. It’s flow direction is indicated
with the yellow arrows.

-
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Fig. 84: The yellow circle to the left of the figure rep}esents
a star. The white circle in the figure represents an exoplanet
of Jupiter size at a distance of 0.0225 AU. Shown is, in a cut
perpendicular to the ecliptic plane of the system, the simu-
lated interaction of an assumed planetary magnetic field with
the stellar wind. The flow direction of the stellar wind is in-
dicated by yellow arrows.

Due to the interaction currents start to flow. The colour
indicates the magnetic field-aligned currents. The up-
per part of the current system is carried by the stel-
lar wind into the interplanetary space, i.e. to the right.
But, strikingly, the lower part seems to be connected
with the star. This only happens if the planet is close
enough to the star so that the stellar wind shows spe-
cial properties. This is why we do not find this for the
planets in the Solar System. However, a more detailed
look into the Solar System reveals a similar behaviour
of Io and Jupiter. Both are connected with a current
system, but in this case both parts of the current sys-
tem are involved. This leads e.g. to strong radiation
events which we can observe as bright footpoints in
the Jovian aurora or as radio emissions.

(S. Preusse, J. Biichner, and U. Motschmann)

Fundamental Science

The relativistic energy spectrum of hydrogen

The method originally used by Dirac in 1928 to de-
rive his famous equation for a single electron is here
applied to the two-particle system electron plus pro-
ton, considered as an elementary fermion, to obtain a
relativistic two-particle Dirac-Breit-type Hamiltonian
for the hydrogen atom. This problem can be solved
exactly. Thus the relativistic energy levels of the hy-
drogen atom as a system bound by the static Coulomb
force are obtained. The radial part of the resulting
Hamiltonian operates in a four-dimensional space de-
scribing particles, respectively antiparticles, i. e. elec-
tron and positron as well as proton and antiproton.
The spin of a particle is described by the normal two-
component Pauli spinor, and therefore standard theo-
retical tools for dealing with angular-momentum cou-
pling can be exploited. Thus the exact eigenfunctions
of the spin-orbit-coupling operators for a relativistic
binary system can be calculated. The classical energy
states of the hydrogen atom are retained in the appro-
priate non-relativistic limit, in particular the energy
levels resulting from Schrédinger’s equation. The ex-
act energy spectrum shows the expected dependence
on the reduced mass of the two-particle system, and
thus describes the recoil of the core properly. The fine
structure of the hydrogen spectrum arises from a de-
pendence of the energy levels upon the quantum num-
ber of the total angular momentum.

(E. Marsch)

Observational Astronomy and Gravity:
Spectropolarimetric measurements for exploring
couplings of electromagnetic fields to gravity

The center of interest of our work are nonminimal
couplings between electromagnetic and gravitational
fields, motivated by current assumptions about new
physics in unified quantum theories of gravity. As
a consequence of a violation of the Einstein equiva-
lence principle, these couplings influence the polariza-
tion state of light passing through a gravitational field
and result in a depolarization of light emitted from ex-
tended astrophysical sources. Therefore, such viola-
tions of the Einstein equivalence principle are directly
accessible to observations.

In this context we have shown that the Poincaré gauge
theory exhibits gravity-induced birefringence under
the assumption of a specific non-minimal coupling
between electromagnetism and gravity. This signif-
icantly extends the range of theories of gravity ex-
plicitely displaying this effect. Furthermore we gave
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for the first time an explicit expression for the in-
duced phase shift between two orthogonal polariza-
tion modes within the Poincaré framework. By using
white dwarf polarimetric data we constrained the es-
sential coupling constant responsible for this effect.

In addition we investigated the transport of polar-
ized electromagnetic radiation in a Riemann-Cartan
spacetime with torsion. While general relativity fea-
tures a Riemannian spacetime where photons propa-
gate along geodesics, the trajectories of test particles
in a Riemann-Cartan spacetime are in general nei-

ther autoparallels nor extremals. Therefore the cor-
rect transport equations for polarized radiation in non-
Riemannian spacetimes are based on a post-geodesic
flow vector field defined on a Riemann-Cartan mani-
fold which reduces to the familiar Riemannian flow in
case of a vanishing spin density. The resulting trans-
port equations which we derived provide the start-
ing point for innovative tests of alternative theories of
gravity.

(O. Preuss, S.K. Solanki in collaboration with F. W.
Hehl, University of Cologne)
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2. Planeten, ihre natiirlichen Satelliten und Kometen/
Planets, their moons and comets

Schwerpunktthema:

Planetare Dynamos

(U. Christensen, J. Wicht, M. Frinz)
(English version see page 81)

Fast alle Planeten in unserem Sonnensystem besit-
zen oder besaen ein Magnetfeld. Die Verschieden-
artigkeit der Felder lasst auf unterschiedliche dyna-
mische Vorgidnge in den Planeten schliefen. Thre Er-
forschung mittels Planetenmissionen und Computersi-
mulationen ist darum ein wichtiges Werkzeug, das uns
Einblicke in die inneren Vorginge der Himmelskorper
ermoglicht. Diese kurze Einfiihrung bietet einen Ein-
blick in die Aktivitdten am MPS und legt den Schwer-
punkt auf Computermodelle, bei denen in den letzten
Jahren groBe Fortschritte erzielt wurden.

Das Magnetfeld der Erde

Das Magnetfeld der Erde wird seit vier Jahrhunderten
mit zunehmender Prizision vermessen. Aufgrund sei-
ner Bedeutung fiir die Navigation begann man recht
friih, seine Richtung zu kartieren. Heute vermessen
drei Forschungssatelliten das geomagnetische Feld
mit nie gekannter Pridzision (Abb. 85). Im Wesentli-
chen entspricht es dem Feld eines leicht gegen die
Rotationsachse geneigten Stabmagneten, dem klassi-
schen Dipolfeld. Genauer betrachtet lassen sich jedoch
auch Beitrige hoherer Multipole identifizieren, die zu
einer komplexeren Struktur fiihren. Wir wissen auch,
dass sich das Erdmagnetfeld im Zeitraum von Jahr-
zehnten bis Jahrhunderten merklich verdndert. Beson-
ders auffillig ist, dass der Dipolanteil in den letzten
150 Jahren um etwa 10% schwicher geworden ist.
Setzt sich dieser Trend fort, so wire der Dipolanteil
in etwa 2000 Jahren ganz verschwunden. Paldoma-
gnetische Untersuchungen an magnetisierten Gestei-
nen erlauben es, die Kenntnis iiber das Erdmagnetfeld
bis in die ferne geologische Vergangenheit auszudeh-
nen. Kleine Mengen von eingelagerten ferromagne-
tischen Mineralen konservieren Richtung und Stirke
des bei der Bildung des Gesteins herrschenden Erdma-
gnetfeldes. Gesteine aus verschiedenen Epochen der
Erdgeschichte bilden ein weit zuriick reichendes geo-
magnetisches Archiv. Dieses Archiv belegt, dass sich
das Magnetfeld im Laufe der Erdgeschichte viele Ma-
le umgepolt hat. Umpolungen sind jedoch kurze, sel-
tene Ereignisse. Sie dauern typischerweise nur eini-
ge tausend Jahre, wihrend Perioden mit einer stabilen

Abb. 85: Das obere Bild zeigt die Vertikalkomponente des
Erdmagnetfeldes im Jahr 1990 an der Grenze des Erdkerns,
berechnet aus Beobachtungen an der Oberfliche und von Sa-
telliten aus. Strukturen mit Ausdehnungen kleiner als 3000
km werden nicht gezeigt, da sie sich nicht aus den Daten
berechnen lassen. Die Beitrige hoherer Multipole sind an
der Kerngrenze viel stéirker als auf der Erdoberflache. Das
mittlere Bild zeigt das Magnetfeld eines Dynamomodells in
voller Auflosung. Es enthilt zahlreiche kleinrdumige Struk-
turen. Dasselbe Magnetfeld ist im unteren Bild so geglittet,
dass seine Auflosung der des Erdmagnetfeldes im oberen
Bild entspricht. In ihrer Struktur dhneln sich diese beiden
Bilder stark.

Dipolrichtung mehrere hunderttausend Jahre andauern
konnen.

Magnetfelder anderer Planeten

Unbemannte Raumsonden haben gezeigt, dass Ma-
gnetismus ein im Planetensystem héufiges, aber kein
allgemeines Phidnomen ist. Unsere planetaren Nach-
barn, Venus und Mars, besitzen kein globales Magnet-
feld. Die starke Magnetisierung von sehr alten Teilen
der Marskruste legt aber nahe, dass der Planet in sei-
ner Frithgeschichte ein starkes inneres Magnetfeld be-
saB3. Beim kleinen Merkur fand man unerwarteter Wei-
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se ein Dipolfeld, allerdings ist die Feldstidrke an der
Planetenoberflache hundert Mal schwécher als bei der
Erde. Jupiters Magnetfeld hingegen ist etwa zehnmal
starker als das der Erde, die Neigung des Dipols gegen
die Rotationsachse betrigt jedoch bei beiden Planeten
etwa 10°. Saturns Magnetfeld wiederum ist zwar &hn-
lich stark wie das der Erde, Dipolachse und Rotati-
onsachse scheinen jedoch iiberein zu stimmen, zudem
ist das gesamte Magnetfeld fast rotationssymmetrisch.
Auch die Felder von Uranus und Neptun haben eine
dhnliche Struktur, werden aber nicht vom Dipolanteil
dominiert, zudem ist der Dipol stark gegen die Rotati-
onsachse gekippt.

Der Dynamo

Wie entsteht das Magnetfeld der Erde und der iibri-
gen Planeten? Was bestimmt seine Stirke? Lassen sich
die Eigenschaften der verschiedenen Magnetfelder im
Detail verstehen? Im 20. Jahrhundert hat sich in ei-
nem langwierigen Prozess die Dynamotheorie zur Er-
kldrung natiirlicher Magnetfelder im Kosmos durch-
gesetzt. Im Inneren der Planeten gibt es fluide und
elektrisch gut leitende Regionen. Bei der Erde und
den anderen erddhnlichen Planeten ist es der fliissi-
ge Eisenkern, in Jupiter und Saturn Wasserstoff in sei-
ner metallischen Hochdruckform, und im Inneren von
Uranus und Neptun ein Gemisch aus Wasser, Ammo-
niak und anderen Komponenten, das bei hoher Tem-
peratur und hohem Druck eine gute Ionenleitfdhig-
keit aufweist. Fliet ein solches Medium in einem be-
reits vorhandenen Magnetfeld, so werden durch elek-
tromagnetische Induktion elektrische Strome erzeugt.
Wenn das mit diesen Stromen verbundene Magnet-
feld gerade das zur Induktion benétigte Feld reprodu-
ziert, spricht man von einem selbst-erhaltenden Dyna-
mo. Angetrieben werden die FlieBbewegungen durch
Konvektion, also durch thermische oder chemische
Dichteunterschiede in der Dynamoregion. Alle Ge-
neratoren wie auch der Fahrraddynamo beruhen auf
dem gleichen Prinzip, funktionieren aber nur wegen
der zweckmiBigen Anordnung des elektrischen Lei-
ters, etwa in Form von Spulen. Die Kerne der Planeten
stellen dagegen nahezu homogen leitende Kugeln oder
Kugelschalen dar. Die verschiedenen Teile des Dyna-
mos sind sozusagen kurzgeschlossen. Ob solche ho-
mogenen Dynamos iiberhaupt funktionieren konnen,
war lidngere Zeit unklar. Erst um 1960 wurden die ers-
ten theoretischen Beispiele fiir funktionierende homo-
gene Dynamos gefunden. Weitere 35 Jahre mussten
vergehen, bis die ersten realistischen Computersimu-
lationen fiir den Geodynamo publiziert wurden. Seit
zehn Jahren befindet sich die Modellierung planetarer
Dynamos in einer raschen Entwicklung, zu der Arbei-
ten am MPS einen wesentlichen Anteil geleistet ha-

ben. Die meisten numerischen Simulationen beziehen
sich auf den Geodynamo, da das Erdmagnetfeld am
besten bekannt ist. Verschiedene seiner Eigenschaften
werden von den Modellen gut reproduziert. Abb. 85
zeigt, dass iiber den dominierenden Dipolanteil hinaus
viele Details denen des Erdmagnetfeldes nahe kom-
men. Auch die zeitlichen Variationen des geomagne-
tischen Feldes, von Schwankungen im Bereich von
Jahrhunderten bis hin zu Umpolungen, werden von ei-
nigen Modellen iiberzeugend wiedergegeben.

Abb. 86: Das Karlsruher Dynamoexperiment. Fliissiges Na-
trium wird durch ein System von Stahlréhren gepumpt. Die
elektrische Leitfihigkeit der zylinderformigen Anordnung
ist nahezu homogen. Bei hoher Pumpleistung entsteht ein
selbst erhaltendes Magnetfeld, das um ein vielfaches stirker
ist als das Erdmagnetfeld.

Skalierung zum Erfolg

Die Erfolge der Simulationen sind etwas iiberra-
schend, da die Computermodelle mit einigen unrea-
listischen Annahmen arbeiten miissen. Beispielsweise
wird eine um viele Groenordnungen zu hohe Zihig-
keit angenommen, um die kleinrdumigen turbulenten
Wirbel in der Stromung zu unterdriicken, die sich auf
den in heutigen Computern realisierbaren Modellgit-
tern nicht darstellen lassen. Andererseits wissen wir,
dass die Viskositét in den Dynamoregionen der Plane-
ten vernachldssigbar klein ist. Kann es sein, dass man-
che Eigenschaften der Modelle nur durch einen gliick-
lichen Zufall mit der Beobachtung iiberein stimmen,
wihrend man anderen Aspekten vielleicht nicht trauen
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kann? Um diese Frage zu kldren wird am MPS in um-
fangreichen Modellserien untersucht, wie sich die cha-
rakteristischen Eigenschaften des Dynamos mit den
Kontrollparametern @ndern. Dabei zeigt sich, dass die
Viskositit, obwohl sie viel zu grofl gewihlt wurde,
keinen entscheidenden Einfluss auf die Magnetfelder-
zeugung hat. Eine wichtige KenngroBe ist der Energie-
bedarf eines homogenen Dynamos. Die Vielzahl der
Modelle erlaubte es, hierfiir ein Gesetz aufzustellen,
das sich an Hand des Karlsruher Dynamoexperiments
verifizieren lie} (sieche Abb. 86). Dieses Experiment
arbeitet mit fliissigem Natrium, dessen Viskositét der
des fliissigen Eisens im Erdkern ihnelt. Die gute Uber-
einstimmung des Energiebedarfs des Karlsruher Dy-
namos mit der Vorhersage aus den Modellen legt na-
he, dass die Turbulenz in der Natriumstromung kei-
ne wesentliche Rolle spielt. Fiir den Geodynamo sagt
das Gesetz einen Energiebedarf in Hohe von 200—
500 GW voraus, soviel wie einige Hundert Kraftwer-
ke erzeugen. Dies ist deutlich weniger als in fritheren
Abschitzungen und ldsst sich miihelos aus der lang-
samen Abkiihlung des Erdkerns gewinnen. Beson-
dere Energiequellen sind nicht notig. Was bestimmt
die Stirke des erzeugten Magnetfeldes? Das ist eine
der Schliisselfragen der Dynamotheorie. Bisher wur-
de meist angenommen, dass das Magnetfeld gerade so
stark wird, dass sich die elektromagnetische Kraft und
die rotationsbedingte Corioliskraft die Waage halten.
Unsere Modellergebnisse bestitigen dies nicht. Viel-
mehr legen sie nahe, dass der zur Verfiigung stehen-
de Energiefluss die magnetische Feldstirke kontrol-
liert. Wenn man diese Regel auf die Planeten Erde
und Jupiter anwendet, bei denen sich die Energiefliisse
abschitzen lassen, ergeben sich plausible Feldstirken
im Inneren der jeweiligen Dynamoregion. Beim Jupi-
ter liegt sie um einen Faktor acht hoher als bei der Er-
de, in Ubereinstimmung mit der etwa zehn Mal hoher-
en Feldstirke an der Oberfldche jenes Planeten.

Saturn ist anders

Fiir den Saturn ist die Ubereinstimmung weniger gut.
Die nahezu achsensymmetrische Struktur des Magnet-
feldes, die unlingst von der Cassini-Mission bestitigt
wurde, ldasst vermuten, dass hier ein anderer Typ von
Dynamo am Werke sein konnte, denn ein so einfa-
ches Feld ist untypisch fiir konvektionsgetriebene Dy-
namos. Unsere Simulationen zeigen, dass differentiel-
le Rotation hier die Antwort sein konnte. Abb. 87 zeigt
das Magnetfeld, das entsteht, wenn man die innere Be-
grenzung der Dynamoregion schneller rotieren ladsst
als die duBere. Wie das Feld des Saturns ist es sehr
achsensymmetrisch und einfach strukturiert. Wahrend
im Computermodell die unterschiedlichen Rotations-
raten einfach vorgegeben werden, ist nicht vollig klar,

Abb. 87: Magnetische Feldlinien in einem Dynamomodell,
in dem die Stromung durch differentielle Rotation zwischen
der inneren Begrenzung und der dufleren Begrenzung getrie-
ben wird (von letzterer werden nur die Polkappen darge-
stellt). Die Magnetfeldlinien entweichen aus der Dynamo-
region hauptsichlich in zwei eng begrenzten magnetischen
Flussbiindeln an den Polen. Das Magnetfeld im Auflenraum
ist dadurch sehr stark achsensymmetrisch, so wie es im Fall
des Planeten Saturn beobachtet wird.

welcher Effekt differentielle Rotation in Saturn verur-
sachen konnte. Ein moglicher Kandidat ist ein Heli-
umregen, der Drehimpuls aus der oberen Atmosphire
in tiefere Regionen transportiert. Differentielle Rotati-
on ist auch der Mechanismus, der die im Bau befind-
lichen Dynamoexperimente der nichsten Generation
antreiben soll. Die Simulation dieser Experimente war
das priméire Ziel unserer Rechnungen. Das Modell fiir
den Saturndynamo ergab sich gewissermalen als Ne-
benprodukt.

Das Magnetfeld als Schutzschild

Wir sind noch ein gutes Stiick von dem Ziel entfernt,
die vielfiltigen Erscheinungsformen des planetaren
Magnetismus qualitativ und quantitativ vollstindig er-
kldren zu konnen. Numerische Simulationen spielen
inzwischen aber eine entscheidende Rolle auf dem
Weg dorthin. Die planetaren Magnetfelder haben eine
wichtige Funktion — sie halten die energiereiche Par-
tikelstrahlung des Sonnenwindes ab, welche unter an-
derem eine Gefahr fiir technische Systeme darstellt.
In Gebieten wie dem Siidatlantik, wo das Erdmagnet-
feld relativ schwach ist und seine Stérke langsam wei-
ter abnimmt, sind Satelliten bei heftigen Eruptionen
auf der Sonne einer stark erhohten Strahlenbelastung
ausgesetzt. Da der Marsdynamo vor langer Zeit auf-
gehort hat zu arbeiten, kann der Sonnenwind ungehin-
dert auf die Atmosphire des Planeten prallen und Be-
standteile der oberen Atmosphire erodieren. Dies be-
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Entfernung entlang Sonne-Mars Achse [R_M]
=
Sauerstoll lonen [/192s]

Abstand von Sonne-Mars Achsa [R_M)]

Abb. 88: Einfach geladene Sauerstoff-Ionen im Mars-nahen
Weltraum beobachtet vom Aspera-3 Experiment auf dem
europdischen Mars Express Satelliten. Gezeigt werden mitt-
lere Zahlraten von O+-Ionen in Abhingigkeit von Son-
nenrichtung (oben) und Abstand von Mars. Die Hilfslini-
en bezeichnen die Bugstowelle des Sonnenwindes und die
Grenzschicht der Ionosphire (Ionopause) des Mars. Der Ab-
fluss von atmosphérischen Ionen erfolgt im Schatten des
Mars und entlang der Ionopause.

legen Messungen von Partikelsensoren auf der Mars
Express-Mission, die mit Beteiligung des MPS gebaut
wurden (Abb. 88). Ein Magnetfeld kann also entschei-
dend fiir die langfristige Entwicklung von Planetenat-
mosphiren und somit fiir das Entstehen lebensfreund-
licher Umweltbedingungen sein.

Highlight:

Planetary dynamos

(U. Christensen, J. Wicht, M. Frinz)

Nearly all the planets in our solar system possess
a magnetic field or had one some time in the past.
The diversity of the planetary fields reflects interest-
ing differences in interior dynamics. Their explo-
ration by space missions or computer simulations is
an important tool to provide insight into the otherwise
shielded planetary interiors. This short introduction
gives an overview of activities at the MPS concentrat-
ing mainly on computer models, where considerable
progress was achieved during the past years.

Fig. 85: The upper panel shows a model of the vertical com-
ponent of the geomagnetic field in the year 1990 on the top
of the Earth’s core based on surface and satellite measure-
ments. Structures smaller than 3000 km can not be resolved,
they are shielded by the mantle magnetization. Higher mul-
tipole contributions grow with depth and are therefore much
more pronounced than on Earth’s surface. The middle panel
shows the respective field in a dynamo simulation, note the
many small scale contributions. These are filtered away in
the lower panel mimicking the shielding by mantle magne-
tization. A comparison with the 1990 geomagnetic field re-
veals many similarities.
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Earth’s magnetic field

The geomagnetic field has been measured for more
than four centuries with increasing precision. Maps
of magnetic field direction were compiled early on
because of the prime importance for navigation. To-
day three geomagnetic satellites continuously measure
Earth’s magnetic field with previously unknown preci-
sion. Fig. 85 shows the vertical magnetic field at the
core surface in the year 1990. The geomagnetic field
is very similar to the field of a bar magnet that is some-
what tilted against the planet’s rotation axis, i.e. a clas-
sical dipole field. When looking closer, higher multi-
pole contributions can be identified leading to a more
complex field structure. We also know that Earth’s
magnetic field is changing significantly on time scales
from decades to centuries. Most notably, the dipole
contribution has decreased by about 10% during the
last 150 years. Should this trend continue, the dipole
will have vanished within the next two millennia. Pa-
leomagnetic examination of magnetized rocks allows
us to extend our knowledge of the geomagnetic field
into the far geological past. Small grains of embedded
ferromagnetic minerals conserve field strength and di-
rection at the time when the rock was formed. Sam-
ples from different epochs form a geomagnetic archive
reaching far back into Earth’s history. The archive
proves that the magnetic field has reversed its direc-
tion several hundred times. These reversals are rare
and short events that are separated by long time spans
of stable polarity. Reversals last some thousand years
while the polarity can remain stable for some hundred
thousand years on end.

Other planets

Unmanned spacecraft have shown that planetary mag-
netism is a wide spread but not general phenomenon in
our solar system. Our planetary neighbours Venus and
Mars have no global magnetic fields. Strong magneti-
zation of very old parts of the Martian crust suggests
that the planet must have had a strong internal mag-
netic field early in its history. Unexpectedly, the small
planet Mercury has a dipole field, but it is 100 times
smaller the Earth’s magnetic field on the planet’s sur-
face. Jupiter’s magnetic field, on the other hand, is
ten times stronger than the geomagnetic field, but the
tilt of the dipole contributions is very similar, about 10
degree. Saturn’s magnetic field strength is comparable
to Earth. However, dipole and rotation axis seem to be
aligned, moreover the field is very much axisymmetric
and rather simple. Uranus and Neptune have similar
magnetic fields that are not dominated by the dipole
component. In addition, the dipole is strongly tilted
with respect to the rotation axis.

The dynamo

Where do Earth’s magnetic field and the fields of the
other plants come from? What determines the field
strength? Why do some planets have different fields
while the fields of other planets are so similar? In a
long process the dynamo theory has become the ac-
cepted explanation for the natural magnetic fields of
astrophysical objects. Fluid and electrically conduct-
ing regions in the interior of the planets are a prereq-
uisite for the dynamo mechanism to work. These are
the fluid iron cores found in Earth and other terres-
trial planets, the electrically conducting high pressure
phase of hydrogen in Jupiter and Saturn, and a mixture
of water, ammonia, and other components in Uranus
and Neptune, that is a good ion conductor provided
temperature and pressure are high enough. When
such an electrically conducting medium flows through
an already existing magnetic field, a physical process
called electromagnetic induction drives electric cur-
rent. These currents in turn produce a magnetic field.
The dynamo is called self-exciting provided the newly
produced field can substitute the originally present in-
ducing field. The fluid flow is generally driven by con-
vection, which means by thermal or chemical density
difference in the dynamo region. All electricity pro-
ducing generators or dynamos rely on the same princi-
ple. These technical dynamos work because the elec-
trically conducting parts are arranged in an appropriate
way, for example wounded in an electrical coil. This
is certainly not the case with planetary dynamos and
their generally homogeneous conducting regions that
have the shape of a sphere or spherical shell. The dif-
ferent parts of the dynamo seem to from a short-circuit
here. Whether such a dynamo could work at all was
unclear until the first theoretical examples were found
around 1960. Additional 35 years had to pass until the
first realistic computer simulations of the geodynamo
were published. But since then modelling of planetary
dynamos has advanced considerably notably due to
the research preformed at MPS. Most of the numerical
dynamo simulations try to model the geodynamo since
the Earth’s magnetic field is well known. Many of its
properties can be reproduced convincingly as demon-
strated by Fig. 85 that compares the geomagnetic field
for 1990 with a numerical solution. In addition, time
variations of the geomagnetic field including secular
variations and reversals can be modeled successfully.

Scaling to success

The success of the numerical simulations is somewhat
surprising since the computer models have to work
with several unrealistic assumptions. For example, the
fluid viscosity is several orders of magnitude too large
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Fig. 86: The dynamo experiment that has been performed
in Karlsruhe. Liquide sodium is pumped through a spe-
cially designed system of tubes. The electrical conductiv-
ity is nearly homogeneous once the cylinder is flooded with
sodium. When the liquid is pumped sufficiently fast through
the system the created magnetic field is many times stronger
than the geomagnetic field.

to suppress small scale convective eddies that can not
be resolved on today’s computers. On the other hand,
we know that viscosity is negligible in the dynamo re-
gion of the planets. Is the good agreement of simu-
lations and observations simply a lucky coincidence?
Could we trust other aspects of the simulations? To
answer these questions the MPS has explored a large
suit of simulations in order to find out how the solu-
tion properties depend on the control parameters. The
results demonstrate that the fluid viscosity, though be-
ing too large, has no significant influence on the mag-
netic field production. Another important and inter-
esting quantity is the power requirement of a homoge-
neous dynamo. The large number of numerical mod-
els allowed us to derive scaling laws that could be
verified with the Karlsruhe dynamo experiment (see
Fig. 86). This experiment works with liquid sodium
whose viscosity is very similar to that of liquid iron
in the Earth’s core. The good agreement of power
requirement in the model simulations and the exper-
iment suggest that the small scale turbulence is of mi-
nor importance. The scaling law predicts that the geo-
dynamo needs about 200-500 GW which is the out-
put of some hundreds of today’s biggest power plants.
This is significantly less that previous estimates sug-

gested and could simply be provided by the secular
cooling of Earth’s core. No additional power sources
are required. What determines the strength of the mag-
netic field produced by a homogeneous dynamo? This
is one of the key questions in dynamo theory. Previ-
ously it has been assumed that the magnetic field is
exactly so strong that electromagnetic force and Cori-
olis force acting on a fluid parcel are in balance. Our
model results tell a different story, here the magnetic
field strength is controlled by the available energy flux.
If we apply this rule to the planets where estimates of
this energy flux are available we get two plausible esti-
mates in the interior of the respective dynamo regions.
The magnetic field in Jupiter is eight times stronger
than the field in Earth’s core. This is in good agree-
ment with the fact that Jupiter’s surface field is about
ten times stronger than the geomagnetic field.

Fig. 87: Magnetic fieldlines in a dynamo model that is
driven by a differential rotation between inner(grey) and
outer boundary (only polar caps shown). The magnetic field
lines are wound up by the faster rotation of the inner bound-
ary and leave the shell through two confined patches at the
poles. Like Saturn’s magnetic field the solution is very ax-
isymmetric and simple.

Saturn is different

The agreement is less convincing for Saturn. The
nearly perfectly axisymmetric field structure that has
recently been confirmed by Cassini measurements
suggests that the dynamo working within Saturn could
be of a different type. Such a simple magnetic field
is not at all typical for convection driven dynamos.
Our numerical simulations demonstrate that a dynamo
driven by differential rotation could be the answer
here. Fig. 87 shows the magnetic field that is produced
when the inner boundary of the dynamo region is ro-
tating faster than the outer. Like on Saturn, the field is
very axisymmetric and of simply structure. While we
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can simple impose the differential rotation in our com-
puter model it is less clear what could be the source for
the shear in Jupiter. One possible candidate is helium
rain transporting angular momentum from the upper
atmosphere into deeper regions. Differential rotation
is also the mechanism that will drive the second gener-
ation dynamo experiments currently being built. The
simulations of these experiments was our primary goal
while the Saturn dynamos came as a byproduct.

2.
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Fig. 88: Singly ionized oxygen close to Mars as measured
by the Aspera-3 experiment on Mars Express. The figure
shows the dependence of colour-coded O+ ions counts on
solar direction and distance from Mars. Thin black lines
indicate the bow shock of the solar wind and the boundary
to the ionopause. The eroding of oxygen ions occurs on the
night side along the ionopause.

The magnetic shield

We are far from understanding all the qualitative and
quantitative aspects of planetary magnetism. Numeri-
cal simulations play a vital part here. Magnetic fields
shield the planetary surface from the high energy so-
lar particle radiation called the solar wind. This ra-
diation is a threat for technical systems. Above the
south Atlantic, where the magnetic field is particu-
larly weak, increased radiation during solar eruptions

is already harming satellites in Earth orbit. Since the
dynamo in Mars has ceased its operation in the early

planetary history, the solar wind can directly reach and
erode the atmosphere. This is demonstrated by mea-
surements from the particle sensor on Mars Express
that has partly been built in the MPS (see Fig. 88). A
shielding magnetic field is essential for the long-term
evolution of a planetary atmosphere and can therefore
be decisive for a habitable environment.
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Scaling laws for dynamos in rotating spherical
shells and application to planetary magnetic fields

Recent numerical dynamo models do remarkably well
in reproducing the properties of the Earth’s magnetic
field, but the theoretical understanding of the dynamos
has not progressed at the same pace. This work is part
of a program to derive universal scaling laws for plan-
etary dynamos. These laws relate basic properties of
the dynamo, such as the characteristic flow velocity,
heat transport efficiency, and magnetic field strength to
the basic control parameters. The latter represent fac-
tors such as rotation rate, vigor of convection, and ma-
terial parameters such as viscosity and electrical con-
ductivity. We analyze the results of an extensive set of
numerical dynamo models in rotating spherical shells,
varying all relevant control parameters by at least two
orders of magnitude. Convection is driven by a fixed
temperature contrast between rigid boundaries. There
are two distinct classes of solutions with strong and
weak dipole contributions to the magnetic field, re-
spectively. Non-dipolar dynamos are found when in-
ertia plays a significant role in the force balance. In the
dipolar regime the critical magnetic Reynolds number
for self-sustained dynamos is of order 50, independent
of the magnetic Prandtl number Pm. However, dy-
namos at low Pm exist only at sufficiently low Ekman
number E. For dynamos in the dipolar regime we at-
tempt to establish scaling laws that fit our numerical
results. Assuming that diffusive effects do not play a
primary role, we introduce non-dimensional parame-
ters that are independent of any diffusivity. These are
a modified Rayleigh number based on heat (or buoy-
ancy) flux Ra*Q, the Rossby number Ro measuring the
flow velocity, the Lorentz number Lo measuring mag-
netic field strength, and a modified Nusselt number
Nu* for the advected heat flow. To first approxima-
tion, all our dynamo results can be collapsed into sim-
ple power-law dependencies on the modified Rayleigh
number, with approximate exponents of 2/5, 1/2 and
1/3 for the Rossby number, modified Nusselt number
and Lorentz number (see Fig. 89), respectively. Resid-
ual dependencies on the parameters related to diffu-
sion (E, Pm, Prandtl number Pr) are weak, but may be
significant in case of the magnetic Prandtl number.

Our scaling laws are in agreement with the assumption
that the magnetic field strength is controlled by the
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Fig. 89: Lorentz number (non-dimensional magnetic field
strength) corrected for the fraction of ohmic dissipation ver-
sus modified Rayleigh number for 71 dynamo models that
generate a dipole-dominated magnetic field. The Ekman
number is indicated by the shape of the symbol, the mag-
netic Prandtl number is colour-coded (Pm > 3 dark red,
1 < Pm < 3lightred, Pm = 1 white, 0.3 < Pm < 1 light
blue, Pm < 0.3 dark blue). Prandtl numbers other than one
are indicated by a large cross (Pr=10), small cross (Pr=3),
small circle (Pr=0.3) or large circle (Pr=0.1) inside the main
symbol.

available power and not necessarily by a force balance.
The Elsdsser number, which is the conventional mea-
sure for the ratio of Lorentz force to Coriolis force,
is found to vary widely. We try to assess the relative
importance of the various forces by studying sources
and sinks of enstrophy (squared vorticity). In general
Coriolis and buoyancy forces are of the same order,
inertia and viscous forces make smaller and variable
contributions, and the Lorentz force is highly variable.
Ignoring a possible weak dependence on the Prandtl
number or the Ekman number, a surprising prediction
is that the magnetic field strength is independent both
of conductivity and of rotation rate and is basically
controlled by the buoyancy flux. Estimating the buoy-
ancy flux in the Earth’s core using our Rossby num-
ber scaling and a typical velocity inferred from geo-
magnetic secular variations, we predict a small growth
rate of about 0.1 mm/yr and old age (3.5 Gyr) of the
Earth’s inner core. For this buoyancy flux, the scaling
law for the Lorentz number predicts a magnetic field
strength inside the core of 1.2 mT, which is somewhat
low compared to other estimates, but still reasonable.
From the observed excess luminosity of Jupiter, we
predict a field of 8 mT in the dynamo region of this
planet, in agreement with Jupiter’s external field being
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ten times stronger than that of the Earth. For Saturn,
the predicted field strength seems too high in compar-
ison to the observed external field. Mercury’s very
weak internal field cannot be explained by a very low
buoyancy flux, because this would lead to a subcritical
magnetic Reynolds number. Perhaps Earth and Jupiter
represent one class of dynamos, while particular con-
ditions in Mercury and Saturn lead to a different ratio
of internal to external field strength.

(U. Christensen in collaboration with J. Aubert (IPGP
Paris))

Steady zonal flows in spherical shell dynamos

The Earth’s magnetic field and its time derivative con-
tain evidence for the existence of fairly time indepen-
dent, axisymmetric flows in the longitudinal direction.
These zonal flows exist in various layers of several
geophysical objects: They can be observed, for in-
stance, in the atmosphere, the oceans, as well as on the
surface, and possibly the interior of large fluid planets
like Jupiter and Saturn. Numerical simulations of con-
vective dynamos in an Earth-like geometry (Aubert,
2005) reveal a fairly robust zonal flow pattern (see
Fig. 90). They co-exist with lines of magnetic force
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Fig. 90: Colour-coded time average zonal flow and magnetic
field lines in a dynamo simulation (yellow to red colours
(blue) mark prograde (retrograde) zonal flow speeds in arbi-
trary units).

under a law of minimal interaction known in astro-
physics as Ferraro’s law of co-rotation. A power bud-
get allows to derive a scaling law for their amplitude,
which depends solely on the buoyancy flux, a geo-
physically well-constrained parameter. Applied to the
Earth’s outer core, the law predicts the correct ampli-
tude for the huge polar vortices present in the tangent
cylinder of the core.

(J. Aubert)

Tests of core flow imaging methods with numerical
dynamo models

We test the quality of a new method for imaging the
fluid flow at the surface of the Earth’s core using the
observed geomagnetic secular variation and assuming
that the magnetic flux is frozen into the fluid. The
method incorporates constraints on flow helicity. We
use synthetic magnetic secular variation data from 3-D
self-consistent numerical dynamo models. Compari-
son of the inverted flow with the dynamo flow reveals
that our imaging method recovers a significant part of
the large-scale features, both in pattern and in mag-
nitude. The dynamo flow is characterized by high-
latitude vortices, some equatorial symmetry, colum-
nar convection, and a significant amount of flow along
radial magnetic field contours. Our inversion method
correctly images these aspects of the flow. The cor-
relation coefficient between the dynamo velocity and
the imaged velocity exceeds a value of 0.5 in cases
with large-scale flow and magnetic field pattern, but
degrades substantially in more complex cases espe-
cially when the scale of the secular variation is small.
The magnitude of the imaged velocity depends on the
a priori-assumed ratio k of tangential divergence to
radial vorticity, in some resemblance to the damping
parameter in spectral inversion methods, but different
k-values do not result in increasing data misfits. In-
cluding tangential magnetic diffusion in core flow in-
version improves the quality of the imaged velocity
pattern. However, effects of unmodeled radial diffu-
sion and magnetic field truncation are not recovered
well and may cause severe artifacts in the imaged ve-
locities.

(U. Christensen in collaboration with H. Amit and
P. Olson (Johns Hopkins University))

Inverse magnetic field patches at the top of Earth’s
core

The Earth’s magnetic field varies on many different
time scales. Changes over periods of years, decades,
centuries, or millenia are called secular variation and
are directly connected to the fluid flow in Earth’s outer
core. Fig. 91 shows a comparison of the geomagnetic
field on the core surface for the year 1990 with the
field from a dynamo simulation. These fields are not
only similar in their overall structure, but also several
smaller features agree nicely.

Recently, regions of inverse field direction on the core
surface received considerable attention. These are
patches where the radial field direction is inverse to
the direction of the dominating dipole field. Partic-
ularly prominent are the patches underneath southern
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Fig. 91: Comparison of the radial geomagnetic field for 1990
at core surface with the field from a dynamo simulation. The
geomagnetic field is an average from the 1980 field based
on Magsat data and the 2000 field based on Oerstedt data
and was published by Gaultier Hulot and coworkers (2002).
Magsat and Oerstedt are sattelites.

Africa and close to the north pole. Growth and wander
of these regions can explain the considerable decrease
in dipole strength that has been observed, about 10%
in the last 150 years. There are speculations that the
geomagnetic field might undergo a reversal in the next
2 millennia.

However, computer simulations show that such in-
verse patches are normal contributions to the magnetic
field and its secular variation. They grow and decay
on time scales of some centuries due to variations in
the convective upstream in Earth’s outer core. Plume-
like features produce patches in the polar region, while
sheet like outreaches of convective rolls are responsi-
ble for the equatorial counterparts. Neither are neces-
sarily precursors to field reversals.

Unfortunately, our knowledge of the Earth’s magnetic
field in historic times is quite scarce. Only for the last
four centuries do we have the spatial resolution suffi-
tient to identify inverse patches. Dynamo simulations
are thus essential for classifying this phenomenon. Pa-
leomagnetic models reaching back several millennia
confirm that Earth’s dipole strength is varying con-
siderable on longer time scales. They show that to-
day’s dipole decay is indeed nothing special and that
the dipole strength still lies above average.

(J. Wicht)
Reversal rate in a dynamo model

The slowest time scales in the geodynamo process are
connected to magnetic reversals and variations in the

reversal rate. Changes in Earth’s mantle likely cause
variations over several tens of million years. But the
reverals rate also varies considerably on time scales
of some million years. We employ computer simula-
tions to explore these variations in a dynamo model.
A particularly simple model has been selected where
magnetic field and flow are fairly large scale so that a
reasonable long time interval could be afforded. The
solutions are nevertheless fully 3-D, self-consistent
chaotic and very Earth-like. We succeeded to simulate
more than 100 reversals that where analysed statisti-
cally.

Reversals seem to obey a Poisson statistics, i.e. each
reversal is essentially independent from all others.
This is in accordance with analysis of paleomagnetic
data and compliant with the fact that reverals are
seperated by time intervals much longer than the re-
versals process itself. Exceptionally strong variations
in the convective flow seem to trigger the reversal pro-
cess in the model. Flow amplitudes vary stochasti-
cally, very rarely reaching the necessary vigour long
enough to cause a reversal. This is the reason why
reversals are so rare and why the reversal rate varies
so strongly. Valet and coauthors (2005) suggest that
there is a correlation between reversal rate and dipole
strength during the last two million years of Earth’s
history. Reversals are more likely to occur when the
dipole is weak. Such a correlation cannot be found in
the simulation that contains many more reversals than
the analysed paleomagnetic data set.

(J. Wicht in collaboration with C. Constable (SCRIPS,
San-Diego))

Joint geodynamical and seismological modelling of
the Eifel plume

During the Eifel-Plume Project, 250 temporary and
permanent seismic stations distributed in an array
roughly 400 km x 400 km, centered in the volcanic
Eifel region in Germany, have recorded travel times of
teleseismic events for a period of six months. The to-
mographic inversion of P-wave residuals has revealed
a columnar low-velocity anomaly in the Earth’s upper
mantle below the volcanic Eifel region extending to at
least 400 km depth. In this study we have explored
whether a geodynamically consistent model of a man-
tle plume can explain the observed traveltime resid-
uals. We have used a three-dimensional mantle con-
vection code with temperature and pressure-dependent
viscosity to generate a suite of model plumes that rise
from the transition zone and spread below a station-
ary or drifting lithospheric plate. We have used ray-
tracing to calculate synthetic traveltimes and varied
the plume location, radius, temperature and the rate
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and direction of plate motion in order to fit the ob-
served traveltimes. Our results show a fair correlation
between synthetic and observed traveltime residuals
(see Fig. 92).

Fig. 92: Geodynamical computer model of the plume un-
derneath the Eifel that has been observed seismically. Faster
than normal travel times are shown in red contours.

The presence of additional structures in the lithosphere
and upper mantle of the Eifel region that are not cov-
ered by a simple plume model prevents a perfect fit of
the observed seismological data and may bias to some
degree the derived plume parameters. The travel time
anomalies are mainly caused by the plume stem with
smaller contributions from the plume head. Models
with and without an axisymmetric plume head below
the lithosphere fit the data almost equally well and we
conclude that the absence of a plume head in tomo-
graphic images does not rule out its existence. In the
best fitting model the plume stem has a radius of 60 km
and rises about 50 km to the SW of the quaternary vol-
canic field below a lithosphere that is slowly moving in
the NNE direction. The temperature of the plume and
its flux cannot be constrained tightly from our model
results, but combining them with other constraints we
estimate an excess temperature of 200° C and a buoy-
ancy flux of 500-1000 kg/s. Our new approach of
interpreting seismic data directly with a geodynami-
cal model, without first going through a tomographic
inversion, can bypass some of the problems of the lat-
ter, such as smearing of structures or creating artefacts
in regions poorly covered with crossing rays. It in-
troduces geodynamical consistency and plausibility of
the inferred structure as additional a priori informa-
tion. It will work well when the modeled structure
stands out as the dominant one in the mantle volume

under consideration. For the Eifel plume this condi-
tion is marginally satisfied.

(U. Wiillner, U. Christensen, in collaboration with
M. Jordan (University of Utah))

Effect of a cratonic lithospheric root on plume
melting

The formation of Large Igneous Provinces on Earth,
which is associated with the rise of diapiric heads of
starting mantle plumes, has often occurred near the
margins of cratonic lithosphere. Previous numerical
models of plume-lithosphere interaction and decom-
pression melting modeled the lithosphere as a rigid lid
of mostly uniform thickness. We have calculated a
three-dimensional numerical model of a starting man-
tle plume, consisting of a diapiric head and a trailing
conduit, which interacts with a moving lithospheric
plate of non-uniform thickness. We study in partic-
ular the effect of a lithospheric root on plume flow and
partial melting. The plume is deflected away from the
root, preferentially in the upstream direction of plate
motion. The presence of a root facilitates a three-
fold enhancement in the melting rate by restricting the
horizontal spreading of plume material and the diffu-
sion of the thermal anomaly in comparison with the
model having no root. The large melting rate is sus-
tained for a longer time when depletion buoyancy of
the residue plays a role. Our model does not require
an excessively high plume temperature or composi-
tionally heterogeneous plume head and reproduces the
characteristics of melting rates and melt volumes seen
in flood basalt, volcanic provinces and the trailing
hotspot tracks. The model also explains the occur-
rence of volcanism of different ages at a given location
as a result of initial melting in the upstream region and
its subsequent passage over the plume conduit due to
plate motion.

(A. Manglik, U. Christensen)

Mean-field view on geodynamo models

Many features of the Earth’s magnetic field have
been successfully reproduced by nonlinear three-
dimensional simulations of the magnetohydrodynam-
ics (MHD) in the Earth’s core. Although some model
parameters do not reach realistic values, the simula-
tions exhibit a dipole dominated magnetic field. In
addition, the time dependence of the dipole moment,
including secular variation, excursions and reversals,
resembles the observed Earth’s magnetic field.

Despite this success in the case of the geodynamo,
global dynamo calculations applied to various other
astronomical objects make use of mean-field theory.
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Its idea is based on a scale separation where attention
is focused only on large-scale mean fields. Whether
a mean-field model shows dynamo action or not de-
pends strongly on the mean electromotive force.

Since both approaches are available in the case of the
geodynamo, a detailed comparison of mean-field the-
ory with direct numerical simulations can be done for
the first time. One aim of our work is to get an estimate
of the validity and reliability of mean-field theory. On
the other hand, mean-field concepts help to improve
the conceptual understanding of the geodynamo.

Using an azimuthal average and defining mean fields
as the axisymmetric parts of the actual magnetic field,
we calculated the mean-field coefficients with the fluid
velocity taken from the direct numerical simulations.
Two different methods have been applied. While the
first, numerical one does not use intrinsic approxima-
tions, the second, analytical one is based on the first-
order smoothing approximation. There is satisfying
agreement of the results of both methods for suffi-
ciently slow fluid motions.

A comparison is made between direct numerical sim-
ulations of magnetohydrodynamic processes in a ro-
tating spherical shell and their mean-field description
(see Fig. 93). In the investigated example of rotating
magnetoconvection the mean magnetic field from the
numerical simulation is well reproduced on the mean-
field level. For a quasi-steady geodynamo model a
discrepancy occurs, which is probably a consequence
of the neglect of higher-order derivatives of the mean
magnetic field in the mean electromotive force.

At higher excitations geodynamo models of the same
type show highly time-dependent fluid motions and
magnetic fields. The coefficients determining the
mean electromotive force fluctuate then considerably
in space and time but on the average their profiles re-
semble those of their counterparts in the quasi-steady
case.

(M. Schrinner, U. Christensen, D. Schmitt, in coopera-
tion with K.-H. Ridler and M. Rheinhardt (Potsdam))

Terrestrial planets research — Mercury

Thermal evolution models for Mercury

The internal structure of Mercury is not well known at
the moment. The extremly high density of the planet
suggests a big iron core. But the available data give
no insight whether this big iron core is completely lig-
uid or solid or at least partially solid. But the structure
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Fig. 93: The mean magnetic field components in a direct nu-
merical dynamo simulation (upper panel) and in the corre-
sponding mean-field model (lower panel). For each compo-
nent the grey scale (white — negative, black — positive values)
in the meridional plane is separately adjusted to its maxi-
mum modulus.

of the core is important for different dynamo mecha-
nisms. During the Mariner 10 flybys a weak magnetic
field of Mercury was observed and it is an open ques-
tion which mechanism produces this magnetic field.
Thermal evolution models for the mantle of Mercury
can provide important information about the interior
structure and give some hints for the magnetic field.
We use a 3-D numerical convection code which in-
cludes the effects of freezing out a solid inner core.
The viscosity is depth-dependent and varies with the
horizontally averaged temperature following an Ar-
rhenius term. According to changes in the tempera-
ture the viscosity varies with time and allows to simu-
late the thickening of the lithosphere. The model also
includes the cooling of the core. Its temperature is de-
termined by the heat given to the mantle. Effects like
latent heat or gravitational energy which are related to
the growth of an inner core reduce the cooling of the
core.

First 3-D results show that Mercury has a solid inner
core. The size of this inner core strongly depends on
the exact melting conditions of iron with a small sul-
fur content (0.5—-5%) which are not well known yet.
After 4.5 Ga the radius of the inner core is in the range
between 575 km und 1440 km or 30% and 76% of
the core radius also depending of the assumed con-
vection strength. The size is also controlled by the
starting temperature conditions of the core. In a very
hot core at the beginning the growth of an inner core
is delayed which results in smaller inner cores. While
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the solid inner core from pure iron is freezing out, the
liquid shell gets enriched in buoyant sulfur which can
start chemical convection. This chemical convection
can be an energy source for driving a dynamo in the
liquid outer shell of the core. Here further investiga-
tions on the buoyancy flux and the possible strength of
the magnetic field are needed. A thermally driven dy-
namo can be ruled out in all simulations because the
heat flux out of core which is transported by the man-
tle is to low too allow for thermal convection in the
core.

The convection pattern in the simulations is dominated
by cold downwellings and is very small scaled. The
convection pattern together with the observed thermal
anomalies at the core mantle boundary can give hints
to a possible realisation of a thermoelectric dynamo in
Mercury which was suggested by Stevenson (1987).
The temperature profile in the mercurian mantle is
dominated by a very thick upper thermal boundary
layer. The thickness of the lithosphere after 4.5 Ga
is about 300 km.

New data from upcoming missions like BepiColombo
can give important information to restrict the model
assumptions and, together with the models, lead to a
more complete understandig of the interior of Mer-
cury.

(M. Buske, U. Christensen)

The BepiColombo mission to Mercury

BepiColombo is an ESA-JAXA/ISAS mission to the
planet Mercury (Fig. 94). It consists of two space-
craft. The Mercury Magnetospheric Orbiter (MMO)
is built by the the japanese space agency JAXA/ISAS
and the Mercury Planetary Orbiter (MPO) is provided
by ESA. Currently the launch of both spacecraft on-
board one Sojus rocket is foreseen for August 2013,
arriving at Mercury in 2019.

MPS is involved in preparing instruments for both
spacecraft. On MPO the institute is providing major
parts for the BEpi Colombo Laser Altimeter (BELA)
and for the Planetary Ion CAMera (PICAM) of the
SERENA instrument (SERENA = Search for Exo-
spheric Refilling and Emitted Natural Abundances).
On the MMO MPS is involved in the Mass Spectrum
Analyser (MSA) of the (Mercury Plasma Particle Ex-
periment (MPPE)

The Laser Altimeter for the BepiColombo to
Mercury

In the framework of the ESA Mission BepiColombo,
a Mercury planetary orbiter, our institute is part of an

Fig. 94: Artistic view of Bepi Colombo arriving at Mercury
in 2019.

international team for the development of the laser-
altimeter BELA for mapping Mercury’s surface and
analysing its interior. The institute’s contributions and
responsibilities are the development of a space qual-
ified laser with 50 mJ pulse energy and 3 nsec pulse
width as well as the preparation of parts of data anal-
ysis algorithms together with the international BELA
team. In September 2005 the “proof of concept” of the
laser was presented to ESA and in November BELA
was finally accepted as part of the science payload of
BepiColombo by ESA. The laser development is car-
ried out in the frame of industrial contracts, our insti-
tute is responsible for the science specifications, space
qualification and management.

(U. Christensen, C. Koch, H. Fischer, R. Roll, M.
Hilchenbach)

Particle Packages on the BepiColombo mission to
Mercury

On both BepiColombo spacecraft MPS is involved in
the neutral and charged particle spectrometers. The
institute is responsible for the high voltage power sup-
plies of the MSA sensor of the MPPE package on the
MMO spacecraft and for parts of the PICAM elec-
tronics for the SERENA instrument on MPO. The sci-
ence goal of both instruments is the investigation of
the plasma environment of Mercury, the interaction of
the solar wind with the surface of Mercury, and the
global configuration and dynamics of Mercury’s mag-
netosphere.

After the final selection of the instruments the first
breadboard models have been started.

(N. Krupp, J. Woch, H. Fischer, A. Loose, U. Biihrke
in collaboration with the CETP, Paris, France; ISAS,
Tokio, Japan; IWF, Graz, Osterreich)
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Simulation for the Bepi Colombo laser altimeter —
extracting time dependent variations of the
topography

ESA’s BepiColombo mission will be launched in 2013
and carry onboard the laser altimeter BELA to Mer-
cury. After a five year journey in the inner solar sys-
tem, the spacecraft will be orbiting the planet and the
BELA instrument will measure the distance towards
the planetary surface. Mercury’s topography will be
modelled from the resulting data set in terms of spher-
ical harmonic functions. In our study, we investigate if
time-dependent variations of the topography, resulting
from solar tides and the physical libration can be re-
covered. Knowledge of tidal Love number 4, and the
librations amplitude provides constraints on the inter-
nal structure of the planet.

We find that the Love number and libration can be de-
termined within a few percent for a continuous cov-
erage of the entire planet over at least two Mercury
years. Since the satellite is in an elliptical orbit and
thermal restrictions limit the continuous operation of
the instrument, data gaps will be inevitable. Therefore
simulations are carried out to investigate if topography
and time-dependent variations can still be extracted
under the envisaged operational conditions. If data are
obtained only below a specific spacecraft altitude, to-
pography and the time-dependent variations can still
be recovered with somewhat larger uncertainty. In
practice, slightly more than half of the planetary sur-
face along the orbit is observed during each pass. A
preliminary result is that the data coverage of the pole
areas and therefore overlapping data-sets are essential.

We find that data weighting factors are essential tools
for accurate topography modelling with respect to reg-
ular and irregular data gaps. The input topography, er-
rors of the spherical harmonics for the nominal satel-
lite orbit and for the great data gap due to the elliptical
orbit are shown in Fig. 95. The accuracy of the param-
eter determination will be a function of the surface’s
point density. The time dependent variations and the
impact of data gaps will be further investigated with
future simulations and models inverting the data sets
up to a high order of the spherical harmonics analysis.

(C. Koch, U. Christensen, M. Hilchenbach)

Terrestrial planets research — Venus

Venus Express — the first European mission to
planet Venus

Venus Express (Fig. 96) is the first European mission
to planet Venus. It re-uses the Mars Express spacecraft
with minor modifications mainly needed to cope with
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Fig. 95: Input topography (top) and errors for topology in-
version (middle and bottom)

the harsh thermal environment at Venus. The mission
aims at global investigation of the Venus atmosphere
and plasma environment and will address some impor-
tant aspects of the surface physics from orbit. In par-
ticular, Venus Express will focus on investigation of
the structure, composition, and dynamics of the Venus
atmosphere, escape processes and interaction of the at-
mosphere with the solar wind. The suite of spectrom-
eters and imaging instruments, radio science experi-
ment, and plasma package onboard the Venus Express
spacecraft are capable of addressing the mission goals.
Scientific payload consists of seven instruments. Five
of them were inherited from the Mars Express and
Rosetta projects. Two instruments were designed and
built specifically for Venus Express.

Fig. 96: Artists rendering of Venus Express at its destination.

The spacecraft was launched on November 9, 2005
from Baykonur (Kazakhstan) by the Russian Sojuz-
Fregat launcher. It reached Venus on April 11, 2006.
Venus Express carries out observations from a polar
24-hour orbit. They include nadir and limb obser-
vations during pericentre passes, off-pericentre global
monitoring, solar, stellar and Earth radio occultation,
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as well as bi-static radar sounding of the surface and
solar corona studies. These observations are consoli-
dated in the Science Activity Plan developed in a co-
ordinated way to optimize the payload activity, maxi-
mize the overall mission science return, and to fit into
the available mission budgets. In 3 Earth years (4
Venus sidereal days) of operations Venus Express will
return about 1 Terabits of scientific data. Telecommu-
nications with the Earth will be performed via a newly
built ESA antenna in Cebreros (Spain), while another
ground station in New Norcia (Australia) and NASA
DSN antennae will support the radio science experi-
ment. In comparison to earlier missions to the planet,
Venus Express will take advantage of state-of-the-art
remote sensing and in situ observation techniques and
the capable and versatile spacecraft.

(D. Titov)

Venus Monitoring Camera for the Venus Express
mission

The Venus Express mission aims at a global investi-
gation of the Venus atmosphere, plasma environment,
and some surface properties from orbit. The instru-
ments PFS and SPICAV inherited from the Mars Ex-
press mission and VIRTIS from Rosetta form a pow-
erful spectrometric and spectro-imaging payload suite.
Venus Monitoring Camera (VMC) — a miniature wide-
angle camera with 17.5° field of view — was specif-
ically designed and built to complement these exper-
iments and provide imaging context for the mission
(Fig. 97). The figure shows the VMC instrument with
one side of the box taken off.

VMC will take images of Venus in four narrow band
filters centered at 365, 513, 965, and 1000 nm all
sharing one CCD detector. Spatial resolution on the
cloud tops will range from 0.2 km/px in pericentre to
45 km/px in apocentre where full the Venus disc will
be in the field of view. VMC will significantly con-
tribute to the study of cloud structure and morphol-
ogy, atmospheric dynamics, and surface imaging. The
UV channel will be used to investigate the distribu-
tion and nature of the unknown UV absorber, to deter-
mine the wind field at the cloud tops (70 km) by track-
ing UV features, and to study wave phenomena. The
night side observations in the near-infrared filter at
1000 nm, which is centered at the atmospheric trans-
parency “window”, will provide for the first time ther-
mal imaging of the Venus surface from orbit. These
observations will determine spatial distribution of sur-
face temperature and will search for active volcanoes.
This channel will also yield global wind field in the
main cloud deck (50 km) by tracking near-IR features.
The other near-IR channel (965 nm) centered at the

Fig. 97: The Venus Monitoring Camera for the Venus Ex-
press mission.

absorption band of atmospheric water will investigate
H,O spatial distribution at the cloud tops on the day
side and in the lower 10 km at night. The visible chan-
nel at 513 nm was designed to map the O, airglow and
its variability on the night side. The VMC images and
movies of the cloud motions Venus atmosphere will
be of significant interest for the public outreach pro-
gramme.

The tests in cruise included the observations of stars,
Venus, and Earth-Moon system and stray light tests.
They demonstrated good performance of the instru-
ment. Fig. 98 shows false colour image of the Earth
and Moon taken by VMC from a distance of 3.5
Miokm. Both planets were only few VMC pixels
across. The visible and UV channels were strongly
overexposed.

The VMC instrument was designed and manufactured
in cooperation with the Institute of Computer and
Communication Network Engineering (IDA, Techni-
cal University, Braunschweig) and the Institute for
Planetary Exploration (DLR, Berlin) with the MPS be-
ing the Pl institute.

(W. Markiewicz (PI), D. Titov, H. U. Keller, H. Per-
plies, I. Szemerey, 1. Sebastian, M. Wedemeier, R.
Moissl)
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First light for VMC — Earth and Moon from 3.5 Mkm away

Fig. 98: False colour image of the Earth and Moon taken by
VMC from a distance of 3.5 Mio km.

The Plasma Environment of Venus — Venus
Express Aspera-4

On 9 November 2005 the Venus Express spacecraft
was launched and reached the planet on 11 April 2006.
One of the goals of the mission is the investigation of
the ionosphere of Venus at solar minimum. Our cur-
rent knowledge of the Venus ionosphere is based on
the Pioneer Venus Orbiter which operated more than
20 years ago at solar maximum. It showed that the
ionosphere has a very fragmented structure (Fig.99).
At solar minimum the reduced solar radiation will
probably result in a much weaker ionosphere. How
this will influence the interaction of solar wind ions
with the atmosphere is unknown. The Aspera-4 in-
strument on board Venus Express measures ions and
energetic neutrals while the spacecraft is orbiting the
planet. It will determine the structure of the iono-
sphere and the total escape rate of atoms from the
planet. This information can then be used to model
the atmospheric history of Venus.

MAGNETOSHEATH

Fig. 99: Structure of the ionosphere of Venus after Brace
and Kliore (1991).

(M. Frinz, E. Dubinin, J. Woch, N. Krupp)

Terrestrial planets research — Moon

SIR-2 — a NIR spectrometer for the first Indian
mission into interplanetary space

Lunar science is undergoing something of a renais-
sance. The recent success of ESA’s SMART-1 mis-
sion, a renewed interest in returning astronauts from
the USA to the Moon, and the stated long-term space
goals of newcomer nations, such as China, India and
Japan, have put lunar science back into the limelight.

The ESA SMART-1 technology mission to the Moon,
launched on 27 September 2003, carries a prototype
light-weight instrument developed by the MPS for So-
lar System Research to test the concept for a spot spec-
trometer to map the lunar mineralogical composition
in the NIR range.

To make the transition from instrument technology de-
velopment to science, MPS participated in the Indian
Space Agency’s (ISRO) announcement of the first In-
dian Mission into interplanetary space. ISRO will
send its first interplanetary spacecraft, Chandryaan-1,
to the Moon (Fig. 100).

.
= d i=ro

Fig. 100: The Chandrayaan-1 mission concept to the Moon.

The purpose of the baseline science mission is to fly
a lunar polar orbiter at an altitude of 100 km for two
years. The main scientific objective of the mission is
high resolution remote sensing in the visible, near IR,
low energy X-rays and high energy X-rays.

The mission goals include:

1. Preparing a 3-D atlas with a spatial and altitude
resolution of 5—10 m;

2. Chemical mapping of the global surface for the
main rock forming elements Mg, Si, Al, Ca, Fe,
Ti at a 10-km resolution;
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3. Mineralogical maps of the Moon at high resolu-
tion;

4. Mapping of high Z elements, such as 222Rn, U,
Th, Gd, at a 20-km resolution.

These photogeological, mineralogical, and chemical
maps would allow one to distinguish between differ-
ent geological units, in order to study the formation
of the Moon by (1) giant impact, the partial melting
which formed a magma ocean and solidified crust,(2)
the late heavy bombardment by large planetesimals
which formed basins, and (3) the evolution of mare
volcanism.

In the framework of this mission we are developing
and building in-house an upgraded, highly compact,
monolithic grating, near-infrared spectrometer based
on SIR, flown on ESA’s SMART-1 mission, covering
a wavelength range from 0.9 to 2.4 um. SIR-2 is in-
tended to accomplish a highly integrated study of the
lunar mineralogy, together with two further optical in-
struments from a lunar polar circular orbit, thereby
extending the wavelength range of Chandrayaan-1’s
Hyper Spectral Imager into the extended near-infrared
region. This much wider range covering the 1- and
2-pum absorption band is a necessary condition to be
able to distinguish unambiguously between the major
lunar minerals, thereby making this instrument far su-
perior compared to older spectrometers using 1.7-pum
cutoff detectors. SIR-2 has a spectral resolution of 6
nm/pixel and an angular resolution of 2.2 millirad.

SIR-2 will address the surface-related aspects of lunar
science in five broad categories:

e Analyze in unprecedented detail the lunar sur-
face in various geological/mineralogical and to-
pographical units;

e Study the vertical distribution of crustal material;

e Investigate the process of basin, maria and crater
formation on the Moon;

e Explore “Space Weathering” processes of the lu-
nar surface;

e Survey mineral lunar resources for future landing
sites and exploration.

(U. Mall and A. Nathues)

Terrestrial planets research — Mars

The Martian magnetosphere and ion escape

The solar wind interaction with Mars leads to the
formation of the induced magnetosphere which is

strongly depleted in solar wind particles. Fig. 101
shows the map of median electron fluxes with energy
E, = 40 — 60 eV based on the observations carried
out by ASPERA-3 over 2 years of Mars Express oper-
ation near Mars. The position of the magnetospheric
boundary is controlled by the solar wind ram pressure
as well as by local crustal magnetization and direc-
tion of the interplanetary magnetic field. Solar wind
drives the magnetospheric plasma of planetary origin
into a global motion providing the induced escape of
oxygen and carbon dioxide at Mars. Fluxes of plan-
etary plasma are mainly confined within the induced
magnetosphere.
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Fig. 101: Map of median electron fluxes (E. = 40 —
60 eV)in cylindrical coordinates. These electrons display
clearly the positions of the bow shock (BS), the magneto-
spheric boundary (MB) and a magnetospheric cavity void of
solar wind electrons.
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Fig. 102: Maps of oxygen ion fluxes in cylindrical coordi-
nates in the boundary layer and ‘rays’ which form the main
channels for ion escape.

Fig. 102 depicts the fluxes of oxygen ions originated
from the extended Martian atmosphere. Two main
channels for escaping planetary ions are readily iden-
tified, the boundary layer/mantle adjacent to the mag-
netospheric boundary and ray-like structures centered
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Fig. 103: Energy-time spectrograms of the ion beams on several Mars Express orbits. Dashed curves depict the altitude of

the spacecraft above the Mars surface.

close to the wake boundary. The third important chan-
nel, plasma sheet is not well explored yet because of
power constraints of the spacecraft in the optical plan-
etary shadow.

(E. Dubinin, M. Frinz, J. Woch)

Ion extraction from Mars

Observations made by the ASPERA-3 experiment on-
board the Mars Express spacecraft found within the
Martian magnetosphere beams of planetary ions en-
ergy linearly increasing with altitude (Fig. 103). A
such dependence suggests ion acceleration in the elec-
tric fields. The values of the electric field evaluated
from ion energization occur close to the typical values
of the interplanetary motional electric field that imply
an effective penetration of the solar wind electric field
deep into magnetosphere or generation of large fields
within the magnetosphere. The existence of large elec-
tric fields extracting planetary ions explains an effec-
tive scavenging of oxygen and carbon dioxide from
Mars.

(E. Dubinin, M. Frinz, J. Woch)

Ray structures near Mars

The ASPERA-3 experiment onboard the Mars Ex-
press spacecraft observed near the wake bound-
ary a spatially narrow ray-like plasma structure
stretched into the tail. This structure is composed
of magnetosheath-like (but with higher temperature)
electrons and planetary ions (Fig. 104). Analysis of
proxy magnetic field configurations inferred from the
Mars Global Surveyor data and corresponding to the
Mars Express orbits suggests that such rays are formed
due to magnetic field tensions generated by draping
interplanetary magnetic field lines slipping around the
planet and pushing a planetary plasma into the tail.
Such a mechanism suggests a strong asymmetry in
plasma intrusion and, correspondingly, an asymmetry
of ion scavenging controlled by the orientation of the
IMF (interplanetary magnetic field) (Fig. 105).

(E. Dubinin, M. Frinz, J. Woch)
Ionospheric photoelectrons at Mars
Spectra of photoelectrons at Mars contain the char-

acteristic “discrete spectral lines” in the energy range
20-30 eV due to enhanced solar radiation in the He™
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Fig. 104: Image of the electron fluxes at a fixed energy
(E, = 80 eV) near Mars in cylindrical coordinates (~50
Mars Express orbits). MPB denotes the magnetic pileup
boundary found from the Mars Global Surveyor observa-
tions. A ray-like structure near the wake is clearly displayed.
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Fig. 105: Image of the O fluxes on the Mars Express orbits
at which the ray structures were observed. The data are pre-
sented in the IMF coordinate system determined by the IMF
orientation. The Y* and Z* axes are along the interplanetary
magnetic (electric) fields, respectively. A clustering of ray-
events near the “northern magnetic poleis in a reasonable
agreement with asymmetry of the pile up of the magnetic
field.

emission at 30.4 nm. These peaks are used as tracers
of ionospheric plasma at Mars. The ASPERA-3 obser-
vations onboard Mars Express have shown that photo-
electrons can be detected at large distances from the
planet (Fig. 106). They are often observed close to the
nominal magnetospheric boundary, implying an im-
portant role of the ionospheric plasma as an obstacle
to solar wind. The main mechanisms responsible for
the transport of ionospheric plasma to the tail are the
bulk motion driven by the solar wind/ionosphere inter-
action and “upward” motion along the magnetic field

lines and, particularly, along the reconnected crustal
field lines which are stretched into the tail (analog of
polar wind). The observations demonstrate the essen-
tial losses of the ionospheric matter due to the direct
exposure of the Martian ionosphere to solar wind.
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Fig. 106: Sites in cylindrical coordinates where the iono-
spheric photoelectrons were observed. Nominal positions
of the bow shock and magnetospheric boundary are given.
Colour shows energy fluxes of photoelectrons centered near
the C Op-peaks (§E.=5 eV)

(E. Dubinin, M. Frinz, J. Woch)

Three-dimensional hybrid modelling of the solar
wind/Mars interaction

Influence of solar UV flux on solar wind induced es-
cape of planetary ions at Mars was studied by us-
ing a three-dimensional multi-species global hybrid
model developed at CETP — Centre d’Etude des Envi-
ronnements Terrestre et Planétaires (France) (Modolo
et al., 2005). The model describing dynamics of the
main ion species (HT, He™™, O™, Ozr ) is in reason-
able agreement with the observations made by Mars
Express and Mars Global Surveyor. Fig. 107 shows
how the interplanetary magnetic field lines are draped
around the planet, creating the induced magnetosphere
with two magnetic field lobes separated by the plasma
sheet. The results show a transition from the solar
wind dominated plasma to the planetary plasma at the
magnetic pile up boundary. The motional electric field
of the solar wind flow creates a strong asymmetry in
the Martian plasma environment. The fluxes of escap-
ing planetary ions strongly depend on solar activity
while the position of the main boundaries are much
less sensitive to solar UV. Total escape fluxes of H
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ions at solar minimum (maximum) are estimated as
~ 43 x 102571 and 1.1 x 10¥s7!, respectively.
The corresponding escape fluxes of oxygen ions are
~ 0.5 x 10%*s7 ! and ~ 2.4 x 10**s71
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Fig. 107: Maps of the magnetic field strength in two differ-
ent planes. Magnetic pile up boundary (MPB) discovered
by Mars Global Surveyor which correlates with the magne-
tospheric boundary (MB) is reproduced in 3-D hybrid sim-
ulations. Asymmetry caused by the interplanetary electric
field is revealed.

(E. Dubinin in collaboration with G. Chanteur and R.
Modolo (CETP, Velizy, France))

Capture of solar wind He™ ™ ions by the Martian
exosphere

It was thought that losses of helium at Mars are bal-
anced by the interior outgassing. However the recent
observations and theoretical estimates (Krasnopolsky
and Gladstone, 2005) show that radioactive decay of U
and Th with subsequent outgassing can explain only
1/3 of the losses. It is suggested that the remaining
helium is captured from solar wind due to charge ex-
change of a-particles in the Martian exosphere. Re-
searchers at CETP (France) developed a consistent
multi-species three-dimensional hybrid model of the
interaction of the solar wind consisting of protons,
a-particles and electrons with Mars provides a tool
to calculate for the first time consistently the depo-
sition of solar wind helium into the Martian atmo-
sphere. During solar minimum activity a total loss
of a-particles due to charge exchange with hydrogen
and oxygen atoms is about of 6.8 x 10> s~!. This
value can explain a ’deficit’ of helium sources at Mars.
Fig. 108 shows a map of He'™ loss rate in the plane
containing the solar wind speed (X-axis) and the inter-
planetary electric field —V s, x By r (Z-axis).
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Fig. 108: Map of loss rate of solar wind ions He™* which
are transformed to He™ ions and He atoms as a result of
charge exchange processes. The distances are normalized to
the proton inertial length.

(E. Dubinin, M. Frinz in collaboration with G.
Chanteur and R. Modolo (CETP, Velizy, France))

Plasma shielding above Mars crustal fields — Mars
Express ASPERA-3 observations

In 1996 remnant magnetic fields were discovered in
the Martian crust by the magnetometer on board the
Mars Global Surveyor (MGS) spacecraft. Since then
it has been discussed how these crustal fields influence
the interaction of the solar wind with the Martian iono-
sphere. Using data (Fig. 109) of the ASPERA-3 in-
strument on board the European Mars Express space-
craft we investigated the effect of the Martian crustal
fields on electrons intruding from the magnetosheath.
For the crustal field strength we used published data
obtained by the Mars Global Surveyor MAG/ER in-
strument for a fixed altitude of 400 km. On the night-
side of the planet the crustal fields efficiently shield
the ionosphere from intruding electrons (Frinz et al.,
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Fig. 109: Top: Median energy flux of 80—100 eV elec-
trons measured by the electron sensor of the Mars Express
(MEX) ASPERA-3 instrument below 800 km altitude on the
nightside for all orbits between 1 Feb 2004 and 1 Mar 2005
as a function of Mars planetocentric eastern longitude and
latitude. Bottom: Inverse of the total crustal field strength
[1/nT] at 400 km altitude from MGS data.

Icarus, 182, 406—412, 2006).
(M. Frinz, E. Roussos, E. Dubinin, J. Woch)

Plasma intrusion above Mars crustal fields — Mars
Express ASPERA-3 observations

On the dayside of Mars the magnetosheath is pressed
against the ionosphere and the interplanetary mag-
netic field is deviated forming the Magnetic Pile-Up
Boundary (MPB). This boundary also builds a bar-
rier for magnetosheath electrons. We used statistics
on 13 months of 80— 100 eV electron observations to
show that the electron intrusion altitude determined
by a probability measure is approximately linearly de-
pendent on the total field strength at 400 km altitude
(Fig.110). We showed that on the dayside the mean
electron intrusion altitude describes the location of the
MPB such that we can quantify the effect of the crustal
fields on the MPB (Frinz et al., Icarus, 182, 406412,
2006).

(M. Frianz, E. Roussos, E. Dubinin, J. Woch)
Martian aerosols and HRSC stereo images

HRSC is the stereo camera of Mars Express, Europe’s
mission to Mars. Since the beginning of 2004 the
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Fig. 110: Energy flux of 80—100 eV electrons measured by
the electron sensor of the Mars Express ASPERA-3 instru-
ment for all orbits between 1 Feb 2004 and 1 Mar 2005 as a
function of total crustal field strength at 400 km altitude and
Mars Express spacecraft altitude for the dayside. Shown are
the percentages of samples above 6 - 107eV/(cm? s sr eV).

camera has mapped a large fraction of the red planet
in stereo and in colour at resolutions of 15-50 me-
ters. Digital terrain models, routinely derived from the
stereo information, have a similar resolution, both in
the horizontal and in the vertical. The mission still
continues, and now is in the first extended phase.

Since the time of Viking it is well known that the Mar-
tian atmosphere contains large amounts of dust and
other aerosols that invoke a strong diffuse illumination
onto the surface. The spectral characteristics of the
diffuse illumination reflect the optical properties of the
aerosols and are different from that of the direct solar
illumination. Interpreting spectral observations of the
surface requires careful analysis of this atmospheric
effect. The required analysis yields, at the same time,
information on the compositions and properties of the
aerosols. HRSC stereo imagery offers a unique and
powerful tool to study the Martian atmosphere.

The magnitude of atmospheric effects in the first place
depends on the optical depths of the atmosphere. Op-
tical depths can be measured from HRSC stereo im-
agery with the so-called stereo method; the nadir view
has a shorter atmospheric path than the forward and
backward ones and thus, given that the atmosphere
usually displays little contrast, differences in contrast
between the images yield a measure of the optical
depth. We have developed, and extensively tested,
software based on this method. Our analysis of HRSC
images shows that the total optical depth of the atmo-
sphere strongly depends on the altitude of the surface.
On average the airborne dust appears to have the same
scale-height as the atmosphere itself, probably mean-
ing that the dust is more or less well mixed. However,
locally we found strong deviations.

By now, our analysis of HRSC images has made it
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clear that aerosol properties show important differ-
ences from place to place and from time to time. For
example, during early 2004 the average airborne dust-
particle over Gusev crater probably was considerably
larger than that some years earlier near the Pathfinder
landing-site. Another example: most limb scans show
thin whitish or bluish hazes above altitudes of about
50 km. Such hazes are highly variable and localized,
but typically may have optical depths of order 0.01,
as compared to 0.5, or often even much more, for
the airborne dust. Somewhat surprisingly, it appears
that these very thin high altitude hazes significantly
increase the albedo of the planet. The likely reason
is that high altitude hazes contain small, and probably
icy, particles that show strong backscattering. As an
effect, the high hazes directly reflect a lot of sunlight
back into space. In contrast, the airborne dust sends
most of the scattered solar radiation towards the sur-
face.
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Fig. 111: On the Norhern slopes of Vallis Marineris the op-
tical depths show a very clear correlation with the altitude of
the surface. Black: measured optical depths with one sigma
errors. Green: the result of a linear-log fit on the measured
points. This fit yields a scale-height for the airborne dust of
14.0 km +1.3 -1.1 km, which is similar to that of the atmo-
sphere itself.

(N. M. Hoekzema, W. J. Markiewicz, L. Petrova, H. U.
Keller)

Lee wave clouds in the Martian atmosphere:
observations by HRSC

Lee wave clouds are a well-known phenomenon in the
Earth’s atmosphere. Usually they show up as large
and dense clouds that hover over the tops of the moun-
tains. They can prevail for long periods of time, and,
even if there are very strong winds, they usually are
almost stationary. Lee wave clouds are formed by ver-
tical deflection of winds on a topographic obstacle; the
air is forced to oscillate in the lee of the obstacle. In
the crest of the wave, air rises up to the cooler region
where condensation occurs due to adiabatic cooling.
In this way, often a regular train of elongated clouds
forms. This train of clouds is aligned orthogonal to
the prevailing wind if the obstacle is a mountain range
or an isolated mountain.

Fig. 112: Subsection of HRSC image from orbit 1096 of
Mars Express. It shows distinct lee wave cloud over North
polar cap.

In the Martian atmosphere lee wave clouds were ob-
served for the first time by Mariner 9. They were
subsequently regularly detected by Viking Orbiter and
Mars Global Surveyor. The High Resolution Stereo
Camera (HRSC) onboard Mars Express has atmo-
spheric observations as one of the priorities of its sci-
entific program. From the beginning of the mission it
has detected quite a number of clouds in the Martian
atmosphere. Several of them are lee wave clouds in the
middle latitudes and in the polar regions. These po-
lar lee wave clouds appear superimposed on the haze
and streak clouds. The wavelength, height and prop-
agation characteristics of lee waves are mostly deter-
mined by the velocity of driving wind and the obstacle
dimensions. Other critical parameters include atmo-
spheric temperature and moisture in the flow. There is
a simple connection between the wavelength of pro-
duced lee wave and the velocity of horizontal wind.
If the lee wave structure is distinct enough to measure
its wavelength, it can be used for estimation of wind
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Fig. 113: Global distribution of atmospheric water during the Northern spring and summer derived from the PFS spectra in

the 2.56 m H,O band.

speed over the area. Wind speed inferred from several
HRSC lee wave images is in the range 24.5 —25.2 m/s.
This result is in agreement with measurements of Mar-
tian wind speed from Hubble Space Telescope and es-
timates from dust devil motion.

Combination of physical properties of lee wave clouds
and stereo imaging techniques of HRSC gives us the
possibility to measure height of these clouds in the at-
mosphere (Fig. 112). Height of clouds marks height
of ice condensed level which is of big interest for un-
derstanding of atmospheric processes on Mars. As an
example we calculated height of lee wave cloud from
the image taken during orbit 1107 of Mars Express,
which appeared to be 5.2 km above Martian surface.

(G. Portyankina, W. J. Markiewicz)

Monitoring the atmospheric water on Mars by the
PFS and OMEGA experiments onboard Mars
Express

The abundance of atmospheric water on Mars strongly
varies with latitude, season, location, and local time.
This indicates that the trace gas is involved in a num-
ber of physical and chemical processes which are not
completely understood. One of the primary goals of
the ESA Mars Express orbiter mission to Mars is to
study the water cycle on the planet. Three experiments
onboard Mars Express — high-resolution spectrome-
ter PFS, imaging spectrometer OMEGA, and solar oc-

cultation spectrometer SPICAM — have been monitor-
ing the abundance of atmospheric water for about two
years. MPS is involved in the analysis of data from
PFS and OMEGA experiment.

Fig. 113 shows the global distribution of atmospheric
water on Mars derived from the PFS measurements in
the Northern spring-summer season. Strong increase
of water abundance in high northern latitudes is caused
by the sublimation of the seasonal polar cap. There are
also two local maxima at low latitudes. One of them
is located above Arabia Terra and coincides with the
region of enhanced subsurface water content observed
by the neutron detector HEND on the Odyssey space-
craft. The other one corresponds to the Tharsis region.

The OMEGA experiment confirmed strong enhance-
ment of the water mixing ratio above the volcanoes
(Fig. 114) — the anomaly first discovered by the
ISM/Phobos mapping spectrometer. The increase in
mixing ratio combined with the pressure drop on the
volcanoes results in HyO column density equal to that
above the lowlands. Such behaviour suggests that the
atmospheric water is not uniformly mixed with alti-
tude but is rather confined to a shallow layer close to
the surface, and its abundance is governed by the ex-
change with regolith.

(M. Tschimmel, L. Maltagliati, D. Titov)
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Water vapor on volcanoes

Fig. 114: Maps of atmospheric water mixing ratio in the vicinity of Martian volcanoes derived from the OMEGA imaging

spectrometry.

Modelling of the Martian atmosphere with
MAOAM

MAOAM - (the former MART-ACC, see annual re-
port 2002 —-2003) describes the dynamics and chem-
istry of the Martian atmosphere from ground to above
100 km altitude. The basic idea of the project is to
create a tool that helps to interpret data to be provided
by future experiments sounding the atmosphere from
ground up to the thermosphere. Especially submil-
limeter instruments have the capability to highly re-
solve the Martian Atmosphere in this entire altitude
range. We are involved in the submillimeter instru-
ments Herschel-HIFI and SOFIA-GREAT (see this is-
sue) and hope to get access to the new ground-based
submillimeter facilities APEX and ALMA. Further-
more we have been involved in the ESA study of
the Submillimeter Wave Instrument (SWI), a potential
payload for the ExoMars Orbiter. Among others, this
instrument would provide highly accurate temperature
and Doppler wind data (see Fig. 115).

Progress in the model development: A detailed de-
scription of the Martian GCM (General Circulation
Model) status can be found in Hartogh er al. (2005).
Compared to the 2003 version called Mart-ACC, a
number to changes have been performed. A brief list-
ing of the changes follows:

e The numerical stability has been improved in a
number of steps including optimization of the
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Fig. 115: SWI temperature and Doppler wind retrieval sim-
ulations: Errors and vertical resolution.

time integration scheme, the introduction of a
staggered vertical grid, a vertically varying hor-
izontal diffusion and an update of the convective
adjustment scheme.

e The smoothed topography used in Mart-ACC
has been replaced by the MOLA (Mars Or-
biter Laser Altimeter)topography. Currently, our
model works with the full topography at all reso-
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lutions.

e The surface physics has been improved by a new
parameterization which is based on the calcula-
tions of the energy balance on the surface. It
uses the available measurements (TES — Ther-
mal Emission Spectrometer) of the surface ther-
mal inertia and the albedo map.

e The radiation scheme has been changed using a
new non-LTE heating/cooling rate scheme repre-
senting an optimized version of the ALI-ARMS
code by our co-workers A. Kutepov and A. Fe-
ofilov. Simultaneous with the model refurbish-
ment a dust radiation scheme adapted from the
Japanese CCSR/NIES general circulation model
(Kuroda et al., 2005). The dust scheme was
validated on Submillimeter Astronomy Satellite
(SWAS) data of the 2003 global dust storm on
Mars. The Mart-ACC gravity wave parame-
terization has been replaced by a scheme of
Medvedev and Klaassen, coupled for the first
time with orographic sources of gravity waves.

e A new MAOAM chemistry-transport-module
(CTM) has been developed and tested. Fig. 116
shows first results on the diurnal variation of
ozone in the Martian atmosphere.

e The model code consists of parts written in FOR-
TRAN and C. The structure of the code has been
completely redesigned to a user friendlier ver-
sion. At the same time multi-processor capability
has been implemented and tested on a 48 - pro-
cessor Opteron Cluster.

One of the first results of MAOAM was that the merid-
ional circulation of the Martian atmosphere is driven
by eddies rather than the hemispheric thermal contrast,
as derived by other models. Related to this, MAOAM
finds stronger winter polar warmings (see Fig. 117).

I2e+09

Se+08

Dé)zone Number Density [1/ccm] at Midnight, Ls=270

7e+08

Height [km]

I5e+08
3e+08
la+08

1e+07

30N 60N

605 305 £0
Latitude

Fig. 116: Ozone number density at midnight during North-
ern winter solstice.
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Fig. 117: (a) Zonally averaged temperature and (b) zonal
wind simulated for Ls = 90. The shaded area in (a) denotes

the temperatures above 160 K

(P. Hartogh, A. Medvedev, T. Kuroda, C. Jarchow, R.
Saito, G. Sonnemann, G. Villanueva in collaboration
with U. Berger and M. Grygalashvyly (IAP Kiihlungs-
born), A. Feofilov and A. Kutepov (University of Mu-
nich), and H. Elbern (University of Cologne))

Mars climate simulator

Like the Earth, Mars has polar ice caps. From satel-
lite observation we know that the Martian polar re-
gions show structures, the so-called polar layer de-
posits, which lead to the assumption of periodic cli-
mate changes of the polar caps. To understand how the
layered deposits and the ice-caps evolve during Mars’
strong orbit driven climate variations, numerical sim-
ulation of the involved physical systems atmosphere
and ice-sheet are necessary. The climates at different
orbit conditions are constructed with a General Cir-
culation Model (GCM) of the Martian Atmosphere.
To understand the behaviour of the Martian ice caps
at different climatic conditions a model is needed to
simulate the ice physics. SICOPOLIS, a polythermal
ice-sheet model, is used for this purpose.

With the help of the coupled models, we have been
able to show that the ice caps show different behaviour
at distinct obliquities. A strong inclination of the rota-
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Fig. 118: Height of the ice-sheet after 5 Ma, starting the in-
tegration from the present day topography for three different
obliquities: (a) 15°, (b) 25.2° and (c) 35°.

tion axis leads to a strong ablation during the summer
month through the higher insolation. This seemingly
counterbalances the increased polward transports of
humidity in the warmer polar atmosphere. Further it
was found that through the albedo feedback, it is easier
to sustain an ice-cap at high obliquities than to create
a new one. The model results show that an obliquity
angle of no more than about 18° is needed to start the
build-up of a new north polar cap. This work was done
in cooperation with the partners at the universities of
Sapporo and Hamburg.

(O.J. Stenzel, R.A. Mahajan, B. Grieger, H.U.
Keller)

Thermal evolution models for Mars

The volcanism on Mars is concentrated in only
two regions, in the Elysium region and much more
prominent in the Tharsis region. Together with strong
anomalies in the gravity field and the areoid these
observations lead to the assumption that thermal
convection in the martian mantle differs from that
in the Earth’s mantle and that the convection pattern
could be dominated by only two strong plumes under
Tharsis and Elysium.

A possible reason for this strong reduction to only a
few plumes can be the endothermic phase transition
in the mineral structure from y-spinel to perovskite
and magnesiowlistite, which may appear in Mars
close to the core-mantle boundary (cmb) (Harder and
Christensen, 1996).

An existing 3-D numerical convection code has been
adopted to the specific features on Mars and extended
to allow for more realistic simulations of the thermal
evolution of the planet. We include the endothermic
phase boundary from y-spinel to perovskite and
magnesiowlistite close to the cmb. The viscosity
is depth-dependent and varies with the horizontally
averaged temperature following an Arrhenius term.
This viscosity law allows us to model the evolution
of the lithosphere and takes into account that the
convection strength decreases with time due to the
viscosity increase, which has an important influence
on the cooling rate of the system. The model also
includes the cooling of the core. Its cooling rate
is proportional to the heat flux into the mantle. In
extended models we investigate the influence of a
depth-dependent thermal expansivity « and the depth-
dependence of the thermal conductivity A which
varies with the horizontally averaged temperature.
The effects of these additional depth-dependencies
on the thermal evolution and the convection pattern
are worked out. The simulations were carried out in
both the Boussinesq- and the extended Boussinesq-
approximation.



104

II. WISSENSCHAFTLICHE ARBEITEN / SCIENTIFIC PROJECTS

The combination of both additional depth-
dependencies shows a strong reduction in the number
of upwellings. The influence of the endothermic
phase transition from y -spinel to perovskite and mag-
nesiowiistite on the convection pattern and the thermal
evolution is reduced. A complete model which also
includes the exothermic phase transitions leads again
to a convection pattern with two upwellings which
could explain the concentrated volcanism on Mars
today. Both depth-dependent parameters o and A
increase the heat flux at the cmb in the beginning
of the evolution. In combination the early heat flux
out of the core is probably high enough to allow for
thermal convection in the core and for a thermally
driven dynamo. This early active dynamo could be
the reason for the strong magnetisation of the old part
of the martian crust. Today the heat flux is too low to
allow for a thermally driven dynamo. The comparison
of the interpolated temperature structure in the core
with the melting conditions of iron with 10% to 14%
sulfur demonstrates that Mars has not yet frozen out
an inner core. The martian core is completly liquid
and does not allow for chemical convection as a
driving mechanism for a dynamo today. The failure
of both a thermally and a chemically driven dynamo
in Mars can explain the lack of a global martian
magnetic field today.

(M. Buske, U. Christensen)

Outer planets research — Jupiter

Banded flows in Jupiter’s Atmosphere

Motion in the outer gas envelopes of Jupiter and Sa-
turn is dominated by strong east- and westward blow-
ing winds. The fastest wind is an eastward jet at the
equator, followed by weaker jets of alternating direc-
tions in the northern and southern hemispheres. This
wind pattern is reflected in the banded cloud structure
on Jupiter.

Former simulations of convection in the gas envelopes
successfully replicate some of the jets and the general
wind speed but fail to reproduce the correct number of
jets and some other details of the wind structure. New
simulations performed by Heimpel ef al. (2005) (see
Fig. 119) come much closer to the real wind pattern
by assuming more realistic parameters, in particular a
shallower outer convective envelope.

Analysis of the jets on Jupiter and in the simulations
show that their width is governed by the so-called
Rhines-length scale. Energy in transfered by an in-
verse cascade from small turbulent eddies to larger
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Fig. 119: Simulation of the convection in Jupiter’s outer
molecular gas envelope. Panels a and b compare Jupiter’s
wind profile as measured by the Cassini spacecraft with the
profile in the computer simulation. Panel ¢ shows eastward
(red) and westward (blue) blowing winds in the simulation
at the outer and inner boundary and a meridional cut.

scales. This cascade stops at the Rhines scale where
the planetary curvature becomes influential, diverting
the energy into the zonal jets (Heimpel et al., 2005).

(J. Wicht in collaboration with M. Heimpel (Univer-
sity of Alberta) and J. Aurnou (UCLA))

Multi-jets in rotating thermal convection

Studies of rapidly rotating convection in spherical
shells have several applications in planetary science.
The present work is focused on numerical models of
enclosed liquid planetary cores. In addition, the work
has implications for experiments on rotating convec-
tion.
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Ideally, the model would be a Boussinesq, possibly
anelastic, spherical shell. However, numerical 3-D
simulations of rapidly rotating convection soon be-
come too expensive at high rotation rates. The rota-
tion rate is measured by the Ekman number Ek, the
ratio between the viscous force and the Coriolis force.
Fig. 120a shows the zonal flow in a strongly non-linear
Boussinesq simulation close to the present practical
limit of Ek. Due to the outer viscous boundary layer,
multiple jets, i.e., more than 2, have developed outside
the tangent cylinder. Kinematic dynamos using this
new type of time-dependent flows have been shown to
produce magnetic fields with a strong toroidal compo-
nent. This is due to an increased w-effect steming from
the increased shear by the multi-jets. In addition, at
higher Ek, it has been shown that well-developed con-
vection inside the tangent cylinder may result in self-
consistent dynamo solutions with a moderate Lorentz
force. Thus these results seem to suggest a scenario
for obtaining magnetic fields with a strong toroidal
component at very low Ek.
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Fig. 120: Non-magnetic convection. (a) Snapshot of the
zonal flow < ug >4 in a spherical shell rotating about the
vertical axis. Bk = 1.78 x 107°. (b) Snapshot of uy in a
2-D model. The model plane represents the equatorial plane
outsi7de the tangent cylinder in a spherical shell. Ek = 1 x
1077,

The practical limit to 3-D models may be circum-
vented by taking advantage of the weak dependence
on the coordinate along the rotation axis. Several
quasi-geostrophic models of convection outside the
tangent cylinder exist in the literature. The present
work is a further development of the 2-D models by
Busse. A rotating duct has non-slip top and bottom
boundaries with variable curvature. The problems re-
sulting from a streamfunction representation of the
flow have been solved. In one limit the model re-
duces to the classical annulus. In another limit the
model geometry closely resembles the spherical shell.
A strongly non-linear solution in the latter model is
shown in Fig. 120b. The jets drift towards the inner
boundary. The number of jets scales as Ek~!/# in ac-
cordance with the theory of Rhines (1975).

(J. Rotvig)

Models of convection in the gas giants including
density stratification

Denstity increases significantly towards the interior of
the giant planets gas envelopes. Most simulations that
model convection within these envelopes nevertheless
assume homogeneous density for simplicity. As a first
step towards more realistic dynamical models we in-
clude density stratification but neglect adiabatic and
viscous heating. Furthermore, we restrict ourselves to
mildly supercritical convection to closely explore den-
sity stratification effects. When taking into account
the possible density dependence of physical properties
(like thermal conductivity or viscosity) key parame-
ters like the Rayleigh number become depth depen-
dent. As a result, convection close to onset may be
confined to a certain depth range, either close to the
inner boundary or close to the outer boundary depend-
ing on the assumed model. Likewise, densitiy strati-
fication leads to generally smaller scales and a com-
pressed bifurcation scenario, i.e. more complex and
chaotic solutions are reached at smaller supercritical
Rayleigh numbers when density stratification is in-
creased. While the shape of convective rolls aligned
with the rotation axis is generally retained, the flow
amplitude can increase significantly towards the exte-
rior. This would mean that the jet stream observed on
the gas planets’ surfaces represent much smaller inte-
rior flow amplitudes.

(D. Tortorella, U. Christensen, and J. Wicht)

In-situ observations of the Jovian magnetosphere

The Jupiter in-situ research at MPS in the years
2004/2005 was based on the data analysis mainly from
the Energetic Particles Detector (EPD) on board the
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Galileo spacecraft, which was the first spacecraft or-
biting an outer planet. EPD was partly built at the
institute and consists of two double-headed detector
systems. EPD uses typical dE/dx versus E telescope
and Time-Of-Flight techniques to separate different
ion species and electrons in an energy range between
tens of keV and several MeV. The whole instrument is
mounted on top of a turntable so that its rotation com-
bined with the spacecraft spin allows measurements
from all directions in the three dimensional space.

Jovian plasma sheet morphology

Measurements of energetic ions and magnetic field
data in the Jovian magnetosphere were used to iden-
tify 500 encounters of the equatorial plasma disc dur-
ing the first 25 orbits of the Galileo spacecraft. It was
found that a well-defined periodicity in the two data
sets exists out to distances of 110 jovian radii. These
periodic signatures display a large variability in the
location of the peaks in the ion fluxes, interpreted as
changes of the plasma sheet geometry during the en-
counters. Fig. 121 schematically shows a possible in-
terpretation.

(N. Krupp, A. Lagg in collaboration with Applied
Physics Laboratory/The Johns Hopkins University,
USA; University of California Los Angeles, USA;
Boston University, USA)

Evolution of an electron pitch angle distribution in
the inner Jovian magnetosphere

Energetic electrons observations in the inner to middle
Jovian magnetosphere have established a distinct tran-
sition from a pancake distribution close to the planet
to a bi-directional distribution further out as an intrin-
sic feature of the Jovian magnetosphere. One possi-
ble mechanism causing such a distinct and localised
boundary is pitch angle scattering. In particular, by
simulating the evolution of an electron pitch angle dis-
tribution assuming conservation of first and second
adiabatic invariants, the results can be compared with
the observed distributions and discussed in the con-
text of global particle transport in the Jovian magneto-
sphere.

In Fig. 122 the simulated and actually measured elec-
tron flux is compared. The simulation of the evolu-
tion of an electron pitch angle distribution with radial
distance showed that conserving the first and second
adiabatic invariants leads an electron population with
a bi-directional pitch angle distribution in the current
sheet region into a pancake distribution in the dipolar
region, in the same radial range as observed by mea-
surements.
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Fig. 121: Schematic showing the interpretation of various
plasma sheet encounter signatures as changes in sheet con-
figuration and mean location with respect to the spacecraft.
Top: Examples of the types of signatures discussed in this
paper displayed as omni-directional ion energy spectra. Bot-
tom: Schematic illustrating the effect of vertical displace-
ment of the plasma sheet relative to the spacecraft trajectory.
Labeled lines are spacecraft trajectories that would give rise
to the signatures on the left. The top right illustrates signa-
tures resulting from an encounter with a plasma sheet having
an oscillation amplitude larger than its thickness, while the
bottom right shows those resulting from a sheet having a
greater thickness than oscillation amplitude.
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Fig. 122: Normalised pitch angle distribution. The upper
panel shows the measured normalised distribution during the
outbound passage of the C3 orbit of Galileo, for the el chan-
nel (29 keV to 42 keV). In the lower panel the simulated nor-
malised pitch angle distribution is shown in the radial range
from 10 R to 18 R; (R (Jupiters radius) = 71492 km). In
both cases the colour code indicates the particle flux, nor-
malised to the maximum and minimum of each bin.

(A. Tomas, J. Woch, N. Krupp, A. Lagg in collabo-
ration with Imperial College London, UK; University
of Iowa, USA; Applied Physics Laboratory/The Johns
Hopkins University, USA; University of Califor-
nia Los Angeles, USA; Technical University Braun-
schweig)

Quasi-periodic dynamics of the Jovian
magnetosphere

Quasi-periodic modulations with a time period of sev-
eral days were observed in most regions of the Jo-
vian magnetosphere covered by the Galileo spacecraft.
Each individual cycle of these modulations represents
a global reconfiguration of the Jovian magnetosphere.
The reconfiguration process in the magnetotail con-
sists of a transition from a quiet state to a disturbed
state. The initial loading phase is characterized by
plasma convection at a moderate speed in the coro-
tational direction and by a gradual stretching of the
Jovian plasma sheet configuration (as seen from radial
and azimuthal magnetic field components as well as
the sulfur energy spectral index changes in Fig. 123).

In the release phase, reconnection through a thinned
current sheet leads to radially inward and outward
plasma flows and the ejection of plasmoids. In or-
der to explain these periodical modulations a simple
conceptual model was developed. It assumes that the
ion-mass loading from internal plasma sources and
the fast planetary rotation causes magnetotail field line
stretching due to centrifugal forces. This leads to the
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Fig. 123: An example of the periodic modulations of first
order anisotropies, magnetic field, the sulfur energy spectral
index y and the ratio of the south-north magnetic field com-
ponent in the current sheet crossing to the absolute value
of the radial magnetic field component for the time inter-
val DOY 235, 00:00 to DOY 251, 00:00 in 1998. First
order anisotropies in the radial (black, positive is outward)
and corotational direction (grey) (first panel); the absolute
value of the radial magnetic field component, the black line
presents the rough envelope (transient events are neglected)
(second panel); the south-north component of the magnetic
field, the black lines show again the envelope (third panel);
the sulfur energy spectral index y, 10-hour-averages (fourth
panel); the ratio of the south-north magnetic field component
in the current sheet crossing to the absolute value of the ra-
dial magnetic field component, the red line shows the thresh-
old for the ion tearing instability (fifth panel). The time in-
terval DOY 235, 00:00 to DOY 251, 00:00 in 1998 (orbit
E16) is shown. The dashed lines indicate times at which the
Jovian magnetotail transits from a quiet to disturbed state or
vice versa.
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Fig. 124: S/O, S/He, O/He and p/He ion abundance ratios (from top to bottom) as a function of radial distance for the time
interval 1996, day 265 to day 280 (along the G2 Galileo orbit). The observed values are plotted in red, the black horizontal
lines indicate the level of the ratio in the vicinity and the horizontal green lines the values derived by the accelerated spectra
according to the model, with input parameters based on magnetic field observations. The vertical dashed lines indicate the

onset of the reconfiguration events.

development of a magnetotail configuration favoring
magnetic reconnection. It is shown that the condition
for the onset of a tearing mode instability is satisfied
just before each disturbed period of the reconfigura-
tion process. Thus, it is suggested that the tearing in-
stability may cause both plasmoid formation and their
release with continuing mass loading, leading to re-
newed stretching of tail field lines. The model yields
that the intrinsic time constant of the Jovian reconfigu-
ration process depends on internal parameters like the
mass-loading rate and the initial mass density during
loading phase which is affected by the external solar
wind conditions. This model shows that the suggested
intrinsic mechanism can explain the observed modu-
lations of several days of the Jovian reconfiguration
process.

(E. Kronberg, J. Woch, N. Krupp, A. Lagg in
collaboration with Applied Physics Laboratory/The
Johns Hopkins University, USA; Technical University
Braunschweig, Imperial College London, UK)

Energetic particle composition during substorm-like
events in the Jovian magnetotail.

Based on the first 15 orbits of the Galileo space-
craft the composition of the energetic ion popula-

tion of the Jovian magnetosphere was studied on a
global scale. Analyzing data from the Energetic Par-
ticles Detector onboard Galileo, we investigate the
relative ion abundance ratios of S/O, S/He, O/He
and p/He at various energy/nucleon. Prominent en-
hancements of S/O, S/He and O/He abundance ratios
are observed in the predawn sector associated with
substorm-like events in the magnetotail. During these
reconfiguration events frequent small-scale variations
of the south-north component of the magnetic field are
present. Acceleration by such magnetic field varia-
tions is examined as a possible mechanism for particle
energization in that region. When the time scale of the
magnetic field variation is comparable to the particle
gyro period the particle is accelerated by the induced
electric field. Based on magnetic field observations it
is shown that during the Jovian substorms sulfur and
oxygen ions are more effectively energized than he-
lium and protons, generating the observed ion abun-
dances.

Fig. 124 shows an example of enhanced ion composi-
tion along a region of the G2 orbit where many recon-
figuration events are present, the observed values (red)
as well as the modeled (green) are plotted together for
comparison.

(A. Radioti, J. Woch, N. Krupp, A. Lagg in collabora-
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tion with Applied Physics Laboratory/The Johns Hop-
kins University, USA; Technical University Braun-
schweig)

Dust stream measurements from Ulysses’ 2"
Jupiter encounter

The Ulysses spacecraft has been orbiting the Sun on
a highly inclined ellipse (i = 79°, perihelion distance
1.3 AU, aphelion distance 5.4 AU) since it encoun-
tered Jupiter in 1992. During this Jupiter flyby within
2 AU of the planet the impact ionisation dust detector
on board discovered periodic burst-like streams of dust
particles emanating from the jovian system (E. Griin
et al., Nature, 362, 428430, 1993). In February 2004
Ulysses had its second flyby at Jupiter at 0.8 AU dis-
tance from the planet. 28 dust streams were measured
between November 2002 and August 2005 while the
spacecraft was within 4 AU of the planet, scanning
jovigraphic latitudes from +75° to —25°. The high-
est dust fluxes were measured in mid 2004 at the pas-
sage of the jovian equatorial plane when more than
2000 impacts per day were measured (Fig. 125). The
data show clear signatures for dust particle interac-
tion with the solar wind driven interplanetary mag-
netic field (H. Kriiger et al., Planetary and Space Sci-
ence, in press, 2006). At high jovigraphic latitudes,
the impact rates show a periodicity of 26 days, closely
matching the solar rotation period, while at the jovian
equator the streams fluctuate with twice this period.
The 14-day subharmonic streams alternate in arrival
direction and are correlated with the pointing of the
interplanetary magnetic field.
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Fig. 125: Impact rate of dust stream particles measured in
2004. A vertical dashed line shows Jupiter closest approach
in February and the shaded area indicates a short period in
late November 2004 when the dust instrument was switched
off.

(H. Kriiger in collaboration with E. Griin (MPI fiir
Kernphysik, Heidelberg))

Outer planets research — Saturn —
Magnetosphere

A differential-rotation dynamo for Saturn?

Today’s computational resources do not allow us to
simulate planetary dynamos with realistic parameters.
In particular the viscosity is several orders of magni-
tude higher in the numerical models than would be
realistic. This higher viscosity is essential to damp
small scale flows than cannot be resolved. Are these
small scales important for the magnetic field produc-
tion? We simply don’t know. And unfortunately, we
have no means to answer this question for the geody-
namo, because we know so little about the dynamics
in the Earth’s core.

Laboratory experiments are essential here. They
bridge the wide gap between simulations and real-
ity, since they can run with fluids whose physical
properties are significantly more realistic. Viscosity
and electrical conductivity of liquid sodium, the fluid
preferably used in dynamo experiment, are close to
the properties of the liquid iron in the Earth’s outer
core. The dynamo group at the LGIT (Laboratoire de
Géophysique Interne et Tectonophysique) in Greno-
ble, France, and the laboratory of Dan Lathrop at the
University of Maryland are working on a new gener-
ation of dynamo experiments. These are based on the
spherical Couette setup: Differential rotation of an in-
ner sphere and the outer boundary drives a fluid flow
in the liquid sodium that fills the cavity. If the dif-
ferential rotation is large enough, non-axisymmetric
flow instabilities grow that bear some similarity with
convective columns in rotating spherical shells. The
computer simulations show that these instabilities can
drive a dynamo. According to these results, in partic-
ular the experiment designed by Dan Lathrop seems
powerful enough to actually work as a dynamo.

Magnetic fields produced by this type of dynamo
are surprisingly axisymmetric due to the stong wind-
ing of fieldlines by the rotating inner boundary (see
Fig. 126). We suggest that such a mechanism could be
responsible for Saturn’s highly axisymmetric and sim-
ple magnetic field that has puzzeled researchers for a
long time. Helium precipitation carrying angular mo-
mentum into Saturn’s interior is a conceivable source
for differential rotation within the planet.

(J. Wicht in collaboration with P. Olson (Johns-
Hopkins University) and D. Lathrop (University of
Maryland))
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Fig. 127: Dynamic spectrogram (energy vs. time) of LEMMS ions and electron intensities. Colour-coded is the intensity
of ions (top panel) and electrons (bottom panel). Electron energy is plotted increasing downward, ion energy increasing

upward for a better comparison.

Fig. 126: Magnetic fieldlines in the spherical-Couette dy-
namo.

In-situ observations of the Saturnian
magnetosphere

The Saturn in-situ research at MPS is based on
data from instruments onboard the Cassini spacecraft
which went into orbit around Saturn on July 1, 2004.
MPS built the Low Energy Magnetospheric Measure-
ment System LEMMS, one out of three detectors of
the Magnetospheric Imaging Instrument MIMI. The
institute was also involved in the Hydrogen Deuterium
Absorption Cell HDAC which is part of the Ultraviolet
Imaging Spectrograph UVIS.

Global configuration and dynamics of the Saturnian
magnetosphere

MIMI onboard the Cassini spacecraft has been observ-
ing the Saturnian magnetosphere since July 1, 2004.
Until the end of 2005, the spacecraft performed 21
revolutions around the ring planet, predominantly in
the morning and the predawn local time sector of the
magnetosphere.

Fig. 127 shows a dynamic spectrogram of energetic
ions and electrons measured by MIMI/LEMMS dur-
ing the insertion orbit. Different magnetospheric re-
gions (lobe, plasma sheet, radiation belts) could be
identified. The study of the Saturnian plasma sheet is
crucial to understand the dynamics of the whole Sat-
urnian system. The analysis of MIMI/LEMMS data
in combination with magnetic field data revealed that
periodic changes at the planetary rotation period of 10
hours and about 40 minutes are observed. Currently
the reason is not yet fully understood since the rota-
tion and magnetic axis of saturn are aligned with each
other.

Fig. 128 shows one of the best examples measured
along the outbound path of Cassini’s orbit B in De-
cember 2005. For almost 6 days the electron in-
tensities and total magnetic field varied periodically.
One possible explanation was discussed in terms of
a magnetic anomaly at a given longitude pushing the
spacecraft on different field lines with different par-
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Fig. 128: Total magnetic field and intensities of electrons
during the outbound portion of Cassini’s orbit B around Sa-
turn in December 2005. Vertical lines are drawn every 10
hours 40 minutes (planetary rotation period).

ticle distributions every rotation. Other explanations
such as periodic substorms or other dynamic changes
in the Saturnian magnetotail are also discussed. The
measurements of the MIMI instrument inside the Sat-
urnian magnetosphere also allowed the study of so-
called particle injections in great detail. Those dy-
namic planetward injections of energetic particles con-
fined in azimuth have been observed at Earth as well as
in Jupiter’s magnetosphere. Now with MIMI/LEMMS
it was possible to detect them at Saturn as well. Dur-
ing an injection event, hot plasma from a region fur-
ther out in the magnetosphere is injected into an inner
region, azimuthally drifting around the planet. Injec-
tions are observable in the opposite energy-time dis-
persion of ions and electrons arriving at the space-
craft with a characteristic delay in time, dependent on
their charge and initial energy. The disperion theory
applied to the observations at Saturn required an ad-
ditional term in the Saturn case to explain the unex-
pected change in the ion arrival profile. This additional
term took the radial motion of the plasma into account.

Fig. 129 gives one example of a series of injections
seen in the energy spectrograms as time dispersed fea-
tures.

(N. Krupp, A. Lagg, J. Woch, G. H. Jones, E. Roussos
in collaboration with the Applied Physics Laboratory/
The Johns Hopkins University, USA; University of
Maryland, USA; Imperial College London, UK; Fun-
damental Technologies, USA; Centre d’Etude Spatiale
Rayonnement, Toulouse, France)
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Fig. 129: Energy-time spectrograms during the Saturn in-
sertion orbit. The colour-coded intensities of electrons and
ions clearly show a strong dispersion of arrival times at the
spcecraft.

Microsignatures caused by the interaction of plasma
and the icy satellites of Saturn

Within 9 Rg from the center of Saturn (1 Rg =
60287 km) seven moons with a diameter greater than
100 km orbit the planet in almost circular and equa-
torial orbits. These moons interact continuously with
the trapped plasma of the radiation belts. As most of
these moons are electromagnetically inert, they absorb
plasma effectively, resulting in very characteristic de-
pletions, mainly in the electron population. The kine-
matics of those electron “holes” (termed microsigna-
tures), is similar to the one of the electrons before their
depletion on the moon’s surface. Therefore by study-
ing the position of these signatures in the magneto-
sphere, with respect to the position of the moon that
caused them, we can get direct information about the
electron flow pattern in the radiation belts. In addition,
the study of the refilling of the microsignatures gives
us a direct estimate of the diffusion rates in the radi-
ation belts. Using data from LEMMS, we studied the
electron absorption signatures of the moon Tethys, in
the energy range of 20— 100 keV, observed in the first
six orbits of Cassini around Saturn.

Fig. 130 shows one of the many Tethys microsigna-
tures found. In total, 11 out of 12 crossings of the
regions magnetically connected to Tethys’s orbit re-
vealed the moon’s electron absorption signatures. The
detection and analysis of double microsignatures (as
seen in Fig. 130) has shown that Tethys’s microsig-
natures persist in the magnetosphere for long peri-
ods. This qualitatively suggested low diffusion rates
and was in agreement with our estimate of a radial
diffusion coefficient of 1079R.2§ /s, that resulted from
the modelling of a single absorption event. Further-
more, the study of the position of the microsignatures
with respect to Tethys’s orbit revealed that the electron
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Fig. 130: Multiple microsignatures in four electron channels
of LEMMS seen during Tethys’s L-shell crossing on day 89
of 2005. The sharp absorption feature at 3:46, as well as the
features around 4:26, are associated with Tethys. The ver-
tical line at 4:26 indicates the time for the expected Tethys
L-shell crossing.

flow pattern deviates significantly from axisymmetry.
It was found that the direction of this deviation corre-
lates strongly with local time, in a way that it is con-
sistent with the effects of an interplanetary convective
electric field at Saturn. This was a surprising result,
as Saturn’s magnetosphere is thought to be corotation
dominated, with the effects of the interplanetary con-
vective field appearing only at large radial distances in
the magnetosphere of Saturn.

Microsignatures in the wake of the 500 km-wide moon
Enceladus were also studied. In mid-2005, this body
was discovered by several Cassini instruments to be an
active source of neutral gas and dust, and is thought
very likely to be the dominant source of Saturn’s ten-
uous E-ring. Most charged particles travel around
Saturn in the same direction as the moons orbit, but
at higher velocities. This forms a wake that leads
Enceladus’s motion around Saturn. The exception
to this behaviour is the population of energetic elec-
trons, which, above a certain energy, actually trav-
els around Saturn in the opposite direction, and hence
forms a wake that trails Enceladus’s orbital motion.
LEMMS was therefore able to sense two populations
of microsignatures: all positively-charged particles
and low-energy electrons on one side of the moon,
and high energy electrons on the other. The high-
energy electron population behaved approximately as
expected, with their microsignatures gradually fill-
ing in with diffused magnetospheric particles as they
moved away from Enceladus. The low energy elec-
trons did not behave like this: the signatures varied in
depth and width, and did not follow a predictable pat-
tern. We assign this behaviour to the plume of gas and

dust released by Enceladus. As the low-energy elec-
tron microsignatures varied, we strongly suspect that
this is a result of variability in the activity of the plume
itself over a period of days or weeks.

High-energy ion signatures were also studied. These
particles form a deep, persistent wake that extends
all the way around Saturn, centered on the orbit of
Enceladus. This wake, termed a macrosignature, can
be attributed to the very short orbital period of these
particles: before the wake can be refilled by mag-
netospheric plasma, the particles again encounter the
moon, thus continuously retaining the presence of the
drop in energetic positively-charged particles in this
region.

(E. Roussos, N. Krupp, G. H. Jones, A. Lagg, J. Woch
in collaboration with Applied Physics Laboratory/The
Johns Hopkins University, USA; Technical University
of Braunschweig; Imperial College London, UK)

Outer planets research — Saturn — Moons

Disk-integrated photometric and polarimetric
observations of Saturn’s major satellites

Although the opposition phenomena observed in
brightness and polarization for the surfaces of vari-
ous astronomical objects and laboratory samples have
been under intense study for many years, their expla-
nation is still far from being complete. The shadow
hiding and coherent backscattering mechanisms are
discussed most frequently in this connection. Differ-
ent scattering mechanisms such as interference and in-
teraction between scatterers in the near field may influ-
ence brightness and polarization of complex ensem-
bles of particles as well. To enlarge the data base on
polarization measurements of high albedo icy surfaces
at small phase angles we have embarked on a ground-
based observational program to measure the integrated
polarization of Saturn’s major satellites Enceladus,
Tethys, Dione, Rhea, Titan and lapetus as a function
of phase angles in the range available from Earth of 0°
to about 5°. The measurements of Titan do not refer
to its surface. They are done for intercomparison with
the recent space observations of this satellite. The ob-
servations were conducted at the 2m-telescope of the
National Observatory of the Institute of Astronomy of
the Bulgarian Academy of Sciences on Mount Rojen
from 3 —17 January (small phase angles) and from 25
November — 8 December 2005 (“large” phase angles).
Some preliminary results for the satellites Enceladus
and Dione are shown in Fig. 132. Measurements at
intermediate phase angles are still missing. Therefore
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Fig. 131: Electron flux measurements made by LEMMS are shown here in normalized counts plotted against distance from
Saturn. The red panels show that high energy electrons behave as expected. The behaviour of the low energy electrons
(green) does not however fit a fixed pattern. High energy electrons pass straight through Enceladus’s plume, while low
energy electrons are sensitive to Enceladus’s varying environment.

we cannot draw conclusions on the contribution of dif-
ferent scattering mechanisms to the polarization yet.

The work was supported by grant 436 RUS 113/684/0-
2 of the Deusche Forschungsgemeinschaft in the
framework of the priority program 1115 “Mars and the
terrestrial planets”.
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Fig. 132: Phase curves of polarization of Saturn’s satellites
Enceladus and Dione at 694 and 890 nm.

(K. Jockers, 1. Kulyk)

Cassini UVIS/HDAC observations of Titan’s
exosphere during the 9th Titan encounter

Cassini UVIS/HDAC is a Lyman o photometer
with Hydrogen/Deuterium cells, which is designed

to measure Deuterium (121.533 nm) and Hydrogen
(121.567 nm) Lyman alpha emissions from Titan and
Saturn. HDAC works as a very narrow absorption fil-
ter. The incident Lyman alpha emission is absorbed
by hydrogen (deuterium) atoms from hydrogen (deu-
terium) molecules dissociated by heated filament. The
strength of the absorption can be controlled by the
power heating the filament. This and the variation of
the Doppler velocity (near zero) allow us to deconvo-
lute the profile of the incident Lyman alpha line and
the D/H ratio in Titan.

A measurement sequence was performed with HDAC
during the Cassini T9 encounter on Dec 26, 2005.
Fig. 133 shows the data taken around the closest ap-
proach (17:52-19:18 (UTC)). During this period the
distance between Titan and the spacecraft changed
from 30,000 km to 13,000 km. The phase angle
changed from 30—110°. Lyman alpha emission was
detected at a brightness level of 500 ~700 [R]. The
Doppler velocity changed from -4.7 km/s to -5.0 km/s.
Line profile sweeping was successful. We are devel-
oping a remote sensing program for retrieval of the hy-
drogen altitude distribution and retrieval of exospheric
temperature of Titan.

(Y. Ito, H. U. Keller, A. Korth)

Microscopic properties of Titan’s surface from
Huygens/DISR images

After its descent through Titan’s atmosphere the Huy-
gens probe landed on a plain which resembled a
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Fig. 133: HDAC observations during the T9 closest ap-
proach. HDAC modulated signal can be clearly seen in the
data. The black cross, blue square and green asterisk denote
background data, the data when Hydrogen cell is switched
on and the data when both (Hydrogen and Deuterium) cells
are switched on.

lakebed surrounded by hills Tomasko er al. (2005).
In the following hours the three cameras (sideward
looking imager, medium resolution imager, and high
resolution imager) of the Descent Imager/Spectral Ra-
diometer (DISR) took several dozen images of the
same surface spot. The resolution of those images of
a few millimeters exceeds the best resolution achieved
during descent by more than two orders of magnitude.

While the surface at the landing site does not contain
any liquids at present, it is covered by pebbles of sev-
eral millimeters to 15 cm in size (Fig. 134). It is likely
that the pebbles are mostly made of water ice. Their
size distribution (in terms of surface coverage) shows
a peak at sizes between 5 and 15 cm (Fig. 135). Few
smaller and no larger pebbles are seen.

The size distribution of the pebbles is different from
that of stones seen on other solar system objects like
Mars or asteroid Eros. However, it is similar to that
of stones transported by terrestrial rivers or by flash
floods in a regime where the flow entrains material
up to a certain threshold size. We conclude that the
pebbles seen on the surface have been transported by
a liquid flooding into the lowland where the Huy-
gens probe landed. The interpretation is supported by
images taken during descent. They show a network
of channels which are interpreted as dry riverbeds
Tomasko et al. (2005).

In the cold environment on Titan (surface tempera-
ture about 90 K) methane can exist in the solid, liquid,
and gaseous state, similar to water on Earth. Assum-
ing that water ice pebbles were transported by liquid
methane, the flow velocity was on the order of 1 m/s.

(M. Kiippers, R. Kramm, H. U. Keller)

Determining the reflectance properties of Titan’s
surface

Retrieving the properties of Titan’s surface is of
paramount importance to understanding this mysteri-
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Fig. 134: Composite of DISR surface images taken with the
sideward looking imager (top) and the medium resolution
imager (bottom). Data from the high resolution imager were
not used because it was out of focus due to the close prox-
imity to the surface. The sizes of the pebbles and horizontal
distances from the probe are marked.

ous world. The Descent Imager / Spectral Radiome-
ter (DISR) aboard Huygens amassed a wealth of data
during its descent through Titan’s atmosphere in Jan-
uary last year. More specifically, the Downward Look-
ing Visual and Infrared Spectrometers (DLVS/DLIS)
viewed the surface with increasing clarity as the probe
approached landing (Fig. 136). Because the atmo-
sphere strongly absorbs at certain wavelengths due to
haze and methane, we must take care to disentangle
atmospheric from surface contributions. Spectra ac-
quired by the DLVS show that in the visible wave-
length range the atmosphere contributes to the ob-
served intensity all the way to the surface. However,
the DLIS spectra reveal that in near-infrared a methane
windows in atmospheric absorption appears to be mi-
nor below 4 km, which allows for the determination of
the surface bi-directional reflectance distribution func-
tion (BRDF). The BRDF shows a relative increase of
intensity towards lower phase angles that is approxi-
mately constant with wavelength.
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Fig. 135: Size distribution of the pebbles larger than 1.6 cm.
The quantity R is proportional to the fraction of the surface
area covered by pebbles of a given size.

Fig. 136: The area covered by the second spectrophotomet-
ric map in gnomonic projection (10 x 10 km). The DLVS
and DLIS footprints are overlayed in red and green, respec-
tively. The MNS and VLNS mode DLIS footprints are also
shown for reference.

We attempt to model the surface BRDF, using a two-
fold approach. The images acquired by DISR after
landing show a surface strewn with rounded rocks,
presumably composed of water ice. By simulating
how the Sun casts shadows on various idealized sur-
faces (Fig. 137) we determine that the macroscopic
shadow hiding contribution is most likely minimal
(Fig. 138). The next step in our investigation is to
model scattering by the icy soil.

(S.E. Schrdder, M. Kiippers, H. U. Keller)

Fig. 137: Titan’s surface and two simulated surfaces as seen
from the probe’s perspective after landing, all displayed at
the same image resolution. The Huygens SLI view (left)
is shown with a realistic (middle) and an idealized (right)
simulated surface, covered with identical spheres. The sim-
ulations are supposed to reflect observations in the near-IR
methane bands, and therefore the shadows are much more
pronounced than in the SLI image. Note that the latter was
highly compressed before being transmitted, degrading the
resolution.
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Fig. 138: Simulations of the macroscopic shadow hiding ef-
fect compared to observations at 1.28 um. Shown in black
is the relative intensity of the two surfaces in Fig. 137 as
it would be observed by the DLIS for a full probe rotation,
scaled to match the maximum of the low altitude observa-
tions. The colored data points are observations by the DLIS
below 4 km altitude, operating in different modes (Spec-
trophotometric Map 2, Medium Near Surface, and Very Low
Near Surface mode).

Topographic shading in Huygens/DISR images of
Titan’s surface

During the descent of the Huygens probe in January
2005, its Descent Imager/Spectral Radiometer (DISR)
has taken the first close up images of Titan’s sur-
face Tomasko et al. (2005). No obvious topographic
shading is visible in the images. This was attributed
to the fact that the illumination on Titan is very dif-
fuse. However, even a completely isotropic illumina-
tion would imply topographic shading. This is due
to the fact that any significant terrain obscures a part
of the sky, with the fraction of obscured sky varying
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from place to place. Moreover, although diffuse illu-
mination is dominant in the visible wavelength range
on Titan, it is concentrated in a pronounced solar au-
reole, cf. Fig. 139. lLe., the illumination is far from
being isotropic and exhibits quite a prefered direction
Grieger (2005).

Fig. 139: Diffuse radiance from Titan’s sky in the DISR im-
ager wavelength range. The zenith is in the center, the hori-
zon is at the limb. Note the pronounced solar aureole.

The optical properties of the aerosols in Titan’s atmo-
sphere have been retrieved from upward and down-
ward looking measurements of DISR visible and in-
frared spectrometers Tomasko er al. (2005). Based
on these retrievals, we have conducted radiative trans-
fer computations for a set of wavelengths in the re-
sponse window of the panchromatic DISR imagers.
By integrating the computed radiances over wave-
length weighted with the imager response function, we
are able to model the atmospheric radiance as seen by
the imagers. This modelled radiance is then used to
correct the images for the atmospheric contribution,
cf. Fig. 140. While DISR images of the river bed area
originally exhibit a contrast of only a few per cent, the
corrected contrast of true surface brightness is about
20%.

Based on the surface illumination implied by the mod-
elled radiance, cf. Fig. 139, we have rendered various
digital terrain models to investigate the contribution
of topographic shading to the observed contrast. We
find that a moderate terrain with slopes of up to 25°
yields surface brightness variations which are compa-
rable in magnitude to the observations. An elevation
model of a Titan river bed that can reproduce the ob-
served brightness profile without assuming local vari-
ations in surface albedo, i.e., without any “dark stuff”
in the river bed, is presented in Fig. 141. The river bed
is about 100 m wide and 20 m deep. The actual river
is possibly much narrower, may be only a few meters
wide.

(B. Grieger, Y. Skorov, H. U. Keller)

Fig. 140: Original image (left) and image corrected for at-
mospheric effects (right), both in the same gray scale.

Fig. 141: Elevation model of a Titan river bed (topography
not exaggerated), rendered according to Titan sky illumina-
tion, cf. Fig. 139. The direction of the sun is 17° counter-
clockwise of the +x-direction. Constant surface albedo is
assumed. The resultant brightness profile across the river
bed is consistent with observations, cf. Fig. 140.

Cometary research

Comet 2P/Encke: Observations in the visual and
submillimeter range during its November 2003
apparition: Dust polarization, HCN and CN

Comet 2P/Encke is the short-periodic comet with the
smallest known perihelion distance q = 0.33 AU and
with a period of 3.28 years. It does not display a tail.
Instead a so-called “fan” is observed, a broad feature
on the solar side of the comet forming an angle with
the solar direction. Because comet Encke orbits at
rather close distance from the Sun, it is probably the
most evolved comet known. The ISO satellite revealed
that the dust grains of this comet are large and merge
into a so-called dust trail, extending along the orbit of
the comet. These large grains are invisible in the vi-
sual wavelength range.

We have observed comet Encke in the optical and
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submillimeter wavelength ranges during its Novem-
ber 2003 apparition. The submillimeter observations
were conducted with two heterodyne receivers com-
bined with the high resolution chirp transformer spec-
trometer (CTS) of MPS and two acousto-optical spec-
trometers (AOS) at the 10m Heinrich-Hertz-Telescope
of Steward Observatory and MPI fiir Radioastronomie
on Mount Graham, Arizona, USA. High-resolution
profiles of the 4—3 (354.505 GHz) and 3 -2 (265.886
GHz) rotational lines of HCN were obtained. For the
optical observations the Two-Channel Focal Reducer
of MPS was used at the 2m-telescope of the National
Astronomical Observatory of the Institute of Astron-
omy of the Bulgarian Academy of Sciences on Mount
Rojen, Bulgaria. The comet was imaged with narrow-
band filters centered on the emission of the CN 0-0
band at 388 nm, the 0—-7-0 band of NH; at 662 nm and
a dust continuum at 642 nm. In addition, we used the
four-beam Wollaston imaging polarimeter of MPS to
obtain polarization maps in the 662 nm and 642nm fil-
ters. The NH; and CN molecules emit discrete molec-
ular bands but the dust scatters the solar spectrum as a
quasi-continuum. In the CN band the dust continuum
is negligible but a contribution of dust continuum is
present in the 662 nm filter as well as faint molecular
lines contribute to the light transmitted by the 642nm
filter. Making use of the fact that the polarization of
NH, is a characteristics of the molecule and therefore
should not depend on the location within the cometary
coma we were able to separate dust and NHj in the
cometary images. The resulting images are shown in
Fig. 142. Comet Encke does not have a dust tail. In
the visual range its dust forms an almost circular cloud
around the nucleus. The fan is visible only in the CN
and NH; images, i.e. it consists of molecular gas.

Fig. 142: Comet 2P/Encke: Left: CN. Center: Dust. Right:
NHj. The Sun is to the lower right. Note absence of dust
tail. Comet Encke’s fan is visible only in the distribution of
the molecules. The width of the imaged field corresponds to
~ 20,000 km at the comet.

Polarization

During our observations the phase angle comet—Sun—
observer ranged from 91 —-105°. At these angles the
linear polarization of NH, averaged over our filter
passband amounts to & 7%. The dust polarization
however, when corrected for the effect of molecular

emissions, is larger than 30%. (Levasseur-Regourd et
al., A&A, 313, 327, 1996) have suggested a division
of comets into two polarimetric classes with one class
having in the visual wavelength range a maximum po-
larization < 20% and the other one having maximum
polarization > 30%. The comets in the class of low
polarization usually lack an infrared (15um) silicate
feature, which indicates that their dust particles are of
large size. The dust continuum of the comets of low
polarization is much weaker than that of the comets in
the high polarization class. This is because larger dust
particles scatter solar radiation less effectively. Comet
Encke, because of its large dust grains, should belong
to the low polarization class. Like other comets in this
class also comet Encke has a weak dust continuum.
The degree of linear polarization, if measured with the
usual diaphragm size of ~ 10* km at the comet and
not corrected for the low polarization of the molecular
gas indeed turns out to be low. If one, however, prop-
erly corrects for the presence of molecular gas, the po-
larization is as high as in the class of high polarization.
It therefore appears that the so-called low polarization
class advocated by Levasseur-Regourd is caused by
ignoring the contribution of molecular emission and
therefore is an artifact. Whether the comet displays a
strong silicate feature (i.e. its dust grains are small) or
not, the dust polarization is high. This conclusion is in
accordance with the theoretical prediction by aggre-
gate models of cometary grains (Petrova et al., 2004)
and with the high polarization observed in the remnant
of the dissolved comet D/1999 S4 (LINEAR) which
consisted of large grains only.

CN and HCN

The CN images and the HCN line profiles were com-
pared with Monte Carlo models of the outflow of gas
from an active region and of the dissociation of HCN
into H and CN. The following results were obtained:
The outgassing from the nucleus of comet 2P/Encke
mainly occurs from a limited active area but some
isotropic outgassing is also present. The location of
the optical CN jet is consistent with the pole posi-
tion derived by (Sekanina, Astron. J., 95, 911-924,
1988), but the co-latitude of the source is significantly
smaller (8° versus 35°). The nucleus rotation period of
~ 11 hours derived by (Y.R. Fernandez et al., Icarus,
175, 194-214, 2005) is confirmed. The observed ra-
dio lines of HCN reveal a gas expansion velocity of
the coma = 1.1 km s~!. This agrees with the results of
comet Borrelly obtained by (Bockelée-Morvan et al.,
Icarus, 167, 113—-128, 2004). The HCN line profiles
are consistent with the position of axis and co-latitude
of the active region derived from the CN observations.
The observed modulation of the HCN production rate
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can be explained by the longitude of the active source
derived from the CN images but the amplitude of the
modulation is rather high. We presently investigate
the cause of the strong modulation. The CN produc-
tion rate is somewhat higher than the HCN production
rate. Within the systematic errors present in the pro-
duction rate determinations HCN can possibly still be
the sole parent of CN. But the life time of the CN par-
ent derived from our data is 16400 s at 1 AU, signif-
icantly less than the theoretical values of 31900 s for
high solar activity and 79400 s for low solar activity.
This speaks in favour of another CN parent. But dur-
ing the time of the observations several strong flares
occurred on the Sun, the radiation of which may have
reduced the life time of HCN.

(K. Jockers, S. Szutowicz, G. Villanueva, N. Kiselev,
T. Boneyv, P. Hartogh)

Cometary research - ROSETTA

MPS Instrumentation and Subsystem
Contributions for ESA’s ROSETTA Mission

On 2 March 2004 ESA’s ROSETTA mission was
launched by an Ariane rocket from Kourou/French
Guiana with a delay of about one year. This delay
has forced ESA to change the scientific targets for
ROSETTA, since the ones the mission was originally
planned and designed for were out of reach for the new
launch date. The new prime target is the Jupiter fam-
ily comet 67P/Churyumov-Gerasimenko. The space-
craft will arrive at this comet in early 2014 and will
perform scientific measurements of the object in or-
bit around the comet for about 1 1/2 years through-
out the perihelion passage of the comet. In late 2014
the ROSETTA lander PHILAE is expected to touch
down on the cometary nucleus and to perform sci-
entific measurements at the surface and of samples
taken from the surface layers. On its way to the comet
ROSETTA will fly-by two asteroids (2867 Steins in
2008 and 21 Lutetia in 2010) and it will perform three
swing-bys at Earth and one at Mars.

The MPS is responsible for various scientific in-
struments or hardware contributions to such instru-
ments onboard ROSETTA, i.e. for COSIMA and
OSIRIS as principle investigator responsibility and
for CONSERT, MIRO and ROSINA-RTOF with co-
investigator contributions, all equipment onboard the
ROSETTA spacecraft itself. Furthermore, MPS is also
responsible for the COSAC experiment and various
subsystems onboard the ROSETTA lander PHILAE.

(H. Bohnhardt)

CONSERT on board ROSETTA

CONSERT (= COmet Nucleus Sounding Experiment
by Radio-wave Transmission) is a 90 MHz radio wave
experiment in the ROSETTA mission launched by
ESA in 2004.

CONSERT will probe the interior of a comet with ra-
dio waves to reveal its structure and electrical prop-
erties: permittivity, absorption, correlation length of
signal (planetesimal size), and volume scattering co-
efficient.

In the ROSETTA mission a spacecraft will orbit the
cometary nucleus, and another spacecraft, a lander,
will settle on its surface. 90 MHz radio waves will be
transmitted through the comet between the two space-
crafts. As the relative position of the lander and orbiter
will vary with time owing to the motions of the orbiter
and the (possibly) rotating comet, the cometary inte-
rior will be swept by radio waves. Thus, the mean
permittivity among a ray path can be determined as a
function of aspect angle, and that variation is a mea-
sure of the spatial inhomogeneity of the internal struc-
ture of the comet.

MPS is responsible for the CONSERT antenna on the
orbiter and on the lander. The low mass allocated to
the experiment means that no mechanically or elec-
tronically steerable narrow antenna main lobe can be
contemplated. The antennas must be fixed on both
spacecrafts, and have a wide antenna lobe centered on
the comet, such that the whole comet is illuminated;
this will ensure the best possible signal intensity on
the direct ray between orbiter and lander.

The orbiter antenna is two crossed half-wave dipoles
placed 0.3 wavelength above two reflectors. The nor-
mal of the plane of the dipoles is directed towards the
comet.

The lander antenna consists of two quarter-wave
monopoles placed on the lower part of the lander body,
and extending ‘horizontal’ away from the body in the
deployed position. During launch and cruise phase the
monopoles are folded back along the body.

After launch of ROSETTA the CONSERT orbiter an-
tenna was successfully deployed. The antenna on the
lander will be deployed when the lander legs are ex-
tended after separation from the spacecraft. The CON-
SERT experiment was then commissioned and the op-
erations verified. Since then every 6 months a status
verification has been carried out, where the orbiter and
lander electronics are separately tested followed by
an orbiter/lander time synchronization test (ping-pong
using the CONSERT antennas). The communication
between orbiter and lander has so far been via umbil-
ical cord. These tests have shown that the experiment
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has not changed since commissioning.

(E. Nielsen)

COSAC on board ROSETTA

COSAC onboard of the ROSETTA lander PHILAE
will measure the volatile component of cometary sur-
face samples by means of mass spectroscopy and
gas chromatography (GC). After successful launch of
ROSETTA the commissioning phase of COSAC was
performed which proved the functionality of the in-
strument. It does not seem to have suffered during
launch nor during the prolonged stay in Kourou prior
to launch.

Two passive payload check-outs were performed af-
terwards. Both delivered meaningful house-keeping
values for COSAC which is presumably in a healthy
state.

On collaboration with Cyril Szopa (Service
d’Aeronomie, Paris), a calibration campaign of

the COSAC GC was performed. The outcome was
an improved performance in the GC MS mode which
will be useful for the measurement at the comet.
Fig. 143 shows the data produced by a combined
measurement.

Fig. 143: The image shows a set of mass spectra accumu-
lated for 16 s each and displayed on a time axis. The sample
was a test mixture and was injected into the flight spare unit
of COSAC operated in a vacuum tank at MPS.

(F. Goesmann, R. Roll, H. Fischer, O. Kiichemann, H.
Rosenbauer)

COSIMA on board ROSETTA

Since April 2003, our institute is the new home
of COSIMA, another Rosetta PI instrument and a
cometary secondary ion mass analyser (SIMS). The

purpose of the COSIMA instrument is to analyse the
cometary dust in the vicinity of the comet’s nucleus
on its approach to perihelion. COSIMA was not only
developed, but would not have been possible without
its PL, J. Kissel, who joined our institute in April 2003.
He guided the instrument and the COSIMA team suc-
cessfully through the instrument definition and devel-
opment phase to the first successful operation of a
SIMS instrument in space in 2004 (onboard of the
ROSETTA spacecraft). Following his retirement, the
COSIMA PI responsibilities were transfered in May
2005 to M. Hilchenbach by the international COSIMA
team. The institute will be involved, together with the
COSIMA team, in the calibration of the ground refer-
ence model, operation of the flight model and prepara-
tion for the science phase in the vicinity of the comet
in 2014/2015.

(M. Hilchenbach, J. Kissel, H. Kriiger, H. Fischer, C.
Tubiana, H. Béhnhardt)

MIRO on board ROSETTA

The scientific objectives of MIRO (Microwave Instru-
ment for the ROSETTA Orbiter) are to characterise the
abundances of major volatile species and key isotopic
ratios of the comet, to study the processes controlling
the outgassing in the surface layer of the nucleus and
the development of the inner coma, to globally char-
acterise the nucleus subsurface to depth of a few cen-
timetres or more, and to search for low gas levels in
the asteroid environment. MIRO (Fig. 144) is a hetero-
dyne spectrometer detecting the molecular and surface
emissions at 0.5 and 1.6 mm wavelength. MIRO is the
first of a new class of instruments, resembling minia-
turised radio telescope. The key component of MIRO
is the Chirp Transform Spectrometer (CTS), which has
been developed at the MPS and is a worldwide unique
equipment in terms of power consumption and mass
per spectrometer channel.

Fig. 144: The MIRO instrument
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During the commissioning phase after the launch of
ROSETTA in March 2004 it turned out that all MIRO
subsystems worked without any problems. The an-
tenna pattern has been determined. One year later,
during the Earth flyby in March 2005 MIRO provided
water vapour data of the terrestrial thermosphere and
mesosphere. MIRO also participated in the Deep Im-
pact observation in July 2005. However, since the
amount of water ejected during the impact was much
smaller than expected, MIRO could provide just an up-
per limit of the number of water molecules, produced
by this cratering experiment which is in line with ob-
servations of the Submillimeter Astronomy Satellite
(SWAS) and Odin.

(P. Hartogh, C. Jarchow, L. Song, E. Steinmetz)

OSIRIS on board ROSETTA

OSIRIS (Optical, Spectroscopic,and Infrared Remote
Imaging System) is the scientific imaging system on
Rosetta. It comprises a narrow angle camera (NAC)
with an image scale of &~ 18.8urad/pixel, and a wide
angle camera (WAC) with a scale of &~ 99urad/pixel.
Both cameras are equipped with 2048 x 2048 pixel
CCD detectors. 12 (NAC) and 14 (WAC) discrete fil-
ters allow us to extract light from selected wavelength
regions between 245 nm and 1000 nm.

After Rosetta had been launched on 2 March 2004,
OSIRIS was commissioned in seven slots between
March 2004 and June 2005. Operations included
mechanism tests, instrument calibration, alignment
between the boresights of the different remote sensing
instruments on Rosetta, and checking for interference
between OSIRIS and other instruments. During com-
missioning, the bright comets C/2002 T7 (LINEAR)
and C/2004 Q2 (Machholz) were observed on 1 May
2004 and 20 January 2005, respectively. The images
showed the good performance of the cameras surpass-
ing the instrument requirements.

Since March 2005 the instrument health has been
monitored every 6 months. The instrument proved to
be in good health.

The first scientific observations with OSIRIS were
conducted during a monitoring campaign of comet 9P/
Tempel 1 around the Deep Impact event. On 4 July
2005, the NASA mission Deep Impact fired a projec-
tile into the comet. A crater formed and material was
ejected from the comet. The cloud of ejected mate-
rial was observed by the Deep Impact spacecraft and
by many earth-based and some space-based observa-
tories. Among those, Rosetta was in a privileged posi-
tion because it could observe 9P/ Tempel continuously
for more than two weeks.

OSIRIS monitored the comet’s production of dust and
ice. Immediately after the impact a steep increase in
brightness was measured with the “orange” filter of
the NAC, which mainly measures reflected radiation
from the cometary dust (Fig. 145). Using certain as-
sumptions about the physical properties of the dust
grains ejected from the comet, the mass of the dust
ejected by the impact could be estimated. The dom-
inant non-refractory constituent of the comet is wa-
ter ice. The ice sublimates and is dissociated in the
cometary coma by solar radiation. The content of wa-
ter vapour in the cloud of material ejected by the im-
pact was measured with the WAC, using a filter that
measures fluorescence emission from OH, the princi-
pal dissociation product of water (Fig. 146). The re-
sulting dust/ice mass ratio in the comet was estimated
to be significantly larger than one (Kiippers er al.,
2005).
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Fig. 145: Brightening of the dust from comet 9P/ Tempel 1
during the Deep Impact event. The radiance from the comet
in a circular field of 3000 km radius centered on the nucleus
is shown as a function of time relative to the impact. The in-
crease in the first 90 minutes is caused by the dust produced
by the impact. The decrease after a few hours is caused by
material leaving the circular field and can be used to estimate
the dust velocity.

The lightcurve of the impact (Fig. 145) was used to de-
rive the outflow velocity of the dust. The mean veloc-
ity of ~ 160 m/s was much larger than typical for im-
pact ejecta. It was concluded from the data that much
of the material left the nucleus as “icy grains”, a mix-
ture of dust and ice. The grains were heated in the
coma when they were exposed to sunlight and subli-
mated. The dust was then accelerated by the hot water
vapour molecules. Furthermore, the increase of the
cross section of the dust due to fragmentation of icy
grains contributes to the brightness increase seen in
Fig. 145 in the first 40 minutes after the impact (Keller
et al., 2005).

OSIRIS will be active on several occasions be-
fore ROSETTA will arrive at its main target, comet



II.2. PLANETEN, IHRE NATURLICHEN SATELLITEN UND KOMETEN / PLANETS, THEIR MOONS

AND COMETS

121

1.10% 1

810 -
6210% ,
4010%
2010% él
210 3
-4010% 144 ‘

-20 0 20 40 60 80 100
Time relative to impact [hours]

Data (1 pixel)

Data (2 pixels)

Data (3 pixels)

Data (4 pixels)

Model: N(H,0) = 1.0E+032

Model: N(H,0) = 2.0E+032 ------------
Parent lifetime at 1 AU= 76750 s
Daughter lifetime at 1 AU = 131500 s

<
A

Number of OH molecules

Fig. 146: Number of OH molecules in the coma of the
comet. Circular fields with radii between 31,200 km (1
pixel) and 125,000 km (4 pixels) have been used. The me-
dian number of molecules measured pre-impact has been
subtracted. The solid and the dashed line are models which
represent the minimum and maximum number of water
molecules created by the impact, respectively.

Churyumov-Gerasimenko, in 2014. The most impor-
tant observing opportunities are the Mars swing-by
in February 2007, two Earth swing-bys in Novem-
ber 2007 and November 2009, and flybys of asteroids
Steins (September 2008) and Lutetia (July 2010).

(H.U. Keller, I. Biittner, S.F. Hviid, R. Kramm, O.
Kiichemann, M. Kiippers, M. Rengel, H. Sierks)

ROSINA on board ROSETTA

ROSINA’s (Rosetta Orbiter Spectrometer for Ion and
Neutral Analysis) primary objective is to determine
the elemental, isotopic, and molecular composition
of the comet’s atmosphere and ionosphere when the
ROSETTA spacecraft has arrived at the comet in 2014.
ROSINA has unprecedented capabilities including a
very wide mass range (1 amu to >300 amu), a very
high mass resolution (m/dm > 3000, i.e. it is capable
to resolve CO from N, and '3C from IZCH), and a very
wide dynamic range and high sensitivity, as well as the
ability to determine cometary gas velocities, and tem-
peratures. ROSINA consists of two mass spectrom-
eters, a double focusing mass spectrometer (DFMS)
and a reflectron type time-of-flight mass spectrometer
(RTOF) for neutral and primary ions with complemen-
tary capabilities and a pressure sensor (COPS).

Since the successful launch of ROSETTA on March 2,
2004, several commissioning phases were conducted
for checkout of different parts of the ROSINA instru-
ment. The high voltage power supply of RTOF shows
occasionally discharges which can lead to high cur-
rents on a low voltage power line. It is almost certain
that this problem will remain and thus additional con-

trol software and careful planning is required for a suc-
cessful full operation of this instrument at the comet.

Currently the ROSINA spare unit, which is identical to
the ROSINA flight unit, stays in a vacuum container at
the University of Bern and is used for failure investiga-
tion, for calibration measurements, software upgrades
and tests. It is further used for developing data analy-
sis software to analyse the spectra in various measure-
ment modes.

(A. Korth, U. Mall, K. Heerlein, A. Loose, B.
Dabrowski)

The ROSETTA Lander PHILAE

Extensive testing of the ROSETTA lander PHILAE
have shown that all subsystems supervised by the MPS
work perfectly. These tests have been performed dur-
ing the commissioning phase after launch of the space-
craft in March 2004. Subsequent checkouts are sched-
uled to take place twice per year to check the state of
each subsystem, e.g.

e Complex landing gear including the damping
mechanism

e MSS device to separate lander and orbiter and to
push PHILAE into the landing orbit

e Power supply system PSS for the lander

e Harpoon system to anchor the lander at the
cometary surface

e Hardware for the command and data manage-
ment system

Spare reference systems are available for each sub-
system. Tests of the PHILAE subsystems are gener-
ally performed using the ground reference model at
the DLR in Koln-Wahn. The fully functional sys-
tems at the MPS are used for planning and qualify-
ing the checks as well as other activities, for training
purposes, and for exploring the system behaviour in
detail and before hand. Individual lander instruments
and subsystems can be replaced by software models.
The MPS has also built a thermal vacuum chamber
where reference systems are stored for long time and
performance test, shortly before PHILAE landing.

(R. Roll, O. Kiichemann, H. Fischer, W. Kiihne, H.
Bohnhardt, 1. Szemerey, H. Rosenbauer, H. Timpl, M.
Richards, R. Enge, M. Sperling)
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Neptune: CO, HCN, H20 SSB spectrum
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Fig. 147: Simulation of the submillimmeter spectrum of Neptune in the HIFI frequency range. Stratospheric lines are
in emission. Left panel: Rayleigh-Jeans and Planck brightness temperatures of Neptune’s disk. Right panel: including
Herschel’s beam dilution. Rayleigh-Jeans brightness temperatures are required in order to determine the signal-to-noise

ratio for a given observation time.

Research on minor bodies

Herschel Space Observatory (former Far Infrared
Space Telescope — FIRST)

The Herschel Space Observatory will perform pho-
tometry and spectroscopy in the 60—-670 pum range.
It will have a radiatively cooled telescope and carry
a science payload complement of three instruments
housed inside a superfluid helium cryostat. It will be
operated as an observatory for a minimum of three
years following launch and transit into an orbit around
the Lagrangian point L2 in the year 2007.

The key science objectives emphasise especially the
formation of stars and galaxies, and the interrelation
between the two, but also include the physics of the
interstellar medium, astrochemistry and solar system
studies.

The three instruments on the Herschel Space Observa-
tory are PACS (Photodetector Array Camera & Spec-
trometer, SPIRE (Spectral and Photometric Imaging

Receiver) and HIFI (Heterodyne Instrument for the
Far-Infrared).

HIFI

For solar system research, HIFI will focus on the ex-
ploration of planetary and cometary atmospheres. A
core program has proposed guaranteed time to in-
vestigate the external water of the four giant planets
(Fig. 147) and Titan in combination with PACS and
SPIRE and to repeat these measurements over the mis-
sion lifetime in order to get knowledge about a pos-
sible temporal variability. Another program will be
dedicated to the Martian atmosphere. It is proposed to
monitor the water vapour and to determine accurately
it’s isotopic ratios. A number of specific species (O3,
03, OH, H, and H»0O;) will be searched for. In ad-
dition a deep line survey over the whole HIFI spectral
range is prepared. Furthermore, it is proposed to study
water in a significant sample of comets over a large
range of heliocentric distances. The topics are: evo-
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lution of water and kinematics by observing the 557
GHz water line; water excitation and physical condi-
tions by observing several water lines; the deuterium
isotopic ratio by searching for HDO.

The MPS hardware involvement in HIFI started in
2000 and concerns the Wide Band Spectrometer
(WBS) Readout Electronic (WBE) and the WBS In-
termediate Frequency Processor (WBI) (see Fig. 148).
The flight unit has been delivered in late 2005.

Fig. 148: HIFI-WBS subsystem during EMC-test. Left:
WBO (optical unit). Right: WBE (electronic unit) and WBI
(intermediate frequency processor).

(P. Hartogh, C. Jarchow, P. Borner, H. Bitterlich, W.
Boogaerts, M. Kiippers, A. Loose, C. Romer, L. Song,
H. Schiiddekopf, E. Steinmetz, U. Strohmeyer)

Stratospheric Observatory for Infrared
Astronomy (SOFIA)

SOFIA will offer astronomers a unique platform, pro-
viding regular access to the entire MIR/FIR and sub-
millimeter wavelength range between 5 um and 600
pm.

As demonstrated by the KAO (Kuiper Airborne Ob-
servatory), IRAS (Infrared Astronomical Satellite)
and ISO (Infrared Space Observatory), infrared and
submillimeter radiation characterizes a multitude of
rich and varied physical processes, and reveals astro-
nomical phenomena occurring in otherwise hidden re-
gions of the cosmos. SOFIA will exploit and extend
this scientific legacy by means of sensitive, high spec-
tral and spatial resolution observations spanning the
infrared and submillimeter domain. Topics to be ad-
dressed by SOFIA users include:

e Composition and structure of planetary atmospheres
and rings, and comets.

e Interstellar cloud physics and star formation in our
galaxy.

e Proto-planetary disks and planet formation in nearby
star systems.

e Origin and evolution of biogenic atoms, molecules,
and solids.

e Star formation, dynamics, and chemical content of

other galaxies.

e The dynamic activity in the center of the Milky Way.
e Ultra-luminous IR Galaxies (ULIRGS) as a key
component of the early universe.

German Receiver for THz Astronomy (GREAT)

GREAT (Fig. 149) has been developed in cooperation
with MPIfR in Bonn (PI), the University of Cologne
and DLR-WS in Berlin-Adlershof. It will operate in
three bands between 1.4 and 5 THz. The MPS con-
tribution is to deliver 4 high resolution Chirp Trans-
form Spectrometers (CTS) and the local oscillator unit
(LOU) for the intermediate frequency processor (IFP).
One CTS unit and the IFP have been delivered. Due
to delays of the SOFIA mission the delivery of the
remaining 3 CTS units has been postponed. Since
GREAT will be able to measure water vapour in space
we plan to determine vertical water vapour profiles in
the atmospheres of Mars and the giant planets, investi-
gate its isotopic ratios and seasonal variation. Further-
more, we will work on cometary observations, again
mainly of water and its isotopes. Part of the antici-
pated work should be understood as a preparation of
and support for the Herschel Space Observatory.

(P. Hartogh, G. Villanueva, M. Clement, C. Jarchow,
C. Romer, E. Steinmetz)

General studies

Deep Impact at comet 9P/Tempel 1: Exploring the
dust component

The team of collaborators participated in the world-
wide campaign to observe the Deep Impact target
comet 9P/Tempel 1 in 2005 (Fig. 150). A regular
monitoring program was performed at the Calar Alto
2.2 m telescope over 6 months before the event and at
the MPG/ESO 2.2 m telescope for one month there-
after. The measurements characterize the dust and gas
evolution of the comet that peaked about 60— 80 days
before perihelion. As of mid February 2005 a porcu-
pine structure of several mostly straight jet-like fea-
tures evolved in the coma that did not change much
in geometry and relative intensity over the long orbit
arc of the comet observed. The porcupine structure
is interpreted as due to embedded fans produced by
3 —4 active regions on the rotating nucleus and can be
modeled by a rotation axis that is close to be perpen-
dicular to the orbital plane of the comet. An arclet
structure appeared in the coma on 14 June 2005 due to
an outburst of the nucleus. Abundance ratios of vari-
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Fig. 149: GREAT - “End-to-End” test

ous coma gases indicate that the comet is classified as
“typical” in terms of C, abundances.

Fig. 150: Comet 9P/Tempel 1 observed with the CAFOS in-
strument at the MPG 2.2 m telescope at Calar Alto, Spain.
Left: isophote image of the comet showing mostly the dis-
tribution of dust in the coma. Right: computer enhanced
coma structures showing the porcupine structure of embed-
ded fans produced by 3 —4 active regions on the rotating nu-
cleus. The Sun position is indicated by a filled yellow circle.
Background objects appear slightly trailed. North is up and
East to the left.

During the week of impact the comet was observed
by the team with various telescopes at Calar Alto and
at ESO Chile. The ejecta cloud from the impact ex-
panded at an average speed of ~200m/s during the
first hours after the event (Fig. 151). It reached a
stagnation distance of ~30000 km about 3 days after
impact. The pre-impact dust jet and fan activity re-
mained undisturbed after impact. This jet activity can
be traced to a few 100 km nucleus distance. No ob-
vious signatures of a new active region produced by
the impact, were found. The overall dust production
during impact compares to about 10 h of normal activ-
ity. The dust temperature rose from about 280 —-290 K
before to 330 K one day after the event and returned
to pre-impact level the day thereafter. The dust re-

30540 drmwing o the GREAT optiss setup. The optical
benches Mare independent fr each frequency band. Ssch
frgue moy-bard wil have i awnoplivs. The bemchesare ako
siphangeatk betwesrtolh posions witkout algnaent

M@mmRZec Sremmopm

flected sunlight was found to be linearly polarized at
about 7% in the visible and near-IR wavelength re-
gions. This polarization did not change with distance
from the nucleus in the very inner coma. Circular po-
larization of the dust was not detected. The nucleus
signal can be isolated in high-spatial resolution adap-
tive optics images.

Fig. 151: The expansion of the dust ejecta cloud from the
Deep Impact event, observed with the FORS?2 instrument at
the ESO VLT observatory in Paranal, Chile. The images
show the cloud on 4 days after impact. The normal coma
pattern is subtracted. The images are composites from in-
dividual exposures of the comet taken through B, V, and R
filters. North is up and East is to the left.

(H. Bohnhardt)
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Comet observations with the Submillimeter
Telescope (SMT)

We started a program to observe emission lines from
the gas coma of bright comets. The goal is to invesit-
igate differences in molecular abundances between
comets from different regions in the solar system and
to study physical processes in the coma.

At the Submillimeter Telescope (SMT) at Mt. Gra-
ham, Arizona, in May 1994 we observed comets
2001/Q4 (NEAT) and 2002/T7 (LINEAR). Both
comets are dynamically new, they most likely visited
the inner solar system for the first time. We detected
emissions of HCN, CS, CH30OH, HNC, and H,CO
(Fig. 152). CO emission was searched for, but not
found. In January 2005 comet 2004/Q2 (Machholz)
was observed. Additionally to the molecules found
in 2001/Q4 (NEAT) and 2002/T7 (LINEAR), we de-
tected CO and the isotope H'CN.

HCN(3-2) on comet T7/LINEAR with CTS - May 8th 2004
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Fig. 152: Spectra of comet 2002 T7/LINEAR in emissions
of HCN (top) and CS and CH30H (bottom). Intensity is
given as a function of radial velocity. On the bottom panel
the velocity scale refers to CS molecules only.

Considering also previous observations of several

comets by other groups, the results show evidence of
a depletion of CO in dynamically new comets. A pos-
sible explanation could be connected to the history
of these comets: Statistically, they have most likely
visited the outer solar system (>5 AU from the Sun)
several times. CO is more volatile than the other ob-
served molecules and may have partly evaporated dur-
ing the previous visits. More observations of dynami-
cally new comets are needed to confirm our results.

(M. Kiippers, P. Hartogh, G. Villanueva)

Spitzer and ESO observations of Oort Cloud
Comets during their sojourns through the Solar
System

Fig. 153: Comet C/2004 B1 (LINEAR) on 10 July 2005,
observed with the EMMI instrument at the 3.5m ESO NTT
telescope in La Silla, Chile. The image shows colour coded
coma isophotes. The comet appears comma-shaped with a
tail extension into sun direction. Background objects are
trailed due to the telescope tracking at cometary velocity.
The image displays about 250000 x 250000 km at the comet.
North is up and East to the left.

This program investigates the interplay between dust
grain properties and activity with heliocentric distance
in Oort Cloud comets. Spitzer and ground-based ob-
servations at various solar distance pre- and postperi-
helion of two already discovered Oort Cloud comets,
C/2004 B1 (LINEAR) (Fig. 153) and C/2003 T4 (LIN-
EAR) (Fig. 154), plus one to two comets not yet dis-
covered will be measured to constrain and compare
the grain properties in the comae during three stages
of cometary activity: distant activity (5—7 AU), coma
onset (4—6 AU) and vigorous activity (3—4 AU).
Somewhat unexpectedly, ESO observations of the two
comets above revealed that C/2003 T4 was split in at
least two pieces in summer 2005, while C/2004 B1



126

II. WISSENSCHAFTLICHE ARBEITEN / SCIENTIFIC PROJECTS

showed a prominent comma-shape coma and tail phe-
nomenon that might be due to emission of heavy dust
grains over the past ~ 1 1/2 years before observations.
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Fig. 154: Comet C/2003 T4 (LINEAR) observed on 10 July
2005 with the EMMI instrument at the 3.5 m ESO NTT tele-
scope in La Silla, Chile. The comet appears split with the
secondary component about 1.5 arcsec to the north of the
primary one. The dark/white object in the lower image part
is a background star as are a few more fainter objects to-
wards North of the comet.

(H. Bohnhardt)

Surface exploration of Kuiper Belt Objects

One part of the project measures — using FORS1 at
the ESO VLT - the linear polarization and opposi-
tion surge of Kuiper Belt Objects (KBOs) and Cen-
taurs over the maximum phase angle range observable
from Earth. So far and for the first time, three ob-
jects were observed and analysed by polarimetric mea-
surements: the Plutino 28978, the classical disk ob-
ject 50000 Quaoar and the Centaur 2060 Chiron. All
three objects show negative polarization. 2060 Chiron
has the deepest polarization minimum (~1.5%); for
28978 Ixion (Fig. 155) the negative linear polarization
increases rapidly with phase angle while for 50000
Quaoar the polarization is relatively small (~0.6%)
and nearly constant with phase angle. For all three ob-

jects, modelling results, invoking numerical descrip-
tions of shadowing and coherent backscattering effects
and further measurement results on the albedo and
surface chemistry of the objects, suggest that the sur-
face contains an areal mixture of at least two compo-
nents with different single-scatterer albedos and pho-
ton mean-free paths.

The other part of the project focuses on the detection
of surface ices on Pluto and its moon Charon. L and M
band observations have been obtained using the adap-
tive optics instrument NACO at the ESO VLT and re-
solving for the first time the spectra of both objects in
this wavelength region.

Linear Polarization of 28978 Ixion
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Fig. 155: The linear polarization of 28978 Ixion vs phase
angle obtained with the FORS1 instrument at the ESO VLT
in Paranal, Chile. Filled symbols: measurements of Stokes
Q, open symbols: measurements of Stokes U. Broken and
dotted lines indicate linear fits to the observations, the solid
line shows the best fit by a light scattering model.

(H. Bohnhardt)

The YORP effect in asteroid (54509) 2000PH5

The thermal YORP-effect may either spin-up or spin-
down irregularly shaped asteroids, explaining several
puzzling observations of asteroidal rotation. We have
found that linking high precision lightcurves of the
fast-spinning neath-Earth asteroid 2000PH5 may al-
low a first precise measurement of this effect as it oc-
curs. In 2003 and 2004 we obtained photometry of
2000PHS with several telescopes including the ESO
VLT and the 2.2 m Calar Alto telescope; these data in-
dicate the discovery of a YORP acceleration at a rate
of about 0.001 s/year. Some uncertainty persists as
we need to discount stochastic events which required
further photometry observations of the object in 2005
(using among others the Calar Alto 2.2m and 3.5m
telescopes).

(H. Bohnhardt)
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Regolith on atmosphereless bodies of the solar
system — modelling by aggregates and derivation
of a vector radiative transfer equation for dense
media

In recent years an increased number of images and
spectra of the surfaces of atmosphereless bodies of
the solar system (satellites and asteroids) has become
available from space missions. In addition ground-
based observations allow us to study the phase depen-
dence of the integrated brightness and polarization of
the radiation scattered by these bodies. In order to de-
rive the properties of the regolith (“rubble”) covering
their surface from such observations, an adequate the-
ory of the light scattered by the regolith is needed.

Up to now, most theoretical models of the light scat-
tering by densely packed random media are based
on a solution of the vector radiative transfer equation
(VRTE) for the Stokes vector which is strictly valid
only for sparse media (SM), i.e. for media described
by individual scatterers separated far enough to allow
the assumption that the electromagnetic wave imping-
ing on spatially separated scatterers is a homogeneous
plane wave. Such an approach neglects the effects
of correlation between individual particles present in
a dense medium (DM) and of wave inhomogeneities.
Interference effects between scattered waves are much
more important in DM than in SM and, except for the
coherent backscattering effect, usually not considered
in the SM-VRTE. We have studied the scattering in
DM along different lines of research.

In a first step, we have investigated aggregates con-
sisting of spheres in terms of their scattering charac-
teristics and studied how these depend on aggregate
structure and on the properties of the constituent par-
ticles Petrova et al. (2004); Tishkovets et al. (2004).
Our study is based on an interpretation in terms of
successive orders of scattering, in particular on the
analysis of the contribution of the interference and
near-field effects. Such an approach allowed us to ex-
plain and interrelate the main peculiarities of the an-
gular dependence of the intensity and polarization dis-
played by aggregates. Of special interest are the ag-
gregates showing a so-called negative branch of lin-
ear polarization of light scattered into angles close to
the backscattering direction. It has been shown that
the enhancement of intensity and the negative polar-
ization in this angular range are mainly caused by the
interference of multiply scattered waves as well as by
near-field effects. If the number of particles in the
aggregate is large enough and its size is comparable
to the wavelength, the backscattering enhancement is
caused by the particles in the surface layers of the ag-
gregate, where the radiation field is mostly homoge-
neous, while the negative branch is mainly generated

by the deeper layers of particles, where the radiation
field is inhomogeneous with chaotic changes of ampli-
tudes and phases. This results in a rather weak depen-
dence of the negative polarization on particle location
in the deeper layers of the aggregate and on particle
number but not on packing density. Some pecular-
ities in the polarization behaviour of complex struc-
tures allow us to look at such aggregates like a kind of
“mini-regolith”, if they are larger than the wavelength
in size. However, so far it has not been possible to
study aggregates of size considerably larger than the
wavelength.
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Fig. 156: Diagrams of scattering in a dense medium. Solid
lines correspond to a wave with initial polarization n and
scattered polarization p. Dashed lines correspond to the
complex conjugate wave with corresponding polarizations
v and p. (a) and (b): Ladder diagrams (incoherent scat-
tering), (c): Cyclical diagram (interference between waves
propagating along oppositely directed light paths causing the
coherent opposition effects), (d) and (e): Examples of gen-
eralization of (b) for the interference between different scat-
tering orders and between waves scattered by neighbouring
particles (possible only in a dense medium with particles of
size comparable to or less than the wavelength). (f): Ex-
ample of generalization of (c) for the interference of waves
scattered by neighbouring particles.

In the framework of the aggregate model, the be-
haviour of polarization phase curves observed for
both, comets and asteroidal regolith surfaces, can be
explained. The modelling carried out confirms that
cometary dust particles are larger than the wavelength.
However, the grains forming the cometary dust parti-
cles or the regolith (or details of the particle surface)
have a size less than 0.3 -— 0.5 pum.

In a different approach we have derived a DM-VRTE
for a medium consisting of monodisperse spheres.
This work is based on scattering scenarios visualized
by diagrams derived from the Bethe-Salpeter equation
of quantum mechanics (Fig. 156). As a first approach
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we studied the ladder diagrams only. The derived DM-
VRTE has been numerically solved. The results show
the expected influence of particle correlation and wave
inhomogeneity effects in the framework of ladder dia-
grams for a not too strongly absorbing medium.

In the future it will be necessary to include other scat-
tering scenarios into the DM-VRTE. For scenario (c)
this will be possible only to second scattering order,
which is not satisfactory for a dense medium. But

there is hope that it will be possible to include sce-
narios (d) and (e) which are responsible for the wide
negative branch of polarization commonly observed in
asteroids and cometary dust.

The work was supported by grant 436 RUS 113/684/0-
2 of the Deusche Forschungsgemeinschaft in the
framework of the priority program 1115 “Mars and the
terrestrial planets”.

(K. Jockers, E. V. Petrova, V. P. Tishkovets)



I1.3. ATMOSPHARE, IONOSPHARE UND MAGNETOSPHARE DER ERDE / TERRESTRIAL

ATMOSPHERE, IONOSPHERE, MAGNETOSPHERE

129

3. Atmosphdre, lonosphdre und Magnetosphdre der Erde/
Terrestrial Atmosphere, lonosphere, Magnetosphere

Schwerpunktthema:

Erforschung der mittleren Atmosphire
mit Mikrowellen

(P. Hartogh)
(English version see page 135)

Die Entdeckung des Ozonlochs hat die mittlere Atmo-
sphire seit der zweiten Hilfte der 80er Jahre in den
Blickpunkt einer breiten Offentlichkeit geriickt und
international Ozonforschungsprogramme angestof3en.
Auch das Projekt WASPAM (WAsserdampf und SPu-
rengase in der Atmosphdre mit Mikrowellen) ver-
dankt seine Existenz dem deutschen Ozonforschungs-
programm. Es stellte sich alsbald heraus, dass das
Ozonloch ein Resultat aus sehr niedrigen Tempera-
turen in der unteren polaren Winter—Stratosphire und
der damit einhergehenden Bildung von PSCs (Polar
Stratospheric Clouds) und dem gleichzeitigen Anstieg
von Fluor-Chlor Kohlenwasserstoffen (FCKWs) ist.
FCKWs werden in der Stratosphire photolysiert und
damit Halogene freigesetzt. Mikrowellenmessungen
in der Antarktis zeigten eine Antikorrelation zwischen
Ozon und Chloroxid und lieBen vermuten, dass Chlor
eine wichtige Rolle in der Ozonzerstorung spielt. Je
nach Tiefe der Temperatur bestehen PSCs aus Salpe-
tersdurehydraten und/oder Wassereis (PSC Typ I und
I). In der Ozonzerstérung spielen sie eine doppelte
Rolle. Einerseits wird die Effizienz des katalytischen
ClOx-Zyklus auf Wolkenpartikeln drastisch erhoht
(heterogene Chemie), anderseits bedeutet die Salpe-
tersdurewolkenbildung eine Abnahme des gasformi-
gen Stickstoffs in der unteren Stratosphire.

Um dieselbe besser zu verstehen, bzw. deren Aus-
wirkung zu analysieren, war eine der ersten Aufga-
ben des WASPAM Experimentes Senken (und Quel-
len) von Chlor zu identifizieren. So wurden An-
fang der 90er Jahre insgesamt ca. 50 Messfliige mit
einem Submillimeterwellenspektrometer (dem ersten
seiner Art) an Bord des DLR Forschungsjets D-
CMET hauptséchlich in polaren Breiten durchgefiihrt
und Salzsdure und insbesondere Chlornitrat als Sen-
ken identifiziert. Ein Mangel an gasformiger Salpe-
tersdure fiihrt also zwangsldaufig zu einer Anreiche-
rung der Stratosphdre mit Chlorgas. Umso effizienter
findet dann im polaren Friihjahr, ausgelost durch die
ersten Lichtstrahlen der Sonne, die Chloraktivierung
und damit die photochemische Zerstdrung des Ozons
statt. Die wichtigsten Mechanismen der Ozonlochent-
stehung sind seit den frithen 90er Jahren bekannt. Es

stellte sich heraus, dass die bereits 1974 von Row-
land und Molina benannten schidlichen Einfliisse der
FCKWs noch wesentlich schwerer wogen als berech-
net. Beide erhielten zusammen mit Paul Crutzen im
Jahre 1995 den Nobelpreis fiir Chemie.

Die Menschheit nimmt in vielfiltiger Weise Einfluss
auf die mittlere Atmosphire. Die Produktion von
FCKWs und das damit einhergehende Ozonloch ist
nur ein Beispiel. Im Jahre 2000 erschien der Report
WCRP-113 (World Climate Research Programme) der
WMO (World Meterological Organisation) bekannter
unter dem Namen SPARC — WAVAS (Stratospheric
Processes and their Role in Climate — Water Vapour
Assessment) an dessen Entstehung auch die Miko-
wellengruppe beteiligt war. Obwohl von der Offent-
lichkeit kaum wahrgenommen, war das Ergebnis die-
ser Studie nicht minder brisant: Zwischen 1950 und
2000 hat der Wasserdampfgehalt der mittleren At-
mosphire je nach Hohenbereich zwischen 10% und
20% pro Dekade zugenommen (vgl. stratosphérisches
Ozon: Globale Abnahme 2-3% pro Dekade). Da ne-
ben dem CIOx — auch der katalytische HOx — Zy-
klus fiir die Ozonzerstorung verantwortlich ist (des-
sen Quellgas Wasserdampf darstellt) und mehr Was-
serdampf auch zu vermehrter Bildung von PSCs fiihrt,
stellt sich die Frage, wie grof3 der Anteil des Was-
serdampfes am weiter fortschreitenden globalen Ozo-
nabbau ist. Modellrechnungen beschrinken sich ge-
genwirtig auf die Frage, ob ansteigender stratosphéri-
scher Wasserdampf die Erholung der Ozonschicht hin-
auszogern konnte. Erste Ergebnisse zeigen, dass die
fiir Ende dieser Dekade vorausgesagte Umkehr des ne-
gativen stratosphirischen Ozontrends um mindestens
30 Jahre verzdgert werden kann, sollte der positive
Wasserdampftrend weiter anhalten.

Was ist eigentlich der Grund fiir den Wasserdampf-
anstieg der mittleren Atmosphire? Etwa die Half-
te ldsst sich auf den anthropogenen Anstieg von
Methan zuriickfiihren (in Zahlen: 0,55 ppm zwi-
schen 1950 und 2000). Das Spurengas Methan ent-
steht hauptsidchlich mikrobiologisch beim anaeroben
Abbau organischen Materials z.B. in Feuchtgebie-
ten wie Moore, Siimpfe oder Reisfelder aber auch
im Pansen von Wiederkiduern sowie in Miilldeponi-
en und Altablagerungen. Durch menschliche Akti-
vitidten wird auch fossiles Methan freigesetzt: bei der
Erdol-, Erdgas- und Kohleférderung. Methan wird
durch Oxidation in Wasserdampf umgewandelt. Die
Ursache fiir die andere Hilfte des Wasserdampfan-
stiegs konnte noch nicht eindeutig identifiziert wer-
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den. Wasserdampf wird in erster Linie durch die tro-
pische Tropopause mit ihren sehr niedrigen Tempera-
turen in die Stratosphire eingetragen. Diese “Kiihlfal-
le” dehydriert die aufsteigenden Luftmassen auf Wer-
te knapp iiber 4 ppm (d.h. auf ein zehntausendstel
des tropischen Bodenwertes). Eine Erhohung der tro-
pischen Troposphirentemperatur zwischen 1950 und
2000 wire also ein Kandidat fiir erhdhten Wasser-
dampfeintrag. Allerdings konnte ein solcher Anstieg
nicht beobachtet werden. Der Dehydrierungsprozess,
bereits 1946 von Dobson vorgeschlagen ist in sei-
ner Komplexitit bis heute nicht verstanden und des-
halb Gegenstand intensiver Forschungen. Mikrowel-
lenspektrometer werden dabei zukiinftig eine wich-
tige Rolle spielen. Um den Einzelbeitrag der beiden
Wasserdampfquellen der mittleren Atmosphére besser
charakterisieren und separieren zu konnen ist es not-
wendig, die Fortpflanzung des Wasserdampfanstiegs
moglichst bis an die “Oberkante” der mittleren Atmo-
sphire, d.h. die Mesopause, zu bestimmen. Die Mi-
krowellenfernerkundung ist die einzige MeB3methode,
die das sowohl von Satelliten als auch vom Boden
aus leisten kann. Bereits in den 80er Jahren wurden
am MPS sporadisch Wasserdampfmessungen im cm-
und Millimeterwellenbereich durchgefiihrt. Die dabei
gewonnenen Erfahrungen flossen in vollautomatische
Spektrometer ein, die neben Wasserdampf auch Ozon
messen. Seit 1994 sind diese Instrumente im Dauer-
betrieb und beobachten die mittlere Atmosphire von
Lindau und Nordnorwegen (69°N, 10°0) aus. Un-
ser Instrument wird dort im ALOMAR Observatori-
um (Artic Lidar Observatory for Middle Atmospheric
Research) auf der Insel Andoya betrieben. Messungen
unseres 22 GHz Wasserdampfspektrometers in Lindau
zeigen ein Sommermaximum in etwa 65 km Hohe,
dass im Wesentlichen auf die Oxidation von Methan
zurlickzufiihren ist (Abb. 157).

H&he (km)
(wdd) ones Buixiw awn|on

time (month)

Abb. 157: Wasserdampf Jahresgang iiber Lindau.

Zum Vergleich ist in Abb. 158 der mit unserem Mi-
krowellenspektrometer gemessene Jahresgang auf der
norwegischen Insel Andoya nordlich des Polarkrei-

ses dargestellt. Wir sehen ebenfalls einen stark ausge-
pragten Jahresgang mit Sommermaximum und Win-
terminimum. Jedoch gibt es eine Reihe gravierender
Unterschiede: Das Sommermaximum ist zweigeteilt,
mit Gewicht auf ca. 45 km Hohe und tritt fast 2 Mo-
nate spiter auf als in Lindau. Das Verhiltnis Maxi-
mum/Minimum ist in der polaren Mesosphire weit
grofer als in Lindau. Der Anstieg zum Sommerma-
ximum beginnt in Lindau bereits im Februar, auf An-
doya fast 3 Monate spiter. Viele weitere Detailabwei-
chungen sind auf die unterschiedliche geographische
Position zuriickzufiihren.
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Abb. 158: Wasserdampf Jahresgang tiber Andoya.

Die Modellierung dieser Unterschiede erfordert ne-
ben der Beschreibung der atmosphirischen Zirku-
lation und Dynamik auch die Kenntnis der Atmo-
sphiarenchemie. Moderne Allgemeine Zirkulations-
modelle mit interaktiv gekoppelter Chemie beschrei-
ben nicht nur Klimatologie der mittleren Atmosphire
und die Wechselwirkung zwischen Chemie und Dyna-
mik, sie konnen dariiber hinaus im Idealfall unter Zu-
hilfenahme von Datenassimilationstechniken die be-
obachteten Eigenschaften bis ins Detail simulieren.
Voraussetzung ist, dass fiir den Simulationszeitraum
ausreihend (moglichst globale) Daten zur Verfiigung
stehen. Wertvolle Quellen fiir Temperatur- und Wind-
daten sind ECMWF (European Centre for Medium
Term Weather Forecast, Reading, UK) und NCEP
(National Center for Environmental Prediction). Ob-
wohl die vertikale Ausdehnung dieser Daten meist
nicht iiber die mittlere Stratosphére hinausgeht und so-
mit die untere Randbedingung der Modelle darstellen,
lasst sich damit der Zustand der gesamten mittleren
Atmosphire erstaunlich gut modellieren. Die Analy-
se der Modellrechnungen liefert dann z.B. die raum-
zeitliche Variation von Betrag und Richtung des Ver-
tikalwindes als Hauptursache fiir die unterschiedlich
ausgeprigten Jahresginge des Wasserdampfs in mitt-
leren und hohen Breiten.

Auch sporadisch auftretende Phidnomene lassen sich
anhand des Modells besser verstehen. Abb. 159 stellt
einen zeitlich hochaufgelosten Abschnitt (Februar
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Water vapour - Februar '98 Stratospheric Warming
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Abb. 159: Wasserdampf Mischungsverhiltnisse wihrend ei-
ner Stratosphédrenerwirmung.
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Abb. 160: Stratosphirenerwidrmung iiber Andoya.

1998) aus Abb. 158 dar. Der ungewohnlich starke An-
stieg z.B. der 6.25 ppm Konturlinie um fast 20 km in
2 Tagen tritt wihrend einer Stratosphédrenerwidrmung
auf (Abb. 160). Auf den ersten Blick handelt es
sich um einen Vertikaltransport des Wasserdampfes.
Die Aufwirtsbewegung liegt allerdings mehr als ei-
ne Grofenordnung iiber den Vertikalwinden, die iibli-
cherweise in diesen nordlichen Breiten wehen. Es
liegt also nahe, dass horizontaler Transport aus siidli-
chen Breiten hier eine wichtige Rolle spielen konn-
te. Da aber fiir den betrachteten Hohenbereich keine
Daten iiber den 3-dimensionalen Transport vorliegen,
kann hier die Analyse von GCM-Rechnungen Abhil-
fe schaffen, oder umgekehrt die gemessenen Wasser-
dampfdaten als Randbedingungen fiir die Modellrech-
nungen herangezogen werden. Wasserdampf kann al-
so als Tracer fiir Transportbewegungen in der mittle-
ren Atmosphire genutzt werden.

Wie Abb. 161 zeigt, treten besonders im Winter spo-
radische Ereignisse des Ofteren auf. Ob sie alle mit
Stratosphirenerwiarmungen einhergehen oder andere
Prozesse eine Rolle spielen ist Gegenstand zukiinf-
tiger Untersuchungen. Einige weitere Strukturen in
Abb. 161 sind interessant. Sowohl in 45—-50 km als
auch um 65 km herum findet man eine zweijéhri-
ge Variation, die wahrscheinlich in Beziehung zu der

aus der unteren Atmosphire bekannten QBO (Qua-
si biannual oscillation) steht. Ob die QBO tatséchlich
die Ursache ist und welche Kopplungsparameter die
ausschlaggebende Rolle spielen konnten ist ebenfalls
noch unklar. SchlieBlich fillt noch die Variation des
Wasserdampfes in der oberen Mesosphire auf (blau-
gefirbte Konturen). Der Beginn der Messungen in
1995 fillt in ein Sonnenfleckenminimum. Zunehmen-
de Sonnenaktivitdt geht einher mit einer Vergrofe-
rung der blauen Flidchen, d.h. die Konturen des me-
sosphidrischen Wasserdampfminimums wandern nach
unten. Die in Abb. 162 aufbereiteten Wasserdampf-
daten zeigen sehr schon, dass die Mesosphire sozu-
sagen den Ubergangsbereich zwischen internen und
externen Einfliissen auf die Erdatmosphére darstellt.
Wie man sieht, steigt der Wasserdampf in 47.5 und
57.5 km in der Zeit zwischen 1995 und 2001 um
ca. 0.1 ppm (~2%) pro Jahr an (in Ubereinstimmung
mit dem allgemein beobachteten Anstieg des strato-
sphérischen Wasserdampfes). Gleichzeitig nimmt der
Wasserdampfgehalt in gréeren Hohen jedoch um ca.
0.05 ppm (~1%) pro Jahr ab. Die Ursache dieses
Verhaltens liegt in der Zerstorung des Wasserdamp-
fes durch die im Rahmen der ansteigenden Sonnen-
aktivitdt stirker werdenden UV Strahlung (Lyman-
Alpha). Das Zeitintervall von 1995 bis 2001 entspricht
dem Zeitraum vom Sonnenfleckenminimum zum -
maximum.

Die Mesosphire ist als Ubergangsbereich zwischen
internen und externen Einfliissen in den letzten Jah-
ren zu einem Schwerpunktthema der Klimaforschung,
z.B. im Rahmen des CAWSES (Climate And Weather
in the Sun-Earth-System) Programms, geworden. Wie
Modellrechnungen zeigen, fiihrt die Erwidrmung der
Troposphére um ein Grad zu einer Abkiihlung der Me-
sosphdre um bis zu 5 Grad. Bedenkt man die grofe
natiirliche Variabilitit der Temperatur scheint es viel
versprechender zu sein, Klimaschwankungen in der
Mesosphire als in der Troposphére nachzuweisen. In
der Tat deuten verschiedene Messungen an, dass die
Mesosphire insbesondere in mittleren Breiten in den
letzten Dekaden kélter geworden ist. Allerdings sollte
man bedenken, dass die Genauigkeit von mesosphéri-
schen Temperaturmessungen noch nicht das Niveau
erreicht hat, das in der Troposphire seit langer Zeit
Standard ist. Abgesehen von den erst seit relativ kur-
zer Zeit zur Verfiigung stehenden Temperaturmessun-
gen gibt es mit bloBem Auge sichtbare Anzeichen ei-
ner Klimainderung, ndmlich die so genannten Nacht-
leuchtenden Wolken (NLC = Noctilucent Clouds),
auch bezeichnet als polare mesosphérische Wolken
(PMC), wobei letztere Bezeichnung streng genommen
nicht zutrifft, da man die 82 km hohen Wolken nahezu
jeden Sommer auch in Deutschland beobachten kann
(Abb. 163). Man nimmt an, dass NLCs Anzeichen ei-
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Abb. 161: Wasserdampf Mischungsverhiltnisse {iber Andoya von 1995 bis 2005.

nes klimatischen Wandels sind, da sie offenbar erst-
mals Ende des 19. Jahrhunderts beobachtet wurden.
Die Entstehung von NLCs setzt einen hohen Wasser-
dampfgehalt und sehr niedrige Temperaturen (sowie
geniigend Kondensationskeime) voraus. Beides gibt es
nur im Sommer, und NLCs werden aul3erhalb der Mo-
nate Juni bis August nur sehr selten beobachtet.

Abb. 164 illustriert die Bedingungen der oberen Som-
mermesosphire liber Andoya. Die blauen Kurven zei-
gen Wasserdampf in 85 km Hohe, die griinen die Tem-
peratur in 85 und 87.5 km (gestrichelt), die roten Kur-
ven den Sittigungsgrad des Wasserdampfes und die
schraffierten Fldchen den Zeitraum in dem der Sitti-
gungsgrad grofler als 1 ist (in 85 und 87.5 km Hohe),
sich also Wolken bilden kénnen. Die schwarzen Kur-
ven stellen die relative Hiaufigkeit von beobachteten
Eisteilchen (Wolken) dar. Es stellt sich nun die Fra-
ge, ob sich die beobachtete Reduzierung des Wasser-
dampfgehaltes in verringerter NLC Aktivitit wieder
findet.

Neben der Hiufigkeit von NLCs, ist auch deren Al-
bedo ein wichtiges Ma} fiir NLC-Aktivitdt. Letztere
steigt mit grofBer werdenden Teilchen, bzw. Teilchen-
dichten. Weniger Wasserdampf wiirde die NLC Albe-
do verringern. SBUV Beobachtungen zeigen jedoch,
dass sich seit 1980 und offensichtlich auch zwischen
1995 und 2001 die NLC Albedo im Mittel erhoht hat
(Abb. 165), was auf den ersten Blick im Gegensatz zur
unseren Beobachtungen auf Andoya zu stehen scheint.

Der Konflikt 10st sich auf, wenn man bedenkt, dass
NLCs nur im Sommer auftreten, wiahrend die Was-
serdampfdaten aus Abb. 162 das ganze Jahr umfas-

sen. Analysiert man nur die Monate Juni bis August
sieht man in der Tat einen geringen Anstieg im Was-
serdampf (Abb. 166). Da im Sommer die Vertikalwin-
de im Mittel nach oben gerichtet sind, wird offenbar
der durch die solare Lyman-Alpha Strahlung zerstorte
Wasserdampf durch Transport von unten ausgegli-
chen. Der beobachtete NLC-Albedo Anstieg steht also
im Einklang zu dem beobachteten stratosphérischen
Wasserdampftrend. Daraus folgt, dass man die Varia-
bilitdt der Sonnenaktivitdt in Lyman-Alpha im Was-
serdampf der Wintermesosphire suchen muss, dann
namlich, wenn die mittleren Vertikalwinde nach un-
ten gerichtet sind. Weitergehende Analysen, die auch
Modellrechnungen einschliefen, bestétigen diese In-
terpretation. Betrachtet man in Abb. 161, wie weit in
den Wintern 2002 und 2003 mesosphirische Wasser-
dampfwerte von unter 3 ppm bis in die Stratosphére
transportiert werden, stellt sich die Frage, ob es nicht
doch einen Einfluss der Sonne auf den Wasserdampf
der mittleren Atmosphire im Sommer geben kann.
Die sehr niedrigen Mischungsverhiltnisse im Win-
ter konnten sich transportbedingt (aufgrund der lan-
gen chemischen charakteristischen Zeiten des Wasser-
dampfs in diesem Hohenbereich) auch im darauf fol-
genden Sommer wieder finden. Die Atmosphére hitte
in diesem Fall eine verzogernde Funktion, solare Ak-
tivitdtsschwankungen wiirden sich erst Monate spéter
etwa in einer verdnderten Ozonkonzentration in der
Stratopausenregion artikulieren. Quantitative Untersu-
chungen zu dieser Frage mit Hilfe eines Allgemeinen
Zirkulationsmodells sind im Gange.

Oberhalb der Stratopause dominiert der katalyti-
sche HOx-Zyklus den Abbau von Ozon. Deshalb
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Abb. 162: Verdnderungen der Wasserdampf Mischungs-
verhiltnisse zwischen 1995 und 2001. Die orangen Punk-
te reprisentieren Tagesmittel des Wasserdampfgehaltes, die
schwarzen Kurven Fits der halb- und ganzjéhrigen Kompo-
nente der Wasserdampfvariation und die griinen Kurven die
Anderung des mittleren Wasserdampfgehaltes iiber den ge-
samten MefBzeitraum.

ist die genaue Kenntnis der Konzentration von Was-
serdampf (das Quellgas fiir Hydroxylradikale) von
grofer Bedeutung. Grundsitzlich sind die Konzentra-
tionen von Wasserdampf und Ozon antikorreliert. Das
gilt natiirlich nur solange Hydroxylradikale erzeugt
werden konnen. Am Beispiel des tertidiren Ozonmaxi-
mums (auch unter MMM = Middle Mesosphere Ma-
ximum bekannt) wurde dieser Zusammenhang quan-
titativ untersucht. Die Abb. 167 und Abb. 168 zeigen
das von unserem 142 GHz Ozonspektrometer gemes-
senen MMM iiber Lindau und Andoya. Das MMM
tritt in ca. 72 km Hohe auf, wobei in Nordnorwegen
hohere Mischungsverhéltnisse erreicht werden. Fer-
ner gibt es Unterschiede im zeitlichen Verhalten der
MMM-Amplitude. Wihrend des Wintersonnenwende
erreicht das MMM beispielsweise Maximalwerte iiber
Lindau, wihrend tiber Andoya ein Minimum auftritt.
Die jahreszeitliche Asymmetrie ist auf den jahreszeit-
lichen Verlauf des Wasserdampfes zuriickzufiihren.
Normalerweise wird Ozon in 72 km Hohe durch un-
geraden Wasserstoff abgebaut. Da Wasserdampf aber

Abb. 163: NLCs im Juni 2005 (von Géttingen aus beobach-
tet).

107 4 Tt

Water Viapor
95 i
187 i
1938
Mean

T ' I 7100

] oo
g =

Fi6

Dagree of Saturation p,, o/

140

NLC/PMSE Relative Occurrence Probability [%]

of Apr 01 May 01dun 01 Jul 01 Aug 01 Sep

Abb. 164: Bedingungen der Sommermesosphire iiber An-
doya.
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Abb. 165: SBUV Beobachtungen der NLC Albedo.

einen hoheren Absorptionsquerschnitt als Sauerstoff
hat, ist die Eindringtiefe der Lyman-Alpha Strahlung
nicht so tief wie in den fiir die Dissoziation des
molekularen Sauerstoffs verantwortlichen Schumann-
Runge Bindern, d.h. fiir niedrige Sonnenstandswin-
kel wird weniger Wasserdampf in ungeraden Wasser-
stoff umgewandelt und deshalb weniger Ozon zerstort.
Da aber weiterhin molekularer Sauerstoff photolysiert
wird, entsteht weiterhin atomarer Sauerstoff der durch
Dreikorperstoffreaktion mit O, Ozon bildet.
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Abb. 166: Verdnderungen der Wasserdampf Mischungs-
verhéltnisse (Juni bis August) zwischen 1995 und 2001.
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Abb. 168: MMM (Middle Mesosphere Maximum) iiber An-
doya.

Abb. 169 zeigt das relative Verhiltnis der Dissoziati-
onsraten von Wasserdampf und Sauerstoff in 75 km
Hohe als Funktion des Sonnenstandswinkels. Fiir Ze-
nitwinkel von mehr als 36 Grad beginnt das Verhiltnis
zu fallen und erreicht bei 90 Grad sehr kleine Wer-
te. Selbst in Lindau betrégt der Zenitwinkel der Sonne
wihrend des Wintersolstitiums 75 Grad um die Mit-
tagszeit, d.h. die Produktionsrate von Hydroxylradika-
len ist stark reduziert. Diese qualitative Beschreibung

zeigt den grundlegenden Mechanismus der MMM -
Entstehung auf. Die quantitative Modellierung der ge-
messenen Mischungsverhiltnisse erfordert allerdings
wesentlich detailliertere Betrachtungen, fiir die an die-
ser Stelle nicht geniigend Platz zur Verfiigung steht.
Es sein nur kurz angedeutet, dass fiir groBe Zenitwin-
kel die Dissoziation von geraden Wasserstoff durch
O('D) eine wichtige Rolle zu spielen beginnt. Letz-
tere hidngt wiederum von einer Reihe anderer Para-
meter ab, u.a. der Ozonkonzentration, der Ozondisso-
ziationsrate (die wiederum von der Ozonkonzentrati-
on abhéngt = “Self Shielding Effect”), der Tempera-
tur, der Dichte und natiirlich spielen auch dynamische
Vorginge eine wichtige Rolle.
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Abb. 169: Relative Dissotiationsrate von Wasserdampf und
molekularem Sauerstoff in 75 km Hohe.

Es ist u.U. sehr schwierig, Beobachtungen mit Hil-
fe von Modellrechnungen selbstkonsistent und quan-
titativ zu beschreiben. Messungen sind (natiirlich) da-
zu geeignet und notwendig, Modelldefizite aufzuzei-
gen. Um nur ein Beispiel zu nennen: Das Doppel-
maximum im Wasserdampf (Abb. 158 und Abb. 161)
konnte mit dem in unseren Arbeiten u.a. verwende-
ten Allgemeinen Zirkulationsmodell “COMMA-IAP”
erst reproduziert werden, nachdem ein neues advek-
tives Transportschema mit verringerter numerischer
Diffusion in das Chemie-Transport Modul integriert
wurde. Derartige Verbesserungen flieen in der Regel
direkt in unser “Schwestermodell” MAOAM ein (sie-
he Seite 101), das die allgemeine Zirkulation der Mar-
satmosphire beschreibt. Solange es fiir die meisten
(potentiellen) Spurengase in der Marsatmosphire we-
der gemessene Séulendichten, geschweige denn Ver-
tikalprofile gibt, leisten unsere bodengebundene Mes-
sungen der mittleren Erdatmosphére auf diesem Wege
einen wichtigen Beitrag zur Erforschung der Marsat-
mosphére und sind ein Paradebeispiel fiir den Nutzen
der vergleichenden Planetologie.
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Highlight:

Investigations of the middle atmosphere
with microwaves

(P. Hartogh)

The discovery of the ozone hole initiated a large num-
ber of national and international activities on middle
atmospheric research. Among others, the WASPAM
(Water vapour and trace gas measurements with mi-
crowaves) project has been funded by the German
ozone research program.

Rather quickly scientists found the most important
mechanisms causing the ozone hole: the lower polar
winter stratosphere gets so cold that ice clouds, known
as Polar Stratospheric Clouds (PSCs), are formed.
Photolysis of the increasing amount of Chlorofluoro-
carbons (CFCs) in the stratosphere releases halogens.
In the late eighties, microwave observations in Antarc-
tica found an anti-correlation of chlorine oxide and
ozone which indicated the important role of this gas in
the ozone depletion process. Depending on tempera-
ture, PSCs consists either of nitric acid hydrates and/or
water ice (PSC types I and II). They play a double role
in the depletion of ozone. Not only due they dras-
tically enhance the efficiency of the catalytic ClOx-
cycle, the forming of nitric acid clouds (PSC I) also
reduces the amount of gaseous nitrogen in the lower
polar stratosphere.

One of the first investigations of the WASPAM ex-
periment was to identity the sinks (and sources) of
chlorine. In the early nineties we performed about
50 flights mainly in polar regions using a submillime-
tre wave spectrometer onboard the D-CMET, a twin
jet aircraft of DLR und identified hydrochloric acid
and mainly chlorine nitrate as sinks. Thus the lack of
gaseous nitric acid obviously leads to a chlorine en-
richment of the stratosphere in the polar winter and a
very efficient ozone destruction mechanism starts in
spring once triggered by solar light.

The most important mechanisms creating the ozone
hole are known since the early nineties. It turned out
that CFCs are even more harmful than already pre-
dicted by Rowland and Molina back in 1974. They
were rewarded the Nobel price in chemistry together
with Paul Crutzen in 1995.

The ozone hole is not the only example for anthro-
pogenic effects on the environment. In 2000 the report
WCRP-113 (World Climate Research Programme)
of WMO (World Meteorological Organisation) also
known as SPARC-WAVAS report (Stratospheric Pro-
cesses and their Role in Climate — Water Vapour As-
sessment) was published (including members of our

microwave team in the authors list). Although not as
much noticed by the public, the result of the study was
as least as spectacular as the discovery of the ozone
hole: between 1950 and 2000 the amount of water
vapour in the stratosphere increased altitude depen-
dent by 10% to 20% per decade (compare with the
ozone decrease of about 2—3% per decade). An in-
crease in water vapour not only intensivies the HOx-
cycle which by itself destroys ozone, it also leads to
more PSCs forming. This bears the questions about
the net effect of water vapour on ozone depletion.
Taking into account the reduced production of CFCs
agreed upon in the Montreal protocol model calcula-
tion predicted a recovery of ozone for the end of this
decade. However, under the assumption that water
vapour would continuously increase this recovery may
be delayed by another 30 years.

What causes the water vapour increase? About half
of the increase is related to the anthropogenic increase
of methane (0.55 ppm between 1950 and 2000). This
trace gas methane is produced mainly by the anaer-
obe decomposition of organic material, for instance in
moors, marshes, and rice fields, but also in the rumen
of cows, solid waste disposal sites and from mining
of fossil fuels (coal, oir and gas). Methane is trans-
formed into water vapour by oxidation. The other half
of the middle atmospheric water vapour increase has
not been clearly identified yet. The main source of
mid atmospheric water is the transport of tropospheric
air through the tropical tropopause. Since the tropical
tropopause is very cold, it acts as a cold trap result-
ing in a water content of little more than 4 ppm in the
upwelling air after the dehydration process. Thus, an
increase of the tropical tropopause temperature could
explain the observed water vapour increase. However,
such a temperature increase has not been observed.
Although already proposed by Dobson in 1946, the
very complex dehydration process has not been com-
pletely understood yet and is still subject to extensive
research. Future microwave spectrometers will play a
substantial role in this disentangle the number of phys-
ical processes involved.

In order to better characterise the two known sources
of water vapour it is of great importance to determine
its profile up to the highest level of the middle atmo-
sphere, the mesopause. Microwave remote sensing is
the only method capable to provide this information
from ground-based as well as from satellite borne plat-
forms.

Already in the eighties we performed sporadic water
vapour measurements in the centimetre and millime-
tre wave range. Based on these experiences, fully au-
tomated spectrometers have been developed detecting
water vapour and ozone. Since 1994 these instruments
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are in permanent operation and observe the middle at-
mosphere above Lindau and the island Andoya (69°N,
16°E) in Northern Norway at ALOMAR (Arctic Lidar
Observatory for Middle Atmospheric Research).
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Fig. 157: Annual variation of water vapour above Lindau.
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Fig. 158: Annual variation of water vapour above Andoya.

Measurements of our 22 GHz water vapour spectrom-
eter show a pronounced annual cycle in both locations
with a maximum of water vapour in summer. It ap-
pears at a height of about 65 km in Lindau (Fig. 157).
In Northern Norway (Fig. 158) there is a summer max-
imum and winter minimum as well, however there
are a number of differences: the summer maximum
is separated into two peaks at 45—50 km and 65 to
70 km and appears about 2 month later than in Lin-
dau. The rise of the contour lines starts about 3 month
later in Northern Norway. There are many other differ-
ences related to the different geographical positions,
reflecting features of the atmospheric chemistry and
dynamics. Thus the modelling of these differences
requires to consider both, chemistry and dynamics.
Modern General Circulation Models (GCMs) with in-
teractive coupled chemistry do not only describe the
climatology of the middle atmosphere and the inter-
action of chemistry and dynamics. In the ideal case
they are able to explain details of the observed fea-
tures, provided data assimilation techniques are ap-
plied. Of course, this requires that enough data is

available for the simulated period. Valuable data of
temperature and wind data are for instance provided
by the European Centre for Medium - Range Weather
Forecasts (ECMWF) and the National Center of En-
vironmental Predicion (NCEP). Although the vertical
extension of these data generally does not include the
upper stratosphere and mesosphere it is sufficient to
act as lower boundary condition allowing to describe
higher up processes with amazing accuracy. These
model calculations find for instance that the main rea-
son for the different annual variations of water vapour
in Germany and Northern Norway is related to the spa-
tiotemporal variation of vertical winds.
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Fig. 159: Mixing rations of water vapour during a strato-
spheric warming.

ALOMAR RMR Lidar f NMG - Temperatures

"
&
Temperatur [K]

02 Feb 98 04 Feb '98 06 Feb '98

Zeit

08 Feb '98 10 Feb ‘88

Fig. 160: Atmospheric temperatures above Andoya during a
stratospheric warming.

The model also helps to better understand the sporadic
phenomena appearing in the contour plots discussed
above. Fig. 159 shows a temporally highly resolved
episode (February 1998) of Fig. 158. The unusually
strong rise, for instance, of the 6.25 ppm contour line
of nearly 20 km within 2 days appears during a strato-
spheric warming (Fig. 160). At first glance, it looks
like a vertical transport of water vapour. This up-
welling, however, appears to be more than one order
of magnitude quicker than the usual vertical wind in
this latitude. Therefore, horizontal advection has to
be considered as a possible reason. Since we do not
have temperature and wind data for the altitude range,



I1.3. ATMOSPHARE, IONOSPHARE UND MAGNETOSPHARE DER ERDE / TERRESTRIAL

ATMOSPHERE, IONOSPHERE, MAGNETOSPHERE

137

&0

70|

=1}
=3

Altitude [km]

Mo 01 “54
Time

Water vapour - ALOMAR, Narway

Now 071 01

Volume Mixing Ratio [ppm]

Mow 0703

Fig. 161: Mixing ratios of water vapour above Andoya between 1995 and 2005.

the GCM helps to quantify the vertical and horizontal
transport. On the other hand, our water vapour data is
used to constrain the model. Generally, water vapour
acts as a tracer since it is photochemically stable in the
middle atmosphere. The example of the stratospheric
warming however shows, that 3-dimensional measure-
ments are preferable compared to our 1-dimensional
ones. In the future, we plan experiments observing 3
directions at the same time.

Fig. 161 shows that the sporadic events and described
above mainly appear in winter. Since it is not clear
if all of them are related to stratospheric warmings or
other processes may play a role, these events are sub-
ject for further investigations.

We find some additional interesting features. Both
maxima in 45— 50 km and around 65 km show a bian-
nual variation which probably is related to the QBO
(quasi biannual oscillation). It is interesting that the
phase of these maxima in both altitudes is shifted by
180 degrees. It remains unclear whether this features
are really related to the QBO nor do be understand the
possible coupling mechanisms.

Finally, there is a striking feature in the upper meso-
sphere (blue contours). The measurements start in
1995 during a sunspot minimum. Increasing solar ac-
tivity comes along with an increase of the blue ar-
eas, i.e. the contour lines migrate to lower altitudes.
Fig. 162 is a good example demonstrating that the
mesosphere is the transition region between internal
and external influences on the atmosphere. It shows
that from 1995 to 2001 water vapour increases at 47.5
and 57.5 km by about 0.1 ppm (~2%) per year (in

consistency with the generally observed increase of
stratospheric water vapour). At the same time, water
vapour at higher altitudes is decreasing by about 0.05
ppm (~1%) per year, probably related to the increas-
ing amount of photolysing solar Lyman-Alpha radia-
tion. Note that from 1995 to 2001 the sun changed
from minimum to maximum activity.

The transition region between internal and external in-
fluences mentioned above recently became a priority
of climate research for instance within the framework
of the CAWSES program (Climate And Weather in
the Sun-Earth-System). As model calculations show,
an increase of the tropospheric temperature by 1 de-
gree C goes along with a cooling of the mesosphere
by 5 degrees C. Taking into account the large natural
variability of temperature it seems to be more promis-
ing to detect climate change in the mesosphere rather
than in the troposphere. Indeed, a number of measure-
ments indicate a decrease of temperature especially at
mid latitudes. However, it should be kept in mind that
mesospheric temperature measurements have not yet
achieved the level of accuracy being standard at tropo-
spheric heights since a long time.

Apart from mesospheric temperature records which
cover a few decades there are visible indications of cli-
mate change, the so called noctilucent clouds (NLCs),
also called polar mesospheric clouds (PMCs). Ac-
tually, the latter denomination is not completely ap-
ply since these 82 km high clouds can even be ob-
served from central Germany nearly every summer
(Fig. 163). Noctilucent clouds are believed to be an in-
dication of climate change, because they have not been
observed and described before end of the nineteenth
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Fig. 162: Interannual variations of water vapour from 1995
to 2001. The orange dots represent diurnal averages of the
water vapour content, the black curves represent fits of the
annual and semi-annual component of the water vapour vari-
ation and the green curves the variation of the mean water
vapour content during the observation period.

century. The formation of NLCs requires high water
content, low temperatures, and enough condensation
nuclei. Temperature and water vapour conditions ful-
fil this requirement in summer. NLCs are hardly ob-
served before June and after August.

Fig. 163: NLCs in June 2005 (observed from Gottingen).

Fig. 164 illustrates the conditions of the upper summer

mesosphere over Andoya. The blue curves show the
water vapour mixing ration at 85 km, the green curves
the temperature in 85 and 87.5 km (dashed), the red
curves the degree of saturation of water vapour (S) and
the shaded areas the time interval of S > 1 (in 85 and
87.5 km), i.e. the conditions under which clouds can
form. The black curves show the relative frequency
of observed ice particles (clouds). Does the observed
water vapour decline translate into less NLC activity?
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Fig. 164: Conditions of the summer mesosphere over An-
doya.

Beside the relative appearance frequency of NLCs
their albedo is an indication of NLC activity. The
latter increases with growing particle sizes and den-
sities. Less water should result in a smaller NLC
albedo. However, SBUV observations show, in con-
trast to our observations, that since 1980 as well as
between 1995 and 2001 the average NLC albedo in-
creased (Fig. 165).
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Fig. 165: SBUV observations of the NLC Albedo from 1980
to 2005.

This discrepancy can be resolved taking into account
that NLCs only appear in summer while the water
vapour data shown in Fig. 162 cover the whole years.
Analysing only the months June to August indeed
shows a slight increase instead of a decrease of water
vapour in the upper mesosphere (Fig. 166). Since the
medium vertical winds blow upwards in summer, the
amount of water vapour destroyed by Lyman-Alpha
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radiation seems to get over-compensated by the water
vapour rich air from below. Thus the observed NLC
albedo increase is in line with the observed strato-
spheric water vapour increase. Since there is no de-
crease in the summer mesospheric water vapour, it fol-
lows that the decrease in winter, i.e. when the verti-
cal winds point downwards, must be all the larger. A
more detailed data analysis supported by GCM calcu-
lations have confirmed this interpretation. Thus, solar
UV variability in summer translates into atmospheric
responses in winter.
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Fig. 166: Interannual variation of the water vapour mixing
ratio at 80 km during the summer months.

Looking at Fig. 161 it is amazing how far the 3 ppm
contour lines penetrate into the stratosphere. The
questions arises, whether there is an influence on the
mid atmospheric summer water vapour in the follow-
ing year based on this transport. This appears to be
possible due to the rather long photochemical charac-
teristic time of water vapour in this altitude regime.
With this delay solar variability could for instance
translate into a decline of stratopause ozone in the fol-
lowing year. Presently, we investigate this question
using a general circulation model.

Above the stratopause the catalytic HOx-cycle dom-
inates ozone depletion. Thus, the exact knowledge
of the amount of water vapour (the source gas of hy-
droxyl radicals) is of great importance. The concen-
trations of water vapour and ozone are basically anti-
correlated. However, this is true only as long as hy-
droxyl radicals can be produced. We performed a
quantitative analysis of this interrelationship by inves-
tigating the tertiary ozone maximum (also known as
MMV, i.e. Middle Mesosphere Maximum).

Fig. 167 and Fig. 168 show the MMMSs over Lindau
and Andoya, detected by our ozone millimetre wave
spectrometers operating at 142 GHz. The MMM ap-
pears at about 72 km altitude with higher mixing ratios
in Northern Norway. Furthermore, the temporal be-
haviour of the MMM amplitude differs at the two loca-

tions. At Lindau maximum amplitudes appear during
the winter solstice while we find a minimum at An-
doya. The annual asymmetry is related to the annual
variation of water vapour. Usually, ozone is depleted
by odd hydrogen at 72 km altitude. Since water vapour
has a larger absorption cross section than oxygen, the
penetration depth of Lyman-Alpha radiation is not as
deep as the radiation in the Schumann Runge bands
which dissociate molecular oxygen, i.e. for large solar
zenith angles less water vapour is transformed into odd
hydrogen, and less ozone is depleted. Since the pro-
duction of atomic oxygen by dissociation of molecular
oxygen goes on, ozone is still formed by the 3-body
reaction of atomic with molecular oxygen.
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Fig. 167: Middle mesospheric maximum of ozone over Lin-
dau.
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Fig. 168: Middle mesospheric maximum of ozone over An-
doya.

Fig. 169 shows the relative ratio of the dissociation
rates of water vapour and oxygen at 75 km as a func-
tion of the solar zenith angle. For zenith angles larger
than 36 degrees the ratio starts to decline and gets very
low at 90 degrees. Even at Lindau the zenith angle of
the sun is as large as 75 degrees during winter sol-
stice, i.e. the production of odd hydrogen is strongly
reduced.

This qualitative description shows the basic mecha-
nism leading to the MMM of ozone. The quantita-
tive modelling of the measured mixing ratios of ozone,
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however, requires a more detailed analysis which is
beyond the scope of this article. We just mention that
the dissociation of even hydrogen by O(1D) becomes
important for large zenith angles. This depends on
a number of other parameters: among others: ozone
concentration, ozone dissociation rate (which itself
depends on the ozone concentration = self shielding
effect), temperature, air density, and, of course, atmo-
spheric dynamics.
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Fig. 169: Relative dissociation rates of water vapour and
molecular oxygen at 75 km.

In general, it is not easy to provide self consistent
quantitative model descriptions of observations. Mea-
surements are required to constrain models and to un-
cover model deficits. For instance, in the beginning
we were not able to model the water vapour double
maximum found at Andoya (Fig. 158 and Fig. 161).
Our model called, COMMA-IAP, was only capable
of reproducing the double maximum after a new ad-
vective transport scheme with less numerical diffu-
sion was introduced into the chemistry transport mod-
ule. Improvements like that generally are directly
implemented into our “sister model” MAOAM (see
page 101) which describes the general circulation of
the Martian atmosphere. As long as neither column
densities nor vertical profiles are none for most of the
trace gases in the Martian atmosphere ground-based
observations of the Earth atmosphere provide a valu-
able analogy and are a good example for comparative
planetology.
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Wissenschaftliche Einzelberichte/
Individual scientific reports

(nur in Englisch)

The WASPAM experiment

The WASPAM (Wasserdampf- und Spurengasmes-
sungen in der Atmosphére mit Mikrowellen) experi-
ment consists of cm and mm heterodyne spectrome-
ters located in Lindau and at the Arctic Lidar Obser-
vatory for Middle Atmospheric Research (ALOMAR)
in Northern Norway. These spectrometers observe
mid atmospheric water vapour and ozone almost con-
tinuously since 1993/4. The microwave instruments
are not only used for science purposes, but act at the
same time as calibrators for new spectrometer back-
end developments. For instance we cross-calibrated
the MIRO spectrometer backend with the well char-
acterized WASPAM spectrometers, observing the 142
GHz rotational transition of ozone. More recently we
calibrated the SOFIA spectrometer backends and per-
formed an intercomparison campaign with the ETH
Ziirich FFT spectrometer, observing the 22 GHz tran-
sition of water vapour. Within the framework of the
CAWSES (Climate and Weather of the Sun Earth Sys-
tem) research priority program of the DFG we applied
successfully for a new 22 GHz water vapour system
replacing the old one still operating at ALOMAR.

Fig. 170: New 22 GHz prototype heterodyne spectrometer

The new system is characterized by a number of im-
provements compared to the old one (e.g. cooled op-
tics, dual polarization capability, more accurate base-
line wobbler, integrated cooled microwave black bo-
dies and last but not least newly developed ultra-low-
noise InP high electron mobility transistor MMIC am-
plifiers which will be operated at 7 K rather than 20
K). Once operational the new system will be the most
sensitive and advanced instrument of its kind, enabling
us for instance to detect for the first time the diur-

nal variation of upper mesospheric water vapour and
episodic water increases caused by sublimating noc-
tilucent clouds. Several new type of components and
concepts will be used in the new instrument. There-
fore we developed a prototype spectrometer in order
to validate the functional performance of these (see
Fig. 170).

(P. Hartogh, H. Bitterlich, C. Jarchow, E. Steinmetz
and L. Song with contributions from S. Weinreb (Cal-
ifornia Institute of Technology, Pasadena))

The winter anomaly of the night-to-day ratio of
ozone in the middle and upper mesosphere:
WASPAM observations and interpretation using a
general circulation model

The photochemical system of the mesosphere is
a radiation-forced nonlinear chemical oscillator,
damped as a function of altitude. In altitude ranges
where the chemical characteristic time is of the order
of the excitation period, namely one day, the system
may create nonlinear effects as for instance subhar-
monic oscillations. The radiative excitation is modi-
fied by the Doppler-Sonnemann effect (DSE): the time
an air parcel is illuminated by the Sun depends on the
zonal wind speed. Thus the latter influences the chem-
ical reaction of the system. Especially near the meso-
spheric jet the zonal wind changes in a characteristic
manner: the summer is dominated by easterlies, while
the winter is dominated by westerlies. The latter may
be modified by stratospheric warmings and modulated
by planetary waves. During the easterly regime, an
air parcel is moving with the Earth’s rotation and the
period of radiative excitation gets longer, in case of
westerlies vice versa. Deviations from the 24 h period
can be as large as 8§ h.
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Fig. 171: Modeled ozone NDR 8-day running mean at 51.5
degree northern latitude for different altitudes.
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Model calculations with COMMA-IAP (the terrestrial
counterpart of MAOAM, see page 101) show that due
to the DSE, ozone concentrations during night can be
up to 60% enhanced compared to the situation with the
zonal wind equal to zero. In contrast the daily concen-
trations are a little smaller. This behaviour was not
expected, since the characteristic time of the chemical
system appears to be just a few hours, i.e. almost an
order of magnitude smaller than the diurnal period. A
more detailed analysis showed however that the sun-
set is the crucial phase for the nighttime ozone. The
chemistry during sunset is characterized by the trans-
fer of atomic oxygen into ozone, i.e. an increase of
ozone. At the same time the ozone depleting hydroxyl
reactions are still active, but due to the DSE, their
influence is reduced in time. A stratospheric warm-
ing may reverse the direction of the zonal wind or
at least weaken it. Thus a clear signal of the strato-
spheric warming should appear in the night-to-day ra-
tio (NDR) of ozone which in turn is a good indicator
for dynamical processes in the mesosphere. By assim-
ilation of ECMWF data for altitudes below 35 km it is
possible to model the effect of stratospheric warmings
and propagating planetary waves in the mesosphere,
i.e. to describe real annual variations. Fig. 171 shows
the NDR of ozone for the year 2001 (8 day running
mean) at several altitude levels at 51.5 degrees north
(near the geographical latitude of MPS). The winter
anomaly of the ozone NDR appears clearly above 60
km. At higher altitudes the NDR is strongly fluctu-
ating, with maximum values as high as in summer.
These modulations show structural similarities with
the winter anomaly of the D-layer plasma.

Fig. 172 shows WASPAM observations of meso-
spheric ozone over Lindau since 1998 of several hours.
These data points have been smoothed using an 8 day
running mean. The red curve shows the mean value
of the seven year data set derived from a 14 harmon-
ics Fourier analysis. The winter anomaly appears be-
tween 60 and 75 km. The observed NDR is larger than
the modelled. The annual variations show an asymme-
try, maximum values appear before the winter solstice.
The largest winter/summer ratios appear at 70 km al-
titude (a factor of 3). The temporal variations are su-
perposed by strong modulations. Fig. 173 shows the
modelled smoothed annual variation for 2001 in 66 km
altitude at different latitudes. The figure shows that the
winter anomaly appears only at high and mid latitudes.
Obviously there is a strong influence of the zonal wind
on the NDR, however the observations indicate that
the phenomenon is more complex. For future work
on the one hand the highly variable temperature and
its influence on the photochemistry has to be consid-
ered in more detail, taking advantage of the new in-
teractive coupling between the chemistry and dynam-
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Fig. 172: WASPAM microwave observations of the NDR for
8 levels between 50 and 80 km. The black curves show the
running means, the read curves the mean annual variations
(see text).
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Fig. 173: Model smoothed annual variation of the ozone
NDR at 66 km for several latitudes.

ics part of the model, on the other hand the transport
of water vapour plays a crucial role and simultaneous
3-D measurements of its distribution are required for
an improved quantitative description of the NDR.

(P. Hartogh, C. Jarchow, G. Sonnemann in collabo-
ration with M. Grygalashvyly and U. Berger (IAP,
Kiihlungsborn))
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The Cluster Mission extended to 2009

The Cluster Mission to the Earth’s magnetosphere was
launched in 2000 from Baikonur and started its initial
two-year operation phase in February 2001. A first ex-
tension was later granted to last until the end of 2005.
At the beginning of 2005, the ESA approved a second
extension, so that Cluster operations will now con-
tinue, pending spacecraft and instrument health, until
the end of 2009. The spacecraft are expected to reenter
during 2010.

This final extension also provides new possibilities
for this already successful mission. Each of the four
spacecraft carries an identical payload of 11 experi-
ments for measuring plasma and energetic particles,
electric and magnetic fields, as well as wave phenom-
ena. During the first 4.5 years, the spacecraft were in
a tetrahedron configuration of size varying from 100
to 5000 km, in order to investigate events at different
scale sizes. The separation distances were altered first
twice, and then later once a year.

After the manoeuvers in June—July 2005, a totally new
concept was implemented: 3 of the 4 spacecraft form
a large triangle of size 10 000 km, while the 4th space-
craft is in an orbit such that its distance from one of the
others is adjustable from 100 to 10000 km. Further-
more, the orientation of the large triangle can be ro-
tated to be parallel to the geomagnetic tail during the
months when the apogee is in the nightside, or per-
pendicular to the solar wind when the apogee is on
the dayside. All these manoeuvers can be achieved
with small changes to the spacecrafts’ phase within
the orbits, with very little fuel consumption. This
new aspect of the Cluster constellation is called multi-
scaling.

The new geometry together with the southward move-
ment of the perigee angle allows for new studies in
regions not previously accessible. In Fig. 174, the
dotted lines show the original orbits with perigee near
the ecliptic, while the solid lines illustrate the orbits at
the end of the mission in 2009. On the nightside, the
tail crossing will occur closer in than previously, at
8—10 Rg, where current disruption is expected, an im-
portant process during substorms. On the dayside, the
magnetopause crossing will be closer to the subsolar
point and the auroral zones will be better covered.

MPS has two major contributions to Cluster: the CIS
ion spectrometer (up to ~40 keV/e) and the RAPID
ion and electron imager (from ~30 keV). These in-
struments will be able to exploit the multi-spacecraft
feature of the mission at best with the large separations
which approximate the typical ion gyroradii.

(P. W. Daly, A. Korth)
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Fig. 174: New regions covered by Cluster during dayside
(top) and nightside (bottom) perigees

RAPID contribution to Cluster Active Archive

The Cluster Active Archive (CAA) is the ESA con-
tribution to the NASA Living with a Star Project.
It is intended to be a depository of processed and
validated high-resolution Cluster data, raw data, pro-
cessing software, calibration data, documentation and
other value added products. During the remaining
Cluster operation phase (until end of 2009) plus one
year, the archive is active, meaning it is being reg-
ularly populated with new and/or upgraded data, di-
rectly from the instrument teams. After that, it will be-
come the long-term archive for the invaluable Cluster
data set, making processed data available to the world
long after the instrument teams have been dissolved
and direct knowledge of the experiments is no longer
at hand.

Fig. 175 shows the CAA home page at http://
caa.estec.esa.int/caa/.

As one of 11 instruments per spacecraft RAPID (Re-
search with Adaptive Particle Imaging Detectors) de-
tects counts of electrons with its Imaging Electron
Spectrometer (IES) and protons, helium and heavier
ions with the Imaging Ion Mass Spectrometer (IIMS).
The RAPID instrument is able to provide 3-D particle
measurements in an energy range of 28 to 1500 keV.
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Fig. 175: The CAA home page

For CAA, RAPID delivers count rates and differen-
tial fluxes of omnidirectional and 3-D data products
and their standard deviations, particle flow directions
and pitch angles, useful diagnostic products for expert
users, caveat and instrument mode files and 6-hour
overview plots.

The data processing chain for the CAA works as fol-
lows (see also Fig. 176): RAPID raw data (green
blocks) are combined with Cluster housekeeping pa-
rameters to generate the intermediate binary merged
science files (MSF). The RAPID team at MPS delivers
MSF files, software, calibration and other support files
for the final data production at CAA. These items are
indicated as yellow blocks in Fig. 176. The RAPID
PI software written at the MPS, which together with
the various production support files converts the MSF
files to the level 2 SCI files. The final CAA data
products are generated the so-called Cluster Exchange
Files (CEF) are produced at the CAA headquartes us-
ing the provided RAPID PI software.
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Fig. 176: The RAPID data processing chain. Green boxes
indicate raw data, yellow mark steps performed by the PI
institute and orange show products produced by CAA. Core
software for the data production is written in blue letters.

Following the delivery schedule, the data for the first
two years of operation (2001, 2002) have been in-
gested by the end of 2005. Afterwards, two years of

data are to be delivered per year. Because of on-going
improvements in the calibration and processing algo-
rithms, it is expected to update the already ingested
data sets at least once before the end of the active
phase.

In addition, a RAPID data analysis software is devel-
oped as well as summary plots, which are produced at
the MPS and delivered to CAA.

(P. W. Daly, S. Miihlbachler)

Cluster/RAPID observations of a modified
two-stream instability in the geomagnetic tail.

In space plasma physics current sheets which separate
oppositely directed magnetic fields very often play an
important role in the onset of physical processes. In
particular, the onset of reconnection due to current dis-
ruption is one of the most observed and studied phe-
nomena in the terrestrial magnetosphere. Theoretical
studies have shown that various types of microinstabil-
ities can be responsible for the build up of an anoma-
lous resistivity in the current sheet, which is reckoned
as the initial point of magnetic reconnection. Recent
theoretical studies have proven that the so-called mod-
ified two-stream instability (MTSI) might be most ef-
fectively operative at the neutral sheet.

The studies suggest that the plasma is MTSI unstable
if (1) a relative drift of electrons and ions is present,
which exceeds the Alfvén speed, and (2) this relative
drift or current is in the cross-field direction. As con-
sequences of the formation of a MTSI one expects to
observe (1) a field-aligned electron beam, (2) heating
of the plasma, and (3) an enhancement in the B-wave
spectrum at frequencies in the range of the lower hy-
brid frequency (LHF).

The study presented here deals with several obser-
vations of the Cluster spacecraft on September 24,
2003 around 15:11 UT, which indicate necessary pre-
requisities and consequences for the formation of an
MTSI. At this time the Cluster fleet was in the dusk
tail plasmasheet close to the neutral line at a distance
from the Earth of ~16 Rg. Prime parameter data of
the CIS (ion) and PEACE (electron) instruments on
board the Cluster spacecraft are used to verify the drift
velocities of ions and electrons, magnetic field data
(FGM) to calculate the expected LHF and Alfvén ve-
locity, and the direction of the current. The B-wave
spectrum is recorded by the STAFF (magnetic fluctu-
ations) instrument of Cluster. Finally, the differential
flux distribution of electrons is observed by 3-D mea-
surements of the electron detectors from the RAPID
unit.
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Fig. 177: A 3-D electron distribution as observed by RAPID
showing a field aligned electron beam caused by the forma-
tion of a modified two-stream instability in the tail plasma
sheet.

Fig. 177 shows 3-D electron distributions in a bispher-
ical view, i.e., the left sphere is a view looking down
from the GSE north axis, while the right one is from
the south. Black dots indicate 90° to the magnetic
field, as measured on-board in each sector, and the
white dot marks the calculated direction of the posi-
tive magnetic field vector, with the white star show-
ing the opposite direction. This snapshot of four 3-D
electron differential flux distributions is taken over one
spin for each of the four pairs. These observations
were made ~5 minutes after a drift of electrons and
ions with a velocity difference greater than the Alfvén
speed is observed by CIS and PEACE instruments (see
above). The flux enhancement close to the magnetic
field vector indicates a field aligned electron beam,
which confirms the formation of a MTSI. As another
indicator the STAFF instrument records waves in the
range of the LHF, which is around 10 Hz at this time.
Magnetograms of College and Tixie show a huge neg-
ative bay during this event and a substorm onset be-
tween 15:50 and 16:00 UT. Thus we are able to con-
clude that the formation of an MTSI as observed with
Cluster data in our study, might indeed be a indication
point for large scale phenomena as tail reconnection

and thus substorms in the terrestrial magnetosphere.

(S. Miihlbachler, P. W. Daly and colleagues from Aus-
tria, Russia, and USA)

Observations with Cluster CIS

Plasma Sheet Response Observed by Cluster during
Corotating Interaction Regions

Corotating Interaction Regions (CIRs) are large scale
structures in the heliosphere during the declining and
minimum phase of the solar activity cycle. They are
the result of the interaction of fast and slow solar wind.
Streams of fast solar wind originating from coronal
holes often recurred with a period of ~27 days (1 so-
lar rotation). These streams of fast solar wind and the
interplanetary field will influence the dynamics of the
Earth’s magnetosphere. This influence is examined in
the plasma sheet activity during the September 14 —
28, 2003 corotating high speed stream event, in which
Alfvénic fluctuations were observed. Alfvénic fluctu-
ations are characterized by highly fluctuating velocity
and magnetic fields. The study uses particle (CIS and
RAPID) and magnetic field measurements from the
Cluster S/C, solar wind velocity, density, and magnetic
field data from ACE, Los Alamos geosynchronous or-
bit data, and ground based magnetic field data. The
results can be summarize as follows: The appearance
of continuous Alfvén waves in the IMF B, leads to
heating of the plasma sheet, to small storms, and sub-
storm activity. Applying a wavelet analysis a high
correlation was observed between the interplanetary
magnetic field IMF B, and the sunward component B,
measured with Cluster in the plasma sheet (Fig. 178).

The change of the particle pressure and the B, compo-
nent of the magnetic field in the plasma sheet are re-
lated to substorms. They are further correlated with in-
jections at geosynchronous orbit and the H-component
of ground based magnetograms. The correlation pe-
riod is 2 to 4 hours.

(A. Korth, M. Friinz, E. Echer, F. Guarnieri, R. Friedel,
and H. Réme)

Cluster observations of O escape in the
magnetotail in comparison with the ring current
input rate during an intense magnetic storm

Magnetic storms are disturbances in the Earth’s mag-
netosphere (magnetic field and plasma populations)
that are well known over more than ~150 years. Their
effects are easily observed in the disturbed horizon-
tal component of the geomagnetic field measured at
low-latitude observatories and are represented by the
Dst index. The Dst is itself proportional to the kinetic
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energy transported by ~20-300 keV energetic parti-
cles that encircle the Earth in a westward ring current
around 4 —6. The ion composition of this ring current
has contributions from both terrestrial/ionospheric and
solar wind sources. The plasma sheet is a major
plasma source for the storm time ring current. The
origin of plasma particles in the magnetotail was ini-
tially thought to be only the solar wind, but several
observations have shown that ionospheric plasma is
present in the magnetotail. Observations showed that
there is a O and H* upward flow at high latitudes
along magnetic field lines in the polar cusp/auroral
oval region during substorms/storms. The ionospheric
O™ plasma, which escaped into the magnetotail, is ob-
served by CIS and RAPID on the four Cluster space-
craft. An intense magnetic storm (Dst ~ —100 nT)
occurred on August 17, 2001 caused by a compressed
southward B, interplanetary magnetic field (IMF) due
to the passage of an interplanetary shock by the Earth.
It is recognized that already during the pre-storm a lot
of O ions were injected into the lobes of the magne-
totail. During the pre-storm period no oxygen is in-
jected into the ring current. For this period the oxygen
outflow was calculated in the tail lobe at 19 Rg dis-
tance and compared this with the oxygen flow into the
ring current during the main phase of an intense storm
with a strength of Dst ~ 100 nT. A sketch of the O
flow into the magetotail and the ring current is given
in Fig. 179.

We conclude that the O escape rate into the tail is 20
times larger than the ring current input rate during an

Magnetosheath

Fig. 179: Sketch of the oxygen flow inside the magneto-
sphere

intense magnetic storm.

(A. Korth, M. Frinz, E. Echer, F. Guarnieri, Q.-G.
Zong, and P. W. Daly)

Cluster observation of LHD waves at the
high-latitude magnetopause

The fine structure of the outer boundary of the Earth’s
magnetosphere, the magnetopause (MP), plays an im-
portant role in the magnetosheath plasma transport
through the MP. Using Cluster electric and mag-
netic field, as well as plasma moment measurements,
we studied the observation of the lower hybrid drift
(LHD) waves at a thin magnetopause and estimated
the diffusion rate provided by the wave-particle inter-
actions. On March 30, 2002 the four Cluster space-
craft crossed the Earth’s high-latitude magnetopause
three times within 17 min. We found that all three
magnetopause current sheets are nearly co-planar at
the scales of the Cluster spacecraft separation. The
thickness of the current sheets changes from 1 to
40 magnetosheath-proton thermal gyro-radii. The
thinnest (first crossed) magnetopause current sheet is
locally open to the solar wind and might be electron
driven (Fig. 180).

We found the frozen-in condition of the thermal ions
is violated and that the Hall term is comparable to the
electric field. Substantial electrostatic wave intensities
are observed at lower-hybrid frequencies on the mag-
netospheric side of the thinnest magnetopause current
sheet. We determined that the quasi-linear diffusion
rate due to lower-hybrid drift waves would not explain
the formation of the adjacent boundary layer and a fast
magnetopause thickening. Instead, the diffusion is en-
hanced due to a strongly nonlinear wave-particle in-
teractions. We estimate the anomalous diffusion rates
by calculating the correlation between the fluctuations
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Fig. 180: Cluster observation of the magnetopause crossing
on 30 March 2002, 13:11:40-—13:11:55 UT. From top to
bottom: LMN magnetic field components and total magnetic
field, arctan(By /B)y), tangential (black) and normal (yel-
low) current density components, Ex electric field compo-
nent (approximately along X ;sg), number density, length
scale along normal direction. (For interpretation of the ref-
erences to colors in this figure legend, the reader is referred
to the web version of this article.)

of current density and magnetic field. Based on the
cross-product of fluctuations of the magnetic field and
current density (see Fig. 181) we estimated the cross-
field diffusion rate. We found that this diffusion rate
can be much higher than predicted by the quasi-linear
theory (Djp ~ 10° m%/s > Dy ~ 5 x 10° m2/s) and
can account for the formation of the adjacent magne-
topause boundary layers and eventually the fast mag-
netopause thickening.

33x3B, [NTnA/m?)

i
UT, (hhimmss) 13:11:50

L
13:11:45

13:11:55

Fig. 181: Normal component of the cross-product of the
magnetic and current fluctuations in the range between 4
and 33.5 Hz observed on March 30, 2002 during 13:11:40—
13:11:55 UT by the Cluster fleet. For colour coding see leg-
end in Fig. 180.

(E. V. Panov, J. Biichner, M. Frinz, A. Korth, Y.
Khotyaintsev, B. Nikutowski, S.P. Savin, K.-H.
Fornacon, I. Dandouras, and H. Réme)

Cluster observations of magnetopause transport
by ion-cyclotron waves

The transport of the magnetosheath plasma into the
magnetosphere occurs through the outer boundary of
the Earth’s magnetosphere, the magnetopause. A pos-
sible transport mechanism is diffusion due to res-
onant interaction of ions with plasma waves. We
used Cluster magnetic field and plasma data in order
to investigate the magnetopause transport at a high-
latitude thick magnetopause (MP). On May 10, 2002
the Cluster spacecraft encountered an about 450 km
(five magnetosheath thermal proton gyro-radii) wide
high-latitude MP. Magnetic field observations indi-
cate the crossing of an about 130 km thick MP cur-
rent sheet (CS). Proton flux measurements diagnose a
dense boundary layer (BL) directly attached to the MP
and an additional rare BL located earthwards from the
MP (Fig. 182).
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Fig. 182: Differential particle flux of protons from

CIS/CODIF instrument onboard SC-4 on May 10, 2002
(top) and pitch-angle distribution of protons for SC-4 (bot-
tom) during the time interval 4:26:30—-4:27:30 UT.

Enhanced magnetic fluctuations are found near the lo-
cal proton-cyclotron frequency €2., (0.4—-2 Hz). Ap-
plying the phase-differencing technique we obtained a
wavelength of 150-250 km and the propagating di-
rection earthward perpendicular to the MP. The pres-
ence of a transverse population inside the MP (see bot-
tom panel in Fig. 182) with the proton velocity cor-
respond well to the estimated phase speed of the ob-
served waves points out on the ongoing wave-proton
interaction. Based on the cross-product of fluctuations
of the magnetic field and current density (Fig. 183)
we estimated the cross-field diffusion rate using a ran-
dom walk estimate D,, = Ax?2 /At. We took the
spatial scale Ax equal to the ion inertial length A;
and the time scale At equal to the electromagnetic



148

II. WISSENSCHAFTLICHE ARBEITEN / SCIENTIFIC PROJECTS

input into the effective collision frequency v (from
the Vlasov theory of wave-particle interaction follows
v = (nym; V)~ (e(6nSE) + (8j x §B))). We found
that this diffusion rate is two orders of magnitude
higher than that predicted by the quasi-linear theory
and enough to provide the particle flux to support the
observed boundary layers: D, ~ 2.0 x 10%m2/s >
Dy ~ 2 x 104m2/s. Hence, we could show that the
formation of the two BLs can be understood by en-
hanced collisionless diffusion of magnetosheath pro-
tons due to wave-particle interaction.
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Fig. 183: Normal component of the cross-product of the
magnetic and current fluctuations in the range between 0.4
and 2 Hz observed on May 10, 2002 during 4:26:35-
4:27:05 UT by the Cluster fleet. For colour coding see leg-
end. The dashed line shows the one second sliding window
averaged value of (§j x8B) y for SC-4 multiplied by a factor
of ten for better visibility.

(E. V. Panov, J. Biichner, M. Frinz, A. Korth, S.P.
Savin, K.-H. Fornacgon, I. Dandouras, and H. Réme)

Magnetic reconnection through
magnetopause-like asymmetric current sheets
with arbitrarily sheared magnetic fields

Magnetic reconnection is a fundamental energy re-
lease process in solar and interplanetary plasmas.
Thin current sheets are a prerequisite for reconnec-
tion to take place. Since their thickness reaches ki-
netic scales, plasma kinetic investigations are nec-
essary. With our especially developed Vlasov-code
we investigated the influence of sheared fields on the
wave-particle interactions, causing resonance current
instabilities in current sheets with symmetric density
profile and constant initial temperature (see the bi-
annual report 2002 —2003 of the Max-Planck-Institut
fir Aeronomie). One of the most prominent re-
connection sites, the Earth’s magnetopause, has cur-
rently been thoroughly investigated by the four ESA-
Cluster spacecraft. However, here our previous cal-
culations are not applicable, since plasma density and
temperature change asymmetrically across the magne-
topause current sheet. Also, the Cluster spacecraft of-
ten observed that at the magnetopause the magnetic
field changes direction without significant variations
of the field strength. We have developed a theoretical

equilibrium model for such asymmetric magnetopause
current sheets and have used this model as an initial
condition for Vlasov-code simulations.

yL;

Fig. 184: 3-D Vlasov-code simulated reconnection- mag-
netic field B; through the magnetopause diagnosed in the
plane across the current sheet, z-axis normal to the magne-
topause plane: asymmetric perturbations due to an LHD in-
stability an the magnetospheric side.
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Fig. 185: 3-D Vlasov-code simulated reconnection- mag-
netic field B; through the magnetopause diagnosed in the
plane across the current sheet, z-axis normal to the magne-
topause plane: magnetic island through the magnetopause
are formed triggered by the saturated LHD waves.

We found that the lower-hybrid drift (LHD) waves
form preferentially on the magnetospheric side of the
current sheet (Fig. 184). Our theoretical results are
in agreement with Cluster observations (electric field
measurements by M. Andre et al.). Although the
rotating-magnetic-field equilibrium meets the thresh-
old conditions for a LHD instability locally, no spa-
tial coherence can be obtained as in symmetric cur-
rent sheets, where the waves couple to large scale
plasma modulations. However, now the short LHD
waves trigger a three-dimensional reconnection struc-
ture with longest possible wavelength of magnetic is-
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lands. The reconnected field has a regular island struc-
ture as shown in Fig. 185, corresponding to observed
structures (so-called “Flux Transfer Events” — FTE).

(I. Silin, J. Biichner)

Forced magnetic reconnection

Using a multi-code approach, we have investigated the
current sheet thinning and the onset and progress of
magnetic reconnection, initiated by a temporally lim-
ited, spatially varying, inflow of magnetic flux. The
thinning leads to fast magnetic reconnection, which
exceeds the rates expected from tearing instability of
the initial state. This study extends an earlier collab-
orative effort into the transition regime from thick to
thin current sheets. As in the earlier study, we find
that full particle, hybrid, and Hall-MHD simulations
lead to the same fast reconnection rates, apparently
independent of the dissipation mechanism. The re-
connection rate in MHD simulations is considerably
larger than in the earlier study, although still somewhat
smaller than in the particle simulations. All simula-
tions lead to surprisingly similar final states, despite
differences in energy transfer and dissipation. These
states are contrasted with equilibrium models derived
for the same boundary perturbations. The similarity
of the final states indicates that entropy conservation
is satisfied similarly in fluid and kinetic approaches
and that Joule dissipation plays only a minor role in
the energy transfer.

(J. Biichner together with J. Birn, K. Galsgaard, M.
Hesse, M. Hoshino, J. Huba, G. Lapenta, P. L. Pritch-
ett, K. Schindler, L. Yin, T. Neukirch, and E. R. Priest)

Vlasov code simulation of anomalous resistivity

One of the outstanding open questions in space
physics is that of the resistivity of collisionless plas-
mas, where binary collisions are inefficient and col-
lective wave-particle interactions determine transport
and dissipation. In order to obtain macroscopic trans-
port coefficients one has to solve kinetic equations to-
gether with the Maxwell equations for the interacting
electromagnetic fields, an essentially nonlinear prob-
lem. For weak turbulence the quasi-linear and other
weakly nonlinear theories provide predictions for the
saturated field fluctuations and the so called anoma-
lous resistivity, the normal mode of current dissipa-
tion in collisionless space plasmas. Unfortunately, no
generic anomalous resistivity expression is found yet,
which could be used for a macroscopic Ohm’s law de-
scription like the Spitzer — Braginski one for the case
of binary collisions.

In the past the main results about anomalous resis-
tivity caused by ion sound turbulence were obtained
in the framework of weak turbulence theories and
by Particle-In-Cell (PIC) kinetic plasma simulations.
PIC-code simulations are, however, very noisy, they
introduce artificial numerical collisions. Desired is a
direct integration of the kinetic Vlasov equation for
the distribution functions, which are, however, very
messy. The availability of massively parallel comput-
ers led to a revival of Vlasov-code simulations. We
use our newly developed conservative Vlasov equa-
tion solver (see section Sun) to recalculate the anoma-
lous resistivity caused by the ion sound turbulence.
Fig. 186 shows the resulting effective collision rate
v (upper curve), which we obtained by simulation,
in comparison to the heuristic Sagdeev-type estimate
(lower curve), where W, denotes the electric field fluc-
tuation energy, T, the electron thermal energy and wp.
the electron plasma frequency.

x10°
10

N
) WA
) (W 72T Yo N/|s
y x e pe

|t

L L L
1200 1400 1600 1800
m‘pe

L
1000 2000

Fig. 186: Vlasov-code simulated effective collision rate v
due to ion acoustic waves (upper curve) in comparison to
the heuristic Sagdeev-type estimate combining the electric
field fluctuation energy (Wy), the electron thermal energy
(Te) and the electron plasma frequency (wpe; lower curve).

(J. Biichner and N. Elkina)

Magnetosheath interaction with the high latitude
magnetopause

We carried out both statistical and case studies of
the interaction between magnetosheath and magne-
tospheric plasma through the high-latitude magne-
topause using Interball and Polar spacecraft data. We
investigated the topology of the cusp-magnetosheath
transition and the role of nonlinear disturbances in
mass and energy transfer across the high-latitude mag-
netopause. For sunward tilts of the Earth’s mag-
netic dipole the cusp throat is magnetically open for
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a direct interaction with the incident solar wind flow.
This results in the creation of a turbulent boundary
layer (TBL) above the indented magnetopause posi-
tion, downstream of the cusp. For antisunward tilts,
the cusp throat is closed by a smooth magnetopause.
In this case demagnetized “plasma balls” (with a size
of a few Earth radii, an occurrence rate of 25% and
trapped energetic particles are present in a magne-
tosheath plasma channel just inside the cusp. The
magnetosheath flow interacts with the “plasma balls”
via reflected waves, which trigger a chaotization of up
to 40% of the upstream kinetic energy. These waves
propagate upstream of the TBL and initiate an am-
plification of the existing magnetosheath waves and
their decay during downstream passage throughout the
TBL. The most striking feature of the nonlinear inter-
action is the appearance of magnetosonic jets, acceler-
ated up to an Alfvénic Mach number of 3. The charac-
teristic impulsive local momentum loss is followed by
decelerated Alfvénic flows and modulated by the TBL
waves. The momenta are balanced on time scales of
the Alfvénic flows (1/f4 ~ 12 min). Wave trains at
fa ~ 1.3 mHz are capable to synchronize the interac-
tion between the outer and the inner boundary layers.
The sonic/Alfvénic flows, bounded by current sheets,
control the TBL spectral shape. They result in non-
Gaussian statistical characteristics of the disturbances,
indicating the fluctuation intermittency. We suggest
that multi-scale TBL processes play a role due to re-
connection between the solar wind and the magneto-
sphere. As an example Fig. 187 shows a schematics
of the observation of reconnection at the high-latitude
magnetopause during northward IMF conditions on 29
May 1996. Secondary micro-reconnection constitutes
a necessary chain at the small-scale (ion gyroradius)
edge of the TBL cascades. The thick TBL transforms
the flow energy, including deceleration and heating of
the flow in the open throat, “plasma ball” and the re-
gion downstream of the cusp.

(S. Savin, J. Biichner, L. Zelenyi et al.)

Quasi-adiabatic description of particles
accelerated in a reconnection magnetic field
geometry

We have re-investigated the properties of charged par-
ticle motion in three different regions of the Earth’s
magnetotail: (1) in regions were the magnetic field re-
verses its direction, (2) in the vicinity of an X type
neutral line and (3) in the vicinity of an O type neutral
line. We use the existence of the smallness of (a) the
ratio of the characteristic length scales in and perpen-
dicular to the symmetry plane and (b) of the electric
fields to introduce a hierarchy of motions character-
istics. Applying perturbation theory methods we de-
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Fig. 187: Schematics of the reconnection observations at the
hight-latitude magnetopause during northward IMF condi-
tions on 29 May 1996. The black magnetopause (MP) grid is
obtained by empirical models. The Polar and Interball-1 or-
bits are shown by the dashed brown and violet lines, respec-
tively and the turbulent boundary layer (TBL) is depicted by
green dots. The measured MP normals are marked by blue
arrows (the total normal length is shown at the bottom of the
figure by a blue arrow marked “N”’). The draped IMF mag-
netic field is marked red, the magnetospheric (mantle-) field
is depicited by green lines.

rived a parameter T which measures the mixing state
of the system.

For the case of large negative T Fig. 188 shows a typi-
cal phase portrait where P, corresponds to the canon-
ical momentum in the X-direction and Ax is the ap-
propriately normalized conjugate spatial variable. The
curve of uncertainty, through which the character of
the particle motion changes drastically and chaotic or-
bits arise, has the form of two straight lines Sy, par-
allel to the P, axis. Three fix points can be seen, one
O-type, hyperbolic fix point at the origin, where the
separatrices o cross and two elliptic type fix points
C., encircled by closed orbits I't.

We could show that the parameter t describes the rela-
tive importance of the diffusion of adiabatic invariants
compared to the time scale of particle acceleration in
the electric field. Depending on the value of t, the
jumps of the adiabatic invariants either just disturb the
distribution functions or particles become accelerated
to leave the tail quickly maintaining the shape of the
distribution function. In the limit of small jumps of the
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Fig. 188: Phase portrait canonical momentum in the X-
direction (Py) vs. the normalized conjugate spatial variable
Ax. Shown are the curves of uncertainty (two straight lines
S+ ), three fix points: one O-type, hyperbolic fix point at the
origin, the separatrices o, two elliptic type fix points C+ and
closed orbits I'+.

adiabatic invariant we obtained the equations govern-
ing the particle acceleration. We could show that for
particles on long elongated “cucumber” shaped trajec-
tories the mixing is less prominent than for the rest of
the particles. Our approach illustrates the usefulness
of the introduction of quasi-adiabatic invariants for the
description of the particle acceleration if the guiding
center theory breaks down. Our new quasi-adiabatic
approach will be useful for the description of the par-
ticle acceleration in other astrophysical configurations
as well.

(D.L. Vainchtein, J. Biichner, A.I. Neishtadt, and
L. M. Zelenyi)

The turbulent boundary layer at the
magnetosheath-cusp interface

We used Cluster, Polar and Interball spacecraft data
to explore the magnetosheath-cusp interface. Fig. 189
depicts the observed distribution of currents perpen-
dicular to the magnetic field in the noon-meridian
plane in solar-magnetospheric coordinates in colour
scale in comparison with global MHD model results.

Our multi-spacecraft study revealed that in 80% of
the cases the interaction of the magnetosheath (MSH)
flow with the high latitude magnetopause (MP) pro-
duced a turbulent boundary layer (TBL). The TBL
contains wave trains with flows at approximately the
Alfvén speed along field lines and “diamagnetic bub-
bles” with small magnetic fields inside. A compar-
ison of our multi-point measurements with the re-
sults of a global MHD model indicates three types

Fig. 189: Distribution of currents perpendicular to
the magnetic field in the noon-meridian plane in solar-
magnetospheric coordinates, depicted by a colour scale and
compared with a the results of global MHD model. The pro-
jections of the Polar (brown trace) and Interball-1 (black
trace) orbits onto that plane (Polar crossed this plane at
05:30 UT) are also shown. The dayside magnetopause (MP)
and bow shock (BS) are seen in the current maxima at low
latitudes, the higher latitude smooth MP from Sibeck et al.
(1991) model is depicted by the violet line. The global MHD
model determined “remote” (from the cusp) reconnection
site (RRS) position is shown by a white squared cross. The
model inward boundary of the MSH is shown by a thick
black-and-white dashed line.

processes (1) large-scale (few Rg) anti-parallel merg-
ing at sites remote from the cusp, (2) medium-scale
(few thousand km) local TBL-merging of fields that
are anti-parallel on average and (3) small-scale (few
hundred km) bursty reconnection of fluctuating mag-
netic fields, representing a continuous mechanism for
MSH plasma inflow into the magnetosphere. The
low frequency (1--2 mHz) TBL fluctuations are
traced throughout the magnetosheath from the post-
bow shock region up to the inner magnetopause bor-
der. The resonance of these fluctuations with day-
side flux tubes might provide an effective correla-
tion for the entire dayside region of the solar wind
interaction with the magnetosphere. The TBL dis-
turbances are characterized by kinked, double-sloped
wave power spectra and, most probably, three-wave
cascading. Both elliptical polarization and nearly
Alfvénic phase velocities with characteristic disper-
sion indicate the kinetic Alfvénic nature of the TBL
waves. A three-wave phase coupling could effectively
support the self-organization of the TBL plasma by
means of coherent resonant-like structures. The es-
timated characteristic scale of the “resonator” is of
the order of the TBL width across cusp. Inverse cas-
cades of kinetic Alfvén waves are proposed to form the
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larger scale structures, which in turn synchronize all
nonlinear cascades within the TBL in a self-consistent
manner.

(S. Savin, J. Biichner, L. Zelenyi et al.)

Dynamic interaction of plasma flow with the hot
boundary layer of a geomagnetic trap

We studied the interaction between the collisionless
plasma flow and the stagnant plasma at the outer
boundary of the geomagnetic trap, where the super-
Alfvén subsonic laminar flow changes to a dynamic
regime characterized by the formation of accelerated
magnetosonic jets and decelerated Alfvénic flows.
Fig. 190 shows a schematics of the observed magne-
tosonic waves in the magnetosheath (MS; 1.4 mHz), of
the reflected MS waves (4 -—5 mHz) and of the decay
into the accelerated MS jet waves (4.4 mHz) and de-
celerated Alfvén waves (Alfvén; 3 mHz). The charac-
teristic time scale of the decay process is 10 min. The
nonlinear interaction of fluctuations in the initial flow
with the waves reflected from an obstacle explains the
observed flow chaotization. A Cherenkov resonance
of the magnetosonic jet with the fluctuations between
the boundary layer and the incoming flow is a possi-
ble mechanism of its formation. In the reference sys-
tem of the flow the incoming particles are accelerated
by the electric fields at the border of boundary layer
that arise self-consistently as a result of the preceding
wave—particle interactions. The inertial drift of the in-
coming ions in a transverse electric field increases to-
ward the border. This explains the observed ion accel-
eration. The magnetosonic jets can carry up to a half
of the unperturbed flow momentum, and their dynamic
pressure is an order of magnitude higher than the mag-
netic pressure at the obstacle border. The appearance
of non-equilibrium jets and the boundary-layer fluc-
tuations are synchronized by the magnetosonic oscil-
lations of the incoming flow at frequencies of 1-—2
mHz.

(S. Savin, J. Biichner, L. Zelenyi et al.)

Dynamic flow chaotization at the magnetopause

Our spacecraft observations of the high-latitude mag-
netopause revealed strong fluctuations in a sheared
current sheet with including a dynamic equilibrium,
in which nonlinear disturbances serve as an effective
obstacle for 80% of the incident magnetosheath ions,
providing the exchange of 10% of plasma particles
with the stagnant high-beta boundary layer in the min-
imum field region over the polar cusps. The measured
waves, reflected upstream by the boundary, undergo a

MSH flow

Fluctuations
in MSH flow,

1.4 m:;Pdf
5

Fig. 190: Schematics of the observed magnetosonic waves
in the magnetosheath (MS; 1.4 mHz), of the reflected MS
waves (4 — 5 mHz) and of the decay into the accelerated MS
jet waves (4.4 mHz) and decelerated Alfvén waves (Alfvén;
3 mHz).

three-wave interaction with magnetosonic (MS) fluc-
tuations in the incident flow. This results in their am-
plification and decay, driving decelerated flows at the
Alfvén speed. This impulsive momentum loss via MS-
jets contributes to the average flow around the magne-
tosphere. The leading jet appearance is suggested to
be phase-synchronized with both the initial MS fluctu-
ations and the nonlinear cascades upstream at the mag-
netopause, which constitutes the wavy obstacle with
multiple decays into the smaller MS-jets and Alfvénic
flows. The strong dynamic pressure in the jets en-
ables reconnection in the downstream magnetopause.
The acceleration of the MS-jets is consistent with a
Fermi-type mechanism, in which electric wave-trains
play the role of a moving non-continuous “wall” (see
Fig. 191). An estimate of the jet scales due to nonlin-
ear Cherenkov resonances reveals 2-3 reflections of
the jet before overcoming the potential barrier which
agrees well with the observations.

(S. Savin, J. Biichner, L. Zelenyi et al.)

Cluster observations of anomalous collisionality
due to nonlinear lower-hybrid drift (LHD) waves

We compared Cluster observations and Vlasov-code
simulations of lower-hybrid-drift waves at the magne-
topause in order to estimate the possibility of caus-
ing anomalous collisions by wave particle interac-
tions. Our simulation results confirm our previous
eigenmode theory concerning the electromagnetic in-
stability at the current sheet center due to LHD waves.
We have demonstrated that the electromagnetic LHD
mode excited at the current sheet center can lead to
significant anomalous resistivity in addition to the
electrostatic turbulence at the current sheet periphery,
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Fig. 191: Mechanism of the dynamic flow chaotization at
the magnetopause: (a) Projections of flow vectors onto the
XZ plane of the GSE coordinate frame; (b) schematics of
Fermi acceleration of the first MS-jet by the moving “wall”,
i.e. the boundary of the slow Alfvénic flow.

and thus contribute to magnetic reconnection through
thin current sheets. The LHD waves grow quite
rapidly in unperturbed current sheets without mag-
netic islands. Thus, before other kinetic effects, such
as electron inertia or electron temperature anisotropy,
may become important, resistivity due to LHD waves
can already play a major role in providing dissipation
necessary for reconnection onset.

The results of the Vlasov simulations are in a good
agreement with the estimates of the effective col-
lision frequency and anomalous resistivity due to
LHD waves at the magnetopause measured by Cluster
spacecraft. Although direct measurements of plasma
density, currents, and electromagnetic field fluctua-
tions with sufficient temporal and spatial resolutions
pose a formidable challenge, there is a possibility to
make reliable estimates of these quantities, based on
the spacecraft potential and electric and magnetic field
measurements. We considered in detail one mag-
netopause crossing on 30 March 2002 and came up
with effective collision rates of the same order as
the lower-hybrid frequency frp. For this reason we
used the general expression involving particle den-
sity and electric field fluctuations shown in the low-
est panel of Fig. 192, to derive the effective collision
frequency. Further, our Vlasov-code simulations and
Cluster observations have revealed that in the case of
an extremely thin current sheet electrostatic and elec-
tromagnetic LHD fluctuations provide approximately
equal contributions to the effective anomalous electron
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Fig. 192: Cluster observations of a thin current sheet traver-
sal on March 30, 2002, for which we carried out our Vlasov
code simulations: L-component of the magnetic field for all
four Cluster spacecraft (top panel), electron density (sec-
ond from top panel), normal and tangential components of
the electric field density (third panel), density fluctuations
(fourth panel), fluctuations of the normal and tangential
components of the electric field (but last panel) and corre-
lation of the electric field and density fluctuations, to which
the anomalous collision rate is directly proportional.

collision rate, which is of the order of the lower-hybrid
frequency. The anomalous resistivity based on these
anomalous collisions could be significant for the so-
lar plasma entry into the Earth magnetosphere, e.g. by
magnetic reconnection.

(I. Silin, J. Biichner and A. Vaivads)

Small-scale reconnection due to lower-hybrid drift
instability in current sheets with sheared fields

We investigated the consequences of a lower-hybrid
drift (LHD) instability for reconnection through
magnetopause-like thin current sheets in dependence
on a guide magnetic field Byop by means of three-
dimensional Vlasov-code simulations. We found that
the LHD waves are amplified by inverse resonant Lan-
dau damping on the ion flow. In current sheets sep-
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arating anti-parallel magnetic fields the LHD waves
can trigger global current-aligned eigenmodes, which
directly couple to the tearing-mode instability. De-
pending on the initial conditions either small-scale
three-dimensional or two-dimensional reconnection
prevails. In the case of the magnetopause, however,
i.e. in the presence of a guide magnetic field up to
Byo = By (where By is the asymptotic By field), the
unstable LHD waves propagate obliquely to the cur-
rent direction, at different angles from the opposite
sides of the current sheet. For a guide field Byy =
0.25By the resulting patchy three-dimensional small-
scale reconnection structure is shown at 1 2g; = 34 af-
ter the instability has started (£2¢; is the ion cyclotron
frequency) in see Fig. 193). For guide magnetic field
up to Byg = By the reconnection instability grows sig-
nificantly slower than in purely anti-parallel field con-
figurations.

x/L
Z

Fig. 193: Simulated magnetic field inside a thin (r; /L; = 1)
current sheet with a moderate guide field component By =
0.25B at 12g; = 34. All lines initiate at the edges of the
simulation box above, below and at the current sheet cen-
ter. The colour coding depicts the position of the line along
the normal to the current sheet direction (blue to red from
bottom to top).

(J. Biichner and I. Silin)

Theory of coherent wave packets in different wave
modes of space plasmas

Over the last few years significant progress has been
made in satellite observations of wave phenomena
in magnetospheric and solar wind interaction physics

as a result of the successful procurement of high-
time and spatial resolution measurements hitherto un-
available. These data show that strongly nonlinear
processes lie behind many space plasma phenom-
ena. One of the intriguing features of plasma turbu-
lence is a coherent behaviour of different wave modes.
Fig. 194 shows, for example, that “whistler turbu-
lence” observed by Cluster often consists of many
almost monochromatic and coherent wave packets.
Another example of coherent wave structures, but at
much lower frequencies is the observations of peri-
odic 20-30 s magnetohydrodynamic waves upstream
of the Earth’s bow shock. In this spectacular case, a
coherent behaviour is revealed not only in the elec-
tric and magnetic field variations, but also in a co-
herent large-amplitude gyration of the solar wind pro-
tons together with beam particles propagating from
the shock (Fig. 195). Fig. 196 shows example of co-
herent wave packets observed at frequencies which
are 5 orders of the magnitude higher (high frequency
Langmuir waves). It is believed that the physics of
all these structures is similar, inspite of a huge dif-
ference in frequencies and scales. Effective interplay
between electrons and protons (whistler waves), so-
lar wind and beam protons (low frequency Alfvén and
magnetosonic waves), two different electron popula-
tions (Langmuir waves) with a periodic momentum
exchange between two (or more) species mediated by
magnetic or electric field stresses leads to a specific
nonlinear beating effect. The exact nonlinear theory
for whistlers and MHD waves in beam-plasma config-
urations was developed in MPS (Dubinin et al. (2003);
Dubinin et al. (2004); Webb et al. (2005b)).

Cluster-1, 11Dec 2001, 12:11:46
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Fig. 194: Magnetic and electric field variations observed
by the STAFF-SC instrument on Cluster spacecraft in a
“whistler burst” within the Earth’s magnetosphere.

(E. Dubinin, K. Sauer, in collaboration with J.F.
McKenzie and G. Webb)
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Fig. 195: From top to bottom: Variations in the transverse
components of the beam ions, magnetic field and the so-
lar wind speed observed by Cluster in the foreshock region
(Sauer et al., 2005). The values are normalized to the Alfvén
speed and the undisturbed magnetic field strength.
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Fig. 196: Examples of wave forms of high frequency elec-
trostatic waves observed on the WIND spacecraft (adopted
from Mangeney et al., Ann. Geophys. 17, 307, 1999).

Differential ion streaming in the solar wind as an
equilibrium state

An intriguing problem in solar wind research is the
presence of differential streaming between the pro-
tons and minor ions. A solar wind flow made up of
differentially streaming core protons and minor ions
(alphas, protons) represents a nonlinear dynamic sys-
tem in which the ion fluids and the electromagnetic
fields generated by their motion interplay through the
exchange of the momentum between ion populations
mediated by the magnetic field tensions. It is shown
(Dubinin et al., 2005a) that a such dynamic system
possesses an equilibrium state with a differential ion
streaming between the core protons and ions of a
beam. The minor ions move faster than the core pro-
tons. This equilibrium state is also characterized by a
gyrating motion of both ion populations with a phase

shift of 7. The waves which act as the catalyst to equi-
librium differential speeds are either Alfvén or magne-
tosonic waves, depending upon the beam speed. The
beam ions do not “surf” on the waves but efficiently
participate in the momentum exchange process be-
tween core protons, beam and electromagnetic fields.

(E. Dubinin, K. Sauer, in collaboration with J.F.
McKenzie)

Theory of the Dst index and its relation to the
solar wind

The Dessler-Parker-Sckopke formula for the distur-
bance magnetic field averaged over the Earth’s sur-
face, universally used to interpret the geomagnetic
Dst index, can be generalized, by using the well
known method of deriving it from the virial theorem,
to include the effects of ionospheric currents. There
is an added term proportional to the global integral of
the vertical mechanical force that balances the vertical
component of the Lorentz force J x B in the iono-
sphere; a downward mechanical force reduces, and an
upward increases, the depression of the magnetic field.
If the vertical component of the ionospheric Ohm’s
law holds exactly, the relevant force on the plasma is
the collisional friction between the neutral atmosphere
and the vertically flowing plasma. An equal and op-
posite force is exerted on the neutral atmosphere and
thus appears in its virial theorem. The ionospheric ef-
fect on Dst can then be related to the changes of ki-
netic and gravitational energy contents of the neutral
atmosphere; since these changes are brought about by
energy input from the magnetosphere, there is an im-
plied upper limit to the effect on Dst which in gen-
eral is relatively small in comparison to the contri-
bution of the plasma energy content in the magneto-
sphere. Hence the Dessler-Parker-Sckopke formula
can be applied without major modification, even in
the case of strong partial ring currents; the ionospheric
closure currents implied by the local time asymmetry
have only a relatively small effect on the globally av-
eraged disturbance field, comparable to other sources
of uncertainty. When derived from the virial theorem
applied to a bounded volume (e.g. the magnetosphere
bounded by the magnetopause and a cross-section of
the magnetotail), the Dessler-Parker-Sckopke formula
contains also several boundary surface terms which
can be identified as contributions of the magnetopause
(Chapman-Ferraro) and of the magnetotail currents.
(Published: Vasylitinas, 2006a)

The simple equation proposed by Burton er al. (J.
Geophys. Res. 80, 4204-4214, 1975) and exten-
sively applied with considerable success for predicting
the time series of the geomagnetic storm index Dst
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is generally derived solely from conservation of en-
ergy, without describing the specific energization pro-
cesses. More recently, numerical simulation models of
ring current evolution have relied on the opposite ap-
proximation: they describe the energization and loss
processes, without imposing conservation of energy.
The fact that predictions of Dst by both methods agree
reasonably well with each other and with observations
suggests that some of the assumptions need to be re-
examined. The Dessler-Parker-Sckopke theorem, in
its generalized form, contains a magnetotail surface
term proportional to the open magnetic flux, the time
derivative of which equals the difference between the
electric field integrals along the dayside and along
the nightside reconnection lines. The dayside integral
contributes a term to the equation for (d/dt) Dst that
is identical in form and (within the uncertainties) con-
sistent in magnitude with the empirically determined
source term of the Burton-McPherron-Russell equa-
tion. The success of the empirical equation in predict-
ing Dst then implies that the remaining terms in the
equation, the contribution of the nightside integral of
the magnetotail term and the rate of increase of plasma
energy content, sum to zero. The simplest interpreta-
tion is that the energy of ring current plasma is indeed
being supplied primarily from the magnetotail by pro-
cesses that involve nightside reconnection in an essen-
tial way. (Published: Vasylitinas, 2006b)

(V.M. Vasyliiinas)

Relations between magnetic and electric fields and
currents in plasmas

Fundamentally, the time derivative of the electric
field is given by the displacement-current term in
Maxwell’s generalization of Ampere’s law, and the
time derivative of the electric current density is given
by the generalized Ohm’s law. The latter is derived by
summing the accelerations of all the plasma particles
and can be written exactly, with no approximations,
in a (relatively simple) primitive form containing no
other time derivatives. When one is dealing with time
scales long compared to the inverse of the electron
plasma frequency and spatial scales large compared to
the electron inertial length, however, the time deriva-
tive of the current density becomes negligible in com-
parison to the other terms in the generalized Ohm’s
law, which then becomes the equation that determines
the electric field itself. Thus, on all scales larger than
those of electron plasma oscillations, neither the time
evolution of J nor that of E can be calculated directly.
Instead, J is determined by B through Ampere’s law

and E by plasma dynamics through the generalized
Ohm’s law. The displacement current may still be

non-negligible if the Alfvén speed is comparable to
or larger than the speed of light, but it no longer deter-

mines the time evolution of E, acting instead to modify
J. For theories of substorms, this implies that, on time
scales appropriate to substorm expansion, there is no
equation from which the time evolution of the current
could be calculated, independently of V x B. State-
ments about change (disruption, diversion, wedge for-
mation, etc.) of the electric current are merely descrip-
tions of change in the magnetic field and are not expla-
nations. (Published: Vasylitnas (2005b))

Maxwell’s equations allow the magnetic field B to be
calculated if the electric current density J is assumed
to be completely known as a function of space and
time. The charged particles that constitute the current,
however, are subject to Newton’s laws as well, and
J can be changed by forces acting on charged parti-
cles. Particularly in plasmas, where the concentration
of charged particles is high, the effect of the electro-
magnetic field calculated from a given J on J itself
cannot be ignored. Whereas in ordinary laboratory
physics one is accustomed to take J as primary and B
as derived from J, it is often asserted that in plasmas
B should be viewed as primary and J as derived from
B simply as V x B. The relation between V x B and J
can be investigated in the same terms and by the same
method as previously applied to the MHD relation be-
tween electric field and plasma bulk flow: Vasyliiinas
(2001) assume that one but not the other is present ini-
tially, and calculate what happens. The result is that,
for configurations with spatial scales much larger than
the electron inertial length A., a given V x B produces
the corresponding J, while a given J does not produce
any V x B but disappears instead. The reason for this
can be understood by noting that V. x B # J im-
plies a time-varying electric field (displacement cur-
rent) which acts to change both terms (in order to
bring them toward equality); the changes of the two
terms, however, proceed on different time scales, light
travel time for B and electron plasma period for J, and
clearly the term changing much more slowly is the one
that survives. (By definition, the two time scales are
equal at A..) On larger scales, the evolution of B (and
hence also of V x B) is governed by V x E, with E
determined by plasma dynamics via the generalized
Ohm’s law; as illustrative simple examples, the forma-
tion of magnetic drift currents in the magnetosphere
and of Pedersen and Hall currents in the ionosphere
have been described. (Published: Vasylitinas (2005a))

(V.M. Vasylitinas)
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